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Abstract

Dendritic-cell (DC) targeted antigen delivery systems hold promise for enhancing vaccine efficacy
and delivery of therapeutics. However, it is not known how the number and density of targeting
ligands on such systems may affect DC function and subsequent T cell response. We modified the
surface of biodegradable nanoparticles loaded with antigen with different densities of the mAb to
the DC lectin DEC-205 receptor and assessed changes in the cytokine response of DCs and T
cells. DEC-205 targeted nanoparticles unexpectedly induced a differential cytokine response that
depended on the density of ligands on the surface. Strikingly, nanoparticle surface density of
DEC-205 mAb increased the amount of anti-inflammatory, IL-10, produced by DCs and T cells.
Boosting mice with DEC-205 targeted OV A-nanoparticles after immunization with an antigen in
CFA induced a similar pattern of IL-10 response. The correlation between DC production of IL-10
as a function of the density of anti-DEC-205 is shown to be due to cross-linking of the DEC-205
receptor. Cross-linking also increased DC expression of the scavenger receptor CD36, and
blockade of CD36 largely abrogated the IL-10 response. Our studies highlight the importance of
target ligand density in the design of vaccine delivery systems.
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1. Introduction

DCs are the most potent APCs for initiating adaptive immune responses important for host
defense and vaccine-induced immunity. The versatility of DCs is due to the fact that these
cells are extremely adept in optimizing various endocytic and secretory pathways leading to
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Ag processing and presentation to cognate B and T lymphocytes [1-3]. As a consequence,
promising strategies for priming T cell immunity focus on manipulating the DC response by
targeting Ag delivery through specific DC surface receptors.

Pattern recognition receptors on DCs, such as TLRs and C-type lectin receptors (CLRS),
sense pathogens through conserved pathogen-associated molecular patterns expressed on
microorganisms. Upon ligand interaction, these receptors trigger specific cytokine responses
that activate Tcell effector functions to facilitate pathogen clearance [4-10]. Steinman and
his colleagues have pioneered the field of Ab-mediated targeting of Ag to DCs through
several CLRs, including DEC-205 [4-6] Langerin [7] and DC-SIGN [8]. The prototypical
CLR DEC-205 has been the most widely studied DC target molecule for the induction of
immune responses against model and vaccine Ag [9,10]. Chimeric Abs consisting of Ag
fused to the C-terminus of the heavy chain of anti-DEC-205 mAb have been shown to
efficiently deliver the Ag to the late endosomal/lysosomal processing compartments for
presentation by Class 1| MHC and CD1 molecules [5]. As DEC-205 is expressed by the
CD8a+ subset of the DCs, it also helps in cross presentation of Ag. Due to the significant
enhancement in both CD4 and CD8 T cell responses, DEC-205 targeted vaccination is a
promising area for improving vaccine efficacy.

Micro and nanoparticles composed of biodegradable and biocompatible poly (lactide-co-
glycolic acid) (PLGA) polymers are widely established platforms for controlled delivery of
small molecule drugs, oligonucleotides, and protein Ags to a variety of cell types, including
DCs [11-18] Several groups have demonstrated that Ag-loaded PLGA nanoparticles can
induce both systemic and mucosal immunity in animals [19-23]. Indeed, several studies
have demonstrated that PLGA nanoparticles have adjuvant effects comparable to those of
CFA or alum, and can function as synthetic adjuvants that activate DCs to induce T cell
immunity to conventional Ag [19,24,25]. Relatively little is known, however, about whether
immune responses induced by nanoparticles can be enhanced by directing Ag-containing
nanoparticles to DCs via CLRs. Given the multivalency of nanoparticles, (i.e. more than a
few 1000 targeting Ab can be attached per particle), an additional unknown is how this
multivalency might affect the DC response to Ag-containing nanoparticles to modify
subsequent T cell responses.

To address this question, in this study, we examined immune responses induced by targeting
OVA-containing PLGA nanoparticles to DCs. These particles were first modified with
avidin into the outer layer [26] to facilitate the subsequent controlled addition of biotinylated
anti-DEC-205 mADb to the particle surface. Using this construct, we analyzed the impact of
multivalent DEC-205 targeted OVA-nanoparticles on the DC and T cell cytokine response
in vitro and in vivo and the effect of varying the particle surface density of anti-DEC-205
mAb on the DC and T cell responses. Our studies have relevance to the design of
nanoparticulate vaccines and highlight the importance of the surface density of DC target
Abs on the outcome of the immune response.
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2. Materials and methods

2.1. Mice

C57BL/6J (B6) mice (6-10 weeks of age, The Jackson Laboratory) were housed in a
specific pathogen-free facility and animal studies were approved by the Institutional Animal
Care and Use Committee at Yale University. B6 OTIlI TCR transgenic mice were purchased
from The Jackson Laboratory and bred to produce progeny for the experiments. CD36 —/—
animals were a kind gift from Dr. Daniel Goldstein's laboratory.

2.2. Isolation and purification of DCs

DCs were generated from bone marrow cells collected from the femurs and tibias of mice
according to established techniques [55]. After RBC lysis with ammonium chloride (Sigma),
the remaining bone marrow cells were cultured for 6d in complete RPMI medium (RPMI
supplemented with 10% FBS, 1% -glutamine, 1% HEPES buffer, non-essential amino
acids, 0.1% 2-ME, 50 pg/ml streptomycin, 50 1U/ml penicillin) and 20 ng/ml recombinant
murine GM-CSF. At the end of the incubation, nonadherent cells were discarded and
adherent cells were dislodged and purified by positive selection using a CD11c EasySep
column (Stem cell Technologies). Flow cytometry confirmed that >90% of the cells were
CD11chi i and CD80'°, cD86!°, and I1API0). OVA-specific OTII Tg T cells were purified
from mouse splenocytes after RBC lysis using the mouse CD4+ T cell enrichment kit (Stem
cell Technologies).

