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A B S T R A C T

The design of innovative strategies to selectively target cells, such antigen-presenting cells and dendritic
cells, in vivo to induce immune tolerance is gaining interest and relevance for the treatment of immune-
mediated diseases.
A novel loaded-nanosystem strategy to generate tolerogenic dendritic cells (tol-DCs) was evaluated.

Hence budesonide (BDS) was encapsulated in multiwalled polyurethane-polyurea nanoparticles (PUUa
NPs-BDS) based on self-stratified polymers by hydrophobic interactions at the oil-water interface. DCs
treated with encapsulated BDS presented a prominent downregulation of costimulatory molecules
(CD80, CD83 and MHCII) and upregulation of inhibitory receptors. Moreover, DCs treated with these
PUUa NPs-BDS also secreted large amounts of IL-10, a crucial anti-inflammatory cytokine to induce
tolerance, and inhibited T lymphocyte activation in a specific manner compared to those cells generated
with free BDS. These results demonstrate that PUUa NPs-BDS are a highly specific and efficient system
through which to induce DCs with a tolerogenic profile. Given the capacity of PUUa NPs-BDS, this delivery
system has a clear advantage for translation to in vivo studies.
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1. Introduction

In the last decade, nanoimmunotherapy has emerged as a novel
strategy to bolster the capacity of the immune system to
counteract different diseases ranging from cancer to immune-
mediated diseases (Tacken et al., 2007; De Fuente et al., 2014;
Cheung and Mooney, 2015). Several studies have demonstrated the
therapeutic potential of manipulating and unleashing our own
immune system to tackle cancer or infectious diseases (Kirkwood
et al., 2012). Dendritic cells (DCs) are key regulators of the immune
response. They are a heterogeneous subset of immune cells
recognized as highly potent antigen-presenting cells (APCs) that
link innate and adaptive immune responses. DCs are crucial in
inducing immunogenic and tolerogenic responses to pathogens or
harmless antigens, respectively (Shao et al., 2014; Gharagozloo
et al., 2015). DCs are highly specialized in capture and processing
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antigens in order to convert proteins into small peptides. These
peptides are then presented to T-cells by major histocompatibility
complexes (MHC) to initiate immune responses (Banchereau and
Steinman, 1998; Steinman and Banchereau, 2007). Once immature
DCs have recognized pathogens through specialized receptors,
they mature to acquire the capacity to stimulate T-cells. The
activation and polarization of T-cells is induced through costimu-
latory molecules, such as CD80, CD83 and CD86, which are
upregulated on the mature DC (mDC) membrane, as well as
through the secretion of pro- or anti-inflammatory cytokines such
as interleukin IL-6, IL-12p70, IL-23 TNF-a or IL-10. The cytokine
secretion pattern strongly defines the resulting polarization of T-
cells, thereby determining the type of immune response, namely
effector Th1, Th2 or Th17 immunity (IL-12p70, IL-23 and TNF-a) or
tolerance induction through regulatory T-cells or Tr1 (IL-10) (Collin
et al., 2013).

Due to their physiological properties and the availability of
clinical grade reagents, immunogenic DCs have been safely and
successfully used in clinical trials aiming to generate an efficient
immune response against tumors and infectious diseases (Butter-
field, 2013; Anguille et al., 2014; Banchereau et al., 2000).
Furthermore, as DCs play a key role in maintaining immune
tolerance, the generation of tolerogenic DCs (tol-DCs) has great
potential in immunotherapy approaches in several immune-
mediated diseases such as diabetes, rheumatoid arthritis, multiple
sclerosis, and Crohn’s disease (Pulendran et al., 2010; Steinman
et al., 2003; Cabezón and Benítez-Ribas, 2013; Hu and Wan, 2011;
Benham et al., 2015).

Several protocols, including the generation of DCs in the
presence of corticosteroids, such as BDS, have been described to
produce tol-DCs in vitro (Hackstein and Thomson, 2004; Van
Kooten et al., 2009). These cells present a semi-mature phenotype,
a pronounced shift towards anti-inflammatory versus inflamma-
tory cytokine production and a low capacity to stimulate T-cells.
The increased secretion of IL-10 by tol-DCs is considered critical to
induce tolerance (Zheng et al., 2013; Cabezón et al., 2012; Kalantari
et al., 2011; García-González et al., 2013).

