
Natural killer cells prime the responsiveness of autologous
CD4+ T cells to CTLA4-Ig and interleukin-10 mediated inhibition

in an allogeneic dendritic cell–mixed lymphocyte reaction

Introduction

Dendritic cells (DCs) are potent activators of naı̈ve T

cells, and the specific blockade of costimulatory signals

from the interactions between these cells can result in

T-cell hyporesponsiveness or anergy. However, in the

immature state DCs are less potent stimulators of T-cell

proliferation, because of their intrinsically lower expres-

sion of the costimulatory molecules CD80/86 and CD40

compared with mature DCs.1 In addition, DCs rendered

deficient in costimulation [major histocompatibility com-

plex (MHC) class II+ CD80dim CD86–] by culturing

progenitor cells in granulocyte–macrophage colony-

stimulating factor (GM-CSF) alone are capable of indu-

cing alloantigen-specific T-cell anergy2 and prolonging the

survival of cardiac and islet allografts in murine models.3,4

However, in these studies, transplant rejection eventually

occurred as a consequence of in vivo maturation of the
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Summary

Cytotoxic T-lymphocyte antigen 4 immunoglobulin (CTLA4-Ig) and inter-

leukin (IL)-10 are immunomodulatory molecules which target CD28

costimulation by acting either directly or indirectly on the CD80/86 recep-

tors on dendritic cells (DCs). This study examined the effect of combined

treatment with CTLA4-Ig and IL-10 on T-cell responsiveness in a dend-

ritic cell–mixed lymphocyte reaction (DC-MLR). T cells derived from

nylon wool enrichment (NWT cells) demonstrated 15% (P ¼ 0�006) and

10% (P ¼ 0�0015) inhibition of proliferation with suboptimal doses of IL-

10 (5 ng/ml) and CTLA4-Ig (20 ng/ml), respectively. Combined treatment

with both agents resulted in 38% inhibition (P ¼ 0�004) of the MLR

response compared with untreated controls. In contrast to NWT cells,

which consisted of CD4+, CD8+ and CD56+ (NK) cells, purified CD4+ T

cells were less responsive to immunomodulation by CTLA4-Ig and IL-10.

Repletion of the CD4+ T cells with NK cells restored IL-10 and CTLA4-Ig

mediated immunomodulation, suggesting a role for NK cells in the regu-

lation of DC–T-cell interactions. The specific effect of NK cells on DC

activation was demonstrated by CD80 up-regulation on DCs in the

absence of T cells. However, in the absence of DCs, NK cells aug-

mented the proliferation of autologous CD4+ T cells stimulated by anti-

CD3 monoclonal antibody (mAb), which was blocked by CTLA4-Ig. It is

proposed that, in the MLR, immunomodulation by suboptimal CTLA4-Ig

and IL-10 is influenced by cellular interactions of NK cells with DCs and

T cells involving DC lysis and costimulation. Thus, NK cells prime both

DCs and T cells to low doses of CTLA4-Ig and IL-10 during alloimmune

responses, providing evidence for the potential interaction between innate

and adaptive immunity.

Keywords: costimulation; cytotoxic T-lymphocyte antigen 4; dendritic cells;

interleukin-10; mixed lymphocyte reaction; natural killer cells

Abbreviations: CFSE, 5 (and 6)-carboxyflourescein diacetate succinimidyl ester; DC, dendritic cell; FCS, fetal calf serum; mAb,
monoclonal antibody; IL, interleukin; MHC, major histocompatibility complex; MLR, mixed lymphocyte reaction; NK, natural
killer; NWT, nylon wool T-cell; PBMC, peripheral blood mononuclear cell.
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DCs in secondary lymphoid tissues.3 In particular, DC