2.3. Synthesis of nanoparticles

PLGA 50/50 with an average molecular weight of 80 kd was obtained from Durect
Corporation (Cupertino, CA).Nanoparticles that encapsulated OVA and were functionalized
with avidin were manufactured using a modified double emulsion of water—oil-water
technique [26].

2.4. Characterization of nanoparticles

The lyophilized nanoparticles were visualized by scanning electron microscopy. The amount
of OVA encapsulated in the nanoparticles was quantified using the Micro BCA Protein
Assay (Pierce) after dissolving the particles in 0.05 N NaOH with 1% SDS. The amount of
avidin per mg of the particles was quantified using the Micro BCA Protein assay. Particle
sizes were also measured by dynamic light scattering using a Zeta Plus Particle Sizer
(Brookhaven Instruments Corporation). The mean diameters of the nanoparticles with and
without Ab were reported from the multimodal size distribution that was obtained using the
Zeta Plus Particle Sizing software v2.27 (Brookhaven Instruments Corp).

2.5. Ligand coupling to the particle surface

Biotinylated anti-mouse DEC-205 mAb (clone NLDC 145) (BACHEM, CA) was added at
various concentrations between 0 and 25 pg/ml to a 5 mg/ml solution of PLGA particles in
PBS and rotated for 20—30 min at room temperature. The particles were then centrifuged at
13,000 rpm for 5 min and the supernatant removed to measure the amount of unbound Ab
remaining using the Micro BCA Protein Assay Kit. All mAb was bound as no protein was
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detected in the particle supernatant (data not shown). The release of Ag from the particles in
aqueous solution was not altered by the addition of anti-DEC-205 mAb to the particle
surface (data not shown).

2.6. Flow cytometry assessment of particle internalization

DCs were aliquoted at 106 cells/ml in RPMI media + 10% FBS supplemented with .-
glutamine, MEM non-essential amino acids, HEPES buffer, gentamicin, and -
mercaptoethanol in a 24 well plate for 1 h to allow adherence. The DCs were then incubated
with 100 pg/ml of coumarin-6 encapsulated nanoparticles for 1, 4 or 8 h. At the indicated
times, the cells were washed twice with PBS + 1% FBS. The cells were then labeled with
APC-conjugated CD11c mAb (eBioscience) for 30 min at 4 °C. After staining, the cells
were washed with PBS + 1% FBS and then fixed with 4% paraformaldehyde prior to flow
cytometric analysis using a FACS Calibur system (BD). Differences in mean fluorescence
intensity for coumarin-6 were assessed by the Student's t test using GraphPad, Prism,
version 4.0b software.

2.7. Assessment of particle internalization by confocal microscopy

DCs were plated on alcian blue coated glass cover slips at a seeding density of 2 x 10° cells
per cover slip for 1 h at 37 °C to allow adherence. After rinsing to remove nonadherent cells,
cells were incubated with 100 pug/ml of coumarin-containing nanoparticles for 1, 4 or 8 h at
37 °C. At the end of the incubation period, the media was removed and cells were washed
once with PBS + 1% FBS and then fixed in 4% paraformaldehyde. Cells were permeabilized
using 0.1% triton-X 100 in PBS and then stained with a 1:200 dilution of Alexa 548-
phalloidin and 1:500 dilution ToPro-3 (Molecular Probes) to delineate the cytoskeleton and
nucleus, respectively. Cells were visualized under Zeiss confocal microscope (LSM 510)
using wavelengths 488, 568 and 633 nm.

2.8. Stimulation of DCs and T cells

DCs were aliquoted into 96-well microtiter plates at 2 x 10° cells/well and allowed to adhere
overnight. Nanoparticles (200 pg/ml) were added to triplicate wells of DCs in 100 pl total
volume and the cultures were incubated for 4 or 8 h in a 37 °C humidified CO5 incubator.
Wells were then washed twice to remove uningested particles before adding fresh media.
After 24 h, supernatants were harvested and assayed for IL-12 and IL-10 using cytokine-
specific ELISA (BD Pharmingen).

For measurement of T cell responses, DCs that had been pulsed with nanoparticles as
described above were washed extensively to remove uningested particles. Purified naive
OTH Tg T cells were added at 2:1 ratio (T:DC) and incubated for 72 h in a 37 °C humidified
CO», incubator. At the end of this period, supernatants were harvested and the amount of
IL-2, IL-5, IL-10 and IFNy was quantified using cytokine-specific ELISA (BD
Pharmingen).

In some assays, DCs were stimulated with soluble OVA in combination with anti-DEC-205
mADb, avidin-biotinylated anti-DEC-205 mAb complexes, or avidin with anti-DEC-205
mAb. Additionally, DCs were stimulated with a soluble fusion protein containing OVA and
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the heavy chain of anti-DEC-205 mAb (s-OVA-DEC-205, a kind gift of Dr. Ira Mellman,
Genentech). After Fc receptor blockade, DCs were stimulated with the indicated Ag
preparations containing 0, 5, 10 or 25 pg/ml anti-DEC-205 mAb. Cytokines elicited were
measured as described above.

