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SUMMARY

CD8+ T lymphocytes producing high levels of interferon-c (IFN-c) and expressing antigen speci®c

cytotoxic activity are effectively induced after plasmid DNA vaccination and mediate protection

against several intracellular micro-organisms. Recent evidence suggests that the priming of CD8+ T-

cell responses following DNA injection involves antigen presentation mediated by dendritic cells.

Here, we show that bacterial DNA and synthetic oligonucleotides containing dinucleotide (CpG)

motifs activate cytokine expression in dendritic cells and modulate in vivo CD8+ T-cell priming and

differentiation.

INTRODUCTION

It is now well established that immunization with plasmid

DNA stimulates speci®c cellular and humoral immune

responses1,2 and protective immunity against several bacterial,

viral and parasitic diseases;3±5 these remarkable effects seem to

be associated with the ability of the plasmid DNA to act as an

adjuvant, stimulating cytokine production by professional

antigen-presenting cells and with the speci®c gene expression

and ef®cient priming of naiÈve CD4+ and CD8+ T cells.6 In fact

bacterial DNA and synthetic oligonucleotides containing

unmethylated dinucleotide (CpG) motifs have been shown to

directly stimulate monocytes and B cells in vitro to produce

cytokines.7,8 In addition, in vivo studies using b-galactosidase

as a model antigen demonstrated that the priming and

expansion of T helper 1 (Th1) T cells induced by DNA

vaccination was optimal when the plasmid backbone contained

such immunostimulatory motifs,9 and CpG-containing oligo-

nucleotides (CG-ODN) act as Th1 adjuvants when co-injected

with hen egg lysosome in incomplete Freund's adjuvant.10

Recent evidence strongly suggests that the priming of CD8+

T-cell responses following DNA vaccination involves antigen

presentation mediated by dendritic cells;11 however, very little

is known about the direct adjuvant effect of bacterial DNA on

dendritic cells and it is not clear if the adjuvant activity,

associated with bacterial DNA in vivo, results in more ef®cient

CD8+ T-cell priming and differentiation. In this study we have

analysed the ability of synthetic oligonucleotides (ODN)

containing CpG motifs (CG-ODN) to stimulate interleukin

(IL)-6, IL-12, interferon (IFN)-a and IFN-b gene expression in

dendritic cells; in addition, using transgenic mice that express a

T-cell receptor (TCR) speci®c for a peptide aa 366±374 of the

nucleoprotein of the in¯uenza virus A/NT/60/68,12 we show

that speci®c in vitro priming of CD8+ T cells cultured with CG-

ODN and in vivo co-injection of oligonucleotides containing

these immunostimulatory motifs with speci®c antigen, favours

the differentiation of CD8+ T cells into T cytotoxic 1 (Tc1) cells

producing high levels of IFN-c and expressing antigen-speci®c

cytotoxic activity.

MATERIALS AND METHODS

Animals and cell lines

Female C57BL/10, and F5 Rag±/± TCR transgenic mice12

(generously provided by D. Kioussis, The National Institute

for Medical Research, London, UK) were kept in conventional

animal facilities at the National Institute for Medical Research

and used at 4±8 weeks of age. The dendritic cell line ts-Dc13

(generously provided by A. Volkmann and B. Stockinger, The

National Institute for Medical Research) was cultured in 6- or

24-well plates (Nunc, Roskilde, Denmark) at 1r105 cells/ml in

Dulbecco's modi®ed Eagle's medium (DMEM) (Flow Labora-

tories, High Wycombe, UK), supplemented with 10% fetal calf

serum (FCS), and 10 mM glutamine and kept at 36.5u. The

thymoma EL-4 was maintained in DMEM medium supple-

mented with 10% FCS, glutamine and 50 mM 2-mercaptoetha-

nol (2-ME).

ODN stimulation and peptide immunization

CG-ODN (GCATGACGTTGAGCT) and GG-ODN (GCA-

TGAGGTTGAGCT) phosphorothioated oligonucleotides
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were synthesized according to previously published sequences8

and were puri®ed using HPLC by Oswell DNA (Southampton,

UK). Dendritic or spleen cells were stimulated with 100 mg/ml

ODN. For the in vivo experiments the ODN were used at

0.5 mg/ml. Mice were injected intraperitoneally with 0.5 ml of

peptide/saline or peptide/ODN solutions. The 9-mer peptide

[NP(366±374)]: Ala-Ser-Asn-Glu-Asn-Met-Asp-Ala-Met was

used at a ®nal concentration of 0.5 mg/ml.

