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Introduction

Summary

Dendritic cells (DCs) are potent antigen-presenting cells and can induce
tumour- or pathogen-specific T cell responses. For adoptive immunotherapy
purposes, immature DCs can be generated from adherent monocytes using
granulocyte macrophage colony stimulating factor (GM-CSF) and interleukin
(IL)-4, and further maturation is usually achieved by incubation with tumour
necrosis factor (TNF)-o.. However, TNF-o.-stimulated DCs produce low levels
of IL-12. In this study, we compared the effects of TNF-@, interferon (IFN)-Y,
IL-1B or IFN-y+IL-1B on the phenotypic and functional maturation of DCs.
Our results show that IFN-Y, but not IL-1B, augmented the surface expression
of CD80, CD83 and CD86 molecules without inducing IL-12 production from
DCs. However, IL-1B, but not IFN-Y, induced IL-12 p40 production by DCs
without enhancing phenotypic maturation. When combined, IFN-y+IL-1PB
treatment profoundly up-regulated the expression of CD80, CD83, CD86 and
major histocompatibility complex (MHC) class II antigens. Furthermore,
IFN-y+ IL-1B-treated DCs produced larger amounts of IL-12 and induced
stronger T cell proliferation and IFN-Y secretion in primary allogeneic mixed
lymphocyte reaction (MLR) than did TNF-o-treated DCs. Our results show
that IFN-y+IL-1P induced human monocyte-derived DCs to differentiate
into Th1l-prone mature DCs.
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[14]. These monocyte-derived DCs are differentiated further
into the mature immunostimulatory DCs with various
stimuli such as tumour necrosis factor (TNF)-o [14-16] or

Dendritic cells (DCs) are potent antigen-presenting cells
(APCs [1,2]). Peripherally located DCs are generally imma-
ture and specialize in antigen capture with a low T cell stim-
ulatory capacity. However, once immature DCs encounter
the appropriate maturational signals, they are stimulated to
migrate to the T cell-rich zone of secondary lymphoid
organs [3—6] and to become potent T cell activators [2]. The
capacity of DCs to stimulate T cells is dependent upon the
up-regulation of co-stimulatory molecules such as CD80/
CD86 and the secretion of a variety of cytokines such as
interleukin (IL)-12 [7-9]. The pivotal role of DCs in the acti-
vation of naive T lymphocytes and the generation of primary
T cell responses is now being explored in clinical trials of
DC-based immunotherapy in humans [10-13]. Large num-
bers of human DCs can be generated from adherent periph-
eral blood monocytes ex vivo in the presence of granulocyte-
monocyte colony stimulating factor (GM-CSF) and IL-4

lipopolysaccharide [8]. The functional and phenotypic mat-
uration of DCs is regulated dynamically and diversely by the
different stimulatory agents. In the previous study, for exam-
ple, we demonstrated that the TNF-c-induced maturation
of DCs is regulated differentially from the lipopolysaccha-
ride-induced maturational process [17].

In this study, we compared the effects of TNF-o, IFN-y
and IL-1B on the maturation of human monocyte-derived
DCs. We demonstrated that the individual treatment of DCs
with either IFN-y or IL-1B did not induce a full maturation
of DCs. However, dual treatment of DCs with IFN-y+ IL-1f3
induced significant phenotypic and functional maturation
of DCs comparable to that obtained by TNF-o.-treatment.
Moreover, IFN-y+ IL-1B-treated DCs produced higher
amounts of IL-12 and thus up-regulated the production of
IFN-v from allogeneic T cells than did TNF-o.-treated DCs.
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Materials and methods

