
Optimal stimulation for CD70 induction on human monocyte-derived
dendritic cells and the importance of CD70 in naive CD4

+ T-cell

differentiation

Introduction

Dendritic cells (DCs) play a pivotal role in determining

the magnitude and quality of naive T-cell responses. In

humans, monocyte-derived DCs (MoDCs) have been

widely used for investigating basic functions of DCs and

as a tool for tumour immunotherapy. It is therefore

important to elucidate how MoDCs control naive T-cell

differentiation so as to extend the knowledge about DC

biology and its clinical application.

A variety of costimulatory molecules expressed on DCs

greatly influence the consequences of naive T-cell stimula-

tion. Among such costimulatory molecules, tumour necro-

sis factor (TNF) family members play a critical role in

augmenting the responses of T cells that express receptors

belonging to the TNF receptor family.1 Recent studies have
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Summary

Studies in mice have shown that CD70 on dendritic cells (DCs) is suffi-

cient to convert T-cell tolerance into immunity and hence induce anti-

tumour immune responses. Therefore, it is important to investigate (i)

optimal stimuli to induce CD70 on human monocyte-derived DCs (MoD-

Cs), which are widely used for tumour immunotherapy, and (ii) the role

of CD70 in functional differentiation of naive CD4+ and CD8+ T cells

stimulated with MoDCs. We show that interferon-a (IFN-a) is a key cyto-

kine to differentiate monocytes into DCs with the capacity to express

CD70 upon maturation. CD70 expression on IFN-a-induced MoDCs was

elicited by different categories of maturation-inducing factors (Toll-like

receptor ligands, CD40 ligand and pro-inflammatory mediators), among

which prostaglandin E2 was most effective. Naive T cells stimulated with

MoDCs also expressed CD70. Stimulation with MoDCs promoted naive

CD4+ T cells to acquire the ability to produce T helper type 1 and 2 cyto-

kines in a CD70-dependent manner. In contrast, the CD70–CD27 interac-

tion diminished the production of an immunoregulatory cytokine IL-10.

The CD27 signal did not play a dominant role in the induction of effector

molecules in naive CD8+ T cells during the stimulation with MoDCs. This

study adds a novel function to the versatile cytokines, type I IFNs, that is,

the induction of CD70 on MoDCs. CD70 promotes naive CD4+ T cells to

acquire immunostimulatory activity through the DC–T-cell and T-cell–

T-cell interactions during the stimulation with MoDCs. Hence, the CD70–

CD27 interaction may play an important role in inducing effective

immune responses in DC-based immunotherapy.
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receptor; TNF, tumour necrosis factor.
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revealed that, among these ligand–receptor pairs, the

CD70–CD27 interaction plays an important role in

enhancing T-cell responses2 by promoting T-cell survival3,4

and by enhancing effector functions.5–8 CD27 is constitu-

tively expressed on naive T cells, in contrast to other mem-

bers of the TNF receptor family.9 This suggests that the

CD70–CD27 interaction plays a role in the activation of

naive T cells during primary immune responses. Further-

more, recent studies have shown that sole expression of

CD70 on DCs is sufficient to convert CD8+ T-cell tolerance

into immunity10 and so to induce anti-tumour immune

responses11 in mice. Therefore, it is crucial to elucidate

optimal stimulation to induce CD70 on human MoDCs

and the role of CD70 during activation of naive T cells with

MoDCs, given the importance of CD70 in the induction of

robust immune responses in mice and the wide use of

MoDCs for tumour immunotherapy in humans.

Different cytokines have been used in combination with

granulocyte–macrophage colony-stimulating factor (GM-

CSF) to induce immature DCs from monocytes. Whereas

interleukin-4 (IL-4) is most commonly used, interferon-a
(IFN-a),12 TNF-a13,14 and IL-1515 have been shown to

induce MoDCs. Although monocytes are most often cul-

tured with GM-CSF and IL-4 for 5–7 days, it has been

reported that 2-day culture with GM-CSF and IL-4 is suf-

ficient to induce equivalently competent DCs.16,17 Mono-

cytes are also cultured with GM-CSF and IFN-a for only

3 days to develop into potent DCs.12 There are three cate-

gories of maturation-inducing factors for DCs: (i) Toll-

like receptor (TLR) ligands, (ii) CD40 ligand (CD40L)

and (iii) soluble pro-inflammatory mediators [e.g. cyto-

kines and prostaglandins (PGs)]. Moreover, although

RPMI-1640 containing fetal calf serum (FCS) is most

often used to culture MoDCs for in vitro studies, a

serum-free medium is desirable for clinical use from the

viewpoints of safety and lot-to-lot consistency. There are

four parameters of culture conditions to induce mature

MoDCs: (i) basal cytokines (IL-4, IFN-a, TNF-a and IL-

15), (ii) culture periods to induce immature MoDCs, (iii)

maturation-inducing factors and (iv) culture media.

Recent studies investigated part of these parameters to

find out the conditions to induce CD70 on MoDCs. For

example, it has been shown that MoDCs induced with

IL-418 or TNF-a14 and matured with lipopolysaccharide

(LPS) as well as MoDCs induced with IL-4 and matured

with PGE2-containing stimuli19 express CD70. However,

these studies are not comprehensive, and some of the

conditions14,18 are not compatible with clinical applica-

tion because of the use of calf serum. Furthermore, there

has been no study that examined functional consequences

of the CD70–CD27 interaction during stimulation of

naive T cells with MoDCs.

