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CD40-deficient dendritic cells producing interleukin-10, but not interleukin-12, induce
T-cell hyporesponsiveness in vitro and prevent acute allograft rejection
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SUMMARY

The induction of an immune response or tolerance is mediated by corresponding subsets of
dendritic cells (DC). However, the property of tolerogenic DC is not clear. Recently, we have
characterized a population of CD11c+ splenic DC derived from long-term mixed leucocyte culture
(LT-MLC), which are able to proliferate upon stimulation and have a strong primary mixed
leucocyte reaction (MLR)-stimulating activity in conventional MLR. In this study, we show that,
in contrast to the irradiated ones, non-irradiated LT-MLC-derived DC induce polyclonal antigen-
specific T-cell hyporesponsiveness when cocultured with allogeneic splenocytes for 3–11 days. The
degree of the hyporesponsiveness increased with the length of coculture. Although these DC
expressed major histocompatibility complex class II and B7 costimulatory molecules, which are
down-regulated during coculture, they expressed very low or undetectable CD40 before and after
coculture, respectively. The CD40-deficient DC spontaneously produce interleukin-10 (IL-10),
but not IL-12. The skewed balance between IL-10 and IL-12 is associated with their capability to
induce T-cell hyporesponsiveness, because a neutralizing antibody to IL-10, exogenous recombinant
IL-12 or lipopolysaccharide (LPS) significantly blocked the hyporesponsiveness. Accordingly,
infusion of a small number of non-irradiated LT-MLC-derived DC (5×105) significantly prolonged
the survival of a vascularized heterotopic murine heart transplant, whereas irradiated DC
accelerated graft rejection. These data suggest that CD40-deficient DC producing IL-10, but not
IL-12 can induce T-cell hyporesponsiveness in vitro and in vivo.

INTRODUCTION tiate.4,10–13 For example, the cytokines granulocyte–macro-
phage colony-stimulating factor (GM-CSF) and interleukin-4Professional antigen-presenting cells (APC), such as dendritic
(IL-4) drive human monocytes to differentiate into intermedi-cells (DC), regulate immune responses by the induction of
ate (immature) DC, which may further differentiate intoactivated or tolerant T cells.1–4 Mature DC that express high
terminal (mature DC) in the presence of tumour necrosislevels of major histocompatibility complex (MHC) class II
factor-a (TNF-a),14,15 or into a subtype of DC, e.g.and costimulatory molecules, such as CD40, CD80 and CD86,
Langerhans’ DC in the presence of transforming growthprovide two signals required for T-cell activation,5–7 and
factor-b (TGF-b),12 or into macrophages in the presence ofpotently activate naive T cells.1,8 However, immature DC that
M-CSF.16 In a transplantation model, infusion of B7-deficientexpress variable densities of MHC class II and costimulatory
donor-specific DC prolongs graft survival, whereas infusionmolecules may be immunogenic or tolerogenic, depending on
of mature DC causes accelerated graft rejection.17 The DCthe conditions in the context of immune responses.9
regulated by IL-10 or prostaglandin (PG) E2 are capable ofDC are highly heterogeneous in phenotype and function
inducing T-cell hyporesponsiveness and T helper type 2 (Th2)depending on the microenvironment in which they differen-
T-cell differentiation, respectively.18–20 Thus, DC that differen-

Received 8 March 1999; revised 23 May 1999; accepted 23 May tiate in a particular cytokine milieu may determine the outcome
1999. of immune responses.17,21

T-cell anergy was initially described in vitro from theAbbreviations: APC, antigen-presenting cells; DC, dendritic cells;
observation that cloned CD4+ T cells stimulated through theirLT-MLC, long-term mixed leucocyte culture; MLR, mixed leucocyte

reaction. antigen receptor in the absence of APC-derived costimulatory
signals lose the ability to produce IL-2 and proliferate uponCorrespondence: Dr J. Madrenas, Transplantation and
antigen restimulation.22,23 However, it is difficult to explainImmunobiology Group, The John P. Robarts Research Institute, PO

Box 5015, 100 Perth Drive, London, Ont., Canada N6A 5K8. the in vivo situations where costimulatory molecules on APC
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are accessible and T-cell anergy can also be induced.2,23,24 globulin G (IgG) CRL 1975 (145-2C11), anti-CD4 IgG2b
TIB 207 (GK1.5), anti-CD8 IgG2b TIB 210 (2.43), hamsterAlthough the phenotype and cytokine profiles produced by

DC have been extensively studied in DC-producing sys- anti-mouse CD11c IgG HB224 (N418), hamster anti-mouse
I-A/I-E antigens IgG HB225 (N22), anti--selectin IgG2atems,3,4,25 the identity of DC during tolerance induction is not

clear. The current in vivo and in vitro tolerance induction HB132 (MEL-14), anti-CD45RB IgG2a HB220 (MB23G2),
anti-CD44 IgG1 TIB 242 (KM114), anti-IL-2R (CD25), IgMmodels cannot be used to characterize DC phenotype and

cytokine secretion profile during tolerance induction, because CRL 1878 (7D4), and anti-IgM IgG2b TIB 129 (331.12).
The following rat anti-mouse mAb were purchased fromAPC are either chemically fixed or irradiated in in vitro

models,18,20 or difficult to isolate for characterization in in vivo PharMingen (San Diego, CA): fluorescein isothiocyanate
(FITC)-conjugated anti-CD40, IgM (HM40-3), anti-B7-1models.9,24

To characterize the phenotype and cytokine profile of DC (CD80), IgG2a (GL1) and anti-B7-2 (CD86), IgG2b (1G10).
Purified goat-neutralizing antibody to murine IL-10 (IgG),during tolerance induction, a novel in vitro system is required

for study of unmodified DC, in which DC are not irradiated goat IgG and recombinant murine IL-2 and interferon-c
(IFN-c) were purchased from R&D Systems (Minneapolis,or chemically fixed, and may be influenced by responding

