CLINICAL AND VACCINE IMMUNOLOGY, May 2010, p. 748-756
1556-6811/10/$12.00 doi:10.1128/CVI1.00505-09

Vol. 17, No. 5

Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Modulation of Gene Expression Related to Toll-Like Receptor
Signaling in Dendritic Cells by Poly(y-Glutamic Acid) Nanoparticles’

Takayuki Hamasaki,'t Tomofumi Uto,'”f Takami Akagi,”* Mitsuru Akashi,>* and Masanori Baba'~*

Division of Antiviral Chemotherapy, Center for Chronic Viral Diseases, Graduate School of Medical and Dental Sciences,
Kagoshima University, Kagoshima 890-8544, Japan'; Department of Molecular Chemistry, Graduate School of Engineering,

Osaka University, Suita 565-0871, Japan®; and Core Research for Evolutional Science and Technology (CREST),
the Japan Science and Technology Agency (JST), Tokyo 150-0002, Japan®

Received 9 December 2009/Returned for modification 8 January 2010/Accepted 3 March 2010

Poly(y-glutamic acid) (y-PGA) nanoparticles (NPs) have previously been reported as an efficient antigen
delivery system with adjuvant activity. In this study, the gene expression in murine bone marrow-derived
dendritic cells (DCs) treated with y-PGA NPs was examined by oligonucleotide microarray analysis and
compared with that in cells treated with other adjuvants. The gene expression of proinflammatory chemokines,
cytokines, and costimulatory molecules was upregulated considerably in DCs treated with y-PGA NPs. The
upregulation pattern was similar to that in DCs treated with lipopolysaccharide (LPS) but not to that in DCs
treated with unparticulate y-PGA. The activation of DCs by y-PGA NPs was confirmed by real-time reverse
transcriptase PCR (RT-PCR) analysis of genes related to Toll-like receptor (TLR) signaling. The effect of
v-PGA NPs on DCs was not annihilated by treatment with polymyxin B, an inhibitor of LPS. Furthermore, the
immunization of mice with y-PGA NPs carrying ovalbumin (OVA) as an antigen significantly induced antigen-
specific CD8" T cells and antigen-specific production of interleukin-2, tumor necrosis factor alpha, and
gamma interferon from the cells. Such activities of y-PGA NPs were more potent than those obtained with
immunization with OVA plus aluminum hydroxide or OVA plus complete Freund’s adjuvant. These results
suggest that y-PGA NPs induce a CD8* T-cell response by activating innate immunity in a fashion different
from that of LPS. Thus, y-PGA NPs may be an attractive candidate to be developed further as a vaccine

adjuvant.

Adjuvants are essential to enhance antigen-specific immune
responses to vaccination. Various substances have been eval-
uated for immunomodulatory effects in vitro and in vivo (24).
However, since most substances have proved to have unaccept-
able levels of toxicity, aluminum hydroxide (alum) is an adju-
vant clinically approved for use in humans. Alum is generally
safe, but it induces modest antibody production and does not
generate sufficient cellular immunity. Consequently, many ef-
forts have been made to develop novel vaccine adjuvants ca-
pable of inducing potent antigen-specific humoral and cellular
immune responses (12, 24, 33). MF59 and AS04 have been
licensed in Europe. MF59 has been used for the influenza
vaccine for a decade, and its safety and potency have also been
established (19). AS04 is used for vaccines against human
hepatitis B virus (5) and human papillomavirus (21). AS01 and
ASQ2 are currently under development as adjuvants for anti-
malaria vaccines (17).

Immature dendritic cells (DCs) reside in nonlymphoid tis-
sues, including skin and mucosal membranes, and take up
antigens by endocytosis (3). Immature DCs develop into ma-
ture DCs accompanying the upregulation of major histocom-
patibility complex (MHC) and costimulatory molecules, which
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play an important role in effective induction of antigen-specific
immune responses. The maturation of DCs occurs in the pres-
ence of various stimuli, such as allergens, cytokines, bacterial
products, and viral components (2, 4, 14). Nanoparticles (NPs)
are considered to be an efficient antigen carrier and are widely
investigated for their biological potential (6, 9). Since DCs are
professional cells capable of presenting processed antigens to
naive T cells to generate effector T cells (2), efficient antigen
delivery to DCs by NPs is a promising strategy for potent
induction of antigen-specific immune responses.

In our previous studies, it was found that poly(y-glutamic
acid) (y-PGA) NPs acted as a potent vaccine adjuvant as well
as an efficient antigen carrier to DCs (32, 33, 35, 37). y-PGA
NPs were predominantly taken up by DCs, and the cells started
to produce tumor necrosis factor alpha (TNF-«) and interleu-
kin-128 (IL-12B) abundantly. The expression of CD40, CD80,
and CD86 on the surface was also highly upregulated, resulting
in strong induction of antigen-specific immune responses (33,
35, 37). y-PGA is a capsular exopolymer produced by certain
strains of bacteria. y-PGA NPs are created by self-assembly of
amphiphilic graft copolymers composed of y-PGA and L-phe-
nylalanine ethylester (PAE) (1). y-PGA NPs can carry various
proteins and peptides on and inside the particles. y-PGA NPs
are digested by y-glutamyl transpeptidase, which is widely dis-
tributed in the whole body, indicating that y-PGA NPs are
biodegradable (1). Thus, y-PGA NPs appear to be suitable for
medical use as a safe and effective vaccine adjuvant. Although
the maturation of DCs induced by y-PGA NPs has been dem-
onstrated by the expression of surface markers, comprehensive
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gene expression remains to be determined. In the present
study, we analyzed the gene expression of murine bone mar-
row-derived DCs by oligonucleotide microarray analysis after
treatment with either y-PGA NPs, lipopolysaccharide (LPS),
or unparticulate y-PGA. The effect of y-PGA NPs on gene
expression was also assessed by real-time reverse transcriptase
PCR (RT-PCR) and compared to those of LPS, CpG, zymo-
san, and poly(I:C). Furthermore, to evaluate the adjuvant ac-
tivity of y-PGA NPs, antigen-specific T cells and their produc-
tion of IL-2, TNF-a, and gamma interferon (IFN-y) were
determined for the spleen cells of mice immunized with
ovalbumin (OVA)-carrying y-PGA NPs (OVA-NPs), OVA
plus complete Freund’s adjuvant (CFA), or OVA plus alum.