progenitors treated with interleukin (IL)-10 prior to dif-

ferentiation demonstrate down-regulation of CD80/86

and CD40 expression, low IL-12 secretion, and induction

of anergy in T-cell allogeneic responders.5–9

T-cell hyporesponsiveness may also be induced with

cytotoxic T-lymphocyte antigen 4 immunoglobulin

(CTLA4-Ig) which binds to CD80 and CD86 with higher

affinity than CD28 and consequently blocks T-cell activa-

tion mediated by these molecules.10–13 Furthermore, the

observed in vitro immunomodulatory effect of CTLA4-Ig

was corroborated by the observation of prolongation of

allograft survival when the agent was administered in

experimental models.14–16 Importantly, long-term graft sur-

vival was not achieved unless treatment was combined with

anti-CD40 monoclonal antibody (mAb)17 or antisense nuc-

lear factor (NF)-jB oligonucleotides.18 As redundancy in

costimulation is expected for CTLA4-Ig monotherapy, we

examined the effects of combining CTLA4-Ig with IL-10 in

the dendritic cell–mixed lymphocyte reaction (DC-MLR).

We hypothesized that the combined treatment of the

DC-MLR with CTLA4-Ig and IL-10 will augment the

inhibition of alloreactive T-cell proliferation. To test this

hypothesis, suboptimal concentrations of IL-10 and

CTLA4-Ig were added singly or in combination to the

DC-MLR using nylon wool enriched T (NWT) cells or

negatively selected CD4+ T cells as the responder popula-

tion. Surprisingly, in contrast to the NWT cells, subopti-

mal doses of CTLA4-Ig and IL-10 were not as effective in

inhibiting CD4+ T-cell proliferation in the DC–T-cell

MLR and, furthermore, repletion with autologous natural

killer (NK) cells restored high responsiveness to the

agents. Our data also show that NK cells individually

were capable of priming DC activation and CD4+ T-cell

proliferation. The observation that DCs precultured with

NK cells are capable of mediating the inhibition of CD4+

T-cell proliferation when CTLA4-Ig and IL-10 are added

to the MLR in the absence of NK cells suggests a plaus-

ible role for NK cells in modifying DC function in the

MLR. These findings highlight the role of NK cells in

promoting alloimmune responses in a three-way interac-

tion involving allogeneic DCs and autologous T cells.

Materials and methods

Monocyte-derived DCs

Buffy coats were prepared from heparinized peripheral

blood obtained from healthy donors (Red Cross Blood

Service, Adelaide, Australia) and peripheral blood mono-

nuclear cells (PBMCs) were isolated by differential cen-

trifugation through a Ficoll-Hypaque density gradient

(Amersham Biosciences, Uppsala, Sweden). Monocytes

were selected by adherence to plastic. Briefly, 5 · 107

PBMCs were panned for 1 hr at 37� in 10 ml of RPMI

plus 1% fetal calf serum (FCS) in 75-cm2 plastic tissue

culture flasks (Corning, Corning, NY, USA). Non-adher-

ent cells were removed and the remaining adherent cells

were cultured in complete medium supplemented with

400 U/ml IL-4 (Peprotech, Rocky Hill, NJ, USA) and

800 U/ml GM-CSF (Schering-Plough, Kenilworth, USA)

for 5 days to generate immature DCs (iDCs). The addi-

tion of 10 ng/ml tumour necrosis factor (TNF)-a (Gen-

zyme Corporation, Cambridge, MA, USA) to the iDCs

for a further 2 days generated mature DCs (mDCs).

Enrichment of cell populations

Following the removal of monocytes by adherence, NWT

cells were obtained by applying the non-adherent cells to

nylon wool columns equilibrated with RPMI. The non-

adherent cells were incubated in the columns for 30 min

at 37� to adsorb B cells and the enriched NWT cells were

obtained by elution with RPMI plus 10% FCS. CD4+ T

cells were negatively selected using a human T-cell isola-

tion kit (Miltenyi Biotech, Bergisch Gladback, Germany)

by staining NWT cells with a biotin-labelled antibody

cocktail against other cellular populations, followed by

incubation with antibiotin microbeads and immuno-

magnetic separation with AutoMACS (Miltenyi Biotech).

Additionally, NK cells were positively selected from NWT

by staining with an anti-CD56-fluorescein isothiocyanate

(FITC) conjugated antibody followed by incubation with

anti-FITC microbeads and immunomagnetic selection.

