Pharmaceutical Research, Vol. 25, No. 3, March 2008 (© 2007)
DOI: 10.1007/s11095-007-9410-5

Research Paper

Delivery by Cationic Gelatin Nanoparticles Strongly Increases
the Immunostimulatory Effects of CpG Oligonucleotides

Klaus Zwiorek,' Carole Bourquin,2 Julia Battiany,2 Gerhard Winter,! Stefan Endres,” Gunther Hartmann,’

and Conrad Coester™*

Received February 26, 2007, accepted July 10, 2007; published online October 3, 2007

Purpose. Cationized gelatin nanoparticles (GNPs) were used as carrier to improve delivery of
immunostimulatory CpG oligonucleotides (CpG ODN) both in vitro and in vivo.

Methods. Uptake of CpG ODN-loaded cationized gelatin nanoparticles (CpG-GNPs) into murine
myeloid dendritic cells (DCs) and their respective immunostimulatory activity was monitored. In vivo,
induction of cytokine secretion by CpG-GNPs was measured. For experiments on primary human cells,
prototypes of the three CpG ODN classes were adsorbed onto GNPs. Uptake and induction of
proinflammatory cytokines were assessed in human plasmacytoid DCs and B cells, the only existing
human target cells for CpG ODN.

Results. In the murine system, gelatin nanoparticle formulations enhanced the uptake and immunos-
timulatory activity of CpG ODN both in vitro and in vivo. Furthermore, delivery by cationized gelatin
nanoparticles of CpG ODN of the classes B and C to primary human plasmacytoid DCs increased
production of IFN-a, a key cytokine in the driving of both the innate and adaptive immune responses.
Conclusion. GNPs can be used as a biodegradable and well tolerated carrier to deliver CpG ODN to
their target cells and strongly increase activation of the immune system. This concept may be applied as

novel adjuvant for antiviral and antitumoral vaccines.
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INTRODUCTION

Specific patterns within the microbial DNA are respon-
sible for the recognition of viral and bacterial pathogens by
the vertebrate immune system. In particular, DNA rich in
unmethylated cytidine-guanosine dinucleotides (CpG
motifs), is sensed as the key danger signal. CpG motifs are
detected in the endosome of antigen presenting cells by the
pattern recognition receptor Toll-like receptor 9. Thus, it is
well established that binding of synthetic oligodeoxynucleo-
tides containing CpG motifs (CpG ODN) to Toll-like
receptor 9 enhances the generation of an innate immune
response and promotes protective Tyl-type immunity in
animal models (1). In humans, clinical studies have demon-
strated a strong potential for CpG ODN as adjuvant in
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antiviral vaccination, cancer and treatment of asthma and
other allergic diseases (reviewed in (1)).

Several particulate (2-6) and liposomal (7, 8) delivery
approaches for CpG ODN have been developed to enhance the
immunostimulatory efficacy. For instance, enhanced immuno-
logical activity of CpG ODN is observed after incorporation
into the matrix of biodegradable poly(D,L-lactic-co-glycolide
acid) (PLGA) nanopatrticles (2, 3). Furthermore, very promising
results were achieved using cationized poly (lactide-co-glyco-
lide) (PLG) microparticles and adsorbing CpG ODN by elec-
trostatic interactions on the particle surface (6). The advantage
of this system is the direct presentation of CpG ODNs on the
carrier that may result in a more rapid activation than with
carrier-incorporated CpG ODN, since no diffusion or particle
degradation is necessary before the ODN can interact with the
receptor.

Early studies revealed species-specific differences in the
optimal CpG motif. Whereas GACGTT was determined as
the optimal CpG motif to activate the immune system of
mice (9), GTCGTT optimally stimulates nonhuman primate
and human cells (10). Moreover, the cell types that express
the Toll-like receptor 9 differ between species. In mice, Toll-
like receptor 9 is expressed in cells of the myeloid lineage
such as myeloid dendritic cells (DCs) as well as on B cells
and plasmacytoid DCs. In humans, the receptor is exclusively
expressed in plasmacytoid DCs and B cells (11). These
species-specific differences highlight the importance of
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reproducing findings obtained in the murine system in human
primary cell populations. In addition, three classes of CpG
ODNs have been defined that differ in the quality of their
immunostimulatory activity. CpG ODN binding to human
Toll-like receptor 9 are defined as CpG ODN class A with its
prototype ODN 2216 (CpG-A), CpG ODN class B with its
prototype ODN 2006 (CpG-B), and the newly established
CpG ODN class C with ODN M362 (CpG-C). CpG-A is
known to stimulate the production of high amounts of IFN-o/f
(type Iinterferons) in plasmacytoid DCs, but is weak in B cell
activation. On the other hand, CpG-B ODN selectively
activate plasmacytoid DCs and induce their maturation, but
are unable to initiate the secretion of IFN-a/B. Moreover,
CpG-B ODNs are able to activate B cells. The sequence
prototype is ODN 2006 in the human system and ODN 1826 in
the murine system (10). CpG-C is an intermediate between
CpG-A and CpG-B that can activate the secretion of IFN-o
in plasmacytoid DCs and the proliferation of B cells (12).

The goal of the present study was to investigate the
potential of cationized gelatin nanoparticles as carrier for
CpG ODN. Gelatin offers several advantages as a biomate-
rial for the preparation of colloidal drug carriers. Its protein
structure provides sites for selective linking of various
functionalities. Furthermore, the high physiological tolerance
of gelatin, its biocompatibility, and its biodegradability are
well established for years (13, 14). The US Food and Drug
Administration (FDA) classified gelatin as “Generally Rec-
ognized as Safe” excipient and it is a constituent of various
plasma expanders. The preparation of homogeneous colloi-
dal spheres using the two-step desolvation technique is quite
simple and reproducible (15). We have recently described the
use of cationized gelatin nanoparticles as a highly potent and
well tolerated plasmid DNA transfection system (16).