T cells via feedback mechanisms. In this study, we developed MN ). Recombinant murine IL-12 was obtained from Genetics
Institute (Cambridge, MA). The recombinant cytokine prep-a long-term culture system to induce anergic alloreactive

T cells. Since classic cytokine-propagated bone-marrow DC arations contained <0·1 ng/mg endotoxin. Lipopolysaccharide
(LPS) was purchased from Sigma.are short-lived, we used long-lived CD11c+ DC generated in

long-term mixed leucocyte culture (LT-MLC).25 They not
only proliferate upon stimulation by apoptotic cells without Generation of DC from LT-MLC

DC were generated from unfractionated spleen cells inthe addition of exogenous cytokines but also exhibit potent
activity to stimulate primary allogeneic T cells when they are LT-MLC and were CD11c+ as described previously.25

Briefly, mice were killed in a CO2 chamber. Spleen cellsirradiated in conventional mixed leucocyte reactions (MLR).25
These features of the LT-MLC-derived DC allow us to study (5×107–10×107) from C57BL/6 (H-2b) mice were cul-

tured with irradiated (3000 rads) allogeneic spleen cellsthe phenotype and cytokine profile of DC during interaction
with T cells. Herein we report that, in contrast to the irradiated (5×107–10×107) from BALB/c (H-2d) in D10F in a 25-cm2

flask (Falcon, Cat. 3081, Becton Dickinson & Co. Lincolnones,25 non-irradiated LT-MLC-derived DC can induce T-cell
hyporesponsiveness when they are cocultured long-term with Park, NJ). Adherent DC were observed after 2 weeks of

culture, and they grew confluent with differential size ofallogeneic splenocytes without the need to add exogenous
cytokines. The degree of the T-cell hyporesponsiveness corre- aggregates at 4–6 weeks. DC proliferated upon repetitive

stimulation with 2×107–5×107 irradiated allogeneic spleno-lates with the length of coculture, and the tolerogenicity of
LT-MLC-derived DC is associated with a defect in CD40 cytes (every 7–10 days). Starting from 6–8 weeks, DC released

from aggregates or dislodged by gentle pipetting were regularlyexpression and skewed production of IL-10 and IL-12
(IL-10high versus IL-12deficient). Consistently, infusion of live, harvested 4 days after stimulation by irradiated splenocytes

and only CD11c-positive cells, as confirmed by fluorescence-but not irradiated, LT-MLC-derived DC into recipients can
prevent acute allograft rejection in a murine heart transplan- activated cell sorter (FACS), were used for experiments.

Please, note that CD11c is down-regulated upon coculturetation model. These results suggest that the intrinsic properties
of tolerogenic DC may be associated with a phenotype of with non-irradiated allogeneic T cells as previous described25

(Fig. 6). The phenotype of these dendritic cells has beenCD40low/– and a polarized cytokine profile (IL-10high and
IL-12deficient). characterized in detail previously.25

Induction of T-cell unresponsiveness
MATERIALS AND METHODS

To induce T-cell unresponsiveness, allogeneic spleen cells were
cocultured with non-irradiated LT-MLC derived DC in D10FAnimals and medium

Eight- to 12-week-old male BALB/c (H-2d ), C57BL/6 (H-2b) in a 25-cm2 flask for various times. DC (C57BL/6, H-2b) were
harvested on day 4 after restimulation and were subculturedand C3H/HeN (H-2k) mice were purchased from Harlan

Sprague Dawley Inc. (Indianapolis, IN) and housed in the in 25-cm2 flasks (5×−10×105 cells/flask). Allogeneic spleen
cells (BALB/c, H-2d ) were added into the flasks (1×108Department of Animal Care, University of Western Ontario.

Complete Dulbecco’s modified Eagle’s minimum essential cells/flask) when the DC spread or grew more than 80–90%
confluent. On day 3, 7, or 11 after coculture, spleen cells weremedium (DMEM; D10F) or complete RPMI-1640 (R10F)

(both from Gibco BRL, Gaithersburg, MD) medium were harvested for phenotypic and functional analysis by flow
cytometry and proliferation assay (see below), respectively,supplemented with 10% new-born calf serum (Gibco BRL),

2 m glutamine, 50 m 2-mercaptoethanol (2-ME), 100 U/ml whereas most of the DC remained adherent on the surface of
the flask. To remove contaminating DC, the harvested cellspenicillin and 100 mg/ml streptomycin (Sigma, St Louis, MO).
were incubated in R10F in a culture dish for 2 hr, or treated
with mouse mAb to I-Ab/d plus low-toxic rabbit complementAntibodies and cytokines

The following rat (except where indicated) monoclonal anti- as described by the supplier (Cedarlane, Hornby, Ont.). The
cell preparation consisted of CD4+ and CD8+ T (calledbodies (mAb) against mouse antigens were generated from

American Type Culture Collection (ATCC; Rockville, MD) DC-T ) cells with DC being less than 2%. In the blocking
experiments, goat anti-mouse IL-10 (20 mg/ml ), recombi-cell lines, and purified from culture supernatant by protein-G

affinity chromatography: hamster anti-mouse CD3 immuno- nant murine IL-12 (1000 U/ml ), IFN-c (400 U/ml ) or IL-2
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(5 ng/ml ) or LPS (1 mg/ml ) were added into cocultures to were stained with mAb to the corresponding surface antigen
(2 mg/ml for purified IgG, 152 for culture supernatant) whereblock tolerance induction.
indicated. Secondary antibody was FITC-conjugated IgG,
either F(ab∞)2 fragment of donkey anti-rat IgG (JacksonPreparation of Con A-T and MLR-T cells