Monoclonal antibodies and flow cytometry

The cell surface phenotypes of DCs, NK cells and T cells

were determined by flow cytometry. Essentially, cells were

washed in phosphate-buffered saline (PBS) containing 1%

FCS and 0�1% sodium azide [fluorescence-activated cell

sorter (FACS) buffer] and incubated, for 30 min on ice,

with the primary mAb. For unconjugated primary mAb,

cells were washed with FACS buffer and then incubated

for 30 min on ice with an isotype-specific, FITC-conju-

gated anti-mouse secondary antibody and fixed in FACS

lysing solution (BD Biosciences, San Jose, CA, USA).

Isotype-matched control antibodies were used to deter-

mine background staining. Monoclonal antibodies used

were: anti-CD4-phycoerythrin (PE) (BD Biosciences),

anti-CD56-FITC (BD Biosciences), anti-CD80 (Immuno-

tech, Marseille, France), anti-CD86 (Serotec, Oxford, UK)

and anti-CD83-PE (Immunotech). Flow cytometric analy-

sis was performed using a Becton Dickinson (San Jose,

CA, USA) FACScan.

Proliferation assays

The MLR was performed by co-culturing DCs (1 · 103)

with allogeneic T cells (1 · 105), which represents a stimu-
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lator:responder (S:R) ratio of 1 : 100. Cells were cultured

in RPMI + 10% FCS for 96 hr and then pulsed with 1 lCi
of [3H] thymidine (Amersham Biosciences) for a further

20 hr at 37�. CTLA4-Ig (R & D Systems, Minneapolis, MN,

USA) or IL-10 (Bender MedSystems, Vienna, Austria) was

added to the cultured cells in the proliferation assays. The

[3H] thymidine-pulsed cells were harvested onto glassfibre

filters and the incorporated radioactivity was determined

by liquid scintillation counting in a Wallac Microbeta

Counter (Wallace Oy, Turku, Finland).

For T-cell proliferation assays in the absence of DCs,

T cells were activated by addition to a round-bottom

96-well plate precoated with 10 lg/ml anti-CD3mAb

(OKT3). NK cells were added to T cells in some wells at

a concentration of 10 or 30% to assess the ability of NK

cells to augment T-cell proliferation. Triplicate determina-

tions are expressed as mean counts per minute (c.p.m.) ±

standard deviation (SD) in all experiments.

5 (and 6)-Carboxyflourescein diacetate succinimidyl
ester–mixed lymphocyte reaction (CFSE-MLR)

Proliferation of T-cell subsets was also investigated in a

CFSE-MLR. In order to determine the specific prolifer-

ation of the T-cell subset, NWT cells were labelled with

CFSE in PBS by incubation for 10 min at 37�. Stained

cells were washed three times with PBS and cultured with

allogeneic DCs at a S:R ratio of 1 : 100. After 5 days of

culture, cells were further labelled with either CD4-PE or

CD8-PE and proliferation of each population was deter-

mined by the dilution of the CFSE signal in the FL1

channel by flow cytometry.

Results

Combined treatment with IL-10 and CTLA4-Ig
in the DC-MLR induces T-cell hyporesponsiveness

Dose–response analyses of the inhibition of allogeneic

T-cell stimulation in the MLR by IL-10 and CTLA4-Ig

were performed to determine effective suboptimal doses

of each agent to be used in the combination studies. The

DC-MLR was assessed with both iDCs and mDCs as sti-

mulators and the maturation status of the DCs was con-

firmed by the expression of CD83 measured by flow

cytometry (Fig. 1). Inhibition of NWT-cell proliferation

in the MLR was observed in a wide concentration range

of > 1 ng/ml to 100 ng/ml for IL-10 and > 5 ng/ml to

500 ng/ml for CTLA4-Ig (Fig. 1). The high concentrations

of 100 ng/ml for IL-10 and 500 ng/ml for CTLA4-Ig dem-

onstrated maximal inhibition of 70–95% of responder-cell

proliferation in the MLR for both iDCs and mDCs as sti-

mulators. However, IL-10 at a concentration of 5 ng/ml

and CTLA4-Ig at 20 ng/ml consistently yielded subopti-

mal inhibition of the MLR (data not shown) and thus

these doses were deemed to be suitable to evaluate the

effects of combined treatment in the proliferation assay.