To date, DC-based therapies involve the isolation and ex vivo
generation of DCs (Jauregui-Amezaga et al., 2015; Suwandi et al.,
2016). These approaches require the preparation of individualized
autologous cells and thus call for costly culture protocols in
certified GMP facilities (Naranjo-Gómez et al., 2011) and stan-
dardization of the procedures among laboratories when Phase II or
III are planned. An alternative approach to ex vivo cell generation is
the in vivo targeting of specific immune cells in order to manipulate
and modulate their function. Several approaches to deliver
immunogenic or regulatory agents have been explored, including
nanopolymeric systems of PLGA (poly(lactic-co-glycolic acid)) and
PLLA (poly-L-lactide), and liposomes (Park et al., 2013). Nanoparti-
cle systems improve DC-targeted delivery of tumor antigens,
Fig. 1. Nanoparticle synthetic strategy and cell internalization. (a) Emulsification of Hyfob
interface. (b) DC internalization, drug release, and tolerance signaling scheme.
amplify immune activation via the use of immunostimulatory
materials, and increase the efficacy of adoptive cell therapies
(Amoozgar and Goldberg, 2015; Cho et al., 2011; Fang et al., 2014).
Interestingly, the possibility to target DCs in vivo paves the way for
immunotherapeutic approaches to treat human diseases by
modifying immune responses without the need to culture cells.
Recent studies have shown that nanoencapsulated corticosteroids
in controlled release polymeric systems boost the therapeutic
efficiency of the drug, as BDS becomes more water soluble
(increased bioavailability) and is released only under the required
conditions, thus reducing systemic side effects (Siddique et al.,
2015; Leonard et al., 2012; Ali et al., 2014; Beloqui et al., 2013).
However, many of these delivery systems show insufficient
stability under in vivo conditions and limited encapsulation
capacity as the drug is prematurely released (Zou et al., 2013).
We have recently demonstrated that common approaches based
on drug encapsulation with monowalled nanostructures are not
stable upon interaction with amphiphilic and hydrophobic cell
membrane molecules (e.g. phospholipids, cholesterol) (Rocas et al.,
2015). Thus, the cargo is non-specifically released from the
nanoparticle core, poorly internalized by target cells, and less
bioactive (Chen et al., 2008). Hence, we envisaged that a disulfide-
rich nanopolymeric system based on hydrophobically stratified
polymers creating robust multiwalled nanostructures would be an
interesting approach to improve encapsulation stability and
maintain in-target redox biodegradation and drug release.
However, the effect of these multiwalled nanostructures on
human primary DCs remains unknown.

Here we evaluated the performance of our previously described
redox-sensitive self-stratified multiwalled nanoparticles (Rocas
et al., 2015, 2014) to quantitatively encapsulate various amounts of
budesonide (BDS) and analyzed the effects of these particles on
primary human monocyte-derived DCs (Fig. 1). In addition, we
studied the generation of tol-DCs, comparing encapsulated versus
soluble BDS. For this purpose, polyurethane-polyurea nano-
particles (PUUa NPs) carrying BDS were incubated with human
monocyte-derived DCs and the toxicity and internalization of these
particles were evaluated over time. To validate PUUa NPs as an
appropriate carrier for immunosuppressive drugs, we assessed
costimulatory molecule expression, cytokine production and the
capacity to activate T-cells.

2. Material and methods

2.1. Materials

YMER N-120 was provided by Perstorp (Perstorp, Sweden) and
N-Coco-1,3-propylenediamine (Genamin TAP 100D) by Clariant
(Barcelona, Spain). The capric/caprylic triglyceride mixture (Cro-
damol GTCC) was obtained from Croda (Barcelona, Spain), and
 and Amphil leads to reactive nanostructures that are further crosslinked in the o/w



G. Flórez-Grau et al. / International Journal of Pharmaceutics 511 (2016) 785–793 787
Bayhydur 3100 was purchased from Bayer (Leverkusen, Germany).
If not indicated otherwise, all other reagents were purchased from
Sigma-Aldrich (St Louis, MO, USA). Extra dry acetone was used
during the syntheses.

2.2. Experimental methods

2.2.1. Synthesis of reactive prepolymers for multiwalled PUUa NP
preparation

The preparation and characterization of the reactive amphi-
philic prepolymer (Amphil) and reactive hydrophobic prepolymer
(Hyfob) followed previously described methods without modifi-
cation (Rocas et al., 2015).

2.2.1.1. Preparation of the reactive amphiphilic prepolymer
(Amphil). A 500-mL four-necked reaction vessel was pre-
heated at 50 �C and purged with nitrogen. YMER N-120 (5.50 g,
5.5 mmol), 2-Hydroxyethyl disulfide (DEDS) (0.15 g, 1.0 mmol),
Crodamol GTCC (0.75 g), and Isophorone diisocyanate (IPDI)
(3.38 g, 15 mmol) were then added to the reaction vessel under
mechanical stirring in the presence of dibutyltin dilaurate (DBTL)
as catalyst (3 mg, 4.65 mmol). The polyaddition reaction was
maintained in these conditions until DEDS and YMER reacted
quantitatively with IPDI, as determined by FT-IR and the automatic
titration (Clemitson, 2008). At this point, the vessel was cooled to
40 �C, and Genamin TAP 100D (1.45 g, 4.44 mmol) dissolved in 10 g
of acetone was added under constant stirring and left to react for
30 min. The formation of polyurethane and polyurethane-polyurea
prepolymers was followed by FT-IR and characterized by NMR
(Prabhakar et al., 2005).

