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ABSTRACT : Phosphorylated dextran (P-Dex) is an acidic polysaccharide that functions as an immune adjuvant. P-Dex is known to 
regulate immune response by maintaining a balance between Th1 and Th2 cells in vitro, and thus may also be important in the control of 
allergic reactions. In the current study, we report the optimum conditions required for the efficient phosphorylation of dextran without 
toxicity. We found that when dextran was heated at 160°C for 24 h in phosphate buffer (pH 5.0), the resulting P-Dex demonstrated the 
highest phosphorus content (6.8%). We also report that P-Dex enhances mitogenic activity in mouse splenocytes and induces expression 
of CD69 and CD86 on the surface of B cells and dendritic cells (DC) in vitro. Oral administration of P-Dex to ovalubmin (OVA)- 
immunized mice was found to reduce antigen-induced cell proliferation and suppress the expression of CD86 on Th2-inducing DC via 
exogenous OVA stimulation. P-Dex was also found to increase IL-10 expression in the splenocytes of treated mice. These findings 
suggest that oral administration of P-Dex increases immunological tolerance and improves the specificity of immunological response to 
specific antigens. (Key Words : Polysaccharide, Phosphorylated Dextran, Dendritic Cells, Immunoregulation, Allergy, Th1/Th2 
Balance)

INTRODUCTION

Lactic acid bacteria (LAB)-mediated immunoregulation 
depends on the contact of the bacterial components with the 
gut-associated lymphoid tissue (GALT) (Colbere-Garapin et 
al., 2007). We have previously identified that an acidic 
polysaccharide (APS) isolated from a yogurt starter strain of 
Lactobacillus delbrueckii subsp. bulgaricus serves as a 
functional bacterial component (Kitazawa et al., 1998; 
Uemuraet al., 1998), and exerts beneficial immunological 

effects including the enhancement of lymphocyte 
mitogenicity (Kitazawa et al., 1998) and macrophage 
function (Kitazawa et al., 2000; Nishimura-Uemura et al.,
2003) . However, these beneficial effects are dramatically 
reduced when APS is dephosphorylated (Kitazawa et al., 
2000).

Chemically phosphorylated dextran (P-Dex) has been 
shown to mimic the immunoregulatory activity of APS 
(Sato et al., 2004). In addition, P-Dex has been found to 
contain a pathogen-associated molecular pattern (PAMP) 
that triggers B cell proliferation, the production of cytokines, 
antitumor activity and dendritic cell (DC) maturation in 
splenocytes (Kitazawa et al., 1992, 1998, 2000; Sato et al.,
2004) . In the current study, we adapted a previously 
reported method for the chemical phosphorylation of 
dextran to P-Dex with a phosphorus content of 1.7% in 
Leuconostoc mesenteroides (Sato et al., 2004). Prior to the 
establishment of this method, APS was synthesized using 
formamide and triethylamine, which restricts its usefulness 
in both food and medical applications. In this study, we 
report various conditions that improve the safety and 
phosphorylation efficiency of P-Dex, and reveal its effects 
on the immune system following oral administration. In 
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order to further our understanding of the effects of P-Dex, 
various immune responses were monitored in whole 
splenocyte preparations with and without co-administration 
of ovalbumin (OVA). Splenocytes were chosen on the basis 
of earlier studies that showed that the response of this cell 
population reflects the effects of immunity induced by P- 
Dex in vivo (Ito et al., 2005).