While CTLA4-Ig alone generated an 8–10% inhibition of

T-cell proliferation, the combined treatment with IL-10

produced a further increase in inhibition to 25% (P ¼
0�008) and 38% (P ¼ 0�0015) in the MLR stimulated by

iDCs and mDCs, respectively (Fig. 2a). A significant differ-

ence in T-cell proliferation was observed between IL-10

alone and IL-10 in combination with CTLA4-Ig for mDCs

as stimulators (P ¼ 0�006). T cells from the primary MLR

were used for restimulation in a secondary MLR in the

absence of both immunomodulatory agents. The data

(Fig. 2b) show that T-cell proliferation in the secondary

MLR was 80% inhibited (P ¼ 0�005 compared with IL-10)

for those T cells that were subject to prior treatments with

the combination of agents compared with those cells that

received CTLA4-Ig or IL-10 alone in the primary MLR

(0 and 28% inhibition, respectively) as shown in Fig. 2(b).

CD4+ and CD8+ T-cell proliferation is inhibited
by IL-10 and CTLA4-Ig in the CFSE-MLR

In our analysis, NWT cells typically had a composition of

65–80% CD4+ T cells, 15–30% CD8+ T cells and 5–15%

iDC MLR mDC MLR

iDC mDC

CD83

IL10
CTLA4-Ig ( )

( ) 0
0

100 101

CD83

0
64

E
ve

nt
s

0
64

E
ve

nt
s

102 103 104 100 101 102 103 104

1
5

10
50

100
500

(ng/ml)
(ng/ml)

0
0

1
5

10
50

100
500

3 H
 in

co
rp

or
at

io
n 

(c
.p

.m
.)

10 000

30 000

20 000

40 000

60 000

50 000

70 000

90 000

80 000

100 000

Figure 1. Dose–response effects of interleukin (IL)-10 and CTLA4-Ig

in the DC-MLR. IL-10 (solid line) and CTLA4-Ig (dashed line) were

titrated with 10-fold dilutions in the DC-MLR. Nylon wool T cells

were used as the responder population at a stimulator:responder

(S:R) ratio of 1 : 100. All samples were run in triplicate and prolifer-

ation was measured by [3H] thymidine incorporation, with results

presented as counts per minute (c.p.m.) ± standard deviation (SD).

The maturation status of the DCs was demonstrated by flow cyto-

metric analysis by direct staining with anti-CD83-phycoerythrin (PE)

(shaded) and with the negative control, isotype-matched PE-conju-

gated monoclonal antibody (unshaded). iDC, immature dendritic

cell; mDC, mature dendritic cell.
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CD56+ NK cells in normal healthy individuals (n ¼ 4).

CFSE was used to label NWT cells to determine the speci-

fic effects of IL-10 and CTLA4-Ig treatment on T-cell

subset proliferation in the CFSE-MLR. After 5 days in

culture, the CFSE-labelled cells were stained with either

CD4-PE or CD8-PE to determine the proliferative capa-

city of each cell population by CFSE dilution in the FL-1

channel. Proliferating cells in the untreated CFSE-MLR

represented 54% of the total CD4+ T-cell population

with DC stimulators (Fig. 2c). Treatment with IL-10 or

CTLA4-Ig reduced the percentage of proliferating cells to

38 and 39%, respectively, while the combined treatment

reduced proliferating cells to 33%. A similar trend was

observed for CD8+ T cells in the untreated CFSE-MLR

with a proliferating population of 45% of the total CD8+

cells which was reduced to 35 and 33% with IL-10

and CTLA4-Ig treatment alone, and to 27% with the

combination.