2.9. Measurement of CD36 and DC activation markers by flow cytometry

DCs were aliquoted at 1 x 108 cells/ml complete RPMI (1 ml/well) in a 24 well plate and
allowed to adhere for 1 h. The DCs were incubated with 200 pg/ml of the different
concentrations of targeted or non-targeted nanoparticles that delivered equivalent amounts
of anti-DEC-205 mAb. After 8 h of incubation, wells were washed to remove uningested
stimuli and fresh media was added to cells. After 24, 48 and 72 h, aliquots of cells were
stained with PE-conjugated anti-mouse CD36 mAb (eBioscience) (1:200 dilution) or an
isotype control, FITC-conjugated anti-mouse CD80 (BD Bioscience) mAb (1:100 dilution),
PE-conjugated anti-mouse CD86 mAB (1:200 dilution) (BD Bioscience) or FITC-
conjugated anti-mouse AP (1:150 dilution) (eBioscience). In some cases, the cells were then
washed twice with PBS supplemented with 1% FBS, fixed with formaldehyde and the
fluorescence intensity of FITC staining was measured by flow cytometry using a FACS
Calibur.

2.10. Measurement of DC and T cell responses after CD36 blockade and in CD36 —/—

animals

DCs were aliquoted at 1 x 106 ells/ml complete RPMI (1 ml/well) in a 24 well plate and
allowed to adhere for 1 h. Cells in duplicate wells were then treated with 20 pg/ml anti-
CD36 mAb (FA6152, Abcam), and anti-mouse 1gG1 (isotype control) or no Ab. After 1 h,
200 pg/ml OV A-nanoparticles coated with the indicated concentrations of anti-DEC-205
mAb were added to duplicate wells. After 8 h incubation at 37 °C, uningested particles were
washed off and either fresh media was added to cells for assessment of DC responses or
media containing purified CD4+ OTII Tg T cells at a T:DC ratio of 2:1 was added to assess
T cell responses. Supernatants were harvested from DC cultures after 24 h and from T cell
cultures after 72 h incubation at 37 °C. Cytokines were analyzed using cytokine-specific
ELISA as described above (BD Pharmingen). Similar experiments were repeated with CD14
+/- and CD36 —/- animals on a C57/BL6 background and the DC and T cell cytokine
responses were compared with the wild type animals.

2.11. Mice immunization

Groups of 4 mice were immunized by i.p. injection of 100 pg OVA emulsified in CFA (200
ul total volume, Pierce) or sham immunized with 200 ul PBS. One wk later, groups of mice
were boosted by i.p injection of 300 pl PBS containing 2 mg OV A-nanoparticles (40 ug
OVA) that had been surface modified with 0, 0.5, 1 or 5 pg/ml anti-DEC-205 mAb. One
week after secondary immunization, mice were sacrificed and splenocytes harvested. Whole
splenocytes in complete RPMI were aliquoted at 2 x 10° cells/well into 96 well round
bottom plates and stimulated with 200 pg/ml OVA for 72 h, after which cell free
supernatants were collected and analyzed for IL-2, IL-5, IL-10 and IFNy by ELISA (BD
Pharmingen). In another set of in vivo experiments, groups of 4 mice were immunized i.p.
with 300 pul PBS containing 2 mg OV A-nanoparticles (30 ug OVA) surface modified with 0,
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0.5 or 5 pg/ml anti-DEC-205 mAb. Mice were also immunized with similar concentrations
of OVA (30 ug) in CFA and OVA (30 ug) in Alhydrogel, prepared by mixing OVA and
Alhydrogel (1 pl/pug protein). Serum isolated at week 2 and analyzed for OVA specific titers
of total IgG, 1gG1, IgG2b, and 1gG2c by ELISA. Blank nanoparticles containing no OVA
were used as the negative controls. Experiments were repeated two times and the statistical
differences between controls and experimental groups were determined using Student t test.

2.12. Ab titer analysis

3. Results

3.1. Particle

Blood samples were retro orbitally collected from all animals and were allowed to clot at 4
°C overnight. Samples were then centrifuged at 3000 rpm for 10 min and serum stored at —
80 °C. High binding plates were coated with 50 pug OVA (Sigma grade V) in PBS and
incubated overnight at 4 °C. Serial dilutions of serum in blocking buffer was performed and
plates were incubated with these after blocking with blocking buffer (PBS + 5% BSA
[Sigma—Aldrich] + 0.1% Tween 20 [Sigma—Aldrich]). Plates were washed thrice and HRP-
conjugated goat anti-mouse 1gG1, 1gG2c, 1gG2b (Invitrogen) and total IgG (Jackson
ImmunoResearch Laboratories, West Grove, PA) were added in blocking buffer at a 1:2000
dilution. Plates were washed after 1 h and developed using tetramethylbenzidine substrate
(Kirkegaard & Perry Laboratories, Gaithersburg, MD). 1 N HCI was used to stop the
reaction and absorbance was measured by a spectrophotometer at 450 nm. The inverse
dilution at which absorbance equaled that of the control was calculated as titer. The control
samples were mice receiving no Ag plus 2 SD. After a log transformation of values, the
linear regression of dilution versus Ab curve was calculated.

preparation and characterizatoin

Previously we developed a strategy for surface modification of PLGA particles by
introducing functionally active avidin coupled to palmitic acid during the emulsion
preparation of the particles [26]. We demonstrated that functionalizing PLGA with avidin-
palmitic acid facilitated incorporation of avidin at high density on the surface. The fatty acid
anchoring the avidin preferentially associated with the hydrophobic PLGA matrix while the
hydrophilic avidin partitioned to the surface. These particles can then be further surface
modified by the addition of biotinylated molecules that bind avidin with high affinity. This
system leads to prolonged presentation of the biotinylated molecules over the course of
several weeks while release of proteins from the PLGA matrix is unhindered [13,18,27].