Con A-activated T (Con A-T) cells were prepared and used Immunoresearch Laboratories, Inc., West Grove, PA), goat
anti-rat IgM (Sigma Chemical Co.) or F(ab∞)2 fragment ofas a control for DC-T cells that were obtained from coculture

at day 7 or 11. In brief, spleen cells (5×106/ml ) from BALB/c goat anti-hamster IgG (PharMingen, San Diego, CA). All
secondary reagents were diluted 15300. Appropriate isotype-mice were cultured in D10F in the presence of Con A

(5 mg/ml ). After incubation for 4 days, 50% of the medium matched mAb were used as controls. Cells were incubated for
30 min at 4° for each step. After labelling, the cells were fixedwas replaced with fresh D10F. On day 6, blast cells were

collected and washed to remove debris. The cells were in 0·5% paraformaldehyde in PBS. Flow cytometric analysis
was performed on a FACScanA flow cytometer (Bectonre-cultured in 50% fresh D10F containing 5 mg/ml Con A.

Con A-T were harvested at different incubation times matching Dickinson, Mountain View, CA). Ten thousand events were
acquired for each sample.those of DC-T cells and used as controls in proliferation

assays. In addition, splenocytes (5×106 cells/flask) from
BALB/c (H-2d ) were cocultured for 3 days with equal numbers RNA extraction and reverse transcription–polymerase chain

reaction (RT-PCR) analysisof irradiated splenocytes from C57BL/6 (H-2b). Viable cells
(MLR-T cells) were isolated with lympholyteA gradient Total RNA was extracted from DC before and after coculture

(on day 11) using Trizol (Gibco, BRL) according to the(Cedarlane, Hornby, Ont.), and used as controls for the 3-day
DC-T cells. manufacturer’s instructions, quantified spectrophotometrically

and stored at −70°. Sample or control RNA (1 mg) was
reverse transcribed with SuperScript II reverse transcriptaseT-cell proliferation and cytokine assays

DC-T, Con A-T, MLR-T, or splenic cells in various concen- (Gibco, BRL) at 42° for 50 min with 100 ng of random
hexamer primer (Gibco, BRL) in a 20-ml reaction accordingtrations were stimulated with irradiated (3000 rads) allogeneic

splenocytes (H-2b, 2×105 cells/well ) in 200 ml R10F in round- to the manufacturer’s recommendations. After synthesis, the
cDNA (0·8 ml ) was subsequently amplified with oligonucleot-bottomed 96-well plates (Falcon). In some experiments,

exogenous murine IL-2 was added into cultures (5 ng/ml ) to ides specific for cytokines tested (Table 1). The reaction
cocktails contained 200 n KCl of each oligonucleotide, 10 mexamine the reversibility of tolerized DC-T cells. All assays

were performed in triplicates. The culture plates were incubated Tris–HCl, pH 8·3, 50 m KCl, 0·001% gelatin, 50 m MgCl2
and 0·125 units of Taq polymerase (Perkin-Elmer Cetus,for 72–90 hr, and cell proliferation was measured by adding

[3H ]TdR (0·5 mCi/well ) 16 hr before harvesting. IL-2 was Norwalk, CT ) in a total volume of 20 ml. The reactions were
cycled 35 times at 94° for 60 seconds, 57° for 60 seconds andmeasured by standard bioassay using the CTLL-2 cell line.

IL-10 and IL-12 in coculture supernatants were analysed by 72° for 30 seconds in a DNA Thermal Cycler (Perkin-Elmer
Cetus). Then 8 ml of the amplified samples were electrophor-enzyme-linked immunosorbent assay (ELISA)26 using

PharMingen OptEIA@ sets for mouse IL-10 (Cat. 2657KK) esed through a 1·5% agarose gel stained with ethidium bromide
and subsequently scanned by Gel Doc 1000 (Bio-Rad).and IL-12 (p40) (Cat. 2619KK ).

Flow cytometry Administration of DC and heterotopic vascularized heart
transplantationFlow cytometric analysis of LT-MLC-derived DC and T cells

was performed as described previously.25 Briefly, cells To evaluate the in vivo function of LT-MLC-derived DC, a
vascularized murine heart transplantation model was(2×105–5×105 for DC, 1×106 for T cells) in 100 ml of phos-

phate-buffered saline (PBS) supplemented with 1% bovine employed.27 Graft rejection was defined as lack of grafted
heart beating on palpation. Donor-specific DC (C57BL/6,serum albumin (BSA) and 0·01% sodium azide were pretreated

with the corresponding normal rat or mouse serum. The cells H-2b) were harvested from LT-MLC after 6–8 weeks, washed

Table 1. Cytokine primer sequences

Primer Sequence References

IL-1a sense 5∞ TTACAGTGAAAACGAAGA 3∞ 51
IL-1a anti-sense 5∞ TGTTTGTCCACATCCTG 3∞
IL-1b sense 5∞ GCAACTGTTCCTGAACTCA 3∞ 52
IL-1b anti-sense 5∞ CTCGGAGCCTGTAGTGCAG 3∞
IL-6 sense 5∞ TGGAGTCACAGAAGGAGTGGCTAAG 3∞ 53
IL-6 anti-sense 5∞ TCTGACCACAGTGAGGAATGTCCAC 3∞
IL-10 sense 5∞ AAGACCAAGGTGTCTACAAGGC 3∞ 54
IL-10 anti-sense 5∞ TCTTAGGAGCTCTGAACTCAGG 3∞
IL-12 (p40) sense 5∞ AACTGGCGTTGGAAGCACGG 3∞ 55
IL-12 (p40) anti-sense 5∞ GAACACATGCCCACTTGCTG 3∞
b-actin sense 5∞ CGTGACATCAAAGAGAAGCTGTGC 3∞ 56
b-actin anti-sense 5∞ GCTCAGGAGGAGCAATGATCTTGAT 3∞
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Table 2. LT-MLC-derived DC prolonged allogeneic cardiac graft survival