Here we comprehensively examined (i) clinically appli-

cable stimulation that induces MoDCs to express CD70

most efficiently and (ii) the effects of the CD70–CD27

interaction on functional differentiation of naive CD4+

and CD8+ T cells during the stimulation with MoDCs.

This is the first study showing that (i) IFN-a is a basal

cytokine to induce CD70 most efficiently on MoDCs and

that (ii) the CD70–CD27 interaction promotes naive

CD4+ T cells to produce a broad range of immunostimu-

latory molecules during the stimulation with MoDCs.

This study indicates an importance of the CD70–CD27

interaction in DC-based immunotherapy.

Materials and methods

Media and reagents

RPMI-1640 (Sigma-Aldrich, St Louis, MO) supplemented

with 10% heat-inactivated FCS (ThermoTrace, Victoria,

Australia), 2 mM L-glutamine, penicillin G, streptomycin

(Gibco BRL, Carlsbad, CA), and 10 mM HEPES (Nacalai

tesque, Kyoto, Japan) (referred to as R10) and CellGro

DC Medium (CellGenix Technologie Transfer GmbH,

Freiburg, Germany) were used as culture media. Mouse

anti-human CD70 monoclonal antibody (mAb) 2F11

(immunoglobulin G1)20 was used to block the interaction

between CD70 and CD27.

Generation and phenotypic analysis of MoDCs

Peripheral blood mononuclear cells (PBMCs) were

obtained from buffy coats of healthy donors, obtained

with written informed consent under the approval by the

Institutional Review Board at Graduate School of Medi-

cine, Kyoto University. Monocytes were purified from

PBMCs by positive selection using anti-CD14-cojugated

microbeads (Miltenyi Biotec, Bergisch Gladbach, Ger-

many) and cultured for 3 or 7 days in the presence of

50 ng/ml GM-CSF (a gift from Schering-Plough Research

Institute, Kenilworth, NJ) together with either 1000 U/ml

IFN-a (Intron A, Schering-Plough), 40 ng/ml IL-4, 10 ng/

ml TNF-a or 200 ng/ml IL-15 (PeproTech, London, UK)

to induce immature MoDCs (referred to as IFN-DCs,

IL-4-DCs, TNF-DCs and IL-15-DCs, respectively). On

days 3 and 7, half of the medium was exchanged for a

fresh medium supplemented with the cytokines used dur-

ing the first 3 days, and maturation-inducing stimuli were

added as follows: 12�5 lg/ml polyinosinic-polycytidylic

acid (poly I:C) (Pharmacia Biotech, Uppsala, Sweden),

100 ng/ml LPS (from Escherichia coli O111:B4, Sigma-

Aldrich), human CD40L-transfected L cells21 (irradiated

with 5500 rads) at one L cell for five DCs, or a mixture

of 10 ng/ml TNF-a, 10 ng/ml IL-1b, 1000 U/ml IL-6

(PeproTech), and 1 lg/ml PGE2 (MP Biomedicals, Solon,

OH) (referred to as a PGE2 cocktail). Dendritic cells were

stained with fluorescein isothiocyanate (FITC)-labelled

anti-CD86 mAb (BD Biosciences, San Jose, CA, USA),

anti-CD70 mAb (clone BU69; Ancell Corporation,
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Bayport, MN), anti-CD70 mAb (clone Ki-24; BD Bio-

sciences), phycoerythrin (PE) -labelled anti-OX40 ligand

(OX40L) mAb (clone ik-1; BD Biosciences), or anti-4-

1BB ligand (4-1BBL) mAb (clone C65-485; BD Bioscienc-

es) after blocking Fcc receptors with human immuno-

globulin G. To show reactivity of the anti-4-1BBL mAb,

we stained L cells, human CD32-transfected L cells,

human CD32/CD40L-transfected L cells, and human

CD32/4-1BBL-double-transfected L cells (gifts from Dr

Yong-Jun Liu, M.D. Anderson Cancer Center, Houston,

TX)22 with PE-labelled anti-CD32 mAb, anti-CD40L mAb

(Beckman Coulter Immunotech, Marseille, France) or

anti-4-1BBL mAb. Dead cells were excluded by staining

with propidium iodide. Cells were analysed by FACSCali-

bur� flow cytometer (BD Biosciences), and data were

analysed with CELLQUEST� software (BD Biosciences).

Isolation of naive CD4+ and CD8+ T cells

The PBMCs were stained with FITC-labelled anti-CD3,

PE-labelled anti-CD45RA and PC5-labelled anti-CD4

mAbs (Beckman Coulter Immunotech), and CD3+ CD4+

CD45RA+ cells were isolated using a FACSAria� cell sor-

ter as naive CD4+ T cells. The PBMCs were stained with

FITC-labelled anti-CCR7 (R&D Systems, Minneapolis,

MN), PE-labelled anti-CD45RA and PC5-labelled anti-

CD8 mAbs (Beckman Coulter Immunotech), and

CD8+ CD45RA+ CCR7+ cells were isolated using FACSA-

ria� cell sorter as naive CD8+ T cells. Reanalysis of the

sorted cells confirmed purity > 98%.