Ova-containing PLGA nanoparticles functionalized with avidin-palmitic acid were surface
modified with varying amounts of biotinylated anti-DEC-205 mAb (Fig. 1A, B). In all the
experiments reported here we have used these nanoparticles with avidin-palmitate with or
without different concentrations of targeting antibody. Functionalized, non-targeted
nanoparticles and DEC-205 targeted nanoparticles were characterized by dynamic light
scattering to ascertain whether the surface modification with different densities of DEC-205
mADb affected the mean diameter of the particles. No significant increase in the mean
diameter between the non-targeted and the targeted particles was detected, even with the
highest density of anti-DEC-205 mAb, which remained well within the nanoparticle size
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range of 200250 nm (Fig. 1C). Release of Ag from the particles was also similar (data not
shown).

3.2. Nanoparticle induction of DC and T cell cytokine responses

To determine the effects of targeting nanoparticles to DEC-205 on DCs, we measured
cytokines from the supernatants of DCs 24 h after an 8 h exposure to DEC-205 targeted
(white bars), control IgG coated OVA-nanoparticles (stippled bars) or non-targeted
nanoparticles without Ag (black bars). DCs exposed to any preparation of OVA-
nanoparticles produced high concentrations of IL-12 (Fig. 2A, white and stippled bars).
Unexpectedly, we found that DCs exposed to DEC-205 targeted nanoparticles also produced
IL-10, with the amount secreted dependent on the density of anti-DEC-205 mAb on the
particle surface (Fig. 2B, white bars). Nanoparticle-stimulated DCs co-cultured with OVA-
specific CD4+ OTII Tg cells for 72 h showed differential cytokine production that also was
dependent upon the density of anti-DEC-205 mAb on the nanoparticle surface. Whereas
IFNy and IL-2 production by T cells was similar with 1gG coated OVA-nanoparticles (Fig.
2C, D, stippled bars) and DEC-205 targeted OV A-nanoparticles (Fig. 2C, 2D, white bars),
IL-10 production was only seen in supernatants of T cells stimulated with DCs that had been
exposed to OVA-nanoparticles modified with anti-DEC-205 mAb (Fig. 2E, white bars).
IL-5 was also produced by T cells stimulated with DCs primed with either targeted or non-
targeted nanoparticles, but the greatest amount was seen with OVA-nanoparticles coated
with the highest amount of anti-DEC-205 mAb (Fig. 2F). The amount of 1L-10 and IL-5
produced by T cells was dependent on the amount of anti-DEC-205 mAb on the particle
surfaces. DCs stimulated with blank nanoparticles containing no Ag but coated with
DEC-205 produced negligible levels of cytokines compared to the ones containing OVA as
Ag under these conditions. It has been shown in other studies that PLGA nanoparticles
encapsulating peptide enhances the stimulatory properties of DCs when compared to blank
nanoparticles containing no Ag [28]. Similar patterns of cytokines were seen when DCs
were exposed to nanoparticles for 4 h (data not shown).

3.3. DC and T cell cytokine responses by soluble fusion protein DEC-205-OVA

Differential IL-10 production by DCs has not been previously observed with exposure to
chimeric proteins containing both anti-DEC-205 mAb and Ag. To ascertain if the observed
differences in IL-10 production by DCs and Tcells could be recapitulated when Ag is
introduced using anti-DEC-205 mAb, we used a soluble fusion protein containing light and
heavy chains of mouse anti-DEC-205 mAb coupled to OVA (s-OVA-DEC-205 mAb). DCs
were stimulated for 8 h with s-OVA-DEC-205 mAb containing 5-25 pg/ml anti-DEC-205
mADb to approximate the range of concentrations of anti-DEC-205 mAb on the OVA-
nanoparticles. We found that Tcells stimulated with DCs primed with s-OVA-DEC-205
mAb produced IFNy and IL-2 in amounts comparable to stimulation with DEC-205 targeted
OVA-nanoparticles (Fig. 2C, D, gray bars). However, there was minimal I1L-10 and IL-5
elicited by the s-OVA-DEC-205 mAb construct in comparison to nanoparticles having anti-
DEC-205 mAb on their surfaces (Fig. 2E, F, gray bars), consistent with the low level of
induction of IL-10 by DCs primed with the fusion protein.

Biomaterials. Author manuscript; available in PMC 2015 September 16.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bandyopadhyay et al.

Page 8

3.4. Nanoparticle induction of in vivo secondary immune responses

In order to determine whether our in vitro observations could be reproduced in vivo, we
examined the T cell cytokine profiles induced when DEC-205 targeted OVVA-nanoparticles
were used to boost the primary immune response to OVA in CFA. The adjuvant CFA is
known to prime for Th1 responses to Ag, and our aim was to determine whether the surface
modified nanoparticles could modify this response. We found that boosting mice with either
non-targeted or DEC-205 targeted OVA-nanoparticles could augment IL-2 and IFNy
production in comparison to primary immunization with OVA in CFA alone (Fig. 3A, B).
Consistent with our observed in vitro studies, exposure to DEC-205 targeted particles also
resulted in T cell production of I1L-10 and IL-5, with more cytokine produced correlating to
the greatest density of anti-DEC-205 mAb on the particle surfaces (Fig. 3C, D).

3.5. Nanoparticle internalization

To determine whether differential IL-10 production was a result of differential uptake
mediated by the surface density of the antibody target, we measured particle internalization
as a function of time. Nanoparticles were synthesized encapsulating the dye Coumarin-6 and
were surface modified with avidin. We chose this dye because it is known to associate
tightly with the nanoparticle polymer core and does not degrade or release with time [29].
Purified DCs were exposed to 150 ug/ml of non-targeted or targeted nanoparticles, and then
harvested at different time points for analysis of particle uptake by flow cytometry. DCs
exposed to non-targeted particles that were held at 4 °C (Fig. 4B) revealed no significant
uptake relative to unstained cells (Fig. 4A) or DCs incubated at 37 °C (Fig. 4C, D, and E).
At 1 h, there was a modest difference in the amount of non-targeted particle uptake in
comparison to targeted particle uptake as assessed by cell fluorescence (Fig. 4C). At 4 h and
8 h, however, the internalization of the non-targeted and targeted nanoparticles was
comparable (Fig. 4D, E), indicating that differences in particle uptake could not explain the
differential cytokine induction by DCs exposed to targeted nanoparticles for a similar
duration.