Group N Treatment Graft survival (days) Median P*
(days)

A 8 Medium. 8,8,9,9,9,10,11,11 9
B 8 DC† 12,12,16,17,17,20,22,24 17 0·0002
C 8 Irradiated DC 6,7,7,7,7,9,9,10 7 0·0499
D 8 DC+CD4 mAb 22,22,22,24,46,56,>120,>120 35 0·0002
E 8 Irradiated DC+CD4 mAb 12,18,22,24,25,27,28,30 24·5 0·0002
F 5 CD4 mAb 10,10,10,10,14 10 NS
G 8 Splenocytes 8,9,9,9,9,9,10,10 9 NS
H 5 Splenocytes+CD4 mAb 8,9,9,9,11 9 NS

*Compared with group A (Mann–Whitney test). †Donor-specific LT-MLC-derived DC
(5×105/mouse, C57BL/6, H-2b) were injected i.v. into recipients (BALB/c, H-2d) 27 days
before operation, and CD4 mAb (50 mg/mouse) 28 and 27 days before operation.

twice, and re-suspended (2·5×106 cells/ml ) in DMEM in the absence of DC, but survived more than 4 weeks without
significant changes in cell numbers if DC were added backmedium. In some cases, DC were irradiated (5000 rads). The

DC (5×105 cells in 200 ml medium/mouse) were injected into before they died (data not shown). These results suggest that
LT-MLC-derived DC were required for the survival ofrecipients (BALB/c mice, H-2d ) intravenously (i.v.) 27 days

before operation. Equal numbers of donor-specific splenocytes DC-T cells in vitro, and the latter might be hyporesponsive
upon antigen restimulation.were used as controls. In some cases, the recipients received

i.v. mAb to CD4 (GK 1.5, 50 mg/mouse) at 28 and 27 days
before operation (Table 2), as described previously.28 This The degree of T-cell hyporesponsiveness induced by
protocol was chosen based on previous reports on donor- LT-MLC-derived DC correlates with the length of coculture
specific blood cell transfusions that induce tolerance.28

To confirm that DC-T cells were hyporesponsive upon antigen
stimulation, we examined their proliferative response to alloan-

RESULTS tigens. DC-T cells (H-2d ) were isolated from cocultures at day
3, 7, or 11 of coculture, and were re-stimulated with irradiatedSplenic T (DC-T) cells exhibit a tolerogenic phenotype in
allogeneic splenocytes (H-2b). As shown in Fig. 2 (day 3),long-term coculture with LT-MLC-derived DC
DC-T cells (H-2d ) harvested on day 3 after coculture were

We have shown that LT-MLC-derived DC proliferate upon hyporesponsive to specific alloantigens (H-2b), compared to
stimulation with irradiated allogeneic splenocytes and T cells isolated from time-matched MLR-T cells. The prolifer-
irradiated DC have potent MLR-stimulating activity.25 In this ative response was also lower than that observed in primary
study, we examined the effect of non-irradiated LT-MLC- MLR. More profound hyporesponsiveness of DC-T was
derived DC on activation and differentiation of alloreactive observed on days 7 and 11 of coculture (Fig. 2). Thus, the
T cells. Allogeneic spleen cells were cocultured with non- degree of hyporesponsiveness induced by LT-MLC-derived
irradiated LT-MLC-derived DC and harvested on days 3, 7 DC correlated with the length of coculture, suggesting that
and 11, respectively. Flow cytometric analysis showed that, the hyporesponsive T cells were preactivated. It was difficult
on day 3 of coculture, most of the splenic cells were CD3 to obtain sufficient time-matched MLR-T cells (at days 7 and
positive (about 75–85%), and the rest were B220 or IgM 11) without addition of exogenous IL-2. To avoid potentially
positive (15–25%). Both CD4+ (45%) and CD8+ (24%) cells confounding effects of IL-2, we used time-matched Con
were recovered (data not shown). The cell composition was A-T cells, which mainly consisted of CD4+ T cells (data not
similar to that from time-matched conventional MLR (data shown), as a control to exclude the possibility that the hypores-
not shown). On day 7 of culture, only T cells were rec- ponsiveness of DC-T cells was caused by a non-specific effect
overed, as indicated by close to 100% of cells being CD3- of long-term culture. As shown in Fig. 2 (days 7 and 11),
positive. CD4+ T cells were about 80–90% and CD8+ cells time-matched Con A-T cells had a strong proliferative response
were 10–20%. These cells were MEL-14high/moderate, to allostimulation.
CD45RBhigh/moderate, IL-2Rlow and CD44low (Fig. 1). The Next, the proliferative response of DC-T cells to third-
phenotype of IL-2Rlow is similar to that observed on tol- party alloantigens was examined. As shown in Fig. 3,
erant T cells.20 Interestingly, the ratio and phenotypes of DC-T cells did not significantly proliferate upon stimulation
CD4+/CD8+ T cells remained stable after day 11 of coculture by third-party alloantigens (H-2k). Their proliferative response
(data not shown), when the number of T cells recovered was to third-party antigens (H-2k) was even lower than to specific
about 5–10% of the added spleen cells. These T cells were not alloantigens (H-2b).
clonally restricted or oligoclonal, because polyclonal T-cell
receptors were detected by RT-PCR with a distinct pattern