In this study, uptake and immunostimulatory activity of
CpG ODN bound to cationized gelatin nanoparticles was
studied in mouse myeloid dendritic cells. Dendritic cells are
professional antigen presenting cells that are essential for the
generation of protective immune responses against pathogens
and tumors. Stimulation of DCs through CpG ODN activates
intracellular signaling cascades that rapidly induce the
expression of a variety of genes involved in maturation and
migration of DCs. In addition to the study of CpG ODN-loaded
gelatin nanoparticles in myeloid DC cultures, results were
confirmed by in vivo application of these formulations. To assess
stimulatory potential in human cells, uptake and activation was
studied in human plasmacytoid DCs and B cells, the only
human cell populations expressing Toll-like receptor 9 and
therefore able to respond directly to CpG ODN.

MATERIAL AND METHODS
Materials

Gelatin type A from porcine skin (175 Bloom), glutaral-
dehyde (25%), acetone, 1-ethyl-3-(3-dimethyl-aminopropyl)
carbodiimide hydrochloride (EDC) and (2-aminoethyl)-tri-
methylammoniumchloride hydrochloride (cholaminechloride
hydrochloride) were purchased from Sigma-Aldrich GmbH
(Taufkirchen, Germany). The sequences of the various
utilized synthetic CpG ODNs and control ODNs that were
obtained from Coley Pharmaceutical Group (Wellesley, MA,
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USA) are given in Table I. Tetramethylrhodamine conjugated
dextran (mol. wt. 40000 Da) (TMR dextran), Texas Red-X™
succinimidyl ester, and the applied Alexa™ Fluor dyes were
purchased from Invitrogen (Karlsruhe, Germany). Monoclonal
antibodies specific for CD11c, CD86, MHC-II and their
respective fluorescein isothiocyanate (FITC) conjugated sec-
ondary antibodies were purchased from BD Pharmingen
(Mississauga, Canada). Granulocyte macrophage colony stimu-
lating factor (GM-CSF) was purchased from PeproTech, Inc.
(Rockville, USA). Fetal calf serum (FCS) came from GibcoBRL
(Paisley, UK). L-Glutamine, penicilline, and streptomycine were
purchased from PAA (Linz, Austria). RPMI-1640 medium was
obtained from Biochrom AG (Berlin, Germany).

Preparation of Cationized Gelatin Nanoparticles

Gelatin nanoparticles were prepared according to the two-
step desolvation method including further optimization (15).
Briefly, 1.25 g gelatin was dissolved in 25 ml highly purified
water (5% w/w) at 50°C under constant stirring (700 rpm). The
first desolvation step was initiated by quick addition of 25 ml
acetone. After discarding the supernatant containing low
molecular weight fractions of gelatin, the sediment was
redissolved in 25 ml water under constant stirring at 50°C.
Dependent on the desired particle size, the pH was then
adjusted to a value between 2.3 (approx .resulting particle size:
150 nm) and 3.0 (approx. resulting particle size: 300 nm).
Subsequently, the second desolvation step was initiated by
drop-wise addition of 50 ml acetone (during constant stirring at
700 rpm) and resulted in the formation of nanoparticles. The
nanoparticles were stabilized by cross-linking with glutaralde-
hyde (150 pl of a 25% solution) under constant stirring. After 12
h the particles were purified from non-reacted glutaraldehyde
by centrifugation and redispersion in highly purified water.

Cationization of the nanoparticles was achieved through
introduction of a quaternary amino group by covalent
coupling of cholaminechloride hydrochloride onto the parti-
cles’ surface, as previously described for a gene delivery
approach (16). Thereby, the aqueous dispersion of native
nanoparticles was adjusted to pH 4.5 and a molar excess of
the cationization agent (e.g. 50 mg per 500 mg nanoparticles)
was added under constant stirring. After 5 min of incubation,
a molar excess of EDC (50 mg) was added to activate free

Table I. Sequences of the Applied CpG ODNs

Name Description
ODN 1826 Mouse specific CpG ODN

5" TCCATGACGTTCCTGACGTT 3“
ODN 1911 Control ODN

5" TCCAGGACTTTCCTCAGGT 3
ODN 2006 Prototype CpG-B ODN

5 TCGTCGTTTTGTCGTTTTGTCGTT 3"
ODN 2216 Prototype CpG-A ODN

5" GggggacgatcgtcGGGGGg 3
ODN M362 Prototype CpG-C ODN

5 TCGTCGTCGTTCGAACGACGTTGAT 3“
ODN M383 GC pendant to ODN M362

5" TGCTGCTGCTTGCAAGCAGCTTGAT 3“

“ Capital letters Nucleotides with phosphorothioated backbones,
others phosphodiester backbones
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carboxyl groups on the particles to react with cholamine. During
the cationization reaction the primary amino group of cholamine
could react with both, residual aldehyde groups derived from only
mono-functionally bound cross-linking reagent glutaraldehyde,
as well as the activated carboxyl groups on the nanoparticles
surface. The reaction was stopped after 1 h and the nanoparticles
were purified by threefold centrifugation and redispersion.
Some nanoparticle batches were additionally labeled
with fluorescence dyes. This was either done by covalent
linkage of 2 mg Texas Red-X to the redissolved gelatin
solution after the first desolvation step (CLSM experiments)
or encapsulation of 2 mg tetramethylrhodamine (TMR)
conjugated dextran into the nanoparticle matrix (FACS
experiments). Prior usage, a sample of fluorescence labeled
nanoparticles was centrifuged and spectro-photometrically
checked for the absence of free dye in the supernatant to
exclude the presence of free unbound dye in the experiments.

Characterization of the Nanoparticles

The size of the prepared nanoparticles was measured by
dynamic light scattering using a Zetasizer Nano ZS (Malvern,
Worcestershire, UK). In addition, surface morphology of
unloaded cationized gelatin nanoparticles was analyzed by
scanning electron microscopy (Jeol, Ebersberg, Germany).
Zeta potential ({ potential) measurements were conducted in
physiological PBS of pH 7.4 (conductivity: 16-17 mS/cm)
with the Zetasizer Nano ZS (Malvern).

