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Abstract

Background It has been shown that dietary nucleotides

modulate immune response. Due to their unique properties

in immune responses, nucleotides are used as immunonu-

trition in the field of clinical nutrition.

Aim of the study In this study, we examined the effect of

dietary deoxynucleic acid (DNA) on antigen (Ag)-specific

immune response in ovalbumin (OVA)-immunized BALB/c

mice and determined the mechanism using toll-like

receptor 9 (TLR9) knock-out (KO) mice.

Methods BALB/c or TLR9 KO mice were fed control and

1% DNA diets and immunized with OVA. Spleen cells

from OVA-immunized mice were stimulated with OVA in

vitro, and the contents of IFN-c and IL-4 in supernatants

were measured by an ex vivo system. CD11c? dendritic

cells were purified, and ability of cytokine induction to

CD4? cells was examined.

Results The level of OVA-specific IL-4 production in the

DNA group was significantly higher than that in the control

group. In contrast, the level of OVA-specific IFN-c pro-

duction in the DNA group was lower than that in the

control group. The DNA diet decreased Ag-specific IL-4

production and enhanced Ag-specific IFN-c production in

TLR9 KO mice. CD11c? DCs from mice fed the DNA diet

had a greater ability than CD11c? DCs from mice fed the

control diet to induce the production of IL-4 from DO11.10

CD4? T cells.

Conclusions Dietary DNA increases Ag-specific IL-4

production and decreases IFN-c production through a

TLR9-dependent pathway. CD11c? dendritic cells are

target cells in dietary DNA-induced immune regulation.

Keywords Nucleic acid � T-helper � Dendritic cell � IL-4 �
CD4? T cell

Introduction

Nucleotides and nucleosides have an indispensable role in

the structure of deoxynucleic acid (DNA) and ribonucleic

acid (RNA). Various forms of DNA and RNA found in cells

and biological fluids are required intermediaries in energy

metabolism, glycoconjugate synthesis, and signal trans-

duction among other functions. Additionally, nucleotides

have been identified as conditionally essential nutrients,

since their de novo presence in rapidly growing tissues is

both a functional and structural requirement for proper cell

function [1]. In clinical studies, nucleotides have been

shown to have effects on some immunological parameters,

and these effects have become known as immunonutrition.

In studies on infant formulas, it has been shown that dietary

RNA enhances infant immune status by increasing polio-

virus type 1 neutralizing antibody (Ab) responses against

infant vaccine immunization [2–4]. In clinical approach, an

enteral formula supplemented with RNA, arginine, and fish

oil reduces hospital length of stay along with a significant

reduction in the frequency of acquired infections [5]. Fur-

thermore, it has been reported that perioperative adminis-

tration of an enteral formula supplemented with RNA,

arginine, and fish oil ameliorated host defense mechanisms,

controlled inflammatory responses, and improved the syn-

thesis of short half-life constitutive proteins [6].

As the first step before conducting human clinical studies,

animal studies were carried out to elucidate the mechanisms
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underlying the immune regulatory effects of nucleotides.

The impact of nutrients on the immune system has been

demonstrated in numerous investigations [7]. Dietary sour-

ces of RNA and mononucleotides are known to influence

optimal growth and functions of metabolically active cells

such as lymphocytes and macrophages [8] and thus affect

host immune function. Previous studies have shown that

nucleotide-supplemented diets prevent a decrease in T-cell-

dependent humoral immunity, modulate antigen (Ag)-

specific T-cell response, and increase interferon (IFN)-c
production in C57BL/6 mice [9–12]. Similar effects of die-

tary nucleotides have also been reported in type 2 T-helper

(Th2)-prone BALB/cJ mice [13]. It has also been reported

that RNA-supplemented diets modulate Th-cell responses

against specific antigens in BALB/c mice [14–16].