Exogenous IL-2 restores responsiveness of anergic DC-T cells
from that of concanavalin A (Con A)-T cells (data not shown).
The DC were required for the survival of alloreactive T cells One mechanism of T-cell unresponsiveness is T-cell anergy. It

is well known that anergic T cells fail to produce IL-2, whichin the coculture, since purified DC-T cells died within 1 week
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Figure 1. Flow cytometric analysis of splenic T cells cocultured with LT-MLC-derived DC. Splenocytes (H-2d, BALB/c) were
cocultured with LT-MLC-derived DC (H-2b, C57BL/6) for 7 days, harvested, and stained with mAb to CD3, CD4, CD8, IL-2R
(CD25), CD62L (-selectin), CD45RB, or CD44 as described in the Materials and Methods. The results are representative of three
experiments (open histogram: control primary mAb). Similar results were observed after 11 days of coculture (not shown).
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Figure 2. Kinetics of the induction of T-cell hyporesponsiveness by LT-MLC-derived DC. DC-T cells (BALB/c, H-2d) isolated
from the cocultures on days 3, 7 and 11 were restimulated with irradiated (3000 rads) allogeneic splenocytes (C57BL/6, H-2b)
(2×105 stimulators/well ) in 200 ml R10F in round-bottomed 96-well plates for 72–90 hr. Timing-matched activated T cells [MLR-T
(day 3) and Con A-T (day 7 and 11)] and splenocytes were used as activated and naive T-cell controls, respectively. Proliferative
response was measured by addition of [3H ]TdR (0·5 mCi/well ) 16–18 hr before harvesting. The results are expressed as mean
c.p.m.±SD of triplicates from three to six experiments with similar results.
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Figure 3. DC-T cells are unresponsiveness to third-party alloantigens.
DC-T cells (H-2d, BALB/c) were harvested on day 11 after coculture
with LT-MLC-derived DC and were restimulated with or without
irradiated (3000 rads) antigen-specific allogeneic splenocytes (H-2b,
C57BL/6) or non-antigen-specific allogeneic splenocytes (H-2k,
C3H/NeN) (2×105 stimulators/well ). Primary MLR (H-2d against
H-2b) were used as control for normal baseline allogeneic response.
The cells were cultured in 200 ml R10F in round-bottomed 96-well
plates for 72–90 hr in 5% CO2 at 37°. The proliferative responses were
measured by addition of [3H]TdR (0·5 mCi/well ) 16–18 hr before
harvesting. The results are expressed as mean c.p.m.±SD of triplicates
from three experiments with similar results.

can be reversed by the addition of IL-2.22,23,29 To further
confirm that the DC-T cells are anergic, we examined whether
DC-T cells could produce IL-2 or whether exogenous IL-2
could reverse their hyporesponsiveness. DC-T cells harvested
on day 11 were restimulated with specific alloantigens for
72 hr and the culture supernatants were examined for IL-2.
Figure 4(a) shows that DC-T cells did not produce IL-2 upon Responder cells/well
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Figure 4. (a) DC-T cells are defective in IL-2 production. DC-T cellsre-stimulation with specific alloantigens. In contrast, naive
(H-2d, BALB/c) were isolated on day 11 after coculture with LT-MLC-splenic T cells produced high levels of IL-2 in response to
derived DC, and restimulated with irradiated antigen-specific allogeneicallostimulation. Like classic anergic T cells,22,29 the hypores-
splenocytes as described in Figure 2. Splenocytes were used as control.ponsiveness of DC-T cells was reversed when exogenous IL-2
Fifty-microlitre culture supernatants were collected at 72 hr and testedwas added to the culture in the absence or presence of
for IL-2 production using bioassay. CTLL-2 cells, which were maintained

irradiated allogeneic splenocytes (Fig. 4b). Taken together,
in R10F supplemented with recombinant murine IL-2 were harvested,

these results confirm that non-irradiated LT-MLC-derived DC washed and resuspended in R10F (1×105/ml ). The cell suspension
are able to induce T-cell anergy. (50 ml ) was plated into round-bottomed 96-well plates (5000 cells/well )

and 50 ml culture supernatants tested were added into each well. The
cells were incubated overnight at 37° and 5% CO2 and CTLL-2 cellLT-MLC-derived DC produce IL-10, but not IL-12
proliferative responses were measured by adding [3H]TdR (0·5 mCi/well )
6–8 hr before harvesting. The results are expressed as mean c.p.m.±SDWhile the irradiated LT-MLC-derived DC are stimulatory in
of triplicates from at least three experiments. (b) Exogenous IL-2 canthe conventional MLR,25 the same non-irradiated type of DC
reverse hyporesponsiveness of DC-T cells. DC-T cells (H-2d, BALB/c)were tolerizing (Fig. 2 and 4), suggesting that these DC may
were isolated on day 11 after coculture with LT-MLC-derived DC andsecrete the tolerogenic cytokine IL-10 during tolerance induc-
restimulated with or without irradiated antigen-specific allogeneic splen-

tion. Using RT-PCR, we compared the cytokine production ocytes (H-2b, C57BL/6, 2×105/well ) in the presence or absence of
profile of LT-MLC-derived DC before and after coculture recombinant murine IL-2 (5 ng/ml) in 200 ml R10F in round-bottomed
with allogeneic spleen cells. As shown in Fig. 5, IL-10 and 96-well plates. The proliferative responses were measured at 72–90 hr
IL-6 mRNA were constitutively expressed in DC before cocul- when cells were harvested. [3H]TdR (0·5 mCi/well ) were added 16–18 hr
ture, whereas mRNAs for IL-1a, IL-1b and IL-12 (p40) were before harvesting. The results are expressed as mean c.p.m.±SD of

triplicates from five experiments.not detected. IL-10 mRNA exhibited a higher level than
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Figure 5. LT-MLC-derived DC express high levels of IL-10 mRNA, but not IL-12 mRNA upon activation. LT-MLC-derived DC
were harvested before and after coculture (on day 11) with allogeneic splenocytes, and mRNAs of cytokines IL-1a, IL-1b, Il-6,
IL-10 and IL-12 (p40) were examined using RT-PCR. The results are representative experiment of two experiments.