ODN Loading of Cationized Gelatin Nanoparticles

600 pg nanoparticles were incubated with 30 pg of ODN
in 400 pl PBS of pH 7.4 for 30 min under gentle shaking at
room temperature. The nanoparticle dispersion was then
centrifuged and the supernatant was analyzed UV-spectro-
photometrically at 260 nm wavelength for unbound ODN.

Cell Culture
Murine Myeloid Dendritic Cells (DCs)

Myeloid DCs were generated from murine bone marrow
precursors following the method previously described by
Lutz et al. (17). Briefly, 2x10° bone marrow cells obtained
from the femurs of C57BL/6 mice were plated in
bacteriological grade petri dishes in 10 ml of RPMI-1640
medium containing 20 ng/ml of GM-CSF (complete media)
and incubated at 37°C and 5% CO,. On day 3, the culture
was supplemented with 10 ml of complete media and on day
6, half of the culture media was removed and replaced with
fresh complete media. The purity of the semi-adherent and
non-adherent DC populations on day 7 was found to be
greater than 80% (based on the expression of CD11c). All
compounds were purchased endotoxin-tested. Viability of
isolated cells was determined by trypan-blue exclusion.

Primary Human Plasmacytoid DCs and B Cells
Human PBMCs (monocytes and lymphocytes) were

isolated from buffy coats (leucocytes obtained by centrifuga-
tion from the whole blood) provided by the blood bank of the
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University of Greifswald, Germany. Blood donors were
between 18 to 65 years old healthy women and men, which
were tested to be negative for HIV, HBV, and HCV. Further
exclusion criteria were manifest infections during the last 4
weeks, fever, symptomatic allergies, abnormal blood cell
counts, increased liver enzymes or medication of any kind
except vitamins and oral contraceptives. PBMCs were
prepared from buffy coats by Ficoll-Hypaque density gradi-
ent centrifugation (Biochrom, Berlin, Germany).

Plasmacytoid DCs were isolated using an anti-BDCA-4
antibody according to the manufacturer’s protocol (BDCA-4
Cell-Isolation-Kit, Miltenyi Biotec, Bergisch-Gladbach,
Germany). The purity of the isolated DC cultures was 96—
98% as assessed by flow cytometric analysis.

Purified B cells were obtained by using the CD19 B cell
isolation kit from Miltenyi Biotec. Briefly, B cells were labeled
with anti-CD19 antibody coupled to colloidal paramagnetic
microbeads and passed through a magnetic separation column
(LS, Miltenyi Biotec). The purity of isolated B cells was >95%
as assessed by flow cytometric analysis with no plasmacytoid
DCs detectable (<0.005%). The various isolated cells were
resuspended in RPMI 1640 medium supplemented with 8%
human AB-serum, 1.5 mM L-glutamine, 100 U/ml penicillin,
and 100 pg/ml streptomycin. Cells were cultured in 96-well
round bottom plates (200 pul medium/well; final concentration
PBMCs: 2x10%ml, plasmacytoid DCs: 2.5x10°/ml, B cells:
2x10°/ml). All compounds were purchased endotoxin-tested.
Viability of isolated cells was determined by trypan-blue
exclusion.

FACS Analysis of Murine Myeloid DCs

Seven days old myeloid DCs were incubated for 12
hours with CpG ODN-loaded and fluorescence-labeled
formulations (CpG-GNPO004F) or unloaded fluorescence-
labeled nanoparticles (GNPOO4F). After 12 h, the cells were
harvested and washed thoroughly in cold staining buffer
(PBS containing 10% FBS and 0.05% sodium azide) and
transferred into FACS tubes. For phenotypic analysis of cells
that have taken up the nanoparticles, surface staining was
performed. Therefore, murine myeloid dendritic cells were
labeled using a monoclonal antibody specific for CDl1lc
together with an appropriate FITC-conjugated secondary
antibody (along with an isotype control). To further investi-
gate a potential DC maturation, additional experiments were
performed, where cells were labeled with CD86 and MHC-II
antibodies and appropriate FITC-conjugated secondary anti-
bodies. The samples were analyzed using a FACsort. The
events were collected by gating on the total live cell
populations without further specific gating of particular
subpopulations. A minimum of 10,000 events was collected.

CLSM Experiments with Murine Myeloid DCs and Primary
Human Plasmacytoid DCs

Murine Myeloid DCs

4x10° of murine myeloid DCs were transferred into
Lab-Tek II eight well chamber slides (Nalge Nunc
International, Rochester, USA) and covered with 200 ul of
medium.
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DCs were incubated with 8 pg of CpG ODN-loaded
Texas Red-X-labeled nanoparticles (GNPOO3F loaded with
400 ng of CpG ODN) in a final volume of 500 pl. Control wells
were treated with the phagocytosis inhibitor Cytochalasin B (5
pg/ml) from 30 min prior to the addition of nanoparticles on.

After incubation for 8 h, the supernatant in the chamber
slide cultures was carefully removed. The cells were washed
thrice with PBS. Murine myeloid DCs were stained with a CD11c
specific primary antibody followed by a FITC-labeled secondary
antibody. After the final washing step, cells were fixed with 4%
paraformaldehyde. Chamber slides were finally prepared with a
solution of 2.5% DABCO and PBS/glycerol (1:1) and visualized
under a Zeiss 510 LSM NLO confocal laser scanning microscope
(Carl Zeiss Microscope Systems, Jena, Germany).

Primary Human Plasmacytoid DCs

Uptake experiments into human plasmacytoid DCs were
performed with CpG ODNSs that were previously labeled
(3’terminal) with fluoresceine (Coley Pharmaceutical Group).
5x107 isolated plasmacytoid DCs in 200 ul of medium were
transferred into Lab-Tek II eight well chamber slides (Nalge
Nunc International). The medium additionally contained
2 ng IL-3.

The cells were incubated with 12 pg of fluorescence-
labeled CpG-A ODN 2006-loaded cationized gelatin nano-
particles (containing 600 ng of CpG ODN). After incubation
for 8 hours, the supernatant in the chamber slide cultures was
carefully removed. The cells were washed thrice with PBS
and stained with 100 pl of a 0.0005% Alexa Fluor™ 594
Concanavalin A solution in PBS for 1 min (unspecific cell
membrane stainer). After a final washing step, cells were
fixed with 4% paraformaldehyde. Chamber slides were finally
prepared with a solution of 2.5% DABCO and PBS/glycerol
(1:1) and visualized under the CLSM.