MATERIALS AND METHODS

Mice. Female C57BL/6 mice (H-2K"; 6 to 8 weeks old) were purchased from
Charles River (Yokohama, Japan). Experiments were carried out in accordance
with the guidelines for animal experimentation of Kagoshima University.

Reagents. y-PGA (average molecular weight = 380,000) was kindly provided
by Meiji Seika (Tokyo, Japan). PAE, polymyxin B (PmB), and OVA were
purchased from Sigma (St. Louis, MO).

Preparation of y-PGA NPs. The synthetic procedures for y-PGA NPs and
OVA-NPs have been described in our previous reports (1, 36). The concentra-
tion of bacterial endotoxin in y-PGA NPs was determined by a Limulus amoe-
bocyte lysate assay (Seikagaku, Tokyo, Japan) and was found to be <10 endo-
toxin units/ml.

Preparation of DCs. Murine bone marrow-derived DCs were generated as
previously described (26, 27, 36). Briefly, femurs and tibias were removed from
mice and purified from the surrounding muscle tissues. Both ends of the bones
were cut with scissors, and the marrow was flushed with phosphate-buffered
saline (PBS), using a syringe with a 26-gauge needle. The suspension was passed
through a 50-pm cell strainer. Bone marrow cells (2.5 X 10° cells/10 ml) were
suspended in RPMI 1640 medium supplemented with 10% heat-inactivated fetal
bovine serum, 100 U/ml penicillin G, 100 pg/ml streptomycin, 2-mercaptoetha-
nol, and 20 ng/ml recombinant granulocyte-macrophage colony-stimulating
factor (GM-CSF; PeproTech, London, United Kingdom) and were placed into a
petri dish. Fresh culture medium was added to the dish on day 3. On day 7,
nonadherent or loosely adherent cells were harvested and used as immature DCs.

Oligonucleotide microarray. Immature DCs (1 X 10° cells/ml) were incubated
with either 300 pg/ml y-PGA NPs, 1 pg/ml LPS, or 300 wg/ml unparticulate
v-PGA at 37°C. Six, 12, and 24 h after incubation, total RNA was extracted from
the cells by use of an extraction kit (RNeasy; Qiagen, Hilden, Germany). The
quality of the total RNA was examined by a model 2100 bioanalyzer (Agilent,
Santa Clara, CA). Microarray experiments with the samples were carried out
according to Agilent’s protocol. Briefly, the total RNA (500 ng) was converted to
cDNA with Moloney murine leukemia virus RT and the T7 promoter primer.
The cDNA was transcribed and amplified with T7 RNA polymerase to produce
a cRNA labeled with cyanine 3. The cyanine 3-labeled cRNA was purified with
an RNeasy kit and examined for its concentration and labeling quality by use of
a spectrophotometer. The cRNA was fragmented and hybridized to an Agilent
whole-mouse-genome oligonucleotide microarray (4 X 44,000 slide format).
After hybridization, the microarray was washed thoroughly and scanned with a
microarray scanner (Agilent). The microarray scan data were processed with
Future Extraction software (version 9.5.1; Agilent) according to the instructions
in the manual. Cell culture and microarray experiments were repeated three
times.

Data analysis. The expression level of each gene was analyzed by GeneSpring
GX software (version 7.3.1; Agilent). Briefly, after importing the processed data
into the software, they were normalized based on the default normalizing settings
for one-color experiments, according to the GeneSpring 7.3 user’s guide (Agi-
lent). The normalized data were filtered on the basis of parameters in certain
specific columns of the original data files to remove the control and other
inappropriate spots.

Real-time RT-PCR. DCs (1 X 10° cells/ml) were incubated with either 300
pg/ml y-PGA NPs, 1 pg/ml LPS, 5 pg/ml zymosan (InvivoGen, San Diego, CA),
1 pg/ml class B CpG (InvivoGen), 1 pg/ml poly(I:C) (InvivoGen), or PBS at
37°C. Six hours after incubation, total RNA was extracted from the cells with an
RNeasy kit. The quality of the total RNA was examined by a model 2100
bioanalyzer. Real-time RT-PCR analysis of the samples was carried out using a
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mouse Toll-like receptor (TLR) signaling pathway PCR array (SuperArray;
SuperArray Biosciences, Frederick, MD), which includes primer pairs specific to
84 genes related to TLR-mediated signaling pathways, according to the manu-
facturer’s protocol. Briefly, cDNA was synthesized from the total RNA (1 p.g) by
use of an RT? first-strand kit (SuperArray Biosciences) and was subjected to
real-time PCR with an RT? real-time PCR SYBR green/ROX kit (SuperArray
Biosciences) on an ABI Prism 7700 sequence detector (Applied Biosystems,
Foster City, CA). The PCR consisted of 1 cycle of 95°C for 10 min and 50 cycles
of 95°C for 15 s and 60°C for 1 min. The expression levels of target genes were
normalized to those in PBS-treated DCs (control).