MATERIALS AND METHODS

Chemical phosphorylation and purification of P-Dex
Food grade dextran (Dex, 40 kDa molecular mass) was 

purchased from Wako Pure Chemicals (Osaka, Japan). Dex 
was dispersed in 0.1 M phosphate buffer (PB, pH 4.5, 5.0, 
5.5, 6.0, 7.0 or 8.0) at a concentration of 20 mg/ml and 
stirred in a water bath at 70°C for 30 min to ensure that it 
was completely dissolved. The solution was then 
lyophilized and the lyophilized powder heated at 80°C for 
48 h or 100°C, 120°C, 140°C or 160°C for 24 h on a 
heating block. After re-suspension in distilled water, the 
sample was then dialyzed against distilled water at 4°C for 
48 h and lyophilized to produce crude P-Dex. The crude P- 
Dex was purified by anion exchange chromatography using 
a DEAE-Toyopearl 650 M column (1.6 cmx15 cm; Tosoh, 
Tokyo, Japan) and eluted in a linear gradient of 0 to 1.0 M 
NaCl in 50 mM Tris-HCl buffer (pH 8.6) as previously 
described (Sato et al., 2004). The fraction that adsorbed to 
the column was collected as pure P-Dex and the phosphorus 
content determined using the method of Fiske and 
SubbaRow, and KH2PO4 as a standard (Dittmer and Wells, 
1969). All P-Dex preparations were tested for endotoxin 
contamination using the Limulus amoebocyte lysate assay 
(Seikagaku, Tokyo, Japan).

Animal handling and mouse strains
Five-week-old pathogen-free male BALB/c mice were 

purchased from Japan SLC (Shizuoka, Japan) and housed 
under normal temperature- and light-controlled conditions. 
A standard diet consisting of ‘Labo MR Breeder Pellets’ 
(Nihon Nosan Co., Kanagawa, Japan) and sterile water 
were supplied ad libitum, and mice were used between 6 
and 10 weeks of age. All mice were maintained in 
accordance to the animal care and use guidelines of Tohoku 
University.

Mitogenic assay
Mitogenic activity was measured in mouse splenocytes 

using the 3H-thymidine incorporation method described 
previously (Kitazawa et al., 1992). 3H-thymidine was 
purchased from Amersham Japan (Tokyo, Japan) for these 
experiments. The stimulation index (SI) was calculated as 
follows: SI = (counts per minute (cpm) in treated cells- 
background cpm)/(cpm in control cells-background cpm), 

and the mitogenic characteristics of P-Dex examined as 
previously described (Sato et al., 2004). Briefly, splenocytes 
were incubated with biotinylated rat anti-mouse CD45R 
(Caltag Laboratories, Burlingame, CA, USA) for 30 min at 
4°C. CD45R+ cells were isolated by positive selection on a 
MS+ column using a Magnetic Cell Sorting System 
(Miltenyi Biotec, Gladbach, Germany). The purity of each 
fraction was then determined using a FACScaliburTM cell 
sorter (Becton-Dickinson, Franklin Lakes, NJ, USA). The 
CD45R+ fraction was greater than 90%, whereas the 
CD45R- fraction contained less than 3%. The separated 
CD45R+ (B cell fraction) and CD45R- (T cell fraction) cells 
were used for mitogenic assays.

Analysis of cell surface antigens
Following stimulation with 200 卩g/ml P-Dex, at least 

1x106 splenocytes were sequentially incubated in the 
following combinations of antibodies (Abs): i) fluorescein 
isothiocyanate (FITC)-conjugated Armenian hamster anti
mouse CD69 Ab (BD Pharmingen, San Diego, CA, USA), 
phycoerythrin (PE)-conjugated rat anti-mouse CD45R Ab 
and biotinylated monoclonal anti-mouse Thy1.2 Ab (Caltag 
Laboratories); or ii) PE-conjugated rat anti-mouse CD86 Ab 
(Caltag Laboratories), biotinylated Armenian hamster anti
mouse CD11c Ab (BD Pharmingen), and FITC-conjugated 
rat anti-mouse CD8aAb (Serotec Ltd., Kidlington, UK) for 
30 min at 4°C in the dark and then immunostained with PE- 
Cy5-conjugated streptavidin for anti-Thy 1.2 Ab or anti- 
CD11c Ab (eBioscience, San Diego, CA, USA). After 
washing twice in wash buffer containing phosphate- 
buffered saline (PBS), 2% fetal calf serum and 0.01% NaN3, 
cells were fixed in 1% paraformaldehyde for 15 min. 
Expression of cell surface antigens was analyzed with a 
FACScaliburTM using CELLQuest software (BD 
Biosciences).