2.2.1.2. Preparation of the reactive hydrophobic prepolymer
(Hyfob). To synthesize the hydrophobic prepolymer, a 20-mL
Schlenk flask was pre-heated to 50 �C and purged with nitrogen.
DEDS (0.15 g, 1.0 mmol) and IPDI (0.485 g, 2.18 mmol) in acetone
(7 g) were then added with DBTL as catalyst (0.24 mg, 0.37 mmol)
and left to react for 1 h with magnetic stirring. At this point, the
Schlenk flask was cooled to 40 �C, and a solution of Genamin TAP
100D (0.15 g, 0.5 mmol) in 3.0 g acetone was added under constant
stirring. The reaction was left for 30 min. The formation of
polyurethane and polyurethane-polyurea prepolymers was
followed by FT-IR and characterized by NMR (Prabhakar et al.,
2005).

2.2.2. Synthesis of multiwalled PUUa nanoparticles

2.2.2.1. Synthesis of PUUa NPs. A previously homogenized aliquot
of Amphil + Hyfob (1.69 g, mass ratio Amphil 13.35:1 Hyfob) (see
Section 2.2.1.) was added to a round-bottom flask containing B3100
(125 mg, 0.167 mmol) under nitrogen atmosphere. This organic
mixture was then emulsified in pure water (16 mL, 5 �C) in a
magnetic stirrer under an ice bath to prevent isocyanate reaction
with water. Once the mixture was emulsified, L-lysine was added
(68.56 mg, 0.47 mmol). The interfacial polyaddition reaction was
controlled by FT-IR. After 30 min, DETA (32.18 mg, 0.31 mmol) was
added, and the crosslinked nanoparticles were formed by a second
interfacial polyaddition, as shown by FT-IR. Acetone was removed
gently under reduced pressure. PUUa NPs were dialysed (100000
MWCO, Spectrum Laboratories, California, USA) against pure water
during 72 h for Zeta potential experiments to eliminate salts and
traces of monomers. For in vitro experiments, PUUa NPs were
dialysed against PBS for 72 h to maintain isotonic conditions.

2.2.2.2. Synthesis of PUUa DiI-loaded NPs (PUUa NPs-DiI). These
NPs were synthesized as previously described (see Section 2.2.2.1.)
adding Amphil + Hyfob in a round-bottom flask containing DiI
(2.5 mg, 2.67 mmol) as lipophilic fluorophore. The organic mixture
was homogenized and, subsequently, Section 2.2.2.1 was followed
without modifications.

2.2.2.3. Synthesis of PUUa Oregon Green 488 Cadaverine-conjugated
NPs (PUUa NPs-cad). An aliquot of this Amphil + Hyfob mixture
(0.87 g, mass ratio Amphil 13.35:1 Hyfob) was homogenized in
another round-bottom flask with the amine reactive fluorophore
Oregon Green 488 Cadaverine (3.2 mg, 6.47 mmol) and B3100
(62 mg, 0.084 mmol). The amino-reactive Oregon Green 488
Cadaverine was left to react for 30 min with excess isocyanate-
reactive species at 5 �C under a nitrogen atmosphere and magnetic
stirring (273 mg of polymer/mg of dye). At this point, the
prepolymers were emulsified in water (8 mL, 5 �C), and L-lysine
was added (34.2 mg, 0.24 mmol) to the solution. The interfacial
polyaddition reaction was followed by FT-IR. After 30 min, DETA
(16.1 mg, 0.16 mmol) was added, and the crosslinked nanoparticles
were formed by a second interfacial polyaddition, as shown by FT-
IR. Acetone was removed gently under reduced pressure.

2.2.2.4. Synthesis of 0.5% (w/w) BDS-loaded PUUa NPs (PUUa NPs-BDS
0.5%). These PUUa NPs were synthesized as previously described
(see Section 2.2.2.1.) using BDS as encapsulated molecule. The
polymeric organic mixture was homogenized with BDS (10 mg,
23.22 mmol), followed by emulsification in PBS (16 mL, 5 �C) in a
magnetic stirrer under an ice bath to prevent isocyanate reaction
with water. At this point, Section 2.2.2.1. was followed without
further modifications.

2.2.2.5. Synthesis of 10% (w/w) BDS-loaded PUUa NPs (PUUa NPs-BDS
10%). These PUUa NPs were synthesized as previously described
(see Section 2.2.2.1.) using BDS as encapsulated molecule. The
polymeric organic mixture was homogenized with BDS (200 mg,
0.46 mmol), followed by emulsification in PBS (16 mL, 5 �C) in a
magnetic stirrer under an ice bath to prevent isocyanate reaction
with water. At this point, Section 2.2.2.1. was followed without
further modifications.