T-cell culture with DCs, analysis of CD70 expression on
T cells, and analysis of cytokine production by enzyme-
linked immunosorbent assay

The IFN-DCs or IL-4-DCs were induced by culturing

monocytes in CellGro DC Medium for 3 days and were

stimulated either with TNF-a, IL-1b and IL-6 or with the

PGE2 cocktail for 3 days. CD4+ CD45RA+ T cells or

CD8+ CD45RA+ CCR7+ T cells (1 · 105 cells) were cocul-

tured for 8 days with 1 · 104 allogeneic MoDCs in R10

in 200 ll/well in 96-well round-bottom culture plates in

the presence of 10 lg/ml anti-CD70 mAb 2F11, 1 lg/ml

human cytotoxic T-lymphocyte antigen 4 (CTLA-4)/Fc

chimeric protein (R&D Systems), or 10 lg/ml iso-

type-matched control mAb. On day 1, 15 U/ml IL-2

(teceleukin, Shionogi & Co., Ltd., Osaka, Japan) and

5 ng/ml IL-7 (PeproTech) were added to the culture of

CD8+ T cells. The stimulated T cells were stained with

FITC-labelled anti-CD70 mAb (BD Biosciences), and were

analysed for CD70 expression by FACSCalibur�. The T

cells were also restimulated at 1 · 106 cells/ml with plate-

bound 10 lg/ml anti-CD3 (OKT3) and 1 lg/ml soluble

anti-CD28 mAbs (BD Biosciences) for 24 h. The super-

natants were harvested and analysed for cytokine by

enzyme-linked immunosorbent assay (ELISA). The fol-

lowing reagents were used for ELISA: human IFNg mAb

clone 2G1, human IFNg mAb biotin-labelled, and horse-

radish peroxidase-conjugated streptavidin (Endogen,

Rockford, IL), OptEIA� human TNF, IL-4 and IL-10

ELISA set (BD Biosciences), human IL-5CytoSets� kit

(Biosource International, Camarillo, CA), and human

IL-13 ELISA kit (Biosource International).

Analysis of intracellular granzyme B by flow cytometry

CD8+ CD45RA+ CCR7+ T cells stimulated with DCs for

8 days were harvested, fixed, permeabilized, and stained

with FITC-labelled anti-granzyme B mAb (BD Bio-

sciences) or an isotype-matched control mAb. Cells were

analysed using FACSCalibur�.

Results

IFN-a is the most potent basal cytokine for the
induction of CD70 on MoDCs

We cultured monocytes in different conditions to search

optimal stimulation to induce the expression of CD70 on

MoDCs. We used (i) IL-4, IFN-a, TNF-a or IL-15 in

combination with GM-CSF as basal cytokines to induce

monocytes to differentiate into immature DCs, (ii) differ-

ent types of maturation-inducing factors: TLR ligands

[poly I:C (TLR3 ligand) and LPS (TLR4 ligand)], CD40L

or the PGE2 cocktail, and (iii) RPMI-1640 containing

10% FCS (referred to as R10) or a serum-free medium,

CellGro DC Medium, as culture medium. CellGro DC

Medium is optimized for the generation of DCs from

monocytes and has been shown to induce potent MoD-

Cs.23 Furthermore, we cultured monocytes for 3 days (a

short period) or 7 days (a standard period) to induce

immature DCs. We examined the expression of CD70

with anti-CD70 mAb clone BU69, and two other TNF

family members, OX40L and 4-1BBL, for comparison.

We examined the expression of CD86 as a marker of

maturation.

First, we cultured monocytes with IL-4 or IFN-a
together with GM-CSF in R10 for 3 days, and then cul-

tured immature DCs without or with maturation-induc-

ing factors (poly I:C, LPS, CD40L or the PGE2 cocktail).

Because the expression levels of CD70 and CD86 gradu-

ally increased until day 3 after stimulation of IFN-DCs

with the PGE2 cocktail and did not further increase on

day 4 (data not shown), we stimulated immature MoDCs

with maturation-inducing factors for 3 days. The

anti-4-1BBL mAb we used stained CD32/4-1BBL-double-

transfected L cells but not parental L cells, CD32-single-

transfected L cells or CD32/CD40L-double-transfected L

cells (Fig. 1a), indicating that the anti-4-1BBL mAb spe-

cifically binds to 4-1BBL.
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When IL-4 was used, immature DCs expressed a low level

of CD86 and did not express detectable levels of CD70,

OX40L or 4-1BBL (Fig. 1b). All the maturation-inducing

stimuli up-regulated the expression of CD86. CD40L or the

PGE2 cocktail, but not the two TLR ligands (poly I:C and

LPS), induced moderate levels of CD70. The combination

of CD40L and the PGE2 cocktail did not exhibit an additive

effect on the induction of CD70. Among these maturation-

inducing stimuli, the PGE2 cocktail induced a moderate

level of OX40L on about half of the DCs. The expression of

4-1BBL was not detectable on any of the DCs.