The internalization of non-targeted and surface modified nanoparticles was also assessed
using confocal microscopy (Fig. 5). DCs were incubated with the different surface modified
and non-targeted dye-labeled nanoparticles for 1 h, 4 h and 8 h, then washed, permeabilized,
and stained with the cytoskeletal marker Alexa 546 Phalloidin and the nuclear stain
ToPro-3. The results were consistent with flow cytometry data and showed that there were
negligible differences in uptake of non-targeted and targeted particles at the time points
analyzed (Fig. 5A, B and C). No significant uptake was detected when DCs were exposed to
particles and kept at 4 °C (Fig. 5D).

3.6. DEC-205 cross-linking on DC surfaces by soluble complexes of avidin and biotin anti-

DEC-205

Given the fact that internalization of particles was independent of the density of targeting
ligand, we next asked if the observed differential IL-10 responses were associated with a cell
surface binding phenomenon that was dependent on the density of the targeting ligand. To
address this question, we incubated DCs with soluble anti-DEC-205 mAb or a multivalent
form produced by complexing biotinylated anti-DEC-205 mAb with avidin. As a control,
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DCs were also stimulated with avidin and soluble, non-biotinylated anti-DEC-205 mAb. All
DC cultures were simultaneously exposed to OVA. We observed that indeed multimeric
complexes of avidin-biotinylated anti-DEC-205 mAb produced concentrations of 1L-10 that
depended on the amount of biotinylated anti-DEC-205 mAb (Fig. 6A, white bars). The
amount of IL-10 elicited was similar to the dose-dependency seen with increasing anti-
DEC-205 Ab on the surface of the nanoparticles (Fig. 6A versus Fig. 2E). Minimal IL-10
was detected when DCs were stimulated with OVA, avidin and unbiotinylated anti-
DEC-205 mAb (Fig. 6A, gray bars) or OVA plus biotinylated anti-DEC-205 mAbwithout
avidin (Fig. 6A, black bars). Tcell production of IL-10 was dependent on the concentration
of OVA in DC cultures, with lower concentrations of OVA eliciting less IL-10 (data not
shown). As further confirmation of our findings, DCs were stimulated with soluble OVA
and anti-DEC-205 mAb coated nanoparticles that contained no Ag or with soluble anti-
DEC-205 mAb and OVA encapsulated nanoparticles that contained no avidin (or surface
modification with anti-DEC-205 mADb) (Fig. 6B). IL-10 was produced by T cells only when
the DCs had been exposed to Ag and anti-DEC-205 mAb coated nanoparticles and
responses were similar to those observed with OVA encapsulated in targeted nanoparticles.
Taken together, these findings suggest that cross-linking DEC-205 on the DC surface during
Ag uptake and presentation is required for DCs to induce T cells to produce an anti-
inflammatory response.

3.7. CD36 expression after nanoparticle treatment

In related studies, we found using DC microarray analysis that one of the genes most highly
induced by DEC-205 targeted nanoparticles in comparison to non-targeted nanoparticles
was the scavenger receptor CD36 (manuscript in preparation). This molecule is a receptor
for thrombospondin | involved in the uptake of apoptotic cells, bacteria and fungal
pathogens [30-32]. Induction of CD36 expression was assessed by flow cytometric analysis
of DCs stimulated with s-OVA-DEC-205 mAb, non-targeted nanoparticles, or DEC-205
targeted nanoparticles. The surface expression of CD36 increased only with nanoparticles
that were surface modified with anti-DEC-205 mAb, and the level of expression correlated
with the amount of anti-DEC-205mAb on the surface (Fig. 7A,B, blueline). Concentrations
of the s-OVA-DEC-205 mAb conjugate equivalent to those expressed on the targeted
nanoparticles did not increase surface expression of CD36 on DCs to the same extent (Table
1). These results clearly associate CD36 upregulation with DC exposure to nanoparticles
with high density anti-DEC-205 mAb. In contrast, differences in the surface modifications
of the nanoparticles did not cause any discernible difference in upregulation of the
DCactivation marker IAP (Fig. 7E) or T cell costimulatory molecules CD80 (Fig. 7C) and
CD86 (Fig. 7D).

3.8. DC and T cell cytokine responses after blockade or deletion of CD36

Recently, it has been shown that CD36 upregulation is associated with anti-inflammatory
effects and increased secretion of 1L-10 [33]. To ascertain this association within the context
of administering our particles, we performed a blockade experiment with an Ab that blocks
the thrombospondin-1 binding site of CD36 (FA6152, Abcam). Our results showed that
blocking the thrombospondin-1 binding site of CD36 significantly reduced the IL-10
responses from both the DCs and the T cells when treated with the high anti-DEC-205
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coated nanoparticles (Fig. 8). To confirm our findings further, we used CD36 —/— mice to
study the effect of these different surface modified nanoparticles. Our results show that DCs
and T cells deficient in the CD36 gene showed a considerable decrease in IL-10 production
when compared to the wild type animals. This highlights the involvement of CD36 in
cytokine production from DCs and Tcells when treated with non-targeted as well as targeted
particles. Hence in this case the production of IL-10 is partially dependent on the
upregulation of the scavenger receptor CD36.