IL-6 mRNA. Interestingly, these cytokine profiles remained to T-cell hyporesponsiveness. Allogeneic splenocytes (H-2d )
were cocultured with LT-MLC-derived DC (H-2b) for 3 daysstable after coculture with allogeneic spleen cells except for

IL-1b mRNA, which was up-regulated. The up-regulation of in the presence of the indicated reagents. Then, DC-T cells
were isolated and re-stimulated with irradiated antigen-specificIL-1b mRNA suggested that the DC had been activated during

coculture.30,31 Consistent with the RT-PCR results, IL-10 allogeneic splenocytes (H-2b). As shown in Fig. 7(a), in the
presence of exogenous IL-12 the proliferative response ofprotein (91·3±3·98 pg/ml, n=5), but not IL-12, was detected

by enzyme-linked immunosorbent assay (ELISA) in the super- DC-T cells to alloantigens significantly increased >90% com-
pared to that of DC-T cells from the cocultures in the absencenatants from day 11 of coculture. The results suggest that the

polarized production of IL-10 and IL-12 by LT-MLC-derived of exogenous IL-12. This suggests that IL-12 is required for
maintaining the responsiveness of primarily activated T cells.DC contributes to the induction of T-cell hyporesponsiveness.
Since LT-MLC-derived DC constitutively secrete IL-10, a
neutralizing antibody to IL-10 was used to block the induction

LT-MLC-derived DC are defective in CD40 expression after
of T-cell hyporesponsiveness. As expected, anti-IL-10 antibody

activation
significantly blocked T-cell hyporesponsiveness, compared to
controls (Fig. 7b,c). The slight blockade by anti-IL-10 in someTo address why LT-MLC-derived DC are unable to produce

IL-12, we examined CD40 expression on DC before and after experiments was not surprising because non-irradiated DC
may continuously produce IL-10 to antagonize the antibody.coculture with T cells, since CD40-mediated signalling not

only stimulates DC to produce IL-12,32 but also up-regulates Since LPS can up-regulate CD40 expression on DC and
stimulate them to produce IL-12,36,37 we examined whetherexpression of B7 molecules.33 Before coculture with allogeneic

splenocytes, the DC expressed CD11c, MHC class II and LPS could block the induction of T-cell hyporesponsiveness.
Adding LPS into the cocultures strikingly promotes proliferat-costimulatory molecules CD80 and CD86 (Fig. 6). This pheno-

type is consistent with that of stimulatory DC in conventional ive responses of DC-T cells upon alloantigen re-stimulation.
However, IL-2 and IFN-c had no effects in blocking toleranceMLR.25 However, they expressed a very low level of CD40.

On day 11 of coculture, all surface molecules tested above induction (Fig. 7c). In accordance, the DC isolated from LPS-
stimulated cocultures expressed higher levels of CD40 andwere down-regulated on the DC, especially for CD40, which

was undetectable (Fig. 6). These results suggest that the IL-12 (data not shown). Taken together, these results suggest
that the balance between IL-10 and IL-12 in the context ofinability of LT-MLC-derived DC to produce IL-12 during

coculture may be correlated with a deficient IL-12-inducing an immune response may determine the responsiveness of
DC-T cells.signal provided by CD40 costimulatory molecules.34,35

Exogenous IL-12 and LPS bypass the T-cell hyporesponsiveness An infusion of LT-MLC-derived DC prolongs the survival of
cardiac allograftsinduced by LT-MLC-derived DC

To further confirm that the skewed production of IL-10 and To confirm the in vitro finding that LT-MLC-derived DC can
induce T-cell hyporesponsiveness, we investigated whether DCIL-12 by the CD40-deficient DC was correlated with induction

of T-cell hyporesponsiveness, exogenous IL-12, anti-IL-10 could induce T-cell hyporesponsiveness in vivo in a murine
heterotopic vascularized cardiac transplantation model.28antibody and LPS were used to correct the imbalance leading
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Figure 6. Expression of CD40, CD80 and CD86 on LT-MLC-derived DC is down-regulated during coculture. DC harvested from
the cocultures at day 11 were stained with mAbs to CD11c, I-A/I-E, CD40, CD80, or CD84, respectively, and then FITC
conjugated secondary antibody as described in the Materials and Methods. The results were analysed by flow cytometry and are
representative of three experiments (open histogram: control primary mAb).

Donor-specific DC (5×105) (C57BL/6, H-2b) were injected DISCUSSION
i.v. alone into recipients (BALB/c, H-2d ) 27 days before

We have reported previously that LT-MLC-derived CD11c+
operation, or in combination with two doses of CD4 mAb