Real-time quantitative PCR
Cytokine expression was analyzed using the 

LightCycler real-time PCR system (Roche Diagnostics 
GmbH, Mannheim, Germany) as previously described 
(Shimosato et al., 2003; Tohno et al., 2007a). PCR was 
performed under the following conditions: initial 
denaturation at 95°C for 10 min, followed by 40 cycles of 
95°C for 15 s (denaturation), 55°C (for IL-10) or 60°C (for 
P-actin, IL-12p40 and IFN-丫)for 10 s (annealing), and 72°C 
for 5 s (extension). Amplification was monitored by 
measuring fluorescence at the end of each annealing period. 
The amount of cDNA was calculated from the fluorescence 
during the log-linear phase of the PCR according to the 
manufacturer’s standard protocol. The primers used for the 
PCR were as follows: P-actin (148 bp), 5'- AGA GGG AAA 
TCG TGC GTG AC and 3'- CAA TAG TGA TGA CCT 
GGC CGT (Lehmann et al., 2001); IL-10 (73 bp), 5'- TTT
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Figure 1. The ovalbumin immunization and P-Dex oral administration schedule. Mice were divided into three groups: i) Ml (OVA(-)/P- 
Dex(-)), ii) M2 (OVA(+)/P-Dex(-)) and iii) M3 (OVA(+)/P-Dex(+)). The mean and standard deviation of the weights were equal.

GAA TTC CCT GGG TGA GAA and 3'- AC A GGG GAG 
AAA TCG ATG ACA (Xia et al., 2001); IFN-y (104 bp), 5'- 
TTC TTC AGC AAC AGC AAG GC and 3'- CGG ATG 
AGC TCA TTG AAT GC; and IL-12p40 (121 bp), 5'- TCT 
TTG TTC GAA TCC AGC GC and 3'- ACA TTC CCG 
CCT TTG CAT TG.

Immunization with ovalbumin and oral administration 
of P-Dex

The mice were weighed and divided into M1 (OVA(-)/ 
P-Dex(-)), M2 (OVA(+)/P-Dex(-)), and M3 (OVA(+)/P- 
Dex(+)) groups in such a way that the means and standard 
deviations of the weights would be the same across the 
groups (n = 5). The treatment schedule is presented in 
Figure 1. On days 1, 8 and 15, mice were immunized via an 
intraperitoneal injection with 10 卩 g of ovalbumin (OVA, 
Grade V; Sigma, St. Louis, MO, USA) and 3 mg aluminum 
hydroxide (Sigma) in 0.5 ml PBS, or with PBS alone. On 
days 16 to 25, the M3 group was administered 2 mg of P- 
Dex orally in 0.5 ml distilled water, and the others were 
given distilled water alone. On day 26, mice were sacrificed. 
At this time, the splenocytes were isolated for the cell 
proliferation assays and the levels of cytokines and CD86 
were evaluated.

Statistical analysis
Statistical significance between groups was determined 

using the Student’s t-test. Significance was accepted at the 
level of p<0.05.

RESULTS

The optimal conditions for chemical phosphorylation of 
Dex

We firstly treated Dex in PB at various temperatures and 
pH. Figure 2 shows the anion exchange chromatography 

profiles of crude P-Dex prepared at different temperatures. 
Crude P-Dex produced by heating Dex at 80°C for 48 h did 
not adsorb to the column; however, almost all (>90%) was 
absorbed when prepared at over 120°C. Table 1 shows the 
phosphorus content of P-Dex. We found that the phosphorus 
content was increased at the higher temperatures and lower 
pH. Based on our data, the optimum conditions for the 
chemical phosphorylation of Dex were found to be 24 h at 
160°C and a pH of 5.0.