2.3. Analytical techniques

2.3.1. Transmission electron microscopy
Nanoparticle morphology was studied in a Jeol JEM 1010

(Peabody, MA, USA). A 200 mesh copper grid coated with 0.75%
FORMVAR was deposited on a drop of 10 mg/mL of nanoparticles in
water for 1 min. Excess nanoparticles were removed by washing in
fresh MilliQ water for 1 min. The grid was then deposited on a drop
of uranyl acetate 2% w/w in water for 30 s. Excess uranyl acetate
was blotted off, and the grid was air-dried before measurement.

2.3.2. BDS drug loading (DL) and encapsulation efficiency (EE)
To quantify the total amount of encapsulated BDS in PUUa NPs,

a calibration curve was performed by preparing standard solutions
of BDS in EtOH:H2O (1:1 v/v) for HPLC analysis. Lyophilized PUUa
NPs-BDS 0.5% (w/w, 5 mg) or PUUa NPs-BDS 10% (w/w, 250 mg) (to
maintain the same final BDS concentration) were swelled in EtOH:
H2O (1:1 v/v) for one week at room temperature (RT) to fully
solubilize the drug and then placed in a centrifugal 3 KDa filter unit
(Microcon, Carrigtwohill, Ireland) and centrifuged at 14000 g for
60 min. Analytical HPLC runs of the filtrate were performed in
triplicate in a WATERS 2998 HPLC using a X-Bridge BEH130, C18,
3.5 mm, 4.6 � 100-mm reverse-phase column with the following
gradient: 5–100% of B in 8 min at a flow rate of 1 mL/min; eluent A:
H2O with 0.045% TFA (v/v); eluent B: CH3CN with 0.036% TFA (v/v)
and UV detection at 220 nm. Limit of detection and limit of
quantification were set at 0.15 mg/mL and 1.85 mg/mL, respectively.
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2.3.3. Size distribution by DLS
0.5% PUUa NPs and 10% PUUa NPs were analyzed on a Malvern

Zetasizer Nano-ZS90 (Malvern, UK) by diluting them at 1 mg/mL
PUUa NPs concentration in pure water at 37 �C.

2.3.4. Lyophilization and redispersion procedures
Previously dialyzed samples at a concentration of 100 mg/mL of

PUUa NP were lyophilized and directly redispersed at the desired
concentration by overnight stirring at 1500 rpm. They were then
immediately examined by TEM and DLS to ratify optimal size and
morphology characteristics.

2.4. Biological studies

2.4.1. Generation of human DCs
Peripheral blood mononuclear cells (PBMCs) were isolated from

whole blood of healthy donors after Ficoll separation and cultured
for 2 h at 37 �C to allow them adhere to the flask. Non-adherent
cells, namely Peripheral Blood Lymphocytes (PBLs), were washed
and cryopreserved. Monocytes adhered to the flask were cultured
in X-VIVO 15 medium (BioWhittaker, Lonza, Belgium) supple-
mented with 2% AB human serum (Sigma-Aldrich, Spain), IL-4
(300 U/ml), and GM-CSF (450 U/ml) (both from Miltenyi Biotec,
Madrid, Spain) for 6 days to obtain immature DCs (iDCs).
Maturation cocktail (MC) consisting of IL-1b, IL-6 (both at
1000 U/ml) TNF-a (500 U/ml) (CellGenix, Freiburg, Germany)
and PGE2 (10 mg/ml) (Sigma-Aldrich, Spain) was added on day 6
and left for 24 h. To generate tol-DCs, BDS (10�6M) (AstraZeneca
Farmaceutica, Spain) was added at day 3. Nanoparticles with BDS
(PUUa NPs-BDS 0.05, 0.1 and 1 mM) and empty nanoparticles
control (PUUa NPs) were also added at day 3 to compare their effect
with those carrying soluble BDS.

For DC stimulation, 100 ng/ml of LPS (Sigma-Aldrich, Spain) was
added at day 7 and incubated for 24 h. After stimulation, DC
supernatant was collected for cytokine detection.

2.4.2. Flow cytometry analysis
In order to evaluate the DC phenotype, flow cytometry was

performed. Monoclonal antibodies (mAbs) or their appropriate
isotype control were used: Anti-CD80, CD83 and MHCII PE-labeled
(BD-pharmigen) and anti-hMer APC-labeled (R&D systems). Flow
cytometry was performed using FACSCanto II, and data were
analyzed with BD FACSdiva 6.1TM software.

To confirm PUUa NP internalization by DCs, DiI-fluorescently
labeled NPs, (NPs-DiI) were added to iDCs and incubated for 10, 30
or 120 min at 37 �C. iDCs positive for DiI-NPs were measured and
quantified by flow cytometry (BD LSRFortessaTM cell analyzer).