Flow cytometry and cell sorting

After blocking Fc receptors using anti-mouse CD16/CD32

(Pharmingen, Oxford, UK) for 15 min, cells were stained for

20 min in ice with directly conjugated antibodies. Two-colour

¯ow cytometry was used using the following monoclonal

antibodies: phycoerythrin (PE)-conjugated anti-CD8+ clone

53-6.7, ¯uoroscein isothiocyanate (FITC)-conjugated anti-

CD4 clone H129.19, FITC-conjugated anti-CD44 clone IM7,

PE-conjugated anti-CD11c clone HL3, FITC-conjugated anti-

Mac-1 clone M/70 (all obtained from Pharmingen, Oxford,

UK); for the intracellular staining the cells were ®rst stimulated

with phorbol 12-myristate 13-acetate (PMA) 50 ng/ml (Sigma,

Poole, UK), Ionomicin 500 ng/ml (Sigma) and brefeldin-A

10-mg/ml (Sigma) for 4 hr at 37u. After washing, Fc receptors

were blocked and the cells stained for 20 min in ice with FITC-

conjugated anti-CD8+ monoclonal antibody 53-6.7, cells were

®xed for 20 min at room temperature in 4% formaldehyde

resuspended in hypertonic phosphate-buffered saline (PBS)

and, after washing, permeabilized in 0.5% saponin buffer

(Sigma). For staining, ®xed cells were incubated with PE-

conjugated anti IFN-c monoclonal antibody or PE-conjugated

anti-IL-4 monoclonal antibody (obtained from Pharmingen)

for 30 min. The cells were washed and analysed using a

¯uorescence-activated cell sorter (FACScan; Becton Dickin-

son, Oxford, UK) and FACScan software (WinMDI 2.6, The

Scripps Research Institute, La Jolla, CA). To purify dendritic

cells from spleens, collagenase and DNase treated spleen cells

were washed and stained with FITC-conjugated anti-Mac 1

and PE-conjugated anti-CD11c monoclonal antibodies and

sorted using a FACStar ¯ow cytometer. Cells were sorted

into the CD11chigh and Mac-1low stained population. Bone-

marrow-derived dendritic cells were generated by culturing

5r106 bone marrow cells in 10 ml culture medium containing

10% supernatant from Ag8.653 myeloma cells transfected with

mouse granulocyte±macrophage colony-stimulating factor

(GM-CSF) (generously provided by B. Stockinger, National

institute for Medical Research). On day 4, non-adherent

granulocytes were removed; the loosely adherent cells were

collected at day 7 and depleted of B220 expressing cells by co-

incubation with monoclonal antibody anti-B220 (clone

RA3-6B2; Pharmingen) and complement (Cedarlane Lab.

Ontario, Canada). The remaining cells were stained with PE-

conjugated anti-CD11c and a biotinylated anti-major histo-

compatibility complex (MHC) class IIB (generously provided

by O. Williams. The National Institute for Medical Research);

the cells were sorted as previously described into CD11chigh and

MHC class IIhigh after staining with streptavidin±FITC.

Cytokine and cytototoxicity assay

Quantitation of cytokines produced by cultured cells was

carried out by enzyme-linked immunosorbent assay (ELISA)

using commercially available kits (Genzyme, Cambridge, MA

for the determination of total IL-12 (p40) or Amersham

International, Amersham, UK for IL-6, IL-4 and IFN-c). For

the determination of IL-12 and IL-6, culture supernatants were

collected 12±24 hr after the addition of ODNs. The analyses for

IL-4 and IFN-c secreted by spleen cells from TCR transgenic

mice, were carried out after 40±48 hr of in vitro culture or 24 hr

after re-stimulation with speci®c peptide NP 366±374. To

determine the induction of cytotoxic T cells, JAM cytotoxicity

tests were performed.14 To test for peptide speci®c cytotoxic

cells, EL-4 (H-2b) target cells were incubated with 50 mg/ml of

NP aa 366±374 for 30 min at 37u, radio-labelled using

[3H]methyl-thymidine (Amersham) and used at 100 : 1 effec-

tor : target ratios; effector T cells were obtained directly from

the spleen of immunized animals depleted of red blood cells by

hypo-osmotic shock and were not stimulated in vitro before

adding to the assay.