Mitogenic activity of P-Dex under various 
phosphorylation conditions

We next examined the mitogenic activity of P-Dex 
produced under various phosphorylation conditions in 
splenocytes (Figure 3A). P-Dex preparations generated by 
heating at temperatures greater than 140°C significantly 
enhanced mitogenesis when compared to intact Dex. As the

Table 1. Phosphorus content of P-Dex prepared under various 
conditions
Heating
temperature (°C)

Heating time
(h) pH

Phosphorus 
(%wt/wt)

80 48 5.5 ND
100 24 5.5 0.5
120 24 5.5 1.5
140 24 5.5 5.5
160 24 5.5 6.0
160 24 4.5 3.1
160 24 5.0 6.8
160 24 5.5 6.0
160 24 6.0 5.6
160 24 7.0 4.2
160 24 8.0 2.6

ND = Not Detected.
Phosphorus content was quantified using the method of Fiske and 
SubbaRow using KH2PO4 as a standard.
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Figure 2. Elution profiles of the P-Dex obtained using anion exchange chromatography after phosphorylation. P-Dex was prepared by 
heating at 80°C for 48 h or 100°C, 120°C, 140°C or 160°C for 24 h. P-Dex was eluted in a linear gradient of NaCl from 0 to 1.0 M, and 
the carbohydrate content of the eluate was measured at 490 nm.

Figure 3. (A) Mitogenic activity of P-Dex in mouse splenocytes under various phosphorylation conditions. Open and filled bars indicate 
the mean stimulation index (SI) of Dex and P-Dex (n = 3), respectively. The results are presented as mean±standard deviation. The SI 
values of LPS and concanavalin A were 37.6 and 74.7, respectively. * p<0.05, ** p<0.01 vs. non-treated mice. (B) Dose response 
pattern of P-Dex-induced mitogenic activity. Following stimulation with P-Dex (10 to 500 卩 g/ml), the cultures were pulsed with [3H]TdR 
and the level of [3H]TdR incorporated into the cells calculated. * p<0.05, ** p<0.01 vs. non-treated mice.
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highest mitogenic activity (SI = 3.6) was observed using P- 
Dex generated by heating for 24 h at 160°C and at pH 5.0, 
we used this preparation in all further experiments. 
Mitogenic activity was found to increase in a dose
dependent manner when treated with 200 (SI = 3.0) to 500 
卩 g/ml (SI = 4.4) P-Dex (Figure 3B). In order to analyze the 
mitogenic properties of P-Dex, murine splenocytes were 
fractionated into B and T cells using a magnetic cell sorting 

system. We found that treatment with P-Dex induced 
significant proliferation of the B cell fraction (SI = 2.5) but 
not the T cell fraction (SI = 1.1) (data not shown).

P-Dex induces CD69/CD86 expression in vitro
In order to precisely identify the cell types stimulated by 

P-Dex, we examined the expression of CD69 and CD86 on 
the surface of mouse splenocytes (Figure 4). After

A.
CD69/CD45R/Thy1.2.001

CD45R

Dex

Macrophages, DC

P-Dex

CD69 CD69 CD69

B.

-Iau

翊/886/CD1 le-ClQI

CD8a

Figure 4. The expression of CD69 and CD86 on the surface of murine macrophages, DC, T cells and B cells following P-Dex 
stimulation for 6 and 24 h, respectively. (A) Cells were sorted into macrophages/DC (CD45R- Thy1.2-), T cells (CD45R- Thy1.2+), and B 
cells (CD45R+ Thy1.2-) based on CD45R and Thy1.2 expression, and the percentage of CD69-positive cells determined in each group. 
(B) Cells were further gated into CD11c- CD8a-, CD11c+ CD8a- and CD11c+ CD8a+ cell populations based on their CD11c and CD8a 
expression levels described in the text.
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Figure 5. The effects of oral P-Dex administration on antigen-induced cell proliferation in OVA-stimulated splenocytes from the M1-M3 
mouse groups. Splenocytes isolated from M1, M2 and M3 groups were stimulated for 48 h with or without OVA. * p<0.05, ** p<0.01, 
and *** p<0.001 vs. Ml group. Ml (OVA(-)ZP-Dex(-)): solid diamonds, M2 (OVA(+)/P-Dex(-)): open squares and M3 (OVA(+)/P- 
Dex(+)): solid triangles.