2.4.3. Fluorescence microscopy
In order to confirm NP internalization by DCs, cells were

incubated with PUUa DiI-loaded NPs for 120 min, and then washed,
fixed, stained with MHC II-FITC, and adhered to a cover slip
Fig. 2. Nanoparticle characterization. (a) TEM micrograph of PUUa NPs-BDS 0.5%. (b) TEM
formulations.
previously treated with poly L-lysine (Sigma-Aldrich, Spain).
Images were obtained with a fluorescence microscope Olympus
BX51.

2.4.4. T-cell proliferation
A mixed lymphocyte reaction (MLR) was used to test the

immunogenicity of DCs. DCs were co-cultured with T-cells from a
different donor (standard method in immunology to evaluate DC
immunogenicity, the principle is based on the recognition of
allogenic MHC class II) at a ratio of 1:20 (105 T-cells) in 96-round-
bottom-well plates. T-cell proliferation was measured using
tritrated thymidine (1 mCi/well, Amersham, UK), which was added
at day 6. tritrated thymidine incorporation was measured after
16 h. Supernatant was collected at day 6 for IFN-g analysis.

2.4.5. Cytokine production
IL-10, IL-12p70 and IL-23 production by DCs was analyzed by

ELISA (eBioscience), following the manufacturer’s guidelines.
Supernatant from T-cell cultures was collected after 6 days of
allogeneic response, and IFN-g (eBioscience) was analyzed by
ELISA following the manufacturer’s guidelines.

2.4.6. Statistical analysis
Results are shown as the mean � SD. To determine statistical

differences between the means, the paired or independent sample
ANOVA test was used., after applying the Kolmogorov-Smirnov test
with p > 0.05. Bonferroni post-hoc test was applied to determine
differences between two data sets. Statistical significant differ-
ences were set at 0.05. Results are presented as p < 0.05 (*),
p < 0.01(**) or p < 0.001(***).

3. Results

3.1. PUUa NP characterization

Multiwalled PUUa NPs have been extensively characterized in a
previous proof-of-principle study (Rocas et al., 2015). In that study,
PDI value was obtained as mandated in ISO standards for PDI
calculations from DLS measurements PUUa NPs were found to be
monodisperse (PDI < 0.1), with a size of 24.4 � 6.1 nm (PDI = 0.06)
and PUUa NPs-BDS 0.5% showed a slight size increase of
28.2 � 8.1 nm (PDI = 0.08) due to a probable interaction of BDS
with self-assembling polymers (Fig. 2). Our system allowed almost
100% of encapsulation efficiency at a drug loading of 5.2 mg BDS per
mg PUUa NPs. BDS encapsulation at 0.5% (w/w) did not
significantly affect the size distribution of nanoparticles. However,
a slight increase of 3.8 � SD was observed for the 0.5% BDS-loaded
nanosystem, which may be attributable to minimal hydrophobic
interactions of the drug with the stratified prepolymers during NP
emulsification. Of note, the morphology of 10% BDS-loaded PUUa
NPs, which contained 106 mg BDS per mg PUUa NPs, changed as the
core mass was increased 20 times. The higher BDS content
 micrograph of PUUa NPs-BDS 10%. (c) DLS plot of hydrodynamic diameters of study
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influenced Amphil and Hyfob self-assembly by hydrophobic
interactions. This led to NP sizes of around 170 � 52 nm (PDI =
0.09), as confirmed by TEM and DLS.

3.2. Drug loading (DL) and encapsulation efficiency (EE)

BDS was encapsulated at 0.5 and 10% (w/w) in PUUa NPs. As
expected, both nanosytems exhibited excellent encapsulation
efficiency (above 95%), as quantified by the HPLC calibration
method explained in material and methods. A DL of 0.48 � 0.06%
and 9.9 � 0.1% was achieved respectively. EE was 99.7 � 0.2% for
NP-BDS 0.5% and 99 � 0.1% for NP-BDS 10%. Importantly, there was
no release in the absence of glutathione (data not shown).