3.9. Ag specific Ab titers

Mice were immunized with the different surface modified nanoparticles (with 0, 0.5 or 5
pg/ml) anti-DEC-205 and OVA/CFA as well as OVA/Alhydrogel. After 2 weeks, serum was
isolated from these animals and OV A specific Ab titers were measured. The total OVA
specific IgG titers were highest for CFA/OVA and Alhydrogel/OVA. The different surface
modified nanoparticles also showed an enhanced Ab response as revealed by the high OVA
specific IgG titers.

These nanoparticles elicited similar total 1gG responses and 1gG2c and 1gG2b responses
(Fig. 9). This observation further confirms that the different surface modifications of these
particles produce similar levels of Thl cytokines. The 1gG2c and 1gG2b responses (Thl
biased response) were highest for CFA/OVA as expected. Interestingly, the high anti-
DEC-205 coated nanoparticles elicited a higher 1gG1 response (Th2 biased response)
compared to the low anti-DEC-205 coated nanoparticles or the untargeted ones. Alum
showed the highest 1gG1 response as expected. Thus these studies show that particles
modified with high anti-DEC-205 show a differential Th2 response when compared to the
other particles.

4. Discussion

Nanoparticle technology has been shown to provide versatile and effective platforms for the
delivery of vaccine Ag. The particulate nature of these systems permits their rapid
internalization by DCs and their composition can provide adjuvant properties required for
immunogenicity without the need for conventional adjuvants [17,34,35]. The targeting of
vaccine Ag, via modified liposomes or surface modified nanoparticles, to pattern recognition
receptors on DCs has improved upon the immunogenicity of Ag delivered in this fashion
[36-40]. Ag encapsulated in biomaterials and targeted to APCs are protected from
enzymatic degradation, and processed and presented to T lymphocytes after their delivery to
the APCs [41-43].

Here we show how surface modification of Ag-loaded nanoparticles to direct them to DCs
affects the outcome of an immune response. OV A-nanoparticles conjugated with mAb to the
C-type lectin receptor DEC-205 induced DCs to produce IL-10, with levels correlating with
the amount of anti-DEC-205 mAb on the particle surface. Notably, production of IL-10 was
not associated with reduction in IL-12, and T cells primed with these DCs in vitro produced
IFNYy as well as IL-10 and IL-5. The in vitro experiments were repeated with DCs derived
from MyD88 knock out animals (data not shown) and similar results were obtained. Thus
LPS or endotoxin contamination was not responsible for the production of these cytokines.
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When used to boost mice previously immunized with OVA and CFA, a Thl-inducing
adjuvant, DEC-205 targeted OV A-nanoparticles not only enhanced the T cell production of
IFNY, but also induced T cell production of IL-10 and IL-5. Boosting T cell production of
IFNy was not unexpected as non-targeted PLGA nanoparticles containing OVA are capable
of eliciting a Th1 response in vivo. However, only the production of IL-10 and IL-5 was
influenced by the density of anti-DEC-205 mAb on the particle surface, as observed both in
vitro and in vivo. These findings suggest that the effects of the nanoparticles on the DC
involve two pathways: a pathway through which PLGA nanoparticles induced production of
IL-12 and a second DEC-205-associated pathway that also elicited the production of IL-10.
In another in vivo experiment, mice were immunized with the high and low concentrations
of anti-DEC-205 mAb on the surface of the nanoparticles as well as non-targeted ones.
Controls were OVA adsorbed in CFA and OVA in alum. Serum from these animals were
isolated at week 2 and analyzed for circulating Ag specific Ab. The OVA specific 1IgG1 Abs
were slightly higher for the mice receiving high anti-DEC-205 coated nanoparticles,
compared to the untargeted or the low anti-DEC-205 coated particles, confirming that the
Th2 biased response is higher with the high anti-DEC-205 particles. There was no difference
in the total OVA specific 1gG responses as well as the 1gG2b and 1gG2c responses for all the
groups of mice treated with nanoparticles. The Th1 specific cytokines were unaltered for
these particles based on all our observations.

Several studies have demonstrated that targeting Ag to DCs via CLRs improves receptor-
mediated endocytosis and Ag presentation. For example, using mannosylated liposomes that
bind the mannose receptor on DCs, Epsuelas et al. showed that human DCs endocytosed the
mannosylated liposomes more readily than non-targeted liposomes [44], with liposomes
containing di- and tetraantennary mannosyl lipid derivatives equally effective at Ag
delivery. The CLR DEC-205 has an acidic amino acid sequence that targets ligands to late
endosomes where MHC-11 acquires Ag [45]. Thus targeting this receptor delivers Ag to
MHC-II Ag presentation to a great extent. Kwon et al. used pH responsive microparticles
surface conjugated with anti-DEC-205 mAb to demonstrate that targeting DEC-205
enhances particle uptake and Ag presentation. In vivo and ex vivo studies with anti-
DEC-205 conjugated microparticles showed that these particles were more efficiently
internalized by DCs, and migration of DCs carrying these particles to the lymph nodes
produced enhanced cellular immunity [46].

Our study is the first to examine the effects of the density of the DC targeting ligand on the
outcome of the immune response to Ag-loaded nanoparticles. Given the particulate,
multivalent nature of nanoparticle systems, which are capable of presenting hundreds or
thousands of targeting groups per particle, simply attaching a DC specific ligand to the
particle surface can lead to striking results as demonstrated in this work. Unlike studies with
anti-DEC-205 mAb conjugated microparticles, targeted nanoparticles were more efficiently
ingested than non-targeted particles if exposure was limited (e.g. 1 h), making this
mechanism an unlikely explanation for the unique cytokine profile induced by DCs exposed
for up to 8 h to DEC-205 targeted nanoparticles.