determining CD45R and Thy1.2 expression, the cells were 
divided into three groups based on their expression of 
surface antigens: i) macrophages/DC (CD45R- Thy1.2-), ii) 
T cells (CD45R- Thy1.2+) and iii) B cells (CD45R+ Thy1.2-). 
As shown in Figure 4A, the highest induction of CD69 
expression following treatment with P-Dex was observed in 
the B cell group. P-Dex administration resulted in only a 
slight increase in CD69 levels in the macrophage/DC and T 
cell groups. These results suggest that P-Dex may act as a B 
cell mitogen.

We also examined the expression of CD86 in cells gated 
into three groups based on their CD11c and CD8a 
expression: i) CD11c- CD8a- cells, ii) CD11c+ CD8a- DC, 
and iii) CD11c+ CD8a+ DC that did not include CD8a+ T 
cells. The expression of CD86 in all three groups was found 
to be increased following P-Dex treatment (Figure 4B). 
Spleen-derived DC (CD11c+ cells) were further divided into 
Th1 (CD11c+ CD8a+) and Th2 (CD11c+ CD8a-) groups 
according to their CD8a expression as reported previously 
(Maldonado-Lopez et al., 1999; Iliev et al., 2008). We 
found that P-Dex treatment resulted in the stimulation of 
both Th1 and Th2 splenocyte proliferation in vitro.

Immune regulation following oral administration of 
P-Dex

We next analyzed antigen-induced cell proliferation in 
response to exogenous OVA stimulation in mouse 
splenocytes isolated from the M1, M2 and M3 mouse 
groups. We found that in the absence of exogenous OVA, 
splenocyte proliferation in the M2 and M3 groups was 
almost identical. When stimulated with exogenous OVA in 
vitro, the proliferation of splenocytes in the M2 group was 
strongly increased compared to M1 control group, whereas 

proliferation in the M3 group decreased by 23.1% when 
compared to the M2 group (Figure 5).

We also analyzed the expression of CD86 in splenocytes 
following treatment for 18 h at 37°C with or without OVA 
(Figure 6). The cells were divided into four groups based on 
their surface expression of CD 11c and CD8a and were 
termed: i) G1 (CD11c- CD 8a-), ii) G2 (CD11c- CD8a+), iii) 
G3 (CD11c+ CD8a-) and iv) G4 (CD11c+ CD8a+) cells.
CD86 surface expression was examined for the G1, G3 and 
G4 cells, but not for G2 cells (CD8a+ T cells). We 
concentrated our analysis on the Th1 (G4) and Th2 (G3) 
cell populations (Maldonado-Lopez et al., 1999; Iliev et al., 
2008). In the G3 group, the expression of CD86 on 
splenocytes that did not receive exogenous OVA stimulation 
did not demonstrate any significant differences with the M1
group. In contrast, 
suppressed in the M3

CD86 expression tended to be 
group that did receive exogenous

OVA stimulation (p = 0.56). In the G4 cell population, 
CD86 expression did not appear to be changed in any of the 
treatment groups. These results demonstrate that OVA and 
P-Dex cause distinct changes in CD86 expression in G3 and 
G4 DC. In addition, we found that P-Dex was able to 
regulate Th2 cell population.