Effect of PmB on DC activation. DCs (1 X 10° cells/ml) were incubated with
either 100 pwg/ml y-PGA NPs or 1 pg/ml LPS in the absence or presence of 10
pg/ml PmB. Twenty-four hours after incubation, the cells and culture superna-
tants were collected. The TNF-a level in the culture supernatants was deter-
mined by use of a sandwich enzyme-linked immunosorbent assay (ELISA) kit
(Invitrogen, Carlsbad, CA). For phenotypic analysis, the cells were washed with
PBS and stained with a phycoerythrin (PE)-conjugated anti-CD40 monoclonal
antibody (MAb; BD Biosciences, San Jose, CA) or a PE-conjugated anti-CD80
MAD (BD Biosciences) for 30 min at 4°C. After being washed, the cells were
analyzed by flow cytometry (FACSCalibur; BD Biosciences).

Analysis of spleen cells. Mice (3 to 5 mice in each group) were immunized
subcutaneously with either PBS (100 pl), OVA alone (10 ug of OVA in 100 pl of
PBS), CFA + OVA (10 pg of OVA in 100 pl of CFA), alum + OVA (10 pg of
OVA in 100 pl of alum), or OVA-NPs (10 pg of y-PGA NPs carrying 10 pg
of OVA in 100 pl of PBS) on day 0. On day 10, spleen cells were collected by
use of lympholyte-M (Cedarlane, Burlington, Ontario, Canada) and were ana-
lyzed by pentamer staining, intracellular cytokine staining, and enzyme-linked
immunospot (ELISPOT) assay. For pentamer staining, the cells were stained
with a fluorescein isothiocyanate (FITC)-conjugated anti-CD8 MADb (Proim-
mune, Oxford, United Kingdom) and an allophycocyanin-conjugated pentameric
H-2K" complex (BD Biosciences) with the OVA,s,_,¢4 cytotoxic T-lymphocyte
(CTL) epitope. After being washed with PBS containing 0.1% sodium azide and
0.1% bovine serum albumin, the cells were fixed with PBS containing 2.5%
formaldehyde (Wako, Osaka, Japan), washed with PBS, and analyzed by flow
cytometry. For intracellular cytokine staining, the cells were incubated with BD
GolgiPlug (BD Biosciences) and either OVA,5; 44 peptide (10 pg/ml) or me-
dium alone for 10 h. After being washed, the cells were incubated with a purified
anti-mouse CD16/32 MAb (BD Biosciences) followed by staining with a PE-
conjugated anti-CD8 MAb (BD Biosciences). The cells were permeabilized with
Cytofix/Cytoperm Plus (BD Biosciences) and stained with an FITC-conjugated
anti-IFN-y MAb, an FITC-conjugated anti-IL-2 MAD, or an FITC-conjugated
anti-TNF-a MADb (all from BD Biosciences) for 30 min at 4°C. The cells were
washed with PBS and subjected to flow cytometric analysis. For ELISPOT assay, the
cells were cultured with either medium alone, the OVA,s;_»¢4 peptide (10 pg/ml), or
the control peptide (10 wg/ml) in an ELISPOT plate (BD Biosciences). After
incubation for 24 h at 37°C, the plate was washed, and IFN-y-producing cells were
measured by ELISPOT assay according to the manufacturer’s protocol.

Microarray data accession numbers. The microarray data are available at the
Gene Expression Omnibus (GEO). The accession numbers are GSE15087 and
GSE15089, which contain the data on comparative gene expression modulated
by y-PGA NPs, LPS, and unparticulate y-PGA and the data on the time course
of gene expression modulated by y-PGA NPs, respectively.

RESULTS

Gene expression in DCs after treatment with y-PGA NPs.
DC maturation involves coordinated regulation of several
genes. To identify the genes modulated during the maturation
process of DCs, comprehensive gene expression in bone mar-
row-derived DCs was examined by use of a whole-mouse-
genome oligonucleotide microarray after treatment with either
v-PGA NPs, LPS, or unparticulate y-PGA and was compared
to that in DCs treated with PBS (control). Among the genes
that could be analyzed (41,267 genes), the expression of 8,006
and 13,282 genes was found to be modulated in DCs, with
statistical significance (P < 0.05), after treatment with y-PGA
NPs and LPS, respectively (data not shown). However, the
expression of only 20 genes was significantly upregulated or
downregulated in DCs after treatment with unparticulate
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FIG. 1. Gene expression in DCs treated with y-PGA NPs versus LPS (A) and y-PGA NPs versus unparticulate y-PGA (B). Murine bone
marrow-derived DCs (1 X 10° cells/ml) were treated with either 300 pg/ml y-PGA NPs, 1 pg/ml LPS, or PBS for 6 h. Total RNA was extracted
from the treated DCs, purified, and subjected to oligonucleotide microarray analysis. The expression level of each gene was normalized to that of
the control (PBS treatment). The expression profiles are shown by scatter plots. The genes upregulated >5-fold were plotted.

v-PGA. The correlation coefficient for the relative expres-
sion levels of analyzed genes was 0.67 between y-PGA NP-
treated DCs and LPS-treated DCs (Fig. 1A). However, no
such positive correlation was observed (r = —0.0026) be-
tween y-PGA NP-treated DCs and unparticulate y-PGA-
treated DCs (Fig. 1B).