Detection of cytokine gene expression by reverse transcription±

polymerase chain reaction (RT±PCR)

Total RNA was isolated from 106 dendritic cells using a

standard guanidinium thiocyanate/phenol/chloroform extrac-

tion and alcohol precipitation procedure, as previously

described.15 A DNA digestion step was included to avoid

any genomic DNA contamination. PCR ampli®cation was

carried out using speci®c amplimer pairs for: IFN-a (sense 5k-
GAC TCA TCT GCT GCT TGG AAT GCA ACC CTC C-3k;
antisense 5k-GAC TCA CTC CTT CTC CTC ACT CAG TCT

TGC C-3kgiving a 294-bp DNA product); IFN-b (sense 5k-
CAG CTC CAG CTC CAA GAA AGG ACG AAC ATT CG-

3k; antisense 5k-CCA CCA CTC ATT CTG AGG CAT CAA

CTG ACA GG-3k giving a 509-bp DNA product); IL-6 (sense

5k -ATG AAG TTC CTC TCT GCA AGA GAC T-3k;
antisense 5k-CAC TAG GTT TGC CGA GTA GAT CTC-3k
giving a 638-bp DNA product); IL-12 p40 (sense 5k-CAG AAG

CTA ACC ATC TCC TGG TTT G-3k; antisense 5k-TCC GGA

GTA ATT TGG TGC TTC ACA-3k giving a 394-bp DNA

product). All primers were obtained from Clontech, Palo Alto,

CA. The preparation of PCR reaction mixture and pipetting of

samples were performed in a category II laminar ¯ow hood.

The PCR mixture contained 5 ml of 10rPCR buffer, 5 ml of

25 mM MgCl2, 1 ml of 10 mM deoxynucleoside triphosphate

(dNTP), 0.5 ml of 20 mM primers, 0.5 ml of Taq polymerase

5 U/ml and 5 ml of cDNA. The b-actin primers used as

normalizing controls for the PCR reactions were: sense 5k-
ATG GAT GAC GAT ATC GCT-3k; antisense 5k-ATG AGG

TAG TCT GTC AGG T-3k giving a 540-bp DNA product.

PCR products were visualized by electrophoresis through 1.2%

agarose containing ethidium bromide.

RESULTS

CG-ODN stimulate speci®c cytokine gene expression in

dendritic cells

Initially we studied the ability of synthetic oligonucleotides

CG-ODN or GG-ODN to stimulate cytokine gene expression

using the conditionally immortalized bone-marrow-derived

dendritic cell line tsDC. These cells when cultured at 36.5u are

able to grow in the absence of GM-CSF and share most of the

phenotypic cell surface markers of immature dendritic cells.13

When tsDC cells were stimulated with oligonucleotides
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containing CpG motifs (CG-ODN) speci®c expression of

mRNAs for IFN-a, IFN-b, IL-6 and IL-12 p40 was observed

as detected by RT±PCR; however, expression of these

cytokines was not observed in GG-ODN or saline stimulated

tsDC cells (Fig. 1). To con®rm these results we investigated

further the ability of CG-ODN or GG-ODN to stimulate tsDC

cells to secrete these cytokines. There was a high level of IL-6

and IL-12 (p40) in the supernatants of the tsDC cells stimulated

with CG-ODNs, however, these cytokines were not secreted

when the cells were stimulated with GG-ODN or were treated

with saline (Fig. 2a). It was important to determine if the CG-

ODNs or GG-ODNs would stimulate cytokine secretion in

primary dendritic cells isolated from the spleen or bone

marrow. Spleens from C57/BL10 mice were treated with

collagenase and DNAse; the cells were then sorted by FACS

into CD11chigh and Mac-1low (Fig. 2b) and cultured for 6 hr

before they were stimulated with the ODNs. As shown in

Fig. 2(c), signi®cant levels of IL-6 and IL-12 (p40) were once

again present in the supernatants of CG-ODN-stimulated

splenic dendritic cells, but were absent in the supernatants of

GG-ODN or saline treated cells. In addition CG-ODN were

able to stimulate B220+-depleted bone marrow-derived

CD11chigh and MHC class IIhigh dendritic cells (Fig. 3a) to

produce high levels of these cytokines (Fig. 3b).