Antibodies and immunoreactants

FITC-labelled anti-CD80 MoAb (mouse IgM, clone BB1)
was purchased from PharMingen (San Diego, CA, USA).
Phycoerythrin (PE)-labelled CD86 MoAb (mouse IgG2b,
clone HA5-2B7), PE-labelled CD83 MoAb (mouse IgG2b,
clone HB15A) were from Immunotech (Marseille, France)
and ECD-labelled streptavidin was from Beckman Coulter
(Tokyo, Japan). Biotin-conjugated HLA-DR MoAb (mouse
IgG2a, clone CR3/43) was from Becton-Dickinson (Moun-
tain View, CA, USA). FITC- and PE-labelled mouse 1gG1,
FITC- and PE-labelled mouse IgG2b, FITC-labelled mouse
IgM (Immunotech) and biotin-conjugated mouse IgG2b
(Immunotech) were used as isotype-matched controls.
Mouse polyclonal IgG was obtained from Sigma (St Louis,
MO, USA).

Culture of DCs from buffy coats

Buffy coats were obtained from healthy volunteer donors
according to institutional guidelines. Peripheral blood
mononuclear cells (PBMCs) were prepared by density
centrifugation using Ficoll-Paque (Amersham Biosciences,
Sweden). PBMCs (50 x 10° cells) were incubated in 10 ml
of RPMI-1640 medium supplemented with 5% heat-
inactivated fetal calf serum (FCS), 2 mm r-glutamine,
100 U/ml penicillin and 100 pg/ml streptomycin (all media
and supplements were from GiBco-BRL, Grand Island, NY,
USA) and were incubated for 1 h at 37°C. Non-adherent cells
were removed by extensive washing and the remaining
adherent cells were recovered by scraping. The mean purity
of the purified CD14" cells was greater than 90%. Cells were
subsequently cultured in six-well plates (3 X 10° cells/well) in
3 ml of RPMI-1640 medium supplemented with 10% heat-
inactivated FCS, 10 mm HEPES, 1% non-essential amino
acids, 1 mm sodium pyruvate, 2 mm L-glutamine, 100 U/ml
penicillin, 100 pg/ml streptomycin, 50 mm 2-ME (Sigma),
10 ng/ml GM-CSF (PeproTech, Rocky Hill, NJ, USA), and
50 ng/ml IL-4 (PeproTech) for 5 days. Cells were fed with
1-5 ml of fresh medium containing 20 ng/ml of GM-CSF and
100 ng/ml of IL-4 on days 2 and 4. To obtain mature DCs,
immature DCs (4 X 10°/ml) were stimulated with TNF-o
(R&D), IFN-y (PeproTech), IL-1B (PeproTech) or IFN-
v+ IL-1B in 1 ml of medium containing 10 ng/ml GM-CSF,
and 50 ng/ml IL-4 for 48 h.

Flow cytometric analysis

Cultured DCs were washed, resuspended at a concentration
of 0-5-1 X 10° cells in 50 ul of cold phosphate-buffered saline
(PBS) containing 0-1% sodium azide, 10 mg/ml bovine
serum albumin (BSA) and 200 pg/ml mouse IgG (Sigma),
and incubated for 15 min on ice. Subsequent staining with
either labelled MoAb or appropriate isotypic controls was

IL-1B + IFN-y induce IL-12 production of human DCs

performed for 30 min on ice. Stained cells were washed,
resuspended in 300 pl of cold PBS containing 0-1% sodium
azide, 10 mg/ml BSA and 10 pg/ml 7-amino actinomycin D
(Sigma) and analysed for three-colour immunofluorescence
by flow cytometry (Coulter, Tokyo, Japan). Cellular debris
was eliminated from the analysis using a gate on forward-
and side-scatter. A viability gate was set using 7-amino-
actinomycin D, which allows discrimination between viable,
necrotic and apoptotic cells. A minimum of 10" cells was
analysed for each sample. Results were processed using Flow
Jo software (Treestar, San Carlos, CA, USA).