The expression levels of the genes related to immune re-
sponses are summarized in Table 1. Among the genes for
cytokines and cytokine receptors, 8 genes were upregulated
>100-fold 6 h after treatment with y-PGA NPs. These gene
products included IL-6, CSF2 (GM-CSF), IL-128, IL-la,
CSF3 (granulocyte colony-stimulating factor [G-CSF]), IL-1
family member 6, IL-23a, and inhibin B. In addition, 14 genes
were upregulated >10-fold. A similar result was observed in
DC:s treated with LPS. The expression of some chemokine and
chemokine receptor genes was also highly upregulated by
treatment with yv-PGA NPs or LPS (Table 1). An interesting
finding is that the genes related to Thl cytokines, such as
IL-12B3, IL-23a, IL-12a, and IFN-y, were equally or even more
upregulated in y-PGA NP-treated DCs than in LPS-treated
DCs, whereas those related to Th2 cytokines, such as IL-10,
IL-33, and IL-19, were less upregulated in y-PGA NP-treated
DCs than in LPS-treated DCs. Except for a few genes, the
expression of most chemokine and chemokine receptor genes
was enhanced in both y-PGA NP-treated DCs and LPS-
treated DCs (Table 1). In particular, the expression of the
genes related to the neutrophil-attracting chemokines CXCLI,
CXCL2, and CXCLS5 was remarkably enhanced in y-PGA NP-
treated DCs. It has been demonstrated that CCR7 is upregu-
lated during DC maturation and does play an important role in
leading DCs to lymph nodes (16). In fact, the CCR7 gene was
upregulated 5.5- and 11.4-fold in y-PGA NP-treated DCs and
LPS-treated DCs, respectively. On the other hand, the CCR2
gene was expressed only in immature DCs (Table 1). The
expression of the genes related to costimulatory molecules
(CD40, CD80, and CD86) and adhesion molecule (CD54) was
also upregulated in y-PGA NP-treated DCs as well as LPS-
treated DCs.

v-PGA NPs modulate the expression of TLR signaling-re-
lated genes. Since the microarray analysis revealed that like
LPS, v-PGA NPs could modulate gene expression in DCs, the

effect of y-PGA NPs on the expression of TLR signaling-
related genes was examined by quantitative real-time RT-PCR
and compared to that of LPS, CpG, zymosan, and poly(I1:C).
Consistent with the results of microarray analysis, y-PGA NPs
and LPS upregulated the gene expression of IL-la, IL-1B,
IL-6, IL-10, IL-12a, lymphotoxin A (LTA), TNF-«, and
CXCL10 (Fig. 2A). The correlation coefficient between y-PGA
NP-treated DCs and LPS-treated DCs was high (r = 0.920). A
high correlation coefficient (» = 0.918) for gene expression was
also obtained between y-PGA NP-treated DCs and CpG-
treated DCs (Fig. 2B). In addition, significant increases in
cyclooxygenase-2 (COX-2) gene expression were observed in
DCs treated with y-PGA NPs, LPS, CpG, and zymosan. The
correlation coefficient for gene expression between y-PGA
NP-treated DCs and zymosan-treated DCs was 0.708 (Fig. 2C),
while there was no correlation (r = 0.394) between y-PGA
NP-treated DCs and poly(I:C)-treated DCs (Fig. 2D).

v-PGA NP-induced DC maturation is not due to LPS con-
tamination. Although y-PGA is a bacterial product, y-PGA
NPs contain LPS at a concentration far below the threshold
that activates cytokine production and costimulatory molecule
expression in DCs (33, 35). To confirm that LPS contamination
is indeed not responsible for the activation of DCs by y-PGA
NPs, the cells were treated with y-PGA NPs or LPS after
preincubation with PmB and analyzed for protein expression
by ELISA and flow cytometry. TNF-a production from DCs
was enhanced by treatment with both LPS and y-PGA NPs
(Fig. 3A). However, such enhancement was significantly re-
duced by preincubation of LPS with PmB but not by preincu-
bation of y-PGA NPs with PmB. A similar result was obtained
for the surface expression of costimulatory molecules, where
CD40 and CD86 expression was strongly upregulated by treat-
ment with both LPS and y-PGA NPs (Fig. 3B). Again, the
upregulation was annihilated by preincubation of LPS with
PmB but not by preincubation of y-PGA NPs with PmB. These
results indicate that the induction of DC maturation by y-PGA
NPs is due not to LPS contamination but to their own effect
on DCs.

v-PGA NPs are more effective than conventional adjuvants.
To determine the comparative effects of y-PGA NPs and con-
ventional adjuvants in inducing antigen-specific cellular im-
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TABLE 1. Relative gene expression in DCs treated with y-PGA NPs, LPS, or unparticulate y-PGA®

Relative gene expression

Ratio for DCs
treated with

Gene category and Genbank Gene (fld change) VEGA Npe Gene produc
v-PGA NPs LPS v-PGA 12h/6 h 24 h/6 h
Cytokine and cytokine
receptor genes