Cytokine Quantification by ELISA

Quantitative cytokine analysis for IL-6, IL-12p70, and
TNF-o in the culture supernatant of myeloid DCs that were
treated with CpG-GNPs or controls was performed using
specific ELISA Ready-SET-Go kits (eBioscience Inc., San
Diego, USA) according to the manufacturer’s instructions
(detection ranges: IL-6=4-500 pg/ml; IL-12p70=15-2,000 pg/ml;
TNF- 0=8-1,000 pg/ml). IFN-o secreted from plasmacytoid DCs
was quantified with the IFN-o module set from Bender
MedSystems (Vienna, Austria; detection range 8-500 pg/ml).
This ELISA detects most of the IFN-o isoforms, except IFN-a
B and IFN-o F. IL-6 on human B cells was measured by using
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the human IL-6 OptEIA ELISA (Bender Med Systems;
detection range 4.7-300 pg/ml).

In vivo Experiments
Mice

Female Balb/c and C57BL/6 mice were purchased from
Harlan-Winkelmann (Borchen, Germany). Mice were 5-12
weeks of age at the onset of experiments. Animal studies
were approved by the local regulatory agency (Regierung
von Oberbayern, Munich, Germany).

Immunostimulation via i.v. Injection

For in vivo immunostimulation, 500 pg cationized
gelatin nanoparticles were incubated with 50 pg of oligonu-
cleotides and 100 pl PBS for 20 min and injected i.v. into the
retroorbital plexus. Blood samples were obtained 18 h post
injection by retroorbital puncture. Serum was prepared by
centrifugation and stored at —20°C.

Gelatin-specific Immune Response

To assess a possible immune response to gelatin, mice
were immunized twice s.c. at a 14-day interval with 2 mg
cationized gelatin nanoparticles loaded with 100 ug CpG 1826.
As positive control, one group of mice was immunized s.c. with
50 pg gelatin in complete Freund’s adjuvant and boosted 14
days later with 100 pg gelatin in incomplete Freund’s adjuvant.
Seven days after the second immunization, serum samples were
prepared. Serum antibodies to gelatin were determined by
ELISA: 96-well plates were coated overnight with 10 pg/ml
gelatin in PBS and blocked 1 h with 1% BSA in PBS. After
incubation of serum samples for 1 h at a dilution of 1/200, plates
were washed with PBS/1% Tween 20 and goat anti-mouse IgG1
or IgG2a conjugated to horseradish peroxidase (Southern
Biotech Birmingham, AL, USA) was added at 1 pg/ml for 1 h.
Plates were again washed and ELISA was developed by o-
phenylenediamine. Reaction was stopped by 1 M H,SO,4 and
optical density (OD) was read by photometer at 450 nm.

RESULTS

CpG ODN 1826 can be Rapidly Loaded onto Gelatin
Nanoparticles

Cationized gelatin nanoparticles of two different diame-
ters (134 nm and ~250 nm) (Table II) were synthesized to

Table II. Sizing Data Obtained by DLS of Unloaded vs CpG ODN-Loaded Gelatin Nanoparticles Batches

Unloaded Loaded
Mean particle size (nm) PI¢ Mean particle size (nm) PI*
GNP001 133.8 0.0763 135.3 0.0891
GNP002 2443 0.0625 245.0 0.0759
GNPOO3F 232.7 0.0342 233.2 0.0411
GNPOO4F 255.4 0.0881 2592 0.0911
n=3

“ PIPolydispersity index
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study the impact of particle size on cell uptake and immunos-
timulation. Compared to the originally described preparation
method for gelatin nanoparticles (15), further optimization
work was performed. This allows to manufacture highly
defined nanoparticles with very narrow size distributions and
a predictability of the target size of +20 nm. The crucial
parameters for the later particle size are the amount of gelatin
sediment which is redissolved after the first desolvation and the
pH value which is adjusted prior the second desolvation step.

All nanoparticle batches utilized were characterized by
dynamic light scattering (DLS) with polydispersity indices
below 0.1, indicating a high homogeneity in size. An exem-
plary SEM analysis substantiated the light scattering data and
indicated that cationized gelatin nanoparticles prepared by the
optimized two-step desolvation procedure are colloidal
spheres with a smooth surface morphology (Fig. 1).

Cationization of the nanoparticles was monitored by
measuring the ¢ potential of the formulations. The linking of
cholamine introduces a pH independent cationic net charge
onto the nanoparticles due to the quaternary amino group.
Consequently, the { potentials of all batches were positive
independent of the persisting pH conditions, as we previously
described (16). After loading of CpG ODN 1826 onto the
cationized nanoparticles in PBS of pH 7.4 in a ratio of 1:20 (5%
[w/w]), no significant changes, neither in mean size nor in size
distribution, were detectable (Table II).

To determine the optimal ODN payload, increasing
amounts of CpG ODN 1826 were loaded onto the nano-
particles. After an incubation of 30 min the formulations were
analyzed by UV spectroscopy for complete ODN loading.
Furthermore, aggregation tendencies were visually monitored
and the respective { potentials of the formulations were mea-
sured in PBS of pH 7.4. Results indicated that up to 100 pg
CpG ODN 1826 could be completely loaded onto 600 ng
(16.7% [w/w]) nanoparticles (in 400 ul PBS). However, these
nanoparticles were not stable in PBS and tended to aggregate,
most probably due to their neutral net charge (Table III) that
facilitates aggregation since inter-particulate electrostatic re-
pulsion forces are absent. This aggregation tendency could be
circumvented by reducing the amount of payload to 60 pg per
600 pg nanoparticles (10% [w/w]). In gene therapeutic experi-
ments (16) we have demonstrated that the highest transfection