We also analyzed the expression of murine cytokines 
following stimulation of splenocytes from the M1-M3 
groups of mice receiving exogenous OVA (Figure 7). We 
found that the expression of interferon gamma (IFN-y) and 
interleukin 10 (IL-10) were induced in the M3 group 
following exogenous OVA stimulation. IL-12p40 
expression was also induced in the M3 group that did not 
receive exogenous OVA, while there was no significant 
difference with the exogenous OVA-stimulated group. In 
addition, the expression of IL-4 was found to be suppressed
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Figure 6. The effects of oral P-Dex administration on the expression of CD86 in OVA-stimulated splenocytes from the M1-M3 mouse 
groups. Splenocytes were stimulated with or without OVA for 18 h at 37°C. The cells were triple-stained with PE-conjugated anti-CD86 
mAb, FITC-conjugated anti-CD8a mAb and biotinylated anti-CD11c mAb following incubation with PE-Cy 5 -conjugated streptavidin. 
The cells were then analyzed using two-color flow cytometry to detect the expression of CD8a and CD11c on the splenocytes. 
Splenocytes were sorted into two groups and were termed G3 (CD11c+ CD8a-) and G4 (CD11c+ CD8a+). The expression of CD86 was 
evaluated by the fluorescence intensity. M1 (OVA(-)/P-Dex(-)): open bars, M2 (OVA(+)/P-Dex(-)): hatched bars and M3 (OVA(+)/P- 
Dex(+)): black bars. * p<0.05, ** p<0.01 vs. mice treated only with OVA and mice treated with both OVA and P-Dex, respectively.

in the M3 group following exogenous OVA stimulation 
when compared to the M2 group. Cytokine gene expression 
in the group of mice sacrificed on day 30 is also analyzed 
(data not shown). When comparing the cells isolated on 
days 26 and 30, we found that the expression of IFN-丫, IL-4 
and IL-10 was induced in the M1 group stimulated with 
exogenous OVA on day 30. On day 26, the level of IFN-丫 in 
the splenocytes stimulated with exogenous OVA in the M3 
group was highest, and was similar to the level observed in

No stimulation OVA stimulation 

the M2 group on day 30. Furthermore, IL-10 levels were 
significantly induced in the M3 group treated with 
exogenous OVA on day 30.

DISCUSSION

We have previously reported that the phosphate groups 
present in APS play an important role in 
immunostimulation (Kitazawa et al., 1998). We prepared

No stimulation OVA stimulation

IFNt IL-4

IL-12p40

Ml \I2 M3 Ml M2 M3 Ml M2 M3 Ml M2 M3

Figure 7. Cytokine mRNA levels in OVA-stimulated splenocytes from the M1-M3 mouse groups. The splenocytes were treated for 6 h 
with or without OVA and analyzed using real-time PCR. M1 (OVA(-)/P-Dex(-)): open bars, M2 (OVA(+)/P-Dex(-)): gray bars and M3 
(OVA(+)/P-Dex(+)): black bars.
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APS from commercially available Dex that does not exhibit 
any physiological activity to demonstrate regulation of the 
immune response and to characterize the phosphorus groups 
of phosphopolysaccharides. As a result of these studies, we 
hypothesized that the phosphorus content of Dex correlates 
with the immunostimulatory effects. However, the 
previously published protocols used for the synthesis of 
P-Dex utilized toxic reagents including polyphosphoric acid 
and formamide, and resulted in a phosphorus content of 
P-Dex that was not as high as other bacterial 
phosphopolysaccharides. In the current study, we succeeded 
in synthesizing P-Dex efficiently and with a low toxicity 
using a modification of the method reported by Tarelli et al. 
(1994) that employed only phosphate buffer. We revealed 
that the phosphorylation efficiency of Dex was increased by 
adjusting both the reaction temperature and pH. Li et al. 
(2003) reported that egg white protein may be 
phosphorylated using the same method, and that 
phosphorylation was promoted by decreasing the pH and 
increasing the temperature. It appears that the mechanisms 
underlying these phosphorylation reactions involve the 
removal of moisture from the reactive system by promoting 
a simple dehydration reaction. This reaction results in the 
formation of an ester bond between the phosphate group 
and the substrate, regardless of the target molecule. When 
polysaccharides are used as the target molecule, both the 
structure and the concentration ratio of the phosphate group 
to the substrate may also be important.