DC can proliferate upon antigen stimulation and survive in(GK1.5, 50 mg/mouse) given i.v. at 27 and 28 days before
vitro long-term.25 In this study, we further investigate the effectoperation. As shown in Table 2, pretreatment with donor-
of DC proliferation on T-cell responses and characterize thespecific DC significantly prolonged cardiac allografts [median
phenotype and cytokine production profiles of DC duringsurvival time (MST): 17 days versus control 9 days]. A
interaction with T cells. There are three major findings in thissynergistic effect was observed when DC treatment was com-
study. First, DC proliferation in the context of immunebined with CD4 mAb, and 25% of the grafts survived more
responses are required for the induction of T-cell tolerance,than 100 days (MST=35 days). The CD4 mAb treatment
since irradiated LT-MLC-derived DC are immunogenic, whilealone did not prolong the survival of cardiac grafts (MST=
non-irradiated LT-MLC derived DC are tolerogenic, as10 days), compared with untreated animals (MST=9 days).
observed in vitro (ref. 25 and Fig. 2) and in vivo (Table 2).The increased survival of the cardiac grafts was actively
Secondly, tolerogenic DC express MHC class II and B7mediated by live DC, because treatment with irradiated DC
stimulatory molecules, but not CD40. This phenotype maydid not prolong the graft survival, in fact, allograft rejection
allow tolerogenic DC to prime naive T cells, a process requiredwas slightly, but significantly, accelerated (MST=7 versus 9
for tolerance induction,23 but not to produce IL-12, a criticaldays, P=0·05). Interestingly, treatment with irradiated DC
costimulator for T-cell activation.30 Thirdly, tolerogenic DCunder the coverage of CD4 mAb significantly prolonged graft
constitutively express high levels of IL-10 and have a skewedsurvival (MST=24·5 days), suggesting that antigenic signals
balance between IL-10 and IL-12 production. Interestingly,provided by irradiated DC could be modulated by immuno-
this polarized cytokine profile does not change with DCsuppressants such as CD4 mAb. The prolonged graft survival
activation (Fig. 5). This is a demonstration that endogenouswas specifically mediated by DC, since infusion of donor-
cytokines play important roles in the regulation of DCspecific spleen cells alone or in combination with CD4 mAb
function.had no effect on graft survival (MST=9 days, respectively).

Our DC-mediated T-cell tolerance induction system isIn addition, mice that accepted heart grafts for >100 days
different from that previously reported by Lu et al.38 Theywere grafted with donor-specific (C57BL/6, H-2b) and
used GM-CSF-propagated, short-lived bone-marrow-derivedthird-party (C3H/HeN, H-2k) skin grafts simultaneously. The
DC. These DC seem to be defective in expression of MHCdonor-specific skin grafts survived significantly longer than
class II and B7-2, but not B7-1 costimulatory molecules andthird-party grafts (8 versus 28 days). These results are consist-
are not stimulatory in conventional MLR.38 In contrast, long-ent with the in vitro observation that irradiated LT-MLC-
lived LT-MLC-derived DC express sufficient levels of MHCderived DC are immunogenic, whereas the non-irradiated are

tolerogenic. class II and B7 costimulatory molecules and are potentially
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is different from that in the conventional MLR. In the conven-
tional MLR, LT-MLC-derived DC were irradiated and did
not proliferate upon antigen stimulation.25 They might con-
tinue to mature to the terminal stage upon interaction with
T cells3,4,12,34 and display stimulatory activity.25,32,34 However,
non-irradiated DC can proliferate upon interaction with
T cells25 and may not differentiate further into terminal mature
DC. This hypothesis is supported by the findings that CD11c
expression on the DC was down-regulated after coculture and
that these DC are less mature compared to those before
coculture as indicated by the down-regulation of MHC class
II and B7 molecules (Fig. 6). The level of CD11c expression
is correlated with the degree of DC maturation, since cytokines
TNF-a and IL-4, and LPS, which can drive DC matu-
ration,15,37 can up-regulate CD11c expression on LT-MLC-
derived DC (our unpublished observations). Secondly, the
degree of T-cell hyporesponsiveness induced by LT-MLC-
derived DC correlates with the length of coculture (Fig. 2),
suggesting that the non-irradiated DC were initially stimu-
latory. The prolonged coculture not only satisfied the need for
T-cell priming or activation in the early stage, which is thought
to be necessary for the induction of T-cell tolerance,39–41 but
also provided long-lived immature DC that may continuously
produce cytokines such as IL-10 to support a tolerogenic
environment at the later stage of immune responses. Consistent
with in vitro observations, infusion of donor-specific irradiated
LT-MLC-derived DC significantly accelerated heart graft rejec-
tion. In contrast, infusion of non-irradiated LT-MLC-derived
DC significantly prolonged graft survival (Table 2). Thus,
non-irradiated DC are substantially different from irradiated
DC in the regulation of immune responses in vitro and in vivo.
It is likely that under physiological conditions, stimulatory
DC may differentiate into tolerizing DC, as long as they do
not differentiate into the terminal mature stage.3,6,10,14

Why can LT-MLC-derived DC be switched from stimu-
latory to tolerizing DC? Analysis of cytokine profiles of the
DC before and after coculture revealed that these DC constitut-
ively express IL-10 and IL-6, but not IL-12. Interestingly, this
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cytokine profile did not change even after DC activation, as
Figure 7. Exogenous IL-12, neutralizing antibody to IL-10, or LPS indicated by up-regulation of IL-1b mRNA (Fig. 5), an acti-
blocks DC-induced T-cell hyporesponsiveness. Splenocytes (H-2d, vation marker for DC and macrophages.30,31 Although it has
BALB/c) were cocultured with DC in D10F in 25 cm2 flasks in the

been shown that IL-10 is a critical factor for the induction ofpresence or absence (controls) of recombinant murine IL-12
T-cell tolerance,18,20 it is not clear whether tolerogenic DC(1000 U/ml ) (a), neutralizing goat antibody to IL-10 (20 mg/ml ) (b
can produce IL-10 in the context of an immune response. Inand c), IL-2 (5 ng/ml ), IFN-c (400 U/ml ) or LPS (1 mg/ml ) (c) for
this study we clearly show that LT-MLC-derived DC spon-3 days. Goat IgG (20 mg/ml ) was used as a control for anti-IL-10
taneously produce IL-10 throughout the tolerance induction.antibody (b). Then, DC-T cells were isolated and restimulated (4×105