Similarly, when IFN-a was used, immature DCs

expressed a low level of CD86 and did not express detect-

able levels of CD70, OX40L or 4-1BBL (Fig. 1c). All the

maturation-inducing stimuli up-regulated the expression

of CD86. In contrast to the effects on IL-4-DCs, poly I:C

GM-CSF + IFN-a
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Figure 1. (Continued)

Figure 1. Expression of CD70, OX40 ligand (OX40L), 4-1BBL and CD86 on monocyte-derived dendritic cells (MoDCs) cultured in different

conditions. (a) Parental L cells and those transfected with CD32 (CD32-L), CD32 and CD40L (CD32/CD40L-L) or CD32 and 4-1BBL (CD32/4-

1BBL-L) were stained with phycoerythrin (PE) -labelled anti-CD32, anti-CD40L or anti-4-1BBL monoclonal antibody (mAb). Open histograms

represent cells stained with isotype-matched control mAbs. (b, c) Monocytes were cultured for 3 days in R10 in the presence of interleukin-4

(IL-4) (b) or interferon-a (IFN-a) (c) together with granulocyte–macrophage colony-stimulating factor (GM-CSF) to induce immature IL-4-DCs

or IFN-DCs, respectively. Thereafter, they were cultured for 3 days in the absence or presence of maturation-inducing stimuli [poly I:C, lipopoly-

saccharide (LPS), CD40L-L cells, or the prostaglandin E2 (PGE2) cocktail]. The cells were stained with fluorescein isothiocyanate (FITC) -labelled

anti-CD86, anti-CD70 (clone BU69), PE-labelled anti-OX40L, or anti-4-1BBL mAb. Open histograms represent cells stained with isotype-matched

control mAbs. The numbers shown with each histogram represent [mean fluorescence intensity (MFI) of each costimulatory molecule]/(MFI of

isotype-matched control]. Data are representative of three experiments.
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and LPS induced moderate levels of CD70 on IFN-DCs,

indicating that IFN-a but not IL-4 is capable of inducing

CD70 in combination with the TLR ligands. CD40L and

to a greater extent the PGE2 cocktail induced higher levels

of CD70 than poly I:C and LPS. The combination of

CD40L and the PGE2 cocktail did not exhibit an additive

effect on the induction of CD70. All the expression of

CD70 was confirmed with another clone of anti-CD70

mAb (clone Ki-24) (data not shown). Among these matu-

ration-inducing stimuli, poly I:C and the PGE2 cocktail

slightly induced OX40L, whereas LPS or CD40L did not

induce OX40L. The expression of 4-1BBL was not detect-

able on any of the DCs.

It is possible that a standard period (5–7 days) culture

for the induction of immature DCs increases the expres-

sion of CD70 compared with a short period (3 days) of

culture. Hence, we cultured monocytes with IL-4 or IFN-

a together with GM-CSF for 3 or 7 days, and then

cultured immature DCs without or with maturation-

inducing factors (LPS, CD40L or the PGE2 cocktail) for

another 3 days. The expression levels of CD70 and CD86

on IL-4-DCs (Fig. 2a) and IFN-DCs (Fig. 2b) did not

increase but rather decreased in the 7-day culture com-

pared with the 3-day culture. The short period (3 days)

of culture to induce immature DCs was therefore suffi-

cient to induce maximal levels of CD70 expression after

maturation.

We also analysed the expression of CD70 on MoDCs

induced by TNF-a or IL-15 together with GM-CSF. We

cultured monocytes with these cytokines for 3 or 7 days,

and then cultured immature DCs without or with matu-

ration-inducing factors (LPS or the PGE2 cocktail) for

another 3 days. Many cells strongly adhered to the plastic

bottom when we used TNF-a or IL-15 without matura-

tion and to a lesser extent after maturation, whereas most

of the IL-4-DCs and IFN-DCs were non-adherent (data

not shown). Hence, IL-4 and IFN-a are more suitable

than TNF-a and IL-15 to harvest as many DCs as possi-

ble. We analysed the expression of CD70 and CD86 on

immature and mature TNF-DCs and IL-15-DCs.

Although both of the DCs expressed CD70 after stimula-

tion with LPS or the PGE2 cocktail (Fig. 3), the levels

were lower than those of CD70 on IFN-DCs (Fig. 2b).

Consequently, IFN-a is most efficient to obtain MoDCs

that express the maximal level of CD70 with minimal loss

of cells by adherence.

It is desirable to culture MoDCs in a serum-free med-

ium for clinical use so we compared R10 with CellGro

DC Medium for the induction of CD70 (Fig. 4). Higher

levels of CD70 were induced in CellGro DC Medium than

in R10 when immature IL-4-DCs and IFN-DCs were

stimulated with CD40L or the PGE2 cocktail.

Collectively, these data indicate that IFN-a induces

CD70 on MoDCs more efficiently than IL-4, TNF-a or

IL-15 in combination with different categories of matura-

tion-inducing stimuli within the short period of culture

in both FCS-containing and serum-free media.

PGE2 is the most important factor within the
cytokine cocktail for the induction of CD70 and
CD86

Prostaglandin E2 has been used as an important factor to

induce maturation of MoDCs24 and their migratory

capacity.25,26 For this reason, we next examined whether

PGE2 is also important for inducing the expression of

CD70 on IFN-DCs when the mixture of TNF-a, IL-1b,

IL-6 and PGE2 is used. We stimulated immature IFN-

DCs with TNF-a, IL-1b, IL-6 or PGE2 in various combi-

nations. As shown in Fig. 5(a), TNF-a alone did not

induce CD70. Prostaglandin E2 alone slightly induced

CD70. The combination of TNF-a and PGE2 strongly

induced CD70. The combination of all four factors (TNF-

a, IL-1b, IL-6 and PGE2) further increased the expression

level. Removal of TNF-a, and to a lesser extent IL-1b,

reduced the expression of CD70. In contrast, removal of

IL-6 did not reduce it. Importantly, removal of PGE2

greatly reduced the expression of CD70 down to the level

of immature DCs. The induction of CD86 exhibited a

similar pattern to that of CD70 (Fig. 5b). However, the

combination of TNF-a and PGE2 was sufficient to induce

a maximal level of CD86, and neither IL-1b nor IL-6 con-

tributed to the up-regulation of CD86. Removal of PGE2

reduced the expression of CD86 more than removal of

TNF-a, indicating that PGE2 contributes to the up-regula-

tion of CD86 more than TNF-a does.