NK cells are required for the inhibition of T-cell
proliferation by suboptimal doses of IL-10 and
CTLA4-Ig

Immunomagnetic separation was used to enrich the

CD4+ T-cell population by negative selection from NWT

cells, resulting in greater than 98% purity (Fig. 3a). In

comparison with NWT cells, purified CD4+ T cells used

as responders in the DC-MLR showed a high proliferative

response to both iDC and mDC stimulators in the MLR

(Figs 3b and c). The reconstitution of the purified CD4+

T cells with 10% NK cells (87% purity, as shown in

Fig. 3a) to match the NWT cell composition resulted in

a reduction in T-cell proliferation for both types of DC

stimulator.

Consistent with the first set of experiments (Fig. 2a),

the NWT cells demonstrated strong hyporesponsiveness

to CTLA4-Ig and IL-10 treatments. However, compared

with NWT cells, the combined doses of IL-10 (5 ng/ml)

and CTLA4-Ig (20 ng/ml) in the DC-MLR were not as

potent (61% for NWT versus 16% for CD4 T; P ¼
0�0002) for iDC and (57% for NWT versus 12% for

CD4+ T; P ¼ 0�0005) for mDC stimulators, as shown in

Figs 3(b) and (c). Repletion of the purified CD4+ T cells

with 10% NK cells restored the inhibition of T-cell prolif-

eration mediated by the agents for both the iDC

(52 ± 4�8%) and mDC (51 ± 2�7%) MLRs. However,

repletion of the CD4+ T cells with CD8+ cells did not

restore the inhibitory effect of these agents (data not

shown).

DC function is modified by contact with NK cells

The effect on DC phenotype and function was examined

by co-culturing NK cells with allogeneic DCs for 4 days

at a NK:DC ratio of 1 : 5. Forward/side-scatter density

plots (Fig. 4a) demonstrated a significant reduction in

the numbers of gated iDCs in cells co-cultured with NK

cells in comparison with untreated cells. In contrast, the

profile for mDCs was unaffected by co-incubation with

NK cells. While the expression of CD80 on gated DCs
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Figure 2. Combined treatment of interleukin (IL)-10 and CTLA4-Ig

inhibited the DC-MLR. Nylon wool T cells were used in the DC-

MLR at a stimulator:responder (S:R) ratio of 1 : 100. (a) The per-

centage inhibition of IL-10 (5 ng/ml) and CTLA4 (20 ng/ml) alone

or in combination in the immature or mature DC-MLR. (b) The

percentage inhibition in a secondary MLR. T cells from the primary

MLR were isolated and used for restimulation in a secondary MLR

in the absence of both immunomodulatory agents. Proliferation in

(a) and (b) was measured by [3H] thymidine incorporation, with

results presented as the percentage inhibition compared with

untreated controls. P-values were determined by unpaired Student’s

t-test. All samples were run in triplicate, and data shown for (a) and

(b) are representative of 12 and three independent experiments,

respectively. (c) Inhibition of CD4+ and CD8+ T-cell proliferation by

IL-10 and CTLA4-Ig in a CFSE-MLR. Nylon wool T cells were

stained with CFSE and added to DC stimulators. After 5 days in cul-

ture, cells were stained with anti-CD4-phycoerythrin (PE) or anti-

CD8-PE and analysed by flow cytometric analysis to determine CFSE

dilution in comparison to nonactivated nylon wool T cells. Histo-

grams represent the percentage of proliferating CD4+ and CD8+ T

cells based on CFSE dilution and are representative of four independ-

ent experiments.
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showed up-regulation on the iDC population, only minor

changes were noted in the mDC population (Fig. 4b).

CD86 expression on either iDCs or mDCs showed no

changes. NK cells were excluded from the analysis based

on forward/side-scatter profiles and antibody staining pat-

terns for CD56.