NM_031168 116 681.8 770 1 0.7 0.2 Interleukin-6

NM_009969 Csf2 660.3 112.4 0.8 0.4 0.2 Colony-stimulating factor 2

NM_008352 1112b 540.7 636.8 0.9 1.5 0.7 Interleukin-12b

NM_010554 Il1a 418.8 429.4 0.9 0.6 0.3 Interleukin-1 alpha

NM_009971 Csf3 315.7 99.4 0.8 1 0.2 Colony-stimulating factor 3

NM_031252 1123a 248.1 174.6 0.8 0.3 0.2 Interleukin-23, alpha subunit p19

NM_019450 111f6 215.5 292.1 1 0.4 0 Interleukin-1 family, member 6

NM_008380 Inhba 107 118.9 1 0.7 0.3 Inhibin beta A

NM_010548 1110 89.2 242.8 1.1 1.1 0.6 Interleukin-10

NM_133775 1133 71.8 379.1 0.8 1.3 0.7 Interleukin-33

NM_013693 Tnf 63.6 48.3 1 0.5 0.1 Tumor necrosis factor alpha

NM_009704 Areg 59.8 51.3 0.7 0.2 0.1 Amphiregulin preproprotein

NM_008351 1112a 42.7 49 1 1.8 0.8 Interleukin-12a

NM_021367 Tslp 40.8 74.8 0.6 0.2 0.2 Thymic stromal lymphopoietin

NM_008337 Ifng 232 9.3 1.4 1.3 0.3 Gamma interferon

NM_010735 Lta 209 13.5 12 0.9 0.3 Lymphotoxin A

NM_001009940 1119 20 75.3 1.8 0.5 0.7 Interleukin-19

NM_008361 I11b 17.8 20.1 1 0.7 0.2 Interleukin-1 beta

NM_153511 1119 15.4 13.5 1 0.6 0.2 Interleukin-1 family, member 9

NM_010171 F3 15.3 5.7 1 0.8 0.5 Coagulation factor III

NM_001013365 Osm 14.1 7.2 12 0.8 0.7 Oncostatin M

NM_009404 Tnfsf9 10.4 18.2 0.7 0.6 0.3 Tumor necrosis factor (ligand) superfamily,
member 9

NM_016971 1122 8 10.3 0.8 1.1 1 Interleukin-22

NM_009452 Tnfsf4 5.7 9 1 0.6 0.4 Tumor necrosis factor (ligand) superfamily,
member 4

NM_015766 Ebi3 5.5 6.5 1 0.7 0.4 Epstein-Barr virus-induced gene 3 protein
precursor

NM_011019 Osmr 3.4 12.4 0.5 1.1 1 Oncostatin M receptor

NM_009367 Tgtb2 32 9.2 2.4 1.2 2.6 Transforming growth factor beta 2

NM_009425 Tnfsf10 2.9 17.7 12 0.3 0.1 Tumor necrosis factor (ligand) superfamily,
member 10

NM_008360 118 2.3 6.5 1 0.7 0.8 Interleukin-18

NM_008357 1115 2 52 1 0.6 0.5 Interleukin-15

NM_008373 119 12 5.5 0.7 0.8 2.3 Interleukin-9

NM_011614 Tnfsf12 1 0.2 0.6 1.5 23 Tumor necrosis factor (ligand) superfamily,
member 12

NM_013584 Lifr 0.2 0.2 1 0.3 0.1 Leukemia inhibitory factor receptor

Chemokine and chemokine
receptor genes

NM_008176 Cxcll 782.7 412.8 0.8 0.8 0.2 Chemokine (C-X-C motif) ligand 1

NM_009140 Cxcl2 164.2 94.9 0.9 0.6 0.2 Chemokine (C-X-C motif) ligand 2

NM_009141 Cxcl5 156 25.9 0.8 1.7 1 Chemokine (C-X-C motif) ligand 5

NM_011329 Ccll 27.9 19.5 1 0.2 0.2 Chemokine (C-C motif) ligand 1

NM_009916 Cer4 225 36.2 0.8 12 0.4 Chemokine (C-C motif) receptor 4

NM_009137 Ccl22 21.9 28.4 0.8 1.1 0.3 Chemokine (C-C motif) ligand 22

NM_011337 Ccl3 21 235 1 0.7 0.3 Chemokine (C-C motif) ligand 3

NM_013653 Ccl5 16.1 18.3 0.9 1.5 1.3 Chemokine (C-C motif) ligand 5

NM_013652 Ccl4 12.6 14.4 0.8 0.3 0.2 Chemokine (C-C motif) ligand 4

NM_017466 Cerl2 8 14.2 1.1 0.9 0.4 Lipopolysaccharide-inducible C-C chemokine
receptor related

NM_007719 Cer7 5.5 11.4 1 1.6 1.4 Chemokine (C-C motif) receptor 7

NM_013654 Ccl7 5 9.7 1 0.5 1.1 Chemokine (C-C motif) ligand 7

NM_008599 Cxcl9 4.1 20.6 1 0.3 0 Chemokine (C-X-C motif) ligand 9

NM_011333 Ccl2 3.6 6.4 1.1 0.6 1 Chemokine (C-C motif) ligand 2

NM_011331 Ccl12 2.7 7.8 1.1 0.4 0.3 Chemokine (C-C motif) ligand 12

NM_019494 Cxclll 2.6 274 0.9 0.3 0 Chemokine (C-X-C motif) ligand 11

NM_021274 Cxcl10 2 9.4 1 0.2 0 Chemokine (C-X-C motif) ligand 10

NM_009909 118rb 0.2 0.1 0.8 1.1 1.7 Interleukin-8 receptor beta

NM_009835 Cer6 0.1 0.1 1 12 1.2 Chemokine (C-C motif) receptor 6

NM_009915 Cer2 0.04 0.05 0.9 0.4 0.3 Chemokine (C-C motif) receptor 2

Continued on following page
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TABLE 1—Continued

CLIN. VACCINE IMMUNOL.