3.3. Generation of tol-DCs using PUUa NPs-BDS 0.5%

3.3.1. DCs internalize PUUa NPs
In our previous paper, we proved that the encapsulation

stability of PUUa NPs was extremely high under in vivo-like media
and that the hydrophobic cargo was dependent on high glutathi-
one concentration and was delivered intracellularly and not
passively diffused extracellularly (Zou et al., 2013; Chen et al.,
Fig. 3. NP internalization by DCs. (a) DCs were incubated with DiI-loaded PUUa NPs fo
presented as mean � SD of n = 2 independent experiments. (b) DCs were incubated with
performed. Percentage of DiI+ cells is presented as mean � SD of n = 3 independent exper
DiI for 120 min. Picture shows membrane MHCII-FITC (in green), PUUa NPs-DiI (in red), an
the reader is referred to the web version of this article.)
2008). To first establish whether PUU NPs were internalized by
human DCs, we analyzed purified cells incubated with fluorescent
labeled DiI-loaded PUUa NPs for 10, 30 and 120 min at both 37 �C
and 4 �C. Internalization was measured by flow cytometry. DCs
incubated with DiI-loaded PUUa NPs presented the highest ratio of
internalization at 120 min at 37 �C, with up to 70 � 14.4% of DCs
positive for DiI staining (Fig. 3a). In contrast, DCs incubated at 4 �C
did not internalize the PUUa NPs at 120 min, thereby indicating
that PUU NP incorporation is an active phagocytic process (Fig. 3b).
Moreover, we used fluorescence microscopy to confirm that PUUa
NPs were indeed internalized and not merely bound to the
membrane. Most of the NPs-DiI internalized by DCs were located in
the cytoplasm and did not co-localize with membrane MHCII
staining (Fig. 3c). Furthermore, to demonstrate that PUUa NPs were
internalized only by DCs and other phagocytes and not passively
incorporated by other immune cells, we incubated total PBMCs
with Cadaverine-labeled PUUa NPs. NP internalization was
analyzed by flow cytometry in T-lymphocytes (CD3+), B-lympho-
cytes (CD19+) and monocytes (CD14+). PUUa NPs were internal-
ized efficiently only by CD14+ monocytes, which were mostly
dendritic and phagocytic cells (Fig. 1Sa) and not by T- or B-
lymphocytes.
r 10, 30 or 120 min, and flow cytometry was performed. Percentage of DiI+ cells is
 DiI-loaded PUUa NPs for 120 min at both 4 �C and 37 �C, and flow cytometry was
iments (c) Fluorescence microscopy images (20�) of DCs incubated with PUUa NPs-
d nucleus (in blue). (For interpretation of the references to color in this figure legend,
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3.3.2. Incorporation of PUUa NPs-BDS 0.5% efficiently generates tol-
DCs

As shown above, PUUa NPs were efficiently internalized by
human DCs. To rule out NP toxicity in human primary cells, we
analyzed DC viability after 4 days of co-culture with PUUa NPs-
BDS. At the maximum dose (1 mM), these nanoparticles did not
affect the viability of the DCs treated, which was over 85%
(Fig. 1Sb).

It has been previously described that tol-DCs generated with
glucocorticoids are characterized by lower expression of costimu-
latory molecules in response to stimuli compared to mature DCs. In
addition, MERTK was recently described to be upregulated in tol-
Fig. 4. Characterization of tol-DC generation using PUUa NPs-BDS 0.5%. (a) tol-DCs were 

compared to soluble BDS (1 mM). Expression of surface costimulatory molecules was anal
experiments. (b) Cytokine production by DCs stimulated with LPS (100 ng/mL) for 24 h. IL
Results are presented as the mean � SD of n = 6 independent experiments.
DCs and may be involved in tolerance induction (Cabezón et al.,
2012, 2015). Therefore, we evaluated the generation of tol-DCs
using PUUa NPs-BDS 0.5% in comparison to tol-DCs generated with
free BDS. To assess the tolerogenic properties of DCs treated with
different concentrations of PUUa NPs-BDS 0.5% (0.05, 0.1 and
1 mM) or free BDS (1 mM), we analyzed the expression of
costimulatory or inhibitory molecules by flow cytometry and
the cytokine secretion profile by ELISA.

In this regard, our results show that PUUa NPs-BDS 0.5%
prominently prevented the upregulation of CD80, CD83 and MHCII
levels compared to our control of mDCs. In fact, the tolerogenic
effect of 0.5% encapsulated BDS at 1.0 mM on DCs phenotype was
generated with PUUa NPs-BDS 0.5% at a range of BDS doses (0.05, 0.1 and 1 mM) and
yzed by flow cytometry. Results are presented as the mean � SD of n = 6 independent
-10, IL-12 and IL-23 levels were analyzed in the supernatants of DC culture by ELISA.
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much more powerful than free BDS at the same dose of 1.0 mM
(18.8% CD80, 37.6% CD83 and 25.7% MHCII reduction compared to
free BDS, respectively) (Fig. 4a). In addition, the tolerogenic
tyrosine kinase receptor MERTK was upregulated in tol-DCs and its
expression in PUUa NPs-BDS 0.5% treated DCs showed a directly
proportional dose-dependent expression effect (Fig. 4a).

Next, we measured cytokine production after DCs stimulation
with LPS. DCs treated with either free or encapsulated BDS
produced higher levels of IL-10 compared to mDCs. Interestingly,
IL-10 production by DCs treated with PUUa NPs-BDS 0.5% 1 mM
was remarkably higher (60% more) than that of DCs treated with
free BDS at the same concentration (Fig. 4b) (420 � 120 pg/ml
versus 180 � 88 pg/ml; p = 0.0007). The production of pro-inflam-
matory cytokines IL-12p70 and IL-23 in response to LPS was
efficiently reduced in DCs treated with both free BDS and PUUa
NPs-BDS 0.5% compared with control mDCs and mDCs treated with
empty PUUa NPs (Fig. 4b).