Taken together, among the four factors in the cocktail,

PGE2 is most important for the induction of both CD70

and CD86 on IFN-DCs. Whereas the combination of

TNF-a, IL-1b and PGE2 was necessary for the full induc-

tion of CD70, IL-1b was dispensable for that of CD86.

Interleukin-1b therefore has unique activity to enhance

the expression of CD70 among the combination of the

four factors.

Naive CD4+ and CD8+ T cells acquire the expression
of CD70 after stimulation with MoDCs

It has been shown that CD70 is expressed on activated T

cells27,28 so we examined whether naive CD4+ and CD8+

T cells gain the expression of CD70 after stimulation with

DCs. We stimulated CD4+ CD45RA+ or CD8+ CD45RA+

CCR7+ naive T cells with allogeneic IFN-DCs stimulated

with the PGE2 cocktail, and examined the expression of

CD70 on T cells. Most of the activated CD4+ and CD8+

T cells, as shown by increased forward scatter, expressed

CD70 (Fig. 6). Hence, naive CD4+ and CD8+ T cells gain

the expression of CD70 after stimulation with DCs, indi-

cating that DCs as well as activated T cells can be sources

of CD70 during the stimulation of T cells with DCs.
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Figure 2. A short-term culture is sufficient to induce maximal levels of CD70 expression on monocyte-derived dendritic cells (MoDCs). Mono-

cytes were cultured for 3 or 7 days in R10 in the presence of interleukin-4 (IL-4) (a) or interferon-a (IFN-a) (b) together with granulocyte–mac-

rophage colony-stimulating factor (GM-CSF) to induce immature IL-4-DCs or IFN-DCs, respectively. Thereafter, the DCs were cultured for

3 days in the absence or presence of maturation-inducing stimuli [lipopolysaccharide (LPS), CD40L-L cells, or the prostaglandin E2 (PGE2) cock-

tail]. The cells were stained with fluorescein isothiocyanate (FITC) -labelled anti-CD70 or anti-CD86 monoclonal antibody (mAb). Open histo-

grams represent cells stained with isotype-matched control mAbs. The numbers shown with each histogram represent [mean fluorescence

intensity (MFI) of each costimulatory molecule]/(MFI of isotype-matched control). Data are representative of three experiments.
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The CD70–CD27 interaction enhances the production
of a broad spectrum of cytokines whereas suppresses
the production of IL-10 by naive CD4+ T cells during
the stimulation with MoDCs

Next we examined whether the CD70–CD27 interaction

contributes (i) to an increase in the number of naive

CD4+ T cells and (ii) to the acquisition of cytokine-pro-

ducing capacity by naive CD4+ T cells during the stimu-

lation with IFN-DCs stimulated with the PGE2 cocktail,

which express a high level of CD70. We cocultured naive

CD4+ CD45RA+ T cells with allogeneic MoDCs in the

presence or absence of anti-CD70 mAb and/or a CTLA-

4/Fc chimeric protein. Neither anti-CD70 mAb nor

CTLA-4/Fc diminished the increase in the number of T

cells stimulated with DCs (data not shown), possibly

because other costimulatory molecules and/or high-affin-

ity interactions between allogeneic MHC class II mole-

cules and T-cell receptors compensated for the blockade

of the CD70–CD27 and CD80/CD86–CD28 interactions.

In contrast, anti-CD70 mAb diminished the production

of a T helper type 1 (Th1) cytokine (IFN-c), Th2 cyto-

kines (IL-4, IL-5, IL-13), and TNF-a by the CD4+ T cells

(Fig. 7). Interestingly, however, the addition of anti-

CD70 mAb increased, rather than diminished, the pro-

duction of IL-10. The CTLA-4/Fc similarly diminished

the production of IFN-c, IL-4, IL-5, IL-13 and TNF-a by

the CD4+ T cells, whereas the level of IL-10 did not
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Figure 3. Tumour necrosis factor-a (TNF-a) or interleukin-15 (IL-15) is not efficient to induce the expression of CD70 on monocyte-derived

dendritic cells (MoDCs). Monocytes were cultured for 7 days in R10 in the presence of TNF-a or IL-15 together with granulocyte–macrophage

colony-stimulating factor (GM-CSF) to induce immature TNF-DCs or IL-15-DCs, respectively. Thereafter, they were cultured for 3 days in the

absence or presence of maturation-inducing stimuli (LPS or the PGE2 cocktail). The cells were stained with fluorescein isothiocyanate (FITC) -

labelled anti-CD70 or anti-CD86 monoclonal antibody (mAb). Open histograms represent cells stained with isotype-matched control mAbs. The

numbers shown with each histogram represent [mean fluorescence intensity (MFI) of each costimulatory molecule]/(MFI of isotype-matched

control). Data are representative of two experiments. Because there were many dead cells when TNF-DCs and IL-15-DCs were stimulated with

CD40L-transfected L cells, these data are not shown. When monocytes were cultured for 3 days to induce immature DCs, similar data were

obtained.