>
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Fig. 1. Scanning electron micrograph of cationized gelatin nano-
particles.
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Table III.  Potential Values and Visible Aggregation Tendencies of
Cationized Gelatin Nanoparticles (batch GNP002) Loaded with
Various Amounts of CpG ODN 1826 after 30 min of Incubation

Payload (w/w) ¢ Potential (conductivity) Aggregation
Unloaded +7.39£0.35 mV (17,03 mS/cm) No
5.0% +3.90+0.87 mV (16.34 mS/cm) No
10.0% +1.33+0.25 mV (16.08 mS/cm) No
16.7% —0.63+0.17 mV( 17.33 mS/cm) Yes

Measurements were performed in PBS of pH 7.4; respective
conductivity values are in parentheses.

efficiency can be achieved with nanoparticle formulations
bearing a final { potential of ~+3 mV in PBS of pH 74
(conductivity:16-17 mS/cm). Based on these results, 30 pg
CpG ODN per 600 pg nanoparticles (5% [w/w]) were chosen
as standard payload for all subsequent in vitro experiments,
since the respective averaging { potentials of the formulations
were around this value which was expected to be favorable,
e.g. +3.90+0.87 mV for batch GNP002 (Table III).

CpG-GNPs are Efficiently Taken up into Murine
Myeloid DCs

We have shown in previous studies that unloaded gelatin
nanoparticles are efficiently taken up by myeloid DCs (18).
To assess the uptake of CpG ODN-loaded cationized gelatin
nanoparticles (CpG-GNPs), it was measured by flow cytometry
analysis of myeloid DCs incubated for 12 h with CpG ODN
1826-loaded nanoparticles (5% [w/w]) or with unloaded, non-
cationized gelatin nanoparticles (both fluorescence-labeled).
The total number of myeloid DCs that had taken up CpG-
loaded nanoparticles was 68%, whereas only 33% of the cells
had taken up unloaded, non-cationized nanoparticles (Fig. 2).

Although flow cytometry data indicated that CpG ODN-
loaded nanoparticles were efficiently taken up by DCs, the
localization of these nanoparticles after uptake is unknown.
Since internalization of CpG ODN by DCs is required for
immunostimulatory activity (19), CLSM studies were
employed to pinpoint the intracellular localization of the
nanoparticles. Myeloid DCs were positively identified by
CDl11c antibody. Scanning various planar sections, CpG
ODN-loaded and Texas Red-X labeled nanoparticles
(GNPOO3F) were observed as distinct dots within the cells
(Fig. 3a). Inhibition of nanoparticle uptake by myeloid DCs
following treatment with phagocytosis inhibitor Cytochalasin
B indicated that phagocytosis was the main mechanism
involved in the nanoparticle uptake process (Fig. 3b).

Cationized Gelatin Nanoparticles Potentiate
Immunostimulation of Murine Myeloid DCs by CpG ODN

Following recognition of a danger signal, immature
myeloid DCs upregulate surface expression of MHC and
co-stimulatory molecules and undergo a maturation process.
In the current study, the efficiency of CpG ODN-loaded
gelatin nanoparticles in activating myeloid DCs was investi-
gated based on the increase in expression of MHC class II
and CD86 molecules. As depicted in Fig. 4, DC cultures
treated with CpG-GNPs upregulated surface expression of
MHC-II and CD86 molecules. These results indicated that
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Fig. 2. FACS histogram plots (FL-2 height) of untreated DCs (a), DCs incubated with plain non-cationized gelatin nanoparticles (b) and DCs
incubated with CpG-GNPs (c).

delivery of CpG ODN loaded onto cationized gelatin nano-
particles efficiently induced DC maturation.

A preliminary screening by microarray (data not shown)
of cytokine production by murine myeloid DCs stimulated
with CpG-GNPs suggested that, as is the case with soluble
CpG ODNs (20, 21), CpG ODN-loaded gelatin nanoparticles
induce a Tyl1-type cytokine pattern, whereas unloaded cation-
ized gelatin nanoparticles do not result in cytokine production.
Based on these data, quantitative ELISA of IL-12p70, IL-6
and TNF-o secretion were performed after 24 h stimulation of
murine myeloid DCs with either free CpG ODN 1826 or CpG
ODN-loaded gelatin nanoparticles. In all experiments, no
cytokine production was detected in the supernatants of
unstimulated cells and of cells treated with either unloaded
cationized gelatin nanoparticles or gelatin nanoparticles load-
ed with non-stimulating ODN (Fig. 5a—c).

The first cytokine quantified was IL-12p70, a key cytokine
directing immune responses towards Tyl (Fig. 5a). While
IL-12p70 levels produced by myeloid DCs were 266+53 pg/ml
following 24 h stimulation with 10 pg (2 pg/ml) soluble CpG
ODN, two different batches of CpG-GNPs were able to induce

Fig. 3. CLSM images of myeloid DCs (green) incubated with CpG-
GNPs (red) (a) and myeloid DCs treated with Cytochalasin B before
and during incubation with CpG-GNPs (b).

averages of 595+107 pg/ml (GNP001, 134 nm) and 690+56 pg/ml
(GNP0002, 244 nm), demonstrating a two- to threefold cytokine
increase by loading CpG ODN onto these nanoparticles. TNF-a,
a key inflammatory cytokine that induces DC maturation
(22, 23), was secreted in low amounts following soluble CpG
ODN treatment whereas CpG ODN loading onto nano-
particles increased secretion seven to nine times (Fig. 5b).
As with IL-12p70, the larger sized nanoparticles (GNP0002)
resulted in a slightly higher cytokine production. In
contrast, no significant difference in IL-6 secretion by
murine myeloid DCs was observed following delivery of
CpG ODN in nanoparticulate or soluble form (Fig. 5c).