Similar dose dependent enhancement of 1L-10 was observed with increasing densities of
mannosamine on the surface of these particles when mannose receptor which is both a CLR
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and a scavenger receptor, was targeted (data not shown). Recent work by Chieppa et al. has
shown that cross-linking mannose receptors on the surface of DCs lead to an anti-
inflammatory program [47]. Monocyte-derived DCs in which the mannose receptor was
cross-linked using a mannose receptor-specific mAb PAM-1 were unable to produce any
IL-12 but instead secreted I1L-10 and other tolerogenic cytokines and chemokines. This
cytokine profile was distinct from that produced by DCs matured by exposure to LPS. Their
work showed that cross-linking mannose receptors on myeloid DCs by particular Abs or
ligands produce anti-inflammatory and tolerogenic cytokines, thus preventing Thl
responses. In our study, however, we found that DEC-205 targeted OV A-nanoparticles
primed DCs to produce IL-12 and IL-10, which elicited IFNy, IL-10 and IL-5 from
responding T cells. Little is known about DEC-205 in terms of its natural ligands, signaling
motif or the signaling proteins involved. Nanoparticles modified with varying densities of
ligand on their surface potentially mimic multivalent ligands and are capable of cross-
linking surface receptors. Multivalent ligands can crosslink the membrane receptors more
efficiently to regulate signaling processes [48-50]. It is possible that substantial cross-
linking of the DEC-205 receptors occurred due to the multivalency induced by incorporating
avidin in the nanoparticle for binding biotinylated anti-DEC-205 mAb. When we mimicked
the multivalent nature of the anti-DEC-205 mAb coated nanoparticles by forming large
soluble complexes of equivalent concentrations of biotinylated anti-DEC-205 mAb and
avidin, we observed similar dose dependent IL-10 production. Thus different degrees of
receptor cross-linking in this case has broadened DC and T cell cytokine responses.

We found that targeting nanoparticles to DEC-205 increased surface expression of the
scavenger receptor CD36 on DCs. This receptor is present on a wide variety of cells,
including platelets, mononuclear phagocytes, adipocytes, hepatocytes, and myocytes [51].
CD36 is involved in cellular adhesion and lipid metabolism [52] as well as innate immune
responses to oxidized LDL, B-amyloid and Ag of Plasmodium falciparum [30,31,53]
Immunosuppressive effects of apoptotic cells or agents that cause an increase in CD36
expression on binding to this receptor have been shown to lead to IL-10 production. Chung
et al. showed that apoptotic cell uptake by macrophages leads to IL-10 production, a
response that is at least partially dependent on CD36, as CD36 deficient macrophages
exposed to apoptotic cells produced much less IL-10 [33]. Our results show that targeting
nanoparticles to DEC-205 increases DC expression of CD36, and mAb blockade of the
TSP-1 binding site on CD36 also diminishes I1L-10 production by DCs exposed to DEC-205
targeted OVA-nanoparticles. These results were further confirmed using mice deficient in
CD36 gene. This finding implicates CD36 in the induction of an anti-inflammatory cytokine
program, possibly because the DEC-205 targeted nanoparticles are mimicking apoptotic
cells. A recent study showed that DEC-205 can act as a receptor that can recognize dying
cells and apoptotic cells, although the exact mechanism underlying recognition of dead cells
is not known [32]. CD36 has recently been shown to be an excellent receptor for APC
targeting to enhance immunity. Tagliani et al. have observed a 300-fold enhancement in the
delivery of peptides to the classical MHC class 11 and the cross-presentation pathways by
CD36-mediated endocytosis of soluble Ags [54].
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5. Conclusions

In summary, we have identified a phenomenon whereby DEC-205 targeted Ag-loaded
nanoparticles induce DCs and T cells to produce Th2 associated cytokines without impeding
DC priming of a Th1 response. Multivalent cross-linking of the DEC-205 receptor on the
DC is required for the response, and is associated with the upregulation of the scavenger
receptor CD36 on the DC. Additional studies are needed to determine whether unique
subsets of DCs and/or T cells are involved in production of these cytokines. Our findings
highlight the importance of ligand density in the outcome of an immune response to DC
targeted nanoparticle based vaccine delivery systems.
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TLR Toll-like receptor

CLR C-type lectin receptor

Ag antigen

ssOVA-DEC-205 mAb soluble fusion protein containing light and heavy chains of
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Fig. 1.

Description of nanoparticles. (A) Schematic representation of nanoparticles surface
modified with avidin to facilitate binding of a biotinylated ligand (not to scale). (B)
Scanning electron microscopy image of surface modified nanoparticles. (C) Measurement of
size and polydispersity of unmodified and surface modified nanoparticles by dynamic light

scattering.
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Fig. 2.
Targeted nanoparticles induce DC production of cytokines that promote Th1 and Th2 cell

cytokine production. DCs were incubated with the indicated nanoparticles or s-Ova-
DEC-205 conjugate for 8 h, after which uningested stimuli were removed. DCs were
incubated with fresh media for another 24 h (Panels A, B), or with OTII T cells in fresh
media for 72 h (Panels C-F). Cytokines were measured by cytokine-specific ELISA at the
end of the incubation periods. VValues on the x-axis represent the amount of anti-DEC-205
mADb or isotype control mAb (IgG2a) in the nanoparticle or s-Ova-DEC-205 preparation.
Results were expressed as the amount of indicated cytokine (pg/ml) + SE. Experiments were
done independently at least three different times and statistical analysis was performed using
the Student t test between the control groups and the experimental groups (*p < 0.05).
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Secondary immunization of mice primed with OVA in CFA broadens the T cell cytokine
response. Groups of 4 mice were immunized by i.p. injection of 100 ug OVA emulsified in
CFA or sham immunized with PBS. One wk later, groups of mice were boosted by i.p
injection of 2 mg of the non-targeted or targeted OVA-nanoparticles, the latter surface
modified with the indicated amount of anti-DEC-205 mAb. Cytokine production by whole
splenocytes restimulated with OV A was assessed by cytokine-specific ELISA 1 wk after
secondary immunization. The experiment was performed 2 times and results are expressed
as mean + SE. Statistical significance was determined using the Student t test (*p < 0.05).
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Fig. 4.