To investigate whether NK cells precultured with DCs

prime T-cell responsiveness to IL-10/CTLA4-Ig, viable

DCs were separated from NK cells after a period of
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Figure 3. Natural killer (NK) cells restored the capacity of CTLA4-Ig

and interleukin (IL)-10 to inhibit CD4+ responder cells in the mixed

lymphocyte reaction (MLR). (a) Miltenyi Microbead separation was

used to purify CD4+ T cells and CD56+ NK cells from nylon wool T

(NWT) cells. CD4+ T cells were isolated by negative selection and

stained with anti-CD4-phycoerythrin (PE) (shaded) or negative con-

trol PE-conjugated monoclonal antibody (mAb) (unshaded). NK cells

were positively selected with anti-CD56-fluorescein isothiocyanate

(FITC)-conjugated mAb and captured by anti-FITC microbeads. The

histogram shows the overlay of the positive fraction (shaded) against

the negative fraction (unshaded). (b, c) NWT cells, CD4+ T cells or

CD4+ T cells + 10% NK cells as the responder populations were

added to either allogeneic immature dendritic cell (iDC) or mature

dendritic cell (mDC) stimulators. A stimulator:responder (S:R) ratio

of 1 : 100 was used. IL-10 (5 ng/ml) and CTLA4-Ig (20 ng/ml) were

added alone or in combination to the MLR. Proliferation was meas-

ured by [3H] thymidine incorporation and results are expressed as

the percentage inhibition of proliferation in comparison with

untreated controls. P-values were determined by unpaired Stu-

dent’s t-test. Data shown are representative of three independent

experiments.
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Figure 4. Natural killer (NK) cells modified allogeneic dendritic cell

(DC) function. Immature and mature DCs (iDCs and mDCs, respect-

ively) were co-cultured with allogeneic NK cells at a ratio of 5 : 1 for

3 days. (a) Gated histograms represent the forward side-scatter profile

of DCs and reveal a significant decrease in iDC numbers after culture

with NK cells. (b) Flow cytometric analysis was performed on gated

DCs using monoclonal antibodies (mAbs) directed against CD80 and

CD86. The expression of CD80 and CD86 on DCs cultured alone

(black line) or DCs co-cultured with NK cells (grey line) is shown in

the histogram and demonstrates up-regulation of CD80 on iDCs. The

shaded histogram represents isotype-matched control mAb staining.

NK cells were distinguished from DCs and excluded from analysis by

gating based on their forward/side-scatter profiles. Data shown are

representative of three independent experiments. (c) After 3 days of

culture with allogeneic DCs, NK cells were removed by aspiration and

density gradient separation. Viable DCs were counted and used as sti-

mulators of allogeneic CD4+ T cells in the absence of NK cells. MLR

stimulated by DCs, which were precultured with NK cells, was sensitive

to the inhibitory effects of suboptimal CTLA4-Ig/interleukin (IL)-10.

Proliferation was measured by [3H] thymidine incorporation and

results are expressed as the percentage inhibition of proliferation in

comparison with untreated controls. P-values were determined by

unpaired Student’s t-test.
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3 days of co-culture by metrizamide density gradient cen-

trifugation and used as stimulators in the DC–T-cell MLR

with purified CD4 T cells. The separated DCs were con-

firmed by flow cytometry to contain < 1% residual NK

cells. As shown in Fig. 4(c), iDCs primed with NK cells

produced a significant increase in T-cell proliferation

(35%) compared with unprimed iDCs (P ¼ 0�006); how-
ever, primed mDCs did not induce changes. Moreover,

while IL-10/CTLA4-Ig demonstrated significant inhibi-

tion (P < 0�01) of the MLR for primed iDCs (29%) and

mDCs (25%), neither the unprimed iDCs nor mDCs were

responsive to IL-10/CTLA4-Ig in the MLR.

NK cells prime CD4+ T-cell proliferation

NK cells were co-cultured for 4 days with OKT3 (anti-

CD3 mAb)-stimulated autologous CD4+ T cells to investi-

gate the effects of NK cells in the absence of DC

stimulators. The data in Fig. 5(a) show that the baseline

CD4+ T-cell proliferation increased in a dose-dependent

manner with NK cell additions at ratios of CD4+ T:NK

cells of between 10 : 1 and 10 : 3 (P ¼ 0�00006) as deter-
mined by [3H] thymidine incorporation. The addition of

CTLA4-Ig at a concentration of 20 ng/ml to the CD4+

T:NK co-cultures demonstrated significant inhibition

of CD4+ T-cell proliferation (P < 0�005) compared with

untreated controls (Fig. 5a). NK cells cultured in OKT3-

coated plates showed negligible counts (data not shown).