In the innate immune system, toll-like receptors (TLRs)

have been revealed to recognize specific patterns of micro-

bial components. So far, 13 members of the TLR family have

been identified. Recognition of bacterial components by

TLRs initiates signal transduction pathways, triggering the

expression of genes whose products control innate immune

responses and further instruct development of antigen (Ag)-

specific acquired immunity. Toll/IL-1 receptor domain-

control adaptors, such as myeloid differentiation primary

response gene 88, Toll/IL-1 receptor domain-containing

adaptor protein, Toll/IL-1 receptor domain-containing

adaptor-inducing interferon-b, and Toll/IL-1 receptor

domain-containing adaptor-inducing interferon-b-related

adaptor molecule, play pivotal roles in TLR signaling

pathways. Differential utilization of these TIR domain-

containing adaptors provides specificity of individual TLR-

mediated signaling pathways [17]. Among TLRs, TLR9 is

known to recognize the sequence of bacterial unmethylated

deoxycytidine-deoxyguanosine DNA (CpG DNA).

Effects of nucleosides, nucleotides, and ribonucleic acid

on immune function have been extensively studied. How-

ever, it has not been determined whether actions of the

immune function of DNA are the same as those of nucle-

otides and whether DNA exerts its effects through TLR9

signaling despite contribution of TLR9 in dietary DNA-

mediated immune regulation was speculated [13]. In this

study, we examined the effects of DNA on the induction of

Th1 and Th2 response in ovalbumin (OVA)-immunized

BALB/c mice and determined their mechanism using

TLR9 knock-out (KO) mice.

Materials and methods

Mice and diets

Eight-weeks-old female BALB/c mice (Japan SLC,

Shizuoka, Japan), DO11.10 mice on BALB/c background

(The Jackson Laboratory, Bar Harbor, ME, USA), and

TLR9 KO mice on BALB/c background (Oriental Yeast

Co. Ltd., Osaka, Japan) were maintained under pathogen-

free conditions with a 12-h light:dark cycle at 25 ± 2 �C

and 55 ± 10% relative humidity. All studies were per-

formed in accordance with the ethical guidelines for ani-

mal experimentation by the Institution of Health

Bioscience, The University of Tokushima, Japan, and were

approved by the institution review board of the animal

ethics committee.

The mice were maintained on either a control diet or

DNA diet for 35 days. The composition of the control diet

was 20% casein, 44.5% a-starch (Oriental Yeast Co. Ltd.,

Chiba, Japan), 22% sucrose (Mitsui Sugar Co. Ltd., Osaka,

Japan), 5% corn oil (Wako, Osaka, Japan), 2% cellulose,

5% mineral mixture, 1% vitamin mixture (Oriental Yeast

Co. Ltd.), 0.3% DL-methionine, and 0.2% cholin bitartrate

(Wako) as used previously [18]. The DNA diet contained

purified salmon milt DNA (Biochem Co. Ltd., Saitama,

Japan) at a concentration 1% in the control diet. Electro-

phoresis data showed that the molecular weight of DNA

used in this study were between 100 and 1,000 bp. Con-

tents of DNA, protein, and water were over 91%, less than

1%, and 3.6%, respectively.

Immunization

Mice were immunized intraperitoneally with 500 lL of

OVA solution containing 10 lg of OVA (Sigma Chemical

Co., St. Louis, MO, USA) absorbed in 2 mg of aluminum

hydroxide gel adjuvant (HCI Biosector, Frederikssund,

Denmark) at 1 and 3 weeks after starting to give the test

food.

Proliferation assay

To prepare single cell suspensions, the spleen was squeezed

with two slide glasses in RPMI-1640 medium (Sigma

Chemical Co.) and filtered through mesh. To remove red

blood cells, the cells were treated with 0.84% NH4Cl (pH

7.5) at 37 �C for 10 min. Then, the cells were washed two

times with RPMI-1640 medium and suspended in RPMI-

1640 medium supplemented with 10% fetal bovine serum,

50 mmol/L 2-mercaptoethanol, 100 lg/mL streptomycin,

and 100 U/mL penicillin. Five 9 105 splenocytes were

stimulated with 200 lg/mL OVA or with plate-bound anti-

CD3 mAb (coated overnight at 1 lg/mL) in a 96-well flat-

bottom plate at 37 �C under 5% CO2 for 72 h. For the last

20 h of culture, 37 KBq of [3H] thymidine deoxyribose

(TdR) was added to the wells, and the amount of [3H]TdR

incorporated was measured by a scintillation counter

(Aloka, Tokyo, Japan).
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Cytokine production