In addition, we explored how the effect of different BDS
loadings in PUUa NPs affected the tolerogenic profile of DCs. In this
regard, two different loadings of BDS, either 0.5% or 10% were
tested. However, after incubation of both formulations at 1 mM
final concentration of BDS we did not observe differences in the
modulation of CD83 or Mertk expression in DCs (Fig. 2Sa).

3.3.3. Kinetics of IL-10 production by Tol-DCs
As shown in Fig. 4b, the release of BDS inside DCs increased the

production of IL-10 by tol-DCs. Therefore, we studied the
relationship between the amount of encapsulated BDS and DC
anti-inflammatory response by examining IL-10 secretion kinetics.
IL-10 was analyzed at 4, 8, 12, 24 and 48 h after addition of LPS to
DCs previously incubated with free BDS, PUUa NPs-BDS 0.5%, PUUa
NPs-BDS 10% or empty PUUa NPs. While the amount of
encapsulated BDS did not influence DC’s phenotype (Fig. 2Sa),
we did observe variations in IL-10 production by tol-DCs, when
generated with PUUa NPs loaded with different amounts of BDS.
Interestingly the highest IL-10 production was induced by PUUa
NPs-BDS 0.5% at both 24 and 48 h (Fig. 2Sb), whereas BDS at 10%
induced a similar pattern of IL-10 production as free BDS.
Fig. 5. Lymphocyte activation. (a) Mixed lymphocyte reaction (MLR). DCs treated with P
1 mM were co-cultured with allogeneic PBLs for 7 days. Lymphocyte proliferation was me
the control and are presented as the mean � SD of n = 5 independent experiments (b) IFN-
normalized using the control are presented as the mean � SD of n = 5 independent exp
3.4. DCs treated with PUUa NPs-BDS 0.5% have a tolerogenic function

To study the functional consequences of tol-DCs generated by
PUUa NPs-BDS 0.5% incubation, we set up a mixed leukocyte
response (MLR) – a standard assay for measuring the DC
immunogenicity – which consisted of a DC co-culture with
allogeneic T-cells. Tol-DCs generated with free BDS or PUUa
NPs-BDS 0.5% (1 mM) showed less capacity to induce T-cell
proliferation as well as IFNg production than mDCs or DCs
incubated with empty PUUa NPs. In this case, we did not observe
statistically significant differences between free and encapsulated
BDS (p = 0.33) (Fig. 5), although both the proliferative response and
IFNg production induced by PUUa NPs-BDS 0.5% was numerically
lower than that of free BDS.

To confirm that PUUa NPs-BDS 0.5% were effective only when
internalized by DCs, naive T-cells were incubated with free or
encapsulated BDS, and T-cell proliferation was measured after
aCD3aCD28 polyclonal stimulation. Our results corroborated that,
in the absence of DCs in the culture, PUUa NPs-BDS 0.5% did not
release BDS unspecifically in the medium and thus did not modify
T-cell activation due to BDS passive diffusion. In contrast, free BDS
significantly reduced IFN-g production (about 60% decrease) (Fig. 2
Sc).

4. Discussion

The present study is the first to address PUUa-NPs as delivery
system to target DCs using BDS as an immunosuppressive agent to
generate tol-DCs. This innovative delivery system prevented drug
release before the internalization of PUUa NPs by phagocytic cells.
Interestingly, PUUa NPs did not contain any external surfactant.
Moreover, cryoprotectants were not required for lyophilization or
redispersion procedures. We propose that is due to the combina-
tion of the PEG-like structure of YMER N-120, which retains water
molecules, and the structural stability conferred during cross-
linking. This process allowed the NP shell to maintain its
nanostructure during freeze-drying, thus conserving dangling
hydrophilic chains on the surface of the shell (Moyano et al., 2014).
These characteristics of drug nanoencapsulation confer a clear
UUa NPs-BDS 0.5% using different BDS doses (0.05, 0.1 and 1 mM) and with free BDS
asured by incorporation of Tritiated Thymidine. Results have been normalized using
g production was analyzed from the supernatant of MLR by ELISA. Results have been
eriments.
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advantage for the future translation of this nanosystem to in vivo
preclinical studies. PUUa NPs were synthesized to be biodegrad-
able upon exposure to intracellular levels of reduced glutathione
(GSH). Moreover, their GSH-mediated degradation and release
kinetics of encapsulated hydrophobic molecules was fully de-
scribed previously (Rocas et al., 2015, 2016).