In order to determine the expression of CD80 or CD86

on NK cells, NK cells were cultured for 4 days in the

presence or absence of 200 U/ml IL-2. Flow cytometric

analysis showed moderate expression of CD86, which was

up-regulated with the addition of IL-2 to the culture.

There was no observed expression of CD80 irrespective of

the addition of IL-2 to the culture (Fig. 5b).

Discussion

In this study, we have demonstrated that IL-10 augmen-

ted CTLA4-Ig-mediated inhibition of T-cell proliferation

in an allogeneic DC-MLR. In the first set of experiments,

the DC-MLR was performed using NWT responder cells

with either immature or mature DCs as stimulators. As

shown in Fig. 1, iDCs were poor stimulators of the MLR

compared with mDCs, and the dose–response studies

identified optimal and suboptimal concentrations for

CTLA4-Ig and IL-10 in these assays. At suboptimal con-

centrations, the combined dose of CTLA4-Ig and IL-10

produced 2- to 3-fold greater inhibition of NWT respon-

der cell proliferation compared with either agent alone,

irrespective of the maturation status of the DC stimula-

tors. Of note was the finding that the responder cells

derived from the primary MLR treated with the combina-

tion of agents were the least responsive to mDCs in a sec-

ondary MLR, suggesting the induction of T-cell anergy.

Co-culture of CFSE-labelled NWT cells with DC stimula-

tors was also performed to determine the individual

responsiveness of both CD4+ and CD8+ T cells in the

NWT preparation. Flow analysis of CFSE-labelled NWT

cells, further stained with CD4+ and CD8+ T-cell pheno-

typic markers, demonstrated that both populations were

inhibited by IL-10 and CTLA4-Ig. The augmentation of

T-cell hyporesponsiveness found in the present study is

probably attributable to the combined effects of CTLA4-

Ig blockade of CD28 costimulation10 and the down-regu-

lation of CD80/86 expression on DCs by IL-10.9

Moreover, apart from directly acting on T cells, IL-10 also

inhibits the expression of CD40 and IL-12 production

by DCs, which consequentially affects T-cell prolifer-

ation.5,7,19

In another set of DC-MLR experiments, purified CD4+

T cells, in contrast to the NWT cells in the DC-MLR,

demonstrated low susceptibility to immunomodulation

mediated by suboptimal doses of CTLA4-Ig and IL-10
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Figure 5. Natural killer (NK) cells primed CD4 T-cell proliferation

and costimulatory molecule expression on dendritic cells (DCs).

(a) CD4+ T cells were cultured in anti-CD3-coated plates (10 lg/ml)

in the presence or absence of CD56+ NK cells. CTLA4-Ig was added

to the co-cultures at 20 ng/ml (black bar). Samples were set up in

triplicate, and proliferation was measured by [3H] thymidine incor-

poration and expressed as counts per minute (c.p.m.) ± standard

deviation. P-values were determined by unpaired Student’s t-test.

The data are representative of three independent experiments. (b)

Effect of interleukin (IL)-2 on CD80 and CD86 expression on NK

cells. From flow cytometric analysis, histograms of CD80 or CD86

staining of NK cells cultured in the presence (black line) or absence

(grey line) of 200 U/ml IL-2 were obtained. Shaded histograms rep-

resent isotype-matched control monoclonal antibody staining. Data

are representative of two independent experiments.
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added singly or in combination to the MLR (Fig. 3). This

result suggested a potential role for either NK-cell or

CD8+ T-cell populations in priming the DC-MLR. While

repletion of the purified CD4+ T cells with CD8+ T cells

did not produce any effect on the MLR (data not shown),

the addition of NK cells at a concentration of 10%

restored the higher inhibitory capacity of CTLA4-Ig and

IL-10, indicating that NK cells can potentially interact

with either DCs or T cells to modify the alloimmune

response. Similarly, in another study it was shown that

anti-CD3-stimulated PBMC cultures were responsive to

IL-10-mediated inhibition while purified CD45RO T cells

were unaffected.20 This suggests that accessory popula-

tions such as NK cells or monocytes within PBMCs may

influence the susceptibility of T cells to IL-10-mediated

inhibition.