Splenocytes (5 9 106 cell/mL) were stimulated with

200 lg/mL OVA or plate-bound anti-CD3 monoclonal

(m)Ab (coated overnight at 1 lg/mL) in a 48-well flat-

bottom plate at 37 �C under 5% CO2 for 72 h. After the

culture, culture supernatants were collected and stored at

-40 �C until used. Interferon (IFN)-c and interleukin (IL)-4

in the supernatants were determined using a mouse IFN-c
or IL-4 ELISA kit (eBioscience, CA, USA) according to

the manufacturer’s instructions.

Dendritic cell (DC) function

CD11c? cells were purified from spleens of 3 or 4 mice

that had been maintained on either the control diet or DNA

diet using CD11c microbeads and a MACS LS column

(Milteryi Biotec Inc, Auburn, CA, USA) according to the

manufacturer’s instructions. CD4? T cells were purified

from DO11.10 transgenic mice, which express OVA-spe-

cific T-cell receptor, using a CD4? T cell isolation kit

(Milteryi Biotec Inc). CD4? T cells (4 9 105 cells) from

DO11.10 mouse spleens were cultured in a 48-well plate

with CD11?c cells (1 9 105 cells) in the presence of

400 lg/mL OVA for 72 h at 37 �C/5% CO2. After the

culture, culture supernatants were collected and stored at

-40 �C until used.

Statistical analysis

All data are shown as means ± SD. Effects of DNA diet

and TLR9 KO were examined using 2-way ANOVA.

Following determination of the DNA diet and TLR9 KO

phenotype effects using 2-way ANOVA, Tukey’s post hoc

test was used to compare individual means among treat-

ment groups. For comparison between the control group

and DNA group, statistical analysis was carried out using

two-tailed Student’s t test. Differences with P \ 0.05 were

considered significant. All statistical analyses were per-

formed using SPSS version 16.0 J (SPSS Inc. USA).

Results

Effects of NA on body weight and spleen weight

There were no differences between the groups in mean

body weight, weight gain, and spleen weight in BALB/c

mice. The body weight in control and DNA groups was

21.1 ± 0.7 and 21.5 ± 0.9 g, respectively. The overall

body weight gains in control and DNA groups were

2.1 ± 0.4 and 1.8 ± 0.3 g, respectively. The spleen weight

in control and DNA groups was 432 ± 21 mg/100 g body

weight and 425 ± 19 mg/100 g body weight, respectively.

Also in TLR9 KO mice, no differences were found

between the control and DNA groups in mean body weight,

weight gain, and spleen weight (data not shown).

DNA increases OVA-specific IL-4 production

but decreases OVA-specific IFN-c production

in BALB/c mice but not in TLR9 KO mice

At 35 days after starting to give the test food, we examined

the in vitro proliferative responses of splenocytes by co-

culture with OVA. A significant difference in proliferative

response was not observed between the control and DNA

groups in either BALB/c or TLR9 KO mice (data not

shown). We also determined the levels of IL-4 and IFN-c
production by an ex vivo system. When the splenocytes

were stimulated with OVA, the level of IL-4 production

was higher in the DNA diet group than in the control diet

group (Fig. 1b). In addition, the level of IFN-c production

was significantly lower in the DNA diet group than in the

control diet group (Fig. 1a). In contrast to BALB/c mice,

DNA significantly decreased the level of IL-4 production

(Fig. 1b) and, moreover, significantly increased the level of

IFN-c production in TLR9 KO mice (Fig. 1a).
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Fig. 1 Effects of DNA on ex vivo OVA-specific IFN-c and IL-4

production in OVA-immunized BALB/c and TLR9 KO mice. BALB/c

mice were fed test food and immunized with OVA twice. Splenocytes

from DNA diet-fed mice were cultured with OVA for 72 h. Levels of

IFN-c (a) and IL-4 (b) upon stimulation with OVA were measured by

ELISA. Each value is the mean ± SD of 6 to 8 mice/group. The

interaction between DNA diet and TLR9 KO phenotype was \0.001.