Relative gene expression

Ratio for DCs
treated with

Gene category and Genbank Gene (fld change) VEGA Npe Gene produc
v-PGA NPs LPS v-PGA 12h/6 h 24 h/6 h
Genes for cell surface
molecules

AKO020012 Cd150 154.5 148.2 1.9 1.2 0.4

U96752 Qlb 80.8 279 0.8 1 0.6 Major histocompatibility complex Q1b

BC052824 Cd247 43.6 31.1 0.8 2 0.2 CD247 protein

NM_170701 Cd40 40.4 61.1 1 1 0.2 Tumor necrosis factor receptor superfamily,
member 5 isoform 3

NM_011521 Sdc4 373 52.9 1.1 0.8 0.4 Syndecan 4

NM_010818 Cd200 25.5 43.4 0.9 2.7 35 CD200 antigen

NM_007646 Cd38 13.2 15.9 1 1.4 1 CD38 antigen

NM_028523 Dcbld2 11.2 9.7 1.1 0.7 0.4 Discoidin, CUB and LCCL domain
containing 2

NM_013730 Slamf1 9.6 10.6 1.2 0.4 0.4 Signaling lymphocytic activation molecule
family member 1

NM_011610 Tnfrsflb 8.3 12.8 1 1 0.5 Tumor necrosis factor receptor superfamily,
member 1b

XM_132882 Cd69 7.8 19.4 1 0.3 0.1 CD69 antigen

NM_009855 Cd80 7.6 13.1 1 0.7 0.5 CDS80 antigen precursor

NM_009851 Cd44 7.4 12.3 2.2 0.4 0.3 CD44 antigen isoform a

NM_007654 Cd72 7.2 16.1 0.9 12 0.4 CD72 antigen

BC059059 MMP20 5.8 10.3 1 1.3 1.1

NM_021893 Cd274 5.6 7.2 0.9 1 0.7 CD274 antigen

AKO019885 Cd137 52 9.3 1 13 0.7

NM_007640 Cd1d2 4.5 10.2 0.9 1.6 0.6 CD1d2 antigen

NM_009856 Cds3 4 5.2 1 0.8 0.6 CD83 antigen

NM_010493 Cd54 39 4.3 0.9 0.5 0.2 Intercellular adhesion molecule

NM_053129 Pcdhb4 2.9 5.9 1.9 1 1.1 Protocadherin beta 4

NM_019388 Cd86 2.8 4.7 0.8 0.4 0.2 CD86 antigen

NM_177584 Btla 2.8 10 0.6 0.8 0.2 B- and T-lymphocyte-associated isoform 2

AF106008 Cd159a 0.4 4.9 1 0.6 0.4 Natural killer cell protein group 2-Al

NM_009690 Cdsl 0.4 0.1 0.9 0.3 0 CDS5 antigen-like

NM_018729 Cd244 0.3 0.1 0.9 0.9 0.6 CD244 natural killer cell receptor 2B4

NM_013487 Cd3d 0.3 0.2 1 0.7 0.5 CD3 antigen, delta polypeptide

NM_134158 Cd300d 0.2 0.2 0.9 1.7 22 CD300D antigen

BC024571 Cd49f 0.2 0.2 1 1.8 9.1

NM_009852 Cdé 0.2 0.2 1 1 0.7 CD6 antigen isoform 2

NM_053094 Cd163 0.2 0.2 1.1 0.5 0.5 CD163 antigen

NM_133654 Cd34 0.1 0.2 1 0.5 0.3 CD34 antigen

NM_133238 Cd209a 0.1 0.1 0.8 1 14 CD209a antigen

NM_021476 Cysltrl 0.1 0.2 0.9 0.9 1.4 Cysteinyl leukotriene receptor 1

NM_027987 Cd3001g 0.1 0.1 0.9 1.1 1 CMREF-35-like molecule-9

Signal transduction genes

NM_007707 Socs3 65.8 75.5 0.9 0.9 0.5 Suppressor of cytokine signaling 3

NM_011488 Stat5a 8.5 9.1 1 0.7 0.2 Signal transducer and activator of
transcription 5A

NM_009421 Trafl 8.3 13.1 0.9 1.1 0.6 TNF receptor-associated factor 1

NM_009896 Socs1 7.5 17.2 1 1.3 0.7 Suppressor of cytokine signaling 1

NM_011489 Stat5b 6.5 8.1 1 0.8 0.6 Signal transducer and activator of
transcription 5B

NM_028679 Irak3 5.8 6.3 1 1.1 0.8 Interleukin-1 receptor-associated kinase 3

NM_019408 Nfkb2 52 6.7 0.9 0.9 0.5 Nuclear factor of kappa light polypeptide
gene enhancer in B cells 2, p49/p100

NM_008689 Nfkb1 4.2 5.4 0.9 0.7 0.4 Nuclear factor kappa B, subunit 1

NM_033601 Bel3 39 6.9 1 0.8 0.4 B-cell leukemia/lymphoma 3

NM_213659 Stat3 2.4 52 0.9 0.9 0.7 Signal transducer and activator of
transcription 3 isoform 1

NM_011487 Stat4 2 8.1 0.9 23 4.4 Signal transducer and activator of
transcription 4

NM_009283 Statl 1.3 5.8 1 1.2 0.9 Signal transducer and activator of

transcription 1

“ Selected genes whose expression levels were modulated are listed and sorted by their expression level in y-PGA NP-treated DCs.