In this study, we evaluate whether PUUa NPs can be used for the
selective delivery of drugs to specific immune cells. In particular,
primary human DCs are a relevant cell subset to target due to their
key role in regulating the immune response. The results shown in
this manuscript demonstrate that PUUa NPs-BDS induced tol-DCs
from monocyte-derived cells and that these tol-DCs show
enhanced tolerogenic properties compared to those treated with
free BDS. The treatment with PUUa NPs-BDS prompted the
modulation of maturation molecules, downregulated costimula-
tory receptors, and specially up-regulated MERTK, which has been
shown to be clearly involved in controlling T cell proliferation and
cytokine production (Cabezón et al., 2015). Furthermore, PUUa NP-
BDS treatment significantly increased IL-10 production by DCs,
which is essential to induce tolerance.

We hypothesize that the full digestion of PUUa NPs-BDS 0.5%
and BDS cytosolic release upon active endocytosis is caused by the
endogenous capacity of DCs to degrade internalized pathogens and
their high constitutive concentration of reduced GSH compared to
other immune cells subsets (Kamide et al., 2011). It is then
conceivable to speculate that the encapsulation of BDS provides
each DC with high intracellular concentrations of the drug, while
DC treatment with the free drug leads to a lower final
concentration.

Nanoparticle size is relevant for nanoparticle-cell interac-
tions. In particular, nanoparticles below 50 nm show greater
internalization and enhanced therapeutic effects than their
counterparts ranging above 100 nm (Reddy et al., 2006; Shang
et al., 2014). Normally, drug release quantification studies focus
on the physicochemical aspects of this phenomenon and
sometimes are not able to mimic neither in vivo nor in vitro
media conditions. Moreover, drug release studies do not provide
information about the intracellular fate of such release neither
about the therapeutic effect. Thus, we wanted to perform
functional studies focusing on how cytokines secretion pattern
changed with the size of the delivery system used. Interestingly,
we observed that DCs generated with 30 nm PUUa NPs-BDS 0.5%
released the largest amounts of IL-10 at 48 h upon exposure to LPS
compared to 170 nm PUUa NPs-BDS 10% and free BDS. Such
kinetic studies of IL-10 release served us as a more accurate
prediction of the therapeutic effect of budesonide upon in vitro
intracellular release.

In addition, tol-DCs generated from PUUa NPs-BDS 0.5% were
less capable to activate allogeneic T-cells proliferation and IFN-g
production by activated T lymphocytes, thus revealing strong
functional tolerogenic properties. Moreover, our results indicate
that the effect achieved is due to aspecific cargo release on DCs
upon internalization of PUUa NPs-BDS 0.5% since PBLs were
carefully washed before adding them to the DC co-culture. In this
line, we observed that PUUa NPs were only internalized by
phagocytic cells when incubated with total PBMCs, further
supporting the notion that the drug is not released extracellularly.
The incubation of purified naïve T lymphocytes with PUUa NPs-
BDS 0.5% during polyclonal activation did not induce any
tolerogenic effect measured by cell proliferation and IFN-g
production. In fact, we observed that only free BDS drastically
reduced both T-cells proliferation and IFN-g production due to
the lack of cell internalization specificity. These results indicate
that in the absence of targeted-DCs (or phagocytic cells), the
PUUa NPs have not effect in other cells like T lymphocytes.
In this manuscript we describe PUUa NPs as an innovative,
interesting and highly cell-subset specific delivery system. The
advantage of this approach is that encapsulated drugs or
alternatively adjuvants and/or antigens, only have an effect on
those cells that are targeted to, thereby preventing systemic
inhibition or activation and off-target toxicities, and conversely,
that DCs loaded with antigens are those cells that also
simultaneously receive the tolerogenic or immunogenic agent.

5. Conclusions

In summary, here we report that self-stratified PUUa NPs
boost the effect of lipophilic corticosteroids in human DCs.
Specifically; PUUa NPs-BDS 0.5% exhibited strong encapsulation
capacity, thereby allowing the efficient internalization of the
drug-loaded nanosystems, as observed by flow cytometry and
fluorescence microscopy. Moreover, this internalization and drug
release translated into a more potent tolerogenic profile of DCs
compared to the DCs obtained with free BDS treatment.
Furthermore, PUUa NPs exhibited a selective targeting to DCs
and their precursors without affecting other immune cell
subsets. This observation therefore provides robust evidence of
the potential of PUUa NPs as a selective drug delivery system for
the treatment of autoimmune diseases. More research is
currently underway to actively target DCs in in vivo animal
models of human diseases, such as autoimmune or chronic
inflammatory conditions. Interestingly the encapsulation of
alternative agents to either stimulate (adjuvants) or inhibit the
immune response, in combination with defined disease-associat-
ed antigens (or synthetic peptides), will increase the possibility of
designing more precise therapies to target human DCs for
immune-mediated diseases.
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