IFN-b IL-12 p40

IFN-a IL-6

b-actin

Figure 1. RT-PCR analysis for the detection of IL-6, IL-12(p40), IFN-a-, IFN-b- and b-actin-speci®c mRNAs after oligonucleotide

stimulation. Total RNA obtained from non-stimulated or from CG-ODN, GG-ODN or saline-stimulated dendritic cells, was reverse

transcribed and ampli®ed with speci®c primers. ts-Dc cells (106) were cultured in the presence or absence of ODNs for 24 hr before the

RNAs were extracted.
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Cytokine production by F5-TCR transgenic spleen cells in

response to speci®c antigen stimulation in the presence of

CG-ODN

Previous studies demonstrated that effector CD8+ T cells

secrete substantially more IFN-c when generated with IL-12,16

suggesting a pivotal role of this cytokine in promoting the

differentiation of Tc1 cells; because the stimulation of dendritic

cells with CG-ODN induced high IL-12 production, we

hypothesised that speci®c priming of naõÈve CD8+ T cells in

the presence of CG-ODN-stimulated antigen-presenting cells

could favour the differentiation of Tc1 cells. To study the effect

of CG-ODNs in the priming and activation of CD8+ T cells

in vitro, we cultured spleen cells from transgenic mice that

express a TCR speci®c for a peptide aa 366±374 of the

nucleoprotein of the in¯uenza virus A/NT/60/68, with speci®c

antigen and CG-ODNs, GG-ODNs or saline. Transgenic

spleen cells cultured in vitro with CG-ODNs in the absence of

speci®c peptide stimulation, secreted IL-12 and low levels of

IFN-c; however, as expected, the level of IFN-c secreted in

response to speci®c peptide stimulation was higher and there

was a signi®cant increase in the levels of IFN-c secreted when

the spleen cells were activated with speci®c peptide in the

IL-12

IL-6

(a)

(b)

MHC class ΙΙ

Figure 3. CG-ODNs stimulate IL-6 and IL-12 (p40) secretion by bone-

marrow-derived dendritic cells. The cells were puri®ed from cultures of

GM-CSF supplemented bone marrow cells by FACS sorting using

monoclonal antibodies (mAb) to CD11c and MHC class II; the labelled

CD11chigh and MHC class IIhigh cells are shown in (a). Bone-marrow-

derived DCs (5r104) (b) were cultured with CG-ODNs, GG-ODNs or

saline. The ODNs were used at 100 mg/ml and the supernatants were

assayed by ELISA for total IL-12 (p40) or IL-6 24 hr later. Error bars

show standard deviations. One of two representative experiments is

shown.

(c)

pg
/m

l

IL-12

IL-6

(a)
pg

/m
l

IL-12

IL-6

(b)

C
D

11
c

Mac-1

Figure 2. CG-ODNs stimulate IL-6 and IL-12 (p40) secretion by

dendritic cells. 106 Ts-DC cells (a) or 5r104 primary dendritic cells

from spleens (c) were cultured with CG-ODNs, GG-ODNs or saline;

the ODNs were used at 100 mg/ml and the supernatants were assayed by

ELISA for total IL-12 (p40) or IL-6 24 hr later. Error bars show

standard deviations; one of two representative experiments is shown.

Primary dendritic cells were puri®ed from the spleens of normal

C57BL/10 mice by FACS sorting using Mo Abs to CD11c and Mac-1;

the sorted labelled CD11chigh and Mac1low cells are shown in (b).
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presence of CG-ODNs (Fig. 4a, b). The increased level of

IFN-c observed in the primary cultures was paralleled with a

very high level of IFN-c secreted by the peptide-restimulated

transgenic T cells. Transgenic spleen cells cultured in vitro with

speci®c antigen for 4±5 days and then restimulated, produced

very high levels of IFN-c and the presence of CG-ODN in the

primary culture period increased the levels of IFN-c secreted in

response to peptide speci®c re-stimulation (Fig. 4c). It should

be noted that these cells did not produce IFN-c unless

restimulated with speci®c antigen and that the levels of IL-4

secreted were lower than 10 pg/ml in all the cultures (not

shown). Importantly, blocking IL-12 during the generation of

effectors with CG-ODN and peptide, diminished substantially

the secretion of IFN-c after antigen speci®c re-stimulation

(Fig. 4c).