b All data represent means for three separate microarray experiments.
¢ Expression levels in DCs 12 and 24 h after treatment with y-PGA NPs were compared with those at 6 h.
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FIG. 2. Gene expression related to TLR signaling in DCs treated with y-PGA NPs versus LPS (A), y-PGA NPs versus CpG (B), y-PGA NPs
versus zymosan (C), and y-PGA NPs versus poly(I:C) (D). DCs (1 X 10° cells/ml) were treated with either 300 p.g/ml y-PGA NPs, 1 wg/ml LPS,
1 pg/ml CpG, 5 pg/ml zymosan, 1 wg/ml poly(I:C), or PBS for 6 h. Total RNA was extracted from the treated DCs, purified, and subjected to
real-time RT-PCR analysis. The expression level of each gene was normalized to that of the control (PBS treatment). The genes upregulated

>2-fold are indicated by their product names.

mune responses, mice were injected subcutaneously with either
PBS, OVA, OVA-NPs, OVA + CFA, or OVA + alum. When
the antigen-specific T-cell response was examined by flow cy-
tometry, a marked increase of OVA antigen-specific CD8" T
cells was observed for the cells obtained from the OVA-NP-
immunized mice, whereas little increase of the antigen-specific
CD8™" T cells was identified for the cells from mice immunized
with OVA alone, OVA + CFA, or OVA + alum (Fig. 4A).
Since the cytokine production from immune cells is an impor-
tant marker of their activation, the intracellular cytokine assay
is able to detect the state of activation in individual cells. When
the production of intracellular cytokines in the antigen-specific
CD8" T cells was examined, marked increases of IFN-y,
TNF-«, and IL-2 production were observed for the cells ob-
tained from the OVA-NP-immunized mice. Again, little in-
creases of such cytokine production were observed for the cells
from mice immunized with OVA alone, OVA + CFA, or
OVA + alum (Fig. 4B). Furthermore, the most induction of
IFN-y-producing cells was achieved by immunization with
OVA-NPs, as determined by ELISPOT assay (Fig. 4C). These
results suggest that y-PGA NPs are a more efficient adjuvant
than CFA and alum in inducing cellular immune responses.

DISCUSSION

The induction of innate immunity is required for effective
adaptive immune responses against various antigens, and acti-
vated DCs play a critical role in the initial activation of innate

immunity (23). Therefore, the activation of DCs is an impor-
tant factor for the development of novel adjuvants. In our
previous studies, it was demonstrated that y-PGA NPs induced
phenotypic and functional changes in DCs in vitro and in vivo
(32, 33, 35). However, there are no previous reports describing
genomic analysis of gene expression in DCs treated with
v-PGA NPs. In this study, murine DCs were treated with either
v-PGA NPs, LPS, or unparticulate y-PGA. Since the effect
of yv-PGA NPs on gene expression was quite similar to that of
LPS (Fig. 1A), we had to exclude the possibility that the effect
of y-PGA NPs was due to LPS contamination. The results for
preincubation of y-PGA NPs with the LPS antagonist PmB
clearly show that the immunomodulatory activity of y-PGA
NPs is their own property (Fig. 3). Furthermore, unparticulate
v-PGA could scarcely modulate gene expression in DCs (Fig.
1B), suggesting that the particulate form of y-PGA is required
to exert biological activity.

In immune responses, DCs represent a major source of
IL-12, which is an important cytokine linking the innate and
adoptive immune systems and driving Th1 polarization (31). In
addition to IL-12, other members of the IL-12 family, such as
IL-23 and IL-27, also modulate the Th1 response. IL-23, which
is composed of the B subunit of IL-12 and the IL-23-specific a
subunit, has been shown to preferentially act on Th1 effector/
memory CD4™" T cells and to induce their proliferation and
IFN-vy production (20). IL-27 is composed of the IL-27-specific
a subunit and the Epstein-Barr virus-induced gene 3 (Ebi-3)
product (B subunit) (25). It contributes to Th1l development by



754 HAMASAKI ET AL.

CLIN. VACCINE IMMUNOL.

A 4000
E 3000
on
&
3 2000
[+ 3
1000
&
0
2] 2] N
o 9
& 5 E Z E
+ +
wn ©n
A
= z
B LPS y-PGA NPs
Un-stimulation +PmB v-PGA NPs +PmB
“ 2022 “ 2360 7 9098 93.06

CD40

Counts
20
20

10
10

Sl b

u =3
100 10t 10> 103 104+ 100 10 102 103 104

0
30
30

| | |
AR L u

100 10t 102 103 104+ 100 10* 10> 103 104

20
20

& & I8,
100 100 102 105 10¢

354.86

M\«FUWMW

© [uhble!
100 100 102 103 104

72935

V\M " ,W

100 100 102 103 104

CD86
Counts
10 20
20
20

10
10

—

o

MWWMM.