Means at a concentration without a common letter differ (P \ 0.05)
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DNA does not change the cytokine production

in DO11.10 mice

Since a regulatory effect of DNA on cytokine production

was observed in OVA-immunized mice, we examined the

effect of DNA on cytokine production profile in DO11.10

mice to determine whether the effect is a direct effect on T

cells. DO11.10 spleen cells responded to OVA and pro-

duced IL-4 and IFN-c, but a significant difference was not

found between the groups (Fig. 2).

DNA affects the function of CD11c? DCs

To address the target cell populations that affect the

Ag-specific immune responses in DNA-fed mice, we

investigated the function of dendritic cells, which are major

Ag-presenting cells. We purified CD11c? dendritic cells

from control and DNA-fed mouse splenocytes and co-

cultured the cells with CD4? T cells from OVA-specific

TCR transgenic mice. As shown in Fig. 3, CD11c? dendritic

cells from DNA-fed mice induced more IL-4 production than

did CD11c? dendritic cells from control mice. In contrast,

the level of IFN-c production in the DNA diet group was

lower than that in the control diet group.

Discussion

The identification of a functional polarization of mouse

CD4? Th-cell clones based on their cytokine secretion

profiles has provided a molecular insight into the regulation

of immune responses. Th1 cells producing IL-2, IFN-c, and

LTb represent a T-cell subset that is important for

enhancing cellular immune responses, while Th2 cells,

characterized by their secretion of IL-4, IL-5, IL-6, IL-10,

and IL-13, evoke the production of IgE and accumulation

of eosinophils [19, 20]. In this study, we showed that

dietary DNA modulates Ag-specific cytokine production.

Previous studies have suggested that dietary nucleotides

and RNA up-regulate Ag-specific Th1 cytokine production
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Fig. 2 Effects of DNA on

IFN-c and IL-4 production in

DO11.10 mice. DO11.10 mice

were given test food for

28 days. Splenocytes from

DNA diet-fed mice were

cultured with OVA for 48 h.

Levels of IFN-c (a) and IL-4

(b) upon OVA stimulation in

DO11.10 mice were measured

by ELISA. Each value is the

mean ± SD of 6 to 8 mice/

group
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Fig. 3 Effect of DNA on

function of CD11c? dendritic

cells. CD11c? dendritic cells

were purified from control and

DNA diet-fed mice as described

in the ‘‘Materials and methods’’

section. CD11c? cells were

co-cultured with DO11.10

mouse CD4? T cells in the

presence of OVA. Levels of

IFN-c (a) and IL-4

(b) production when CD4?

T cells were cultured without

DCs were less than 2

and 10 pg/mL, respectively
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and modulate Th1/Th2 balance toward Th1 responses

[12–14]. In contrast to the results obtained for nucleotides

and RNA, the high molecular weight of DNA preferentially

induces Ag-specific IL-4-producing cells in OVA-immu-

nized BALB/c mice (Fig. 1). To our knowledge, this is the

first study showing the DNA induces Th2 response in vivo.

To examine whether the effect of DNA on CD4? T-cell

function is direct, CD4? T cells from DO11.10 transgenic

mice fed the DNA diet were stimulated with OVA and

cytokine production was determined in vitro. Levels of

IFN-c and IL-4 production in the DNA diet group were

similar to those in the control diet group (Fig. 2), sug-

gesting that DNA does not affect cytokine production from

CD4? T cells directly. Furthermore, a difference in IFN-c
and IL-4 production from CD4? T cells was not observed

between the control and DNA diet groups when these cells

were stimulated with anti-CD3 mAb (data not shown).

Naı̈ve CD4? T cells recognize antigenic peptide/MHC

class II complex on Ag-presenting cells and differentiate

into either Th1 or Th2. To address the possibility that DNA

influences the function of dendritic cells, which are Ag-

presenting cells, DO11.10 mouse CD4? cells were co-

cultured with splenic DCs from mice fed control and DNA

diets. As shown in Fig. 3, DCs from DNA-fed mice had the

ability to induce more production of IL-4 from DO11.10

mouse CD4? cells than did DCs from control mice.