10

12

6

8

2

4M
F

I/c
on

tr
ol

 M
F

I

0

IL
-4

IL
-4

IL
-4

IL
-4

IF
N

-a

IF
N

-a

IF
N

-a

IF
N

-a

R10 CG R10 CG

CD40L PGE2 cocktail

Figure 4. Serum-free CellGro DC Medium is efficient to induce

the expression of CD70 on monocyte-derived dendritic cells

(MoDCs). Monocytes were cultured for 3 days in R10 or CellGro

DC Medium (CG) in the presence of interleukin-4 (IL-4) or inter-

feron-a (IFN-a) together with granulocyte–macrophage colony-

stimulating factor (GM-CSF) to induce immature DCs. Thereafter,

they were stimulated with CD40L-L cells or the prostaglandin E2

(PGE2) cocktail for 3 days in the same medium used for the first

3 days. The cells were stained with fluorescein isothiocyanate

(FITC) -labelled anti-CD70 or anti-CD86 monoclonal antibody.

Data are shown by [mean fluorescence intensity (MFI) of CD70]/

(MFI of isotype-matched control). Data are representative of three

experiments.
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change. The addition of both anti-CD70 mAb and

CTLA-4/Fc exhibited additive inhibitory effects on the

cytokine production. These data indicate that the CD70–

CD27 interaction promotes naive CD4+ T cells to

acquire the capacity to produce a broad spectrum of im-

munostimulatory cytokines including Th1 and Th2 types,

whereas the interaction suppresses the production of an

immunoregulatory cytokine IL-10 during the stimulation

with MoDCs.

The CD70–CD27 interaction enhances the production
of Th1 and Th2 cytokines by naive CD4+ T cells
irrespective of the expression of CD70 on DCs before
coculture

We examined whether the expression of CD70 on MoDCs

before coculture with T cells correlates with the induction

of IFN-c and IL-4. We cocultured CD4+ CD45RA+ T cells

with four types of allogeneic MoDCs that express differ-

ent levels of CD70: (i) IFN-DCs stimulated with TNF-a,

IL-1b and IL-6, (ii) IFN-DCs stimulated with the PGE2

cocktail, (iii) IL-4-DCs stimulated with TNF-a, IL-1b and

IL-6, or (iv) IL-4-DCs stimulated with the PGE2 cocktail,

in the presence or absence of anti-CD70 mAb and/or a

CTLA-4/Fc chimeric protein. For all four DCs, anti-CD70

mAb or CTLA-4/Fc diminished the production of IFN-c
and IL-4 by the CD4+ T cells (Fig. 8). The addition of

both anti-CD70 mAb and CTLA-4/Fc exhibited additive

inhibitory effects on the cytokine production. We did not

reproducibly obtain data showing correlation between the

levels of CD70 expression on DCs before coculture and

the levels of cytokine production by T cells. These data

suggest that not only CD70 expressed on DCs at the

beginning but also CD70 induced on DCs and T cells

during coculture serve to trigger the signal through

CD27.

The CD70–CD27 interaction does not play a
dominant role in the induction of IFN-c and
granzyme B in naive CD8+ T cells during the
stimulation with MoDCs

Finally, we cocultured naive CD8+ T cells with allogeneic

IFN-DCs stimulated with the PGE2 cocktail in the
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Figure 6. Naive CD4+ and CD8+ T cells gain the expression of

CD70 after stimulation with dendritic cells (DCs). Purified

CD4+ CD45RA+ T cells or CD8+ CD45RA+ CCR7+ T cells were co-

cultured for 8 days with interferon-DCs stimulated with the prosta-

glandin E2 cocktail. The T cells were harvested and stained with

fluorescein isothiocyanate-labelled anti-CD70 monoclonal antibody,

and were analysed by flow cytometry. The percentages of CD70+ cells

are indicated on the plot. Data are representative of three experi-

ments.
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Figure 5. Tumour necrosis factor-a (TNF-a), interleukin-1b (IL-1b),

plus prostaglandin E2 (PGE2) induce full expression of CD70. Imma-
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3 days in the absence or presence of the indicated combinations of

components of the PGE2 cocktail in R10. Expression levels of CD70
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Data are representative of three experiments.
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presence or absence of anti-CD70 mAb and/or a CTLA-4/

Fc chimeric protein. Neither anti-CD70 mAb nor CTLA-

4/Fc diminished the increase in the number of naive

CD8+ T cells stimulated with DCs (data not shown), pos-

sibly because exogenous IL-2 and IL-7, other costimulato-

ry molecules, and/or high-affinity interaction between

allogeneic MHC class I molecules and T-cell receptors

compensated for the blockade of the CD70–CD27 and

CD80/CD86–CD28 interactions. Neither anti-CD70 mAb

nor CTLA-4/Fc, alone or in combination, reproducibly

diminished the production of IFN-c or the expression of

granzyme B by naive CD8+ T cells (data not shown). We

therefore concluded that the CD70–CD27 interaction

does not play a dominant role in the induction of IFN-c
and granzyme B in naive CD8+ T cells during the stimu-

lation with MoDCs.