Cationized Gelatin Nanoparticles Increase
Immunostimulatory Activity of CpG ODN In Vivo

To assess whether CpG ODN bound to cationized gelatin
nanoparticles also resulted in immunostimulation in vivo,
dispersions of CpG ODN 1826 loaded onto two different sized
of nanoparticles were injected i.v. into mice (nanoparticle
batches: GNPIV1, average size: 289 nm and GNPIV2, average
size: 150 nm). For these in vivo experiments, the payload of the
nanoparticles was increased to 10% (w/w) to keep the amount
and volume of nanoparticles (500 mg nanoparticles in
100 pl PBS) to be administered per mice within an acceptable
range. 50 pg soluble CpG ODN was injected as positive
control. Fig. 6 shows serum levels of the proinflammatory
cytokines IL-12p70 (Fig. 6a) and IL-6 (Fig. 6b) 18 h post
injection. Both CpG ODN nanoparticulate formulations
resulted in elevated levels of both cytokines, whereas unloaded
cationized gelatin naoparticles did not induce cytokine produc-
tion. As seen with in vitro stimulation of murine myeloid DCs,
the larger sized nanoparticles induced production of proin-
flammatory cytokines more efficiently. However, the respective
differences in immunostimulatory activity between ~150 and
~300 nm sized particles were larger than those seen in vitro.
300 nm-sized nanoparticles led to more than threefold higher
IL-12p70 concentrations than soluble CpG ODN and to slightly
enhanced IL-6 values. In contrast, the 150 nm nanoparticles
resulted in IL-12p70 levels similar to soluble CpG ODN, but in
reduced secretion of IL-6. No signs of toxicity were observed at
any time.

CpG-GNPs do not Induce an Inmune Response to Gelatin

Unloaded cationized gelatin nanoparticles did not show
immunostimulatory activity in vitro nor in vivo at any time.
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However, the strong Tyl adjuvant CpG ODN might induce
an immune response to the gelatin composing the nano-
particles. To address this issue, serum antibodies to gelatin
were assessed in mice having received CpG ODN-loaded
gelatin nanoparticles twice at a 14-day interval. Mice
immunized with soluble gelatin together with complete
Freund’s Adjuvant served as positive control. While immu-
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Fig. 6. IL-6 (a) and IL-12p70 (b) levels per ml blood serum at
18 h postinjection (n=3). CpG: 50 pg soluble CpG ODN;
CpG+GNPIV1: 500 pg GNPs (batch GNPIV1: 289 nm) loaded
with 50 pg CpG ODN; CpG+GNPIV2: 500 pg GNPs (batch
GNPIV2: 150 nm) loaded with 50 pg CpG ODN; GNPIV1/
GNPIV2: 500 ng unloaded GNP controls; control untreated control
mice.
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nization with gelatin and complete Freund’s Adjuvant
generated anti-gelatin antibodies of both the IgG1 and IgG2a
isotypes, none of the mice injected with CpG ODN-loaded
gelatin nanoparticles showed detectable levels of anti-gelatin
antibodies after 3 weeks. This indicates that no immune
response directed against the proteinaceous matrix material
of the carrier system was generated, even following two
immunizations with a strong Ty1 adjuvant (Fig. 7).

Gelatin Nanoparticle Loading with Human CpG B and C
ODN is Efficient

While CpG ODN bind to both the murine and the
human Toll-like receptor 9, resulting in cellular activation
and maturation, the optimal CpG motif differs between these
two species. To correlate results obtained in the mouse with
the human system, loading of nanoparticles with CpG
oligonucleotides specific for the human Toll-like receptor 9
was examined. Cationized gelatin nanoparticles were loaded
with increasing concentrations of the CpG-A ODN 2216, the
CpG-B ODN 2006 or the CpG-C ODN M362. No significant
changes in particle size and homogeneity were measured
when CpG-B ODN 2006 or CpG-C ODN M362 were used
(Table 1V). The results were similar to those obtained with
the murine CpG-B ODN 1826. No aggregation was detected
up to a payload of 10% (w/w). In contrast, increased
aggregation was detected with increasing CpG-A ODN
concentrations as early as 30 min after loading. The structure
of A-class CpG ODN includes a central palindrome sequence
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and terminal poly(G) motifs at the 5" and 3’ end that are
capable of forming inter- and intramolecular bonds known as
G-tetrads (24). These motifs cause CpG-A ODN to sponta-
neously form stable nanoparticulate structures under physi-
ological conditions consisting of up to 30 ODN strands (25)
with an average mean size of 20-100 nm (26, 27). It is
probable that the observed aggregation resulted from ad-
sorption of these colloidal CpG-A particles onto cationized
gelatin nanoparticles.

Human Plasmacytoid DCs are Activated by CpG-GNP
to Secrete IFN-a

The activation of human cells by cationized gelatin
nanoparticles loaded with CpG ODN containing human
immunostimulatory motifs was assessed on the two human
cell populations that express Toll-like receptor 9 under
resting conditions, plasmacytoid dendritic cells and B cells.
Two different sizes of nanoparticles were used in order to
compare efficacy: GNPHO001 (mean size: 160 nm) and
GNPHO002 (mean size: 293 nm). Identical to murine in vitro
experiments, the nanoparticles were loaded with CpG ODN
at a ratio of 50 ug ODN per mg nanoparticles, i.e. 5% (W/w).
The total amount of CpG ODN administered per well either
in soluble form or adsorbed onto nanoparticles was 600 ng
CpG ODN in 200 pl media (3 pg/ml). Freshly isolated
plasmacytoid DCs were incubated with the CpG ODN 2216
(CpG-A), 2006 (CpG-B) and M362 (CpG-C) for 8 h and
supernatants were assessed for IFN-o production. While, as
previously described, CpG-B did not induce IFN-a secretion
by plasmacytoid DCs, adsorption of the CpG ODN 2006
(CpG-B) onto nanoparticles resulted in strong IFN-a
production (Fig. 8a).