Co-injection of CG-ODN with speci®c antigen promotes TC1

priming

To test in vivo the effect of CG-ODNs in the priming of Tc1

cells, we co-injected F5-TCR transgenic mice with speci®c

peptide and CG-ODNs, GG-ODNs or saline and analysed the

proportion of IFN-c expressing cells directly in the CD8+ cell

population using FACS analysis. The injection of speci®c

peptide in these mice induced a change in the proportion of

CD8+ and CD44+ cells in the spleens at day 3 in all groups,

demonstrating the activation of speci®c CD8+ T cells after

intraperitoneal administration of cognate antigen (Fig. 5).

Importantly, the proportion of CD8+ T cells that expressed

IFN-c was signi®cantly higher in the CG-ODN/peptide treated

mice when compared with the GG-ODN/peptide or saline/pep-

tide co-injected mice. We only detected trace amounts of IL-4

in these cultures and there was no signi®cant difference in the

levels of IL-4 detected as determined by ELISA and FACS

analysis between the different groups (data not shown).

Co-injection of CG-ODN with speci®c peptide promotes

cytotoxic T lymphocyte (CTL) priming

To test if the co-injection of CG-ODN/peptide would promote

differentiation of precursor CTLs into effector cytotoxic T cells,

we analysed the speci®c cytotoxic activity from the spleen cells

after in vivo intraperitoneal injection with ODN/peptide or

saline/peptide treatment; we decided not to expand T cells with

IL-2 in vitro in order to have a closer measure of the ODN's

effect in vivo. Our results demonstrated that spleen cells from

mice immunised with CG-ODN/peptide were more ef®cient in

lysing 9-mer NP 366-374 pulsed EL-4 cells compared to spleen

cells from mice immunized with GG-ODN/peptide or saline/-

peptide (Fig. 6).

DISCUSSION

We and others have found that immunization of mice with

plasmid DNA induces speci®c protective T-cell responses

against a variety of infectious agents;3,4 in many cases the

protective responses obtained after plasmid DNA vaccination

seem to correlate with the speci®c induction of high levels of

CD8+ T cells that produce IFN-c and express CTL killing (Tc1

cells).5,17 However, the mechanisms by which plasmid DNA is

able to promote high levels of Tc1 cell priming are not

completely understood. Here, we show that bacterial DNA and

synthetic ODNs containing immunostimulatory CpG motifs

activate cytokine gene expression in dendritic cells. The

induction of IFN-a, IFN-b, IL-6 and IL-12 gene expression

parallels the effects of bacterial DNA observed earlier in

macrophages;7 however, because dendritic cells are the most

effective antigen-presenting cells (APCs) for priming naõÈve

(c)

No peptide

Peptide

(a)

(b)

Figure 4. Comparison of cytokine secretion by spleen cells from F5

Rag±/± TCR transgenic mice stimulated in vitro with speci®c peptide

and ODNs. F5 rag±/± spleen cells (5r105) were cocultured with 2r106

C57/BL10 irradiated spleen cells as APCs and were stimulated with

speci®c peptide NP 366±374, 0.1 mg/ml, in the presence of CG-ODN,

GG-ODN or saline. The supernatants of the primary cultures were

tested for total IL-12 after 24 hr (a) or IFN-c after 48 hr (b). The

stimulated effector CD8+ T cells were harvested after 4±5 days, washed,

adjusted to 5r104 cells/well and restimulated with 106 irradiated spleen

cells and speci®c peptide at a concentration of 0.1 ng/ml. Supernatants

generated in the re-stimulated cultures were harvested after 24 hr and

the levels of IFN-c detected as determined by ELISA are shown in (c).

(Error bars show standard deviations.)
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T cells and because dendritic cells isolated from the lymph

nodes of DNA-vaccinated mice are able to present speci®c

antigen to CD4+ and CD8+ T cells11,18,19 it is likely that

dendritic cell-derived costimulatory cytokines are of primary

importance in the priming and differentiation of protective

CD8+ T cells. Recently, Sparwasser et al.20 demonstrated

activation of bone-marrow-derived dendritic cells by CG-

ODNs and plasmid DNA; our data con®rm these results and

show a direct effect of CG-ODNs in affecting T-cell

differentiation, using a TCR transgenic mouse model.