We next identified the physiological function of P-Dex 
in vitro including its effects on the induction of cell surface 
antigens. The results of magnetic cell sorting and 
fluorescence-activated cell sorting indicated that P-Dex 
functions a B cell-specific mitogen. It appeared that the 
immunopotentiating ability of P-Dex was largely due to the 
up-regulation of CD69 and CD86 on the surface of B cells 
and antigen-presenting cells including DC and macrophages. 
The results of this study are similar to those of previous 
studies (Sato et al., 2004). Recently, bacterial 
polysaccharides including lipopolysaccharide (LPS) and 
lipoteichoic acid have been shown to induce maturation and 
activation of DC via the toll-like receptors (TLR) 2 and 4, 
in addition to producing numerous proinflammatory 
cytokines (Michelsen et al., 2001; Geisel et al., 2007; 
Yanagawa and Onoe, 2007). Further studies are required to 
determine whether ligand recognition and signaling of 
P-Dex occurs via TLR.

In order to investigate the precise mechanisms 
underlying P-Dex activity, we examined whether oral 
administration of P-Dex regulated immune response in an 
allergic mouse model. In this model, mice were immunized 
with OVA using aluminum hydroxide as an adjuvant. The 
results of the in vivo studies revealed that oral 
administration of P-Dex enhanced mRNA expression levels 

of IFN-y, whereas it suppressed the expression of IL-4. 
Furthermore, the induction of IFN-y expression was lost by 
day 30. Based on these results, it appears that the effects of 
P-Dex on Th1 induction are weak and tend to be lower as 
the time in culture increases. In contrast, P-Dex was found 
to strongly induce the expression of IL-10 on day 26, an 
effect that remained unchanged until day 30. In addition, 
P-Dex suppressed the antigen-induced response to 
exogenous OVA in the OVA-immunized mouse splenocytes. 
These results suggest that P-Dex regulates immune 
response via the induction of regulatory cytokines including 
IL-10.

Based on this data, we suggest that orally administered 
P-Dex reaches the small intestine, where it is incorporated 
into the GALT and is recognized as an antigen by DC 
located in the Peyer’s patches. It is well established that the 
DC play an important role in the mucosal immune response. 
DC located at mucosal surfaces exhibit the specific capacity 
to induce differentiation of regulatory T cells, which results 
in the steady state production of IL-10. This response is 
thought to most likely involve CD11b+ DC and possibly 
even plasmacytoid DC (Kelsall, 2005). These DC are 
thought to be in an immature or altered state of activation 
and continuously present self-antigens, most likely acquired 
from cells undergoing apoptosis, for the induction and 
maintenance of self-tolerance (Steinman et al., 2003). 
Recently, it has also been shown that CD11b+ DC mainly 
secrete IL-10 upon stimulation and induce Th3 cell 
differentiation. This Th3 cell immune response appears to 
be important for the induction of oral tolerance (Sato and 
Iwasaki, 2005). Based on these findings, P-Dex is thought 
to exert its effects through DC, which in turn are thought to 
be involved in regulatory T cell (Treg) activation. The 
identification of the mechanisms underlying P-Dex 
immunoregulation via Treg and DC, such as anti-allergic 
effects, need to be fully elucidated for P-Dex to be used in 
preventive or therapeutic applications in the future.

We conclude that P-Dex regulates the mucosal immune 
system and ameliorates allergic reactions. Further studies 
are required to increase our understanding of the 
mechanisms underlying recognition of P-Dex in the innate 
immune system. Recently, we have reported that M cells 
and immune cells located in the GALT express high levels 
of TLR (Tohno et al., 2005; Shimosato et al., 2007), and 
that one member of the TLR family recognizes 
phosphopolysaccharides produced by L. lactis subsp. 
cremoris (Tohno et al., 2007b). We have also reported that 
an immunostimulatory oligonucleotide from 
Bifidobacterium longum BB 536 improved Th1/Th2 
balance via TLR 9 in mice (Takahashi et al., 2006a; 2006b; 
2006c). We plan to examine whether P-Dex induces 
immune response via TLR in GALT in the future. These 
studies may aid in the development of foods that regulate 
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immunological functions in allergic diseases.
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