Soluble CpG-C ODN induced as expected intermediate
levels of IFN-a. IFN-a production was increased by particu-
late administration of CpG-C ODN and even double by
formulation with the 293 nm particles. The detected IFN-a
production induced by these larger particles were extremely
high and even outranged IFN-o induced by soluble CpG-A
ODN (ODN 2216), the ‘gold-standard’ CpG ODN for the
induction of IFN-o by plasmacytoid DCs. Interestingly, when
plasmacytoid DCs were stimulated with CpG-A ODN loaded
onto cationized gelatin nanoparticles, the ability to induce
IFN-a was strongly reduced. Incubation of plasmacytoid DCs
with nanoparticles loaded with a GpC-control ODN (M383)
that does not contain immunostimulatory CpG sequences did
not induce cytokine production. This indicates that the

Table IV. DLS Size Determination of Cationized Gelatin Nanoparticles that were Loaded with each CpG ODN Class in Various Payloads

CpG-A (ODN 2216)
Payload (w/w)/ODN-Type

CpG B (ODN 2006) CpG C (ODN M362)

MPS® (nm) PI? MPS” (nm) PI® MPS® (nm) PI®
Unloaded 209.2 0.071 209.2 0.071 209.2 0.071
2.5% 4227 0.334 208.1 0.101 204.2 0.066
5% 1,203.4 0.667 202.1 0.094 212.1 0.110
7.5% 4,100.6 0.890 201.2 0.087 205.3 0.121
10% 6,475.8 0.875 201.1 0.064 199.9 0.098

Incubation time: 30 min in PBS (n=1);
“ MPSMean particle size
b pIPolydispersity index
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presence of CpG motifs is mandatory for the stimulation of
the immune system. Furthermore, the nanoparticle formula-
tions showed significant differences in IFN-o induction
between the two different sizes of nanoparticles tested.
CpG ODN-loaded GNPHO002 (293 nm) was far more
effective than GNPHO001 (160 nm) for cytokine induction in
plasmacytoid DCs.

The other human cell population expressing Toll-like
receptor 9 in the resting state and thus able to respond
directly to CpG ODN stimulation are B cells. The B and C
classes of CpG ODN both induce B cell proliferation and
rapid secretion of IL-6. We assessed IL-6 production by
freshly isolated human B cells upon stimulation with CpG-
GNPs as a measure of B cell activation (Fig. 8b). While IL-6
production was stimulated by the soluble forms of both ODN
2006 (CpG-B) and ODN M362 (CpG-C) and to a lesser extent
by ODN 2216 (CpG-A), cytokine production was reduced by
loading of CpG ODN onto cationized gelatin nanoparticles. In
the case of the 293 nm nanoparticle formulation, IL-6
production was completely inhibited. These results indicate
that CpG ODN-loaded gelatin nanoparticles do not enhance
B cell stimulation compared to soluble CpG ODN. Clearly,
particulate presentation of CpG-B and CpG-C promotes
activation of Toll-like receptor 9 in plasmacytoid DC, but
simultaneously inhibits B cell activation.

CpG-GNPs are Taken up into Human Plasmacytoid DCs
We have demonstrated that particulate presentation of

CpG ODN of the classes B and C is beneficial for the
induction of IFN-a in plasmacytoid DCs. To examine

559

internalization of CpG ODN bound to cationized gelatin
nanoparticles compared to soluble CpG ODN, we performed
immunohistochemistry analysis of plasmacytoid DC pre-
incubated with fluorescence-labeled CpG ODN either in
soluble form or bound to cationized gelatin nanoparticles.
We demonstrate that soluble CpG-A ODN 2216, particulate
bound CpG-B and soluble CpG-B are all three internalized
into plasmacytoid DC. No differences were seen in quanti-
tative uptake of CpG ODN (Fig. 9). Solely, soluble CpG-B

Fig. 9. CLSM images of fluoresceine-labeled CpG ODN uptake into
plasmacytoid DCs (2.5x10° DCs/ml) after 8 h; administered CpG ODN
concentration: 3 ug/ml; soluble CpG ODN 2216 (a); CpG ODN 2006
loaded cationized gelatin nanoparticles (b); soluble CPG ODN 2006 (c).
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appears rather diffuse on the images, whereas particulate
CpG-B and soluble CpG-A could be identified as distinct
dots within plasmacytoid DCs.

DISCUSSION

Professional antigen presenting cells, and dendritic cells
(DCs) in particular, naturally phagocytose bacteria, viruses
and other microorganisms and process their proteins for
antigen presentation to T cells for the induction of antigen-
specific immune responses. Colloidal particulate formulations
are within the same size range as microorganisms and thus
are preferentially phagocytosed by these cells. Hence,
particulate vaccine delivery systems have proven to be
advantageous for subunit vaccines based on proteins, pep-
tides and DNA (28, 29).

In this study we demonstrate for the first time the use of
cationized gelatin nanoparticles as carrier for CpG ODNs.
Surface modification with cholamine hydrochloride resulted
in the formation of a pH-independent cationic surface charge
on the nanoparticles, which should guarantee that no
unwanted desorption of the CpG ODN from the carrier
surface occurs during the transport to the target cell. A
loading ratio of 20:1-10:1 (5-10% [w/w]) of nanoparticles to
CpG ODN was found to be favorable since the formulations
remained stable within physiological media and had a slightly
positive net charge. According to reports in literature (30-32)
positively charged particles are favorable phagocytosed by
DCs and macrophages compared to neutral or negatively
charged particulate formulations. In agreement with this,
murine myeloid DCs internalized the positively charged CpG
ODN-loaded cationized gelatin nanoparticles more efficient-
ly than plain non-cationized gelatin nanoparticles (Fig. 2),
which have a partially negative { potential (16). CLSM
studies showed that the uptake of nanoparticles was inhibited
by treatment of murine myeloid DCs cultures with Cytocha-
lasin B, an inhibitor of intracellular actin-myosin polymeri-
zation, an essential step in phagocytosis (33). Thus, the
observed uptake of the cationized gelatin particles by DCs
was through active phagocytosis, and neither due to mere
adherence of the particles to cell surfaces, nor due to
pinocytosis.