Therefore, the effect of DNA on the induction of Th2 is

related to DC function.

Immune regulatory effects of nucleotides have been

shown by many studies. However, there has been no study

in which the role of TLR9 in those immune regulatory

effects was examined. To identify this issue, we used TLR9

KO mice and investigated the effect of DNA on cytokine

production in these mice. Interestingly, induction of Th2 by

DNA was cancelled in TLR9 KO mice (Fig. 1). CpG DNA

is known to be a ligand for TLR9 and to induce Th1-

dominant immune response [21]. Vollmer et al. found that

some non-CpG DDNA induces Th2-biased immune

response and in a TLR9-dependent manner. The study

defines a new efficient immune stimulatory motif aside

from CpG dinucleotide that consists of a 50-TC dinucleo-

tide in a thymidine-rich background [22]. In another study,

as a vaccine adjuvant in mice, non-CpG DDNA induced

Th2-dominated immune response, in contrast to the Th1-

biased effects seen with CpG DNA [23–25]. In this study,

dietary DNA affected the cytokine production profile dif-

ferently in BALB/c and TLR9KO BALB/c mice; a Th2-

dominant immune response was induced in BALB/c mice,

whereas a Th1-dominant immune response was induced in

TLR9KO BALB/c mice. The exact mechanism was not

determined in this study. It has been shown that nucleoside

and/or nucleotide preferentially induce a Th1 immune

response [21] and that non-CpG motif DNA induces a Th2

immune response [22]. Considering these facts, we spec-

ulate that the effect of non-CpG motif DNA exceeds the

effect of nucleoside and/or nucleotide in BALB/c mice,

whereas the effect of nucleoside and/or nucleotide exceeds

the effect of non-CpG motif DNA in TLR9KO mice.

Further study is needed to elucidate the mechanism of

dietary DNA-mediated immune regulation and to deter-

mine whether this motif exists in the DNA used in this

study.

Although immune modulation by dietary nucleoside,

nucleotide, and ribonucleotide has been extensively stud-

ied, studies on the effect of high molecular weight DNA

have been limited. In this study, we used salmon milt DNA

because it is a commercially available product and has

been used in animal studies and is supplemented with the

enteral alimentation formula for humans. In animal studies,

salmon milt DNA has been shown to enhance lymphocyte

function and antibody response [26, 27].

To examine the possibility that DNA influences

immune function by changing the composition of micro-

flora in the intestine, intestinal microflora in the control

and DNA diet groups was compared by the terminal

restriction fragment length polymorphism assay. When

the PCR product of 16S ribosome RNA gene was

digested with HhaI, 250- to 270-bp peak areas were

decreased in DNA-fed mice compared to those in control

mice. Furthermore, reduced 550- to 570-bp peak areas

were observed in the DNA diet group when the PCR

product was digested with MspI. Reduced peak areas

correspond to Lactobacillus delbrueckii, Lactobacillus

animalis, or Enterococcus faecalis. The terminal restric-

tion fragment length polymorphism assay is useful for

analyzing most of the bacterial species in the intestine,

but the results obtained are not quantitative. Although we

determined the number of Lactobacillus bacteria in the

intestine by the selected culture plate method, a signifi-

cant difference was not observed between the control and

DNA groups (data not shown). Further study is needed to

determine whether dietary DNA alters the composition of

microflora in the intestine.

In this study, we showed that dietary DNA induces Th2

immune response in OVA-immunized BALB/c mice. Th2

responses might have therapeutic applications for a number

of diseases such as Crohn’s disease or organ-specific

autoimmune disorders. Furthermore, it has recently been

reported that T cells crucially contribute to the develop-

ment of type 2 diabetes and other elements of metabolic

syndrome [28–30]. A study by Winer et al. [28] suggested

that smaller Th2-cell proportions in diet-induced obesity-

associated visceral adipose tissue represent a candidate

mechanism for worsening metabolic control in progres-

sively obese mice and strategies that increase Th2-cell

content might be of therapeutic benefit.
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