The molecular basis for the induction of cytokine gene

expression after CG-ODN stimulation is not known, but

studies using B cells have suggested a role for the speci®c

activation of the nuclear factor kB (NF-kB) transcription

factor in CG-ODN transfected cells.21 The possibility that, in

our experiments, the effects of the CG-ODNs were caused by

contaminating lipopolysaccharide (LPS) is unlikely since the

concentration of LPS, as measured by the Limulus amoebocyte

assay, was lower than 1 ng LPS/mg DNA, in addition the

control GG-ODNs were synthesized using the same conditions.

It is dif®cult to study the differentiation of antigen speci®c

CD8+ T cells because of their low frequency. To overcome this

problem we used TCR transgenic mice in which the majority of

T cells recognize a particular antigen, in this case peptide NP

366±374. We cocultured transgenic spleen cells with speci®c

antigen and CG-ODNs or GG-ODNs and showed that the

presence of ODNs containing immunostimulatory CpG motifs

in the primary cultures favours the differentiation of CD8+

T cells into Tc1 cells that produce high levels of IFN-c;

similarly, we codelivered, in vivo, speci®c antigen with CG-

ODNs or GG-ODNs and showed that the injection of ODNs

containing immunostimulatory CpG motifs favours the

differentiation of CD8+ T cells in to Tc1 cells that produce

IFN-c and express antigen-speci®c cytotoxic activity. Our

results are consistent with the interpretation that the immu-

nostimulatory ODNs promote Tc1 priming and differen-

tiation by inducing a high level of costimulatory activity in

IF
N

-c
IF

N
-c

IF
N

-c
IF

N
-c

Figure 5. Flow cytometric analysis of spleen cells from immunised F5

Rag±/± TCR transgenic mice. Cells from two to three naõÈve or CG-

ODN/peptide, GG-ODN/peptide or saline/peptide-immunized trans-

genic mice were prepared from the spleens 3 days after immunization

and directly stained with mAbs to assess the expression of CD44 and

CD8 (left) or expanded in vitro in IL-2 supplemented media for 4±

6 days and then stimulated with PMA and ionomycin in the presence of

protein secretion inhibitor; after surface staining with anti-CD8+ mAb,

cells were ®xed, permeabilized and intracellularly accumulated IFN-c

was detected using a speci®c PE-labelled mAb (right). Similar results

were obtained from two separate experiments.

EL-4NP

EL-4

Vaccine

%
 S
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ci

fic
 ly
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s

Figure 6. CTL activity of effector CD8+ T cells from immunized F5

Rag±/± TCR transgenic mice. CTL effectors were obtained from the

spleens after intraperitoneal immunization with saline/peptide, CG-

ODN/peptide or GG-ODN/peptide and the CTL speci®c activities were

assayed directly ex vivo 3 days after immunization on [3H]-labelled

target EL-4 cells preincubated or not with the NP 366±374 peptide at a

E : T ratio of 100 : 1. The speci®c CTL activities were calculated using

the formula:

% speci®c lysis = (c.p.m. S-c.p.m. E/c.p.m. S)r100

where E = retained DNA in the presence of killers and S = retained

DNA in absence of killers. The experiment was repeated twice with

similar results.
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professional APCs; as IL-12 is a well-characterized promoter of

Tc1 differentiation, it is likely that the up-regulated secretion of

this cytokine participates in this process. However, other

cytokines such as IL-6 and IL-18 could also contribute. The

level of costimulatory molecules expressed in the membranes of

dendritic cells is also very important in the process of CD8+

T cell priming and differentiation; we are currently studying

these effects in our system.

The priming of speci®c CD8+ T cells following DNA

injection has recently been widely studied.22,23 Sprent et al.24

showed that the proliferative response of speci®c CD8+ T cells

to cognate peptide and CG-ODNs was signi®cantly higher and

more prolonged than the response to peptide alone. Our results

demonstrate that co-immunization with synthetic ODN

containing CpG motifs promotes CD8+ priming and differ-

entiation, and demonstrate the potential for a direct interaction

between foreign DNA and dendritic cells, the most potent

primary APC. These results could have important implications

in vaccine and peptide immunotherapy.
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