We have shown that CpG ODN loaded onto the gelatin
nanoparticles upregulate the expression of MHC II and
CD86 molecules. This suggests that CpG ODN-loaded
gelatin nanoparticles might enhance the immunogenicity of
a co-delivered antigen, because the upregulation of MHC
and co-stimulatory molecules on the DC surface improves
the ability of DCs to activate and prime T cells. Similar to soluble
CpG ODN which promotes the secretion of Tyl polarizing
cytokines by DCs (30), CpG ODN-loaded gelatin nanoparticles
induced the secretion of the proinflammatory cytokines both in
vitro and in vivo. The extent of secretion of IL-12p70 and TNF-
o induced by CpG-GNPs was however increased in comparison
to that observed for soluble CpG ODN.

Regarding particle size, the larger sized batch GNP0002
(245 nm) induced slightly higher immune stimulation than
GNP0001, having a mean size of 135 nm. This finding is in
agreement with Foged et al. (32), who tested the phagocytosis
activity of various polystyrene particles in a diameter range
between 0.04-15 um and found that particle diameters around
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0.5 um and slightly below were optimal for uptake into DCs.
Importance of nanoparticle size for induction of cytokine
secretion was even pronounced during in vivo experiments,
where ~300 nm sized nanoparticles showed better results than
~150 nm sized. The uptake of CpG ODN into the endosomal
compartment by phagocytic cells is essential to induce cy-
tokine production. The uptake of larger particles (>200 nm)
results in longer retention of particulate material in the endo-
somal vesicles (34). This may increase signaling by CpG-ODN
via the endosomal Toll-like receptor 9, thereby leading to
sustained cell activation and IFN-o production (35).

Safety of carrier formulations is essential to justify the
further development of CpG ODN-loaded gelatin nanopar-
ticles. The absence of cytokine secretion following treatment of
myeloid DC cultures with unloaded nanoparticles or control,
non-stimulatory ODN indicated endotoxin-free conditions of
the preparation process, as even low levels of endotoxin
contamination would have triggered cytokine secretion by
DCs. In developing carriers for nucleic acids, a major concern
is the possible development of an immune response against the
carrier that would render subsequent applications of the same
carrier ineffective. In this study we show that the application of
CpG ODN-loaded gelatin nanoparticles does not result in the
generation of an antigen-specific immune response to gelatin,
the matrix material of the nanoparticles. These data are already
very promising and give a certain hint that cationized gelatin
nanoparticles are not immunogenic at all. However, for final
clarification this topic will also be an important point in future
experimental setups.

Experiments in primary human plasmacytoid DCs con-
firmed the enhanced activation through CpG ODN formula-
tions when delivered with gelatin nanoparticles. Regarding the
various classes of CpG ODNs for humans, we were able to
show that the structural prerequisites for the successful
presentation of CpG ODNSs to B cells and plasmacytoid DCs
differ remarkably. Comparable IFN-a levels with CpG-B and
CpG-C adsorbed onto the surface of cationized gelatin nano-
particles suggest that the activation of plasmacytoid DCs is
driven by the nanoparticulate structure rather than a specific
sequence. These findings are in agreement with the results of
other research groups using cationic PLGA microparticles
(36) or microparticles based on the polycationic antibiotic
polymyxin B (37). Adsorption of CpG-A ODN 2216 on
nanoparticles, which already possesses a particulate structure,
led to large aggregates which cannot be internalized into
plasmacytoid DCs and/or act as signal transducer.

Other groups have described that multimeric presentation
induces cross-linking of TLRY in plasmacytoid DCs, thus
leading to the enhanced secretion of IFN-o. In contrast, soluble
monomeric CpG-B ODN fails to induce significant IFN-o
secretion (36-38). Presumably, the presentation of CpG
ODN as particulate matter allows various receptor-ligand
interactions and amplifies the transcription of IFN-o. Thus, an
optimized primary sequence for immune stimulation of
plasmacytoid DCs such as the ODN 2216 sequence (palin-
drome, chimeric backbone, poly-G ends) is not mandatory.
CpG-B ODN 2006 attached onto gelatin nanoparticles
revealed even better immunogenic activation patterns. The
specific ODN sequence of CpG-A is required to form a
particulate structure of the CpG ODN by self-assembly, but
the recognition by TLR9 occurs by the CpG motif alone.
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In contrast, the activation of B cells seems mainly to be
driven by the sequence of the CpG ODN, whereas particulate
delivery appears to be rather disadvantageous. However,
particulate-bound CpG-B ODN 2006 and CpG-C ODN M362
are still able to activate B cells. Apparently, the respective
degree of B cell activation depends on the size of the utilized
nanoparticles. Nevertheless, the present data demonstrate that
optimized activation of B cells and plasmacytoid DCs requires
completely different delivery and presentation of CpG ODN.
Possible explanations for these differences might be that
polymorphic types of TLR9 do exist in plasmacytoid DCs and
B cells, which require different structural prerequisites of their
particular ligands, or that a non-identified CpG co-receptor
exists in one of the two cell populations, or alternatively that
TLRY is located in different compartments of the endosome
with different accessibility and activation requirements.

In addition to the recognition of CpG ODN by Toll-like
receptor 9, recent reports have shown that nucleic acids from
pathogens are recognized by several other receptors of the innate
immune system. In particular, the 5'-triphosphate end of RNA
generated by viral polymerases directly binds to RIG-I (39).
Single-stranded viral RNA and immunostimulatory oligoribo-
nucleotides are detected through TLR7 and TLRS and can
induce Tyl-type immunity (40-42). These RNA-based molec-
ular danger signals may equally benefit from the carrier function
of cationic gelatin nanoparticles for therapeutic applications.

CONCLUSION

Cationized gelatin nanoparticles have demonstrated to
be a highly valuable carrier system for immunogenic CpG
ODNs. In summary, CpG-GNP formulations of CpG-B
ODN 2006 and CpG-C ODN M362 represent a promising
alternative to CpG-A ODN 2216 for the selective endoge-
nous secretion of IFN-a. The formulation presented in this
study would enable a dose reduction of CpG ODN or binding
of novel RNA-based adjuvants for therapeutic use. The
protein-based structure of gelatin offers a multitude of
functional groups that would allow additional linkage of an
antigen. Thus, all-in-one vaccine formulations containing
both antigen and immunostimulatory oligonucleotides as
adjuvant may be applied against cancer or viral infections.
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