Discussion

Unlike other members of the TNF receptor family, CD27

is already expressed on naive T cells, suggesting the

importance of the CD70–CD27 interaction in T-cell

priming. Recent studies using mice have shown that

transgenic expression of CD70 on DCs is sufficient for

naive CD8+ T cells to clonally expand and to acquire the

capacity for IFN-c production and cytotoxic activity after

immunization with peptides.10 Furthermore, adoptive

transfer of peptide-pulsed immature DCs constitutively

expressing CD70 induce anti-tumour immune responses

in mice,11 indicating the importance of CD70–CD27

interaction in DC-based tumour immunotherapy. Given

these findings in mice and the wide use of MoDCs in

tumour immunotherapy in humans, it is crucial to exam-

ine (i) what kinds of stimuli most strongly induce CD70

on human MoDCs and (ii) what kinds of functions

human naive CD4+ and CD8+ T cells acquire through the

CD70–CD27 interaction during the stimulation with

MoDCs, so as to translate the findings in mice into clini-

cal applications. We have shown that (i) IFN-a is the

most important basal cytokine to induce the highest level

of CD70 expression, (ii) the CD70–CD27 interaction

induces naive CD4+ T cells to produce immunostimulato-

ry cytokines during stimulation with MoDCs, and (iii)

the CD70–CD27 interaction does not play a dominant

role in promoting naive CD8+ T cells to develop into

effector cells upon stimulation with MoDCs. This is the

first study to reveal the importance of IFN-a in the

induction of CD70 on MoDCs and to analyse the effects

of the CD70–CD27 interaction during the stimulation of

naive CD4+ and CD8+ T cells with MoDCs, hence

providing important information for DC-based immuno-

therapy.
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Figure 7. The CD70–CD27 interaction pro-

motes naive CD4+ T cells to acquire the ability

to produce immunostimulatory cytokines while

prevents them from producing interleukin-10

(IL-10) during the stimulation with CD70+

monocyte-derived dendritic cell s(MoDCs).

CD4+ CD45RA+ T cells were cocultured for

8 days with allogeneic interferon-DCs stimu-

lated with the prostaglandin E2 cocktail in the

presence of 10 lg/ml anti-CD70 monoclonal

antibody (mAb), 5 lg/ml human CTLA-4/Fc

chimeric protein, or 10 lg/ml isotype-matched

control mAb. The stimulated T cells were har-

vested, and were restimulated at 1 · 106 cells/

ml with plate-bound 10 lg/ml anti-CD3 and

1 lg/ml soluble anti-CD28 mAbs for 24 h. The

supernatants were harvested and analysed for

cytokines using enzyme-linked immunosorbent

assay. Error bars indicate standard deviation of

duplicate measurements. Data are representa-

tive of four experiments.
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Interferon-a induced CD70 in combination with any

categories of maturation-inducing factors, among which

the PGE2 cocktail was most efficient. Among the four fac-

tors in the PGE2 cocktail, PGE2 was indispensable, consis-

tent with the recent report.19 Whereas TNF-a and PGE2

were sufficient for the maximal induction of CD86, the

addition of IL-1b was necessary for the highest expression

of CD70 but not of CD86, indicating that the optimal

induction of CD70 is more demanding than that of

CD86. This suggests that there is a positive correlation

between the strength of inflammation and the repertoire

of induction of costimulatory molecules on DCs. In other

words, this might reflect correlation between the strength

of innate and adaptive immunity through activation of

DCs. Importantly, a serum-free medium, CellGro DC

Medium, induced a higher level of CD70 than R10 after

stimulation with CD40L or the PGE2 cocktail. This find-

ing is therefore applicable to clinical use. In addition, it is

convenient for clinical application that the short-term

culture is sufficient to induce MoDCs to express the high-

est level of CD70.

We also compared the up-regulation of CD70 with that

of other TNF family members, OX40L and 4-1BBL, which

are also important for T-cell stimulation. As recently

reported,19 IL-4-DCs stimulated with the PGE2 cocktail

expressed OX40L, and this was also observed on IFN-

DCs. Although the recent study showed increased expres-

sion of 4-1BBL messenger RNA in IL-4-DCs stimulated

with CD40L and PGE2, the expression of 4-1BBL protein

was not clearly assessed because of the lack of 4-1BBL-

expressing positive control cells.19 Here, by using 4-1BBL-

transfected cells as a control, we unequivocally showed

that all the DCs in this study do not express a detectable

level of 4-1BBL on their surfaces. The comprehensive

comparison of CD70, OX40L and 4-1BBL expression on

IL-4-DCs and IFN-DCs in this study demonstrates differ-

ential control of expression of these TNF family members

on human MoDCs.

Consistent with the previous findings that activated T

cells express CD70,27,28 naive CD4+ and CD8+ T cells

gained the expression of CD70 after stimulation with

MoDCs. This suggests that CD70 on mature DCs inter-

acts with CD27 on naive T cells at the initial stage, and

that thereafter CD70, which subsequently emerges on

activated T cells, interacts with CD27 on primed T cells,

providing a sustained signal throughout the activation

process of naive T cells.