Confirming the specific interactions between NK and T

cells with respect to CD28 costimulation,21,22 our data

demonstrate that NK cells cultured with IL-2 up-regula-

ted the expression of CD86. Furthermore, our study has

demonstrated that NK cells costimulated CD4+ T-cell

proliferation and has confirmed the involvement of

CD86, as CTLA4-Ig blockade was able to inhibit prolifer-

ation (Fig. 4). Other costimulatory pathways apart from

CD28 have also previously been implicated in driving

NK cell-mediated costimulation of T cells, including

OX40–OX40L22 or 2B4–CD4823 interactions. Taken

together with the findings of these studies, our observa-

tions (Fig. 4) suggest that the interactions between NK

cells and T cells are sensitive and non-redundant, as

blockade of either one of these pathways or of CD28

costimulation abrogated the effect of the NK cells.

NK cells were also shown to have a direct effect on

DCs, which is consistent with other reports in that

autologous NK cells were able to activate DCs by both

cell-contact-dependent and cytokine-mediated effects.24,25

While NK cells have a propensity to lyse autologous

iDCs at high effector:target ratios of 50 : 1 to 2 : 1,26,27

it is important to emphasize that our co-culture experi-

ments involved ratios of 0�2 : 1, which are within levels

reported to be incapable of inducing lysis of DCs by NK

cells. However, we cannot exclude the possibility of NK

cell-mediated lysis of the allogeneic DCs in the DC-MLR

reported in the present study. Reduction in DC numbers

as a result of lysis (Fig. 4a) may partially account for

the increased sensitivity of T cells to IL-10- and CTLA4-

Ig-mediated inhibition at suboptimal concentrations.

However, the non-lysed viable iDCs after culture with

NK cells showed up-regulation of CD80 and, when used

as stimulators in the MLR, showed increased stimulatory

capacity even after the removal of NK cells and in the

MLR. In addition, both iDCs and mDCs precultured

with NK cells showed sensitivity to suboptimal concen-

trations of IL-10 and CTLA4-Ig, while DCs not exposed

to NK cells were non-responsive. Thus, the role of NK

cells in mediating responsiveness to the suboptimal com-

bination of CTLA4-Ig and IL-10 appears to involve

direct interactions of NK cells with allogeneic DCs,

which lead to the lysis of DCs, up-regulation of costim-

ulation and the potential contribution of soluble factors.

The effect of NK cells in the MLR is not limited to

DCs, as T-cell costimulation may also occur by interac-

tion with autologous NK cells via a CTLA4-Ig-sensitive

mechanism, as discussed above.

While the primary role of NK cells in the innate

immune system is in the killing of autologous tumour

and pathogen-infected cells, their consequent effects on

the adaptive immune response may increase the range of

function of these cells in directly activating the allo-

immune response.28,29 Recently, evidence has been accu-

mulating for a fundamental role for NK cells in allograft

rejection, as these cells promote cardiac allograft vasculo-

pathy30 and cellular infiltration in the graft.31 In addition,

studies have demonstrated that the depletion of NK cells

ensures robust allograft acceptance in association with

tolerance-inducing protocols.31,32

In summary, we report that the combined treatment of

the allogeneic DC-MLR with suboptimal doses of IL-10

and CTLA4-Ig inhibited T-cell activation. Notably, NK

cells are potentially able to render autologous T cells and

allogeneic DCs susceptible to the inhibitory effects of

IL-10 and CTLA4-Ig. Thus, therapeutic strategies that

involve the combination of CTLA4-Ig and IL-10 may be

effective in promoting allograft tolerance by targeting NK

cells associated with DC–T-cell interactions.
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