Flow cytometry assessment of DC internalization of non-targeted versus targeted
nanoparticles. DCs were exposed for 1, 4 or 8 h to Coumarin-6 containing nanoparticles
with or without surface modification with 5 or 25 pg anti-DEC-205 mAb per mg particles.
After the indicated times, the cells were stained with CD11c-APC and fixed. Histograms
depict Coumarin-6 fluorescence intensity for the gated CD11c+ population. A) CD11c+
cells without exposure to Coumarin-6 containing nanoparticles; B) cells exposed to non-
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targeted nanoparticles held at 4 °C for 8 h; C-E) Cells exposed to the indicated nanoparticles
for 1 h (Panel C), 4 h (Panel D) or 8 h (Panel E). MFI values are reported in Table 1.
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Fig. 5.
Confocal imaging analysis of DC uptake of targeted versus non-targeted nanoparticles. DCs

were plated onto alcian blue coated cover slips, then exposed for 1, 4 or 8 h to Coumarin-6
containing nanoparticles with or without surface modification with anti-DEC-205 mAb (5 or
25 pg/mg particles). After the indicated times, cells were fixed and stained with Alexa
Fluor® 548 phalloidin to label F-actin (red) and ToPro-3 to label the nucleus (blue). Cells
were visualized under Zeiss confocal microscope using wavelengths 488, 568 and 633 nm.
The microscope used is a Zeiss LSM510Meta, configured on an inverted Axio200M
microscope with 10x-NA 0.30, 25XW-NA 0.80, and 63WX-NA1.2 lenses. Software and
detection system are inclusive to the microscope.
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Multivalent preparations of anti-DEC-205 mAb are required for IL-10 production. DCs were
incubated with multimers of avidin and biotin anti-DEC-205 in concentrations similar to
present on nanoparticle surface. As controls, DCs were also incubated with avidin and anti-
DEC-205 and biotin anti-DEC-205 mAb for 4 h. Soluble OVA was added to each sample at
a concentration of 50 ug/ml. In another treatment group, DCs were incubated with
nanoparticles not encapsulating OVA but surface modified with avidin. These particles were
surface modified with biotin anti-DEC-205 (25, 10 and 5 and 0 pg/ml) and soluble OVA
were added to each sample in two different concentrations (50 and 10 pg/ml). As a control
DCs were incubated with particles containing OVA but not surface modified with avidin and
biotin anti-DEC-205 was added to each sample in different concentrations. After 4 h of
incubation, uningested particles and complexes were washed off and purified naive OTII Tg
T cells were added and incubated for 72 h. Supernatants were harvested and assayed for
IL-10 using cytokine-specific ELISA (BD Pharmingen). Experiments were repeated at least
twice and statistical differences between the control groups and the experimental groups was
determined using the Student t test (*p < 0.05).
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Fig. 7.

DlgC—ZOS targeted nanoparticles upregulate CD36 expression on DCs. DCs were incubated
with non-targeted or targeted nanoparticles modified with the low (5 pg/mg nanoparticle) or
high (25 pg/mg nanoparticle) anti-DEC-205 mAb. After 4 h, the stimuli were removed and
fresh media added. Changes in expression of CD36 were measured by flow cytometry at 48
h (Panel A) and 72 h (Panel B), and compared with changes in expression of expression of
the T cell costimulatory molecules CD80 (Panel C) and CD86 (Panel D) or IAP (Panel E) at
24 hrs,
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Blockade of CD36 reduces DC production of IL-10 after exposure to targeted nanoparticles.
DCs were incubated with the CD36 blocking mAb (FA6152, Abcam), an isotype control
mAb or media only for 30 min prior to exposure to non-targeted or targeted nanoparticles.
After 4 h exposure, particles were washed away and OTII T cells added in fresh media
containing antibody to CD36, isotype control or no antibody. After 72 h, cytokines in cell
free culture supernatants were measured by cytokine-specific ELISA. CD36 —/— animals
were also used for the same study and compared the responses to the wild type animal.
Experiments were done independently at least three different times and statistical differences
between the control groups and the experimental groups were determined using the Student t
test (*p < 0.05).
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Groups of four mice were immunized by i.p. injection in 300 ul PBS containing 2 mg OVA-
nanoparticles (30 pg OVA) surface modified with 0, 0.5 or 5 pg/ml anti-DEC-205 mAb. As
positive controls, mice were primed with similar concentrations of OVA (30 pg) in CFA and
OVA (30 ug) in Allhydrogel. Serum isolated at week 2 and analyzed for OVA specific titers
of total IgG, 1gG1, IgG2b, and 1gG2c by ELISA. Blank nanoparticles containing no OVA
were used as the negative controls. Experiments were repeated two times and the statistical
differences between controls and experimental groups were determined using Student t test.
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Induction of CD36 expression by non-targeted versus targeted nanoparticles in comparison to s-OVA-

Table 1

DEC-205.
Stimulus MFI (24h) MFI (48h) MFI (72h)
Control mAb 9.3+0.9 86+19 10321
Non-targeted NP 749+14 1054+31 1048%15
Anti-DEC-205 mAb'® NP 889+05 1190+x23 1170138
Anti-DEC-205 mAb"i NP 101.2+22 160.0+16 145.0+0.8
No stimulus 655+2.1 87.0+14 94020
s-Ova-DEC-205 725+14 99.0+2.2 99.2+2.6
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