cells/well ) with irradiated (3000 rads) antigen-specific allogeneic splen- Autocrine IL-10 may act on DC themselves, and thus inhibit
ocytes (2×105 cells/well ) (H-2b, C57BL/6) in 200 ml R10F in flat- IL-1235,42 and B7 molecule expression.43,44 IL-12 is an import-
bottomed 96-well plates. Secondary MLR was used as positive con- ant cytokine for T-cell activation and differentiation.30 The
trols. Proliferative responses were determined at 72–90 hr by adding inability of LT-MLC-derived DC to produce IL-12 leads to
[3H ]TdR (0·5 mCi/well ) 16–18 hr before harvesting. The results are an IL-10-dominated environment in the context of an immune
expressed as mean c.p.m.±SD of a representative from three experi-

response and favours the induction of T-cell hyporesponsive-ments. *P∏0·05; **P<0·01, compared to controls (analysis of
ness. This polarized cytokine production profile (IL-10high,variance).
IL-12deficient) determines the tolerogenicity of DC. This con-
clusion is further supported by the fact that addition of
exogenous IL-12 or anti-IL-10 antibody significantly inhibitedstimulatory in MLR (ref. 25 and Fig. 6). However, these DC

have the ability to induce T-cell hyporesponsiveness in vitro T-cell hyporesponsiveness induced by LT-MLC-derived DC
(Fig. 7).and in vivo (Fig. 2 and 4, and Table 2). This seems to

contradict the previous finding that these DC are potent CD40 is another important costimulatory molecule in the
regulation of DC maturation.7,8,32 Ligation of CD40 not onlystimulators when they were irradiated in the conventional

MLR.25 However, the coculture condition used in this study triggers secretion of IL-1232,34 but also up-regulates expression
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of B733 and other costimulatory molecules.45 During an
immune response, CD40+ DC may engage with activated
CD40L+ T cells to amplify their costimulatory activity by
triggering IL-12 production. Since CD40 signalling may an-
tagonize IL-10 signalling, we predicted that tolerogenic DC
may be defective in CD40 signalling. In confirmation of that
hypothesis, LT-MLC-derived DC expressed a very low level
of CD40 before coculture, which was further down-regulated
during coculture. This may explain why IL-12 was still absent
even when the DC were activated. Thus, up-regulation of
CD40 may block tolerance induction. As expected, addition
of LPS to the coculture significantly blocked tolerance induc-
tion (Fig. 7), because LPS is able to promote CD40
expression36 and IL-12 production37 by LT-MLC-derived DC
(data not shown). It is not clear why CD40 expression is not
up-regulated in the coculture when the DC were activated
(Fig. 6). Further investigation of this issue is ongoing in our
laboratory.

Notably, addition of neutralizing anti-IL-10 antibody into
Figure 8. Mechanisms of dendritic cell differentiation into tolerogenicthe cocultures sometimes slightly reverses T-cell hyporespons-
or immunogenic APC. CD40 and IL-10 may play critical roles iniveness (Compare Fig. 7b and c). This, however, is not surpris-
determining whether DC are tolerogenic or immunogenic. CD80/CD86ing. In cocultures, the DC continuously produce IL-10 to
and IL-12 are regulated by signals from CD40 or IL-10. The products

antagonize the antibody and it is difficult to completely block
of infectious agents such as LPS may modulate CD40 expression.

endogenous IL-10. In addition, the antibody itself does not
have the ability to correct defects in CD40 expression and

actively mediated by DC rather than by CD4 mAb, as treat-IL-12 production by tolerogenic DC, even though IL-10 is
ment with CD4 mAb alone or in combination with splenocytescompletely blocked by the antibody. In contrast, in the
had no effect on graft survival (Table 2). In addition, theIL-10-treated culture system, completely blocking exogenous
effect of LT-MLC-derived DC in prolonging graft survivalIL-10 may prevent DC differentiation into tolerogenic ones.18
cannot be attributed to a blood transfusion effect, since theThus, it is possible that anti-IL-10 antibody treatment does
infusion of splenocytes alone did not have such an effect.not reverse T-cell hyporesponsiveness in our system as much
Further studies are underway to see if prolonged, specificas in the IL-10-treated system.18
unresponsiveness can be achieved by additional manipulationsTo our surprise, DC-T cells showed unresponsiveness to
of the protocol, as peripheral tolerance can be modulated atthird-party alloantigens (Fig. 3). However, this is consistent
multiple levels depending on environmental stimuli.49,50with the in vivo observation by Fu et al. that infusion of

In summary, we have characterized the properties of toler-cytokine-induced bone-marrow-derived immature DC signifi-
ogenic DC. The ability of tolerogenic DC to proliferate uponcantly prolonged the survival of third-party grafts in a murine
interaction with T cells may be required for maintaining theirheart transplantation model.17 There are several potential
tolerogenicity, otherwise they may differentiate into immuno-explanations for why this may be the case. First, antigen-
genic DC as in the case of the irradiated DC (ref. 25 andspecific DC-T cells are anergic, and could inhibit other popu-
Table 2). Under physiological conditions, stimulatory DC maylations that may respond to third-party alloantigens.46,47 In
differentiate into tolerogenic DC, depending on the cytokineagreement with this hypothesis, we found that anergic
milieu of the immune response. The balance of signals betweenDC-T cells potently suppressed primary MLR by 90%. This
IL-10 and CD40 or IL-12 (Fig. 8) may determine the outcomesuppression appears to be mediated by soluble factor(s), which
of an immune response.were produced by DC-T cells rather than DC (our unpublished

observations). Alternatively, DC-T cell populations may con-
tain predominantly antigen-specific alloreactive T cells with ACKNOWLEDGMENTS
few third-party-specific T cells that may have died in culture.48
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