0
30

26793 7 456.88 455.66

20

j MMWW

100 100 102 103 104

100 10* 102 103 104 109 10" 102 103 104

FIG. 3. Effect of PmB on cytokine production and costimulatory molecule expression induced by y-PGA NPs and LPS. DCs were incubated
with either y-PGA NPs or LPS in the absence or presence of 10 pg/ml PmB. (A) Culture supernatants were collected and their TNF-« level
determined by ELISA. (B) The cells were stained with a PE-conjugated anti-CD40 MADb or a PE-conjugated anti-CD86 MADb and analyzed by flow
cytometry. The number in each histogram indicates the mean fluorescence intensity.

promoting the expression of T-bet and IL-12RB2 genes (13).
In our previous studies, it was found that y-PGA NPs induced
IL-12B production from DCs (33, 35, 37). In this study, the
treatment of DCs with y-PGA NPs increased the transcript
levels of the IL-12 cytokine family, especially IL-12f3, IL-23a,
and IL-12a. Furthermore, the treatment of DCs with OVA-
NPs induced antigen-specific IFN-y producing CD8" T cells in
vivo (Fig. 4C). Although their perforin and granzyme levels
were not evaluated, it has been demonstrated that OVA-NPs
can induce the antigen-specific cytotoxicity determined by a
SICr release assay (33). These results suggest that y-PGA NPs
are capable of acting as an adjuvant that potently induces
antigen-specific cellular immune responses.

The capacity of DC migration from peripheral organs to the
T-cell areas of lymph nodes is a key step in successful induction
of protective immune responses (3). CCR7 controls DC mi-
gration into afferent lymphatic vessels. In addition, DC migra-
tion is also controlled by CD38, since DCs lacking the CD38
gene had a significantly decreased ability to respond to CCR7
ligands (22). The microarray analysis revealed that y-PGA NPs
upregulated the expression of CCR7 and CD38 in DCs. Fur-
thermore, the expression of CCR7 was upregulated in the
lymph node DCs of mice subcutaneously immunized with
v-PGA NPs (data not shown). Thus, y-PGA NPs may be able
to induce the migration of DCs to spleen and lymph nodes by
upregulating CCR7 and CD38 expression.

Chemokines affect the polarization and recruitment of T
cells. T cells sense the chemotactic gradient of chemokines by

their receptors involving CCRS and CCR2 and elicit the for-
mation of an immunological synapse (16). CCRS and CXCR3
are markers for Thl cells, and CCR?2 is specifically expressed
on Th2 cells (16). The gene expression of CCRS ligands
(CCL3, CCLA4, and CCLS) and CXCR3 ligand (IP-10) in DCs
was enhanced equally by y-PGA NP and LPS treatments (Ta-
ble 1). Although y-PGA NP-treated DCs also showed en-
hanced gene expression of CCR2 ligands (CCL2, CCL7, and
CCL12), the expression levels of these genes were lower
(<50%) than those in LPS-treated DCs. Thus, in comparison
with LPS, y-PGA NPs may produce the chemotactic gradient
of chemokine ligands recruiting Th1 cells rather than Th2 cells,
supporting the capability of y-PGA NPs to induce Th1 immune
responses.

The gene expression pattern in y-PGA NP-treated DCs was
quite similar to that in DCs treated with LPS and CpG (Fig. 2A
and B), whose receptors are TLR4 and TLRY, respectively.
DCs were also stimulated by the TLR2 ligand zymosan, and
the gene expression pattern induced by y-PGA NPs was also
similar to that induced by zymosan (Fig. 2C). On the other
hand, the gene expression pattern in DCs treated with the
TLR3 ligand poly(I:C) differed from that in y-PGA NP-treated
DCs (Fig. 2D). This difference may be due to the facts that
TLR4, TLRY, and TLR2 activate the signaling pathway
through MyD88 and that the signaling pathway associated with
TLR3 is independent of MyDS88 (15, 30, 34). TNF-a produc-
tion from y-PGA NP-treated DCs was suppressed by a MyD88
inhibitor peptide (33), indicating that y-PGA NPs activate DCs
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FIG. 4. Antigen-specific T-cell responses induced by OVA-NPs,
CFA, and alum. Mice were immunized subcutaneously once with ei-
ther PBS, OVA, OVA-NPs, OVA + CFA, or OVA + alum. T cells
were obtained from the spleen. (A) The antigen (OVA)-specific CD8™"
T cells were analyzed by pentamer staining. (B) IL-2, TNF-a, and
IFN-y production of the antigen-specific CD8" T cells was measured
by intracellular cytokine staining. (C) Spleen cells from the immunized
mice were restimulated with the control or antigen peptide. The num-
ber of IFN-y-producing cells was determined by ELISPOT assay. SFU,
spot-forming units. All results represent the means for three separate
experiments.

through the MyDS8S8 signaling pathway. Further studies are in
progress to determine the TLR(s) involved in the interaction
with y-PGA NPs.

Suppressor of cytokine signaling (SOCS) family proteins
have been identified as inducible feedback inhibitors for the

GENE EXPRESSION MODULATED BY NANOPARTICLES 755

activation of cytokine receptors through JAK/STAT signal
transduction (10, 18, 28). SOCS3 and SOCSI expression is
induced in DCs after treatment with CpG (8) and LPS (29).
DCs lacking SOCS1 generate aberrant activation of adaptive
immunity, resulting in the induction of autoimmunity (11).
Moreover, SOCS3 suppresses the activities of G-CSF and GM-
CSF (7). Therefore, the expression of SOCS proteins is impor-
tant for the regulation of innate immune responses caused by
TLR signaling. The gene expression of SOCS3 and SOCS1 was
activated by y-PGA NPs as well as by LPS (Table 1), suggest-
ing a feedback mechanism in response to the interaction of
v-PGA NPs with the TLR(s) of DCs.

In conclusion, considering the unique properties of y-PGA
NPs, such as their biodegradable nature, efficient antigen-car-
rying capacity, and strong induction of DC activation and cel-
lular immune responses to carried antigens, y-PGA NPs have
great potential not only as an antigen delivery system to DCs
but also as an effective adjuvant.
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