Next, we investigated the role of the CD70–CD27

interaction during the activation of naive CD4+ T cells

with CD70+ IFN-DCs. Because CD27 and CD28 are the

two major costimulatory receptors expressed on T cells

from the naive stage, we compared the effects of these

two costimulatory signals. The data indicate that the

CD70–CD27 signal may enhance a broad spectrum of

immune responses by augmenting the production of

immunostimulatory cytokines including Th1 and Th2

types and at the same time by suppressing the produc-

tion of an immunoregulatory cytokine IL-10 during the

stimulation of naive CD4+ T cells by MoDCs. The sup-

pression of IL-10 is reminiscent of the recent report

that OX40 signalling inhibits the induction of IL-10-

producing cells from naive CD4+ T cells.22 Both of

these two important members of the TNF receptor fam-

ily, CD27 and OX40, are likely to contribute to enhanc-

ing immune responses by transmitting a signal that

inhibits the production of IL-10 by CD4+ T cells. The
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Figure 8. The CD70–CD27 signal enhances the production of T

helper type 1 and 2 cytokines by naive CD4+ T cells irrespective of

the expression of CD70 on dendritic cells (DCs) before coculture.

CD4+ CD45RA+ T cells were cocultured for 8 days with the follow-

ing allogeneic monocyte-derived (Mo) DCs: (i) interferon (IFN)-DCs

stimulated with tumour necrosis factor-a (TNF-a), interleukin-1b
(IL-1b), and IL-6, (ii) IFN-DCs stimulated with the prostaglandin E2

(PGE2) cocktail, (iii) IL-4-DCs stimulated with TNF-a, IL-1b and

IL-6, or (iv) IL-4-DCs stimulated with the PGE2 cocktail, in the

presence of 10 lg/ml anti-CD70 monoclonal antibody (mAb), 5 lg/

ml human CTLA-4/Fc chimeric protein, or 10 lg/ml isotype-

matched control mAb. The stimulated T cells were harvested, and

were restimulated at 1 · 106 cells/ml with plate-bound 10 lg/ml

anti-CD3 and 1 lg/ml soluble anti-CD28 mAbs for 24 h. The super-

natants were harvested and analysed for cytokine by enzyme-linked

immunosorbent assay. Error bars indicate standard deviation of

duplicate measurements. Data are representative of two experiments.
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effect of MoDCs on naive CD4+ T cells shown in this

study are consistent with our recent finding of the effect

of myeloid DCs directly isolated from blood,29 and

therefore it is a general phenomenon observed in

human myeloid DCs directly obtained from blood and

in those induced from monocytes.

We examined whether the expression of CD70 on

MoDCs before coculture with T cells correlates with the

induction of cytokines, using four types of MoDCs that

express different levels of CD70: IFN-DCs and IL-4-DCs

with or without PGE2 stimulation. For all four DCs, anti-

CD70 mAb diminished the production of IFN-c and IL-4

by the CD4+ T cells. Because CD70 is expressed on IFN-

DCs and IL-4-DCs stimulated with CD40L (Fig. 1b, c),

CD70 is likely to be induced on immature IFN-DCs and

IL-4-DCs during the interaction with activated CD4+ T

cells expressing CD40L, and such CD70 may interact with

CD27 on T cells. In addition, CD70 is expressed on acti-

vated T cells (Fig. 6), and such CD70 is also likely to

interact with CD27. Therefore, during priming of naive

CD4+ T cells with MoDCs, CD70 induced on DCs by pro-

inflammatory mediators (IFN-a, TNF-a, IL-1b, PGE2) and

CD40L as well as CD70 induced on activated T cells may

enhance functional development of T cells through DC–

T-cell and T-cell–T-cell interactions, respectively.

In contrast to the findings of CD4+ T cells, neither

anti-CD70 mAb nor CTLA-4/Fc diminished the produc-

tion of IFN-c and granzyme B by naive CD8+ T cells. The

role of the CD70–CD27 interaction in effector differentia-

tion of naive CD8+ T cells in mice is controversial. Stud-

ies using CD70 transgenic mice have shown that

constitutive CD27 signalling promotes effector differentia-

tion of naive CD8+ T cells.5,6,10 In contrast, studies using

CD27-deficient mice or blocking anti-CD70 mAb have

shown that the CD27 signal promotes survival but not

effector differentiation of naive CD8+ T cells,3,4 or

intriguingly even suppresses their effector differentia-

tion.30 From these studies, together with our present data,

it is likely that there are multiple signals that induce naive

CD8+ T cells to acquire effector functions, and that the

other signals compensate for the absence of the CD27 sig-

nal, whereas forced signalling through CD27 is sufficient

for effector differentiation of naive CD8+ T cells. Our

data together with studies in mice using blocking anti-

CD70 mAb8,30 suggest that the CD27 signal may be more

important for inducing functional differentiation of naive

CD4+ T cells than that of naive CD8+ T cells in mice and

humans.

In conclusion, this study adds a novel function to the

versatile cytokines, type I IFNs, that is, the induction of

CD70 on MoDCs. It is intriguing to consider the possibil-

ity that type I IFNs in infected tissues together with

microbial components and/or the pro-inflammatory

mediators induce monocytes to differentiate into CD70+

DCs, so enhancing protective immunity. From the per-

spective of tumour immunotherapy, this study shows that

CD70 plays an important role in inducing naive CD4+ T

cells to acquire robust immunostimulatory activity after

administration of MoDCs through the DC–T-cell and

T-cell–T-cell interactions. This finding has significant

implications for DC-based immunotherapy.
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