Allogeneic mixed lymphocyte reaction (MLR) and
production of IFN-y from allogeneic T cells

Allogeneic T cells were obtained from peripheral blood of
healthy adults using a Ficoll-Paque gradient (Amersham
Biosciences), adherence to plastic for 1 h at 37°C, and pas-
sage over a nylon wool column (Wako, Osaka, Japan). The
purity of the CD3" T cells in the recovered cells was always
greater than 90%. CD3" T cells were distributed at 1x 10’
cells per well into round-bottomed 96-well microplates, and
were incubated for 5 days in the presence of graded numbers
of irradiated (3000 rad, '”’Cs source) mature DCs (pretreated
with TNF-o, IFN-y, IL-1B or IFN-y+IL-1B) in 200 pl
of medium containing 10% FCS. T cell proliferation was
assessed after 8-14h incorporation of [*H]thymidine
(1 uCi/well; New England Nuclear, Boston, MA, USA) by
standard procedures. The amount of IFN-yin each superna-
tant of co-culture was measured using respective enzyme-
linked immunosorbent assay (ELISA) kits (BioSource and
Endogen, Woburn, MA, USA) according to the manufactur-
ers’ protocols. The results are expressed as the mean of trip-
licate cultures. The s.e.m. of the results never exceeded 15%.

Production of IL-12 p40, IL-12 p70 and IL-10 from DCs

The amount of TNF-q, IL-12 p40, IL-12 p70 and IL-10 in
each supernatant was measured using respective ELISA kits
(BioSource and Endogen, Woburn, MA, USA) according to
the manufacturers’ protocols. The minimum detectable dose
of TNF-q, IL-12 p40, IL-12 p70 and IL-10 were 1-7 pg/ml,
2:0 pg/ml, 0-5 pg/ml and 1-0 pg/ml, respectively.

Statistical analysis

Data were analysed using Student’s #-test and a P-value less
than 0-05 was considered to be statistically significant.

Results
The combination of IFN-y and IL-1P induces mature
surface phenotype of DCs

We examined whether IFN-y or IL-1f stimulation induces a
similar level of phenotypic activation of DCs as TNF-a
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(Fig. 1). Non-treated DCs expressed low levels of CD80,
CD86 and HLA-DR along with an absence of membraneous
CD83 [1,2]. Following treatment with TNF-o., the expres-
sion of CD80, CD86, HLA-DR and CD83 increased com-
pared with the non-treated cells as described previously [18].
IFN-y increased the surface expression of CD80, CD86,
HLA-DR as much as to similar levels that of TNF-o. treat-
ment; however, the up-regulation of CD83 by IFN-y was
lower than the TNF-a treatment. In contrast, treatment with
IL-1PB showed a very weak stimulation of phenotypic matu-
ration and did not enhance the surface expression of CD86,
CD80, CD83 and HLA-DR significantly. When we used a
combined IFN-y and IL-1f treatment, however, the expres-
sion of these four molecules were enhanced, similar to that
obtained by TNF-a.

IFN-y+ IL-1B-treated DCs produce higher amounts of
IL-12 than TNF-o-treated DCs

In order to investigate the functional properties of the
treated DCs, we examined the cytokine production of DCs.
During maturation, DCs secrete various cytokines such as
IL-12 and IL-10, which induce the Thl and Th2 response,
respectively [2,9]. Although TNF-o induced a profound
phenotypic maturation of DCs, induced IL-12 p40 and IL-12
p70 secretion was very weak (Fig. 2a,b). Similarly, IFN-y did
not induce high levels of IL-12 p40 and IL-12 p70 secretion.
However, IL-1f stimulated DCs to produce large amounts of
IL-12 p40, but not IL-12 p70. It is of note that both IL-12 p40
and IL-12 p70 secretion was synergistically up-regulated
when DCs were treated with IFN-y+IL-1 (Fig.2a,b). In
contrast, the secretion of IL-10 was marginally induced
from DCs stimulated with either TNF-o, IFN-y, IL-13 or
IFN-y+IL-1B (Fig. 2c). Although not statistically signifi-
cant, TNF-a-treated DCs tended to produce larger amounts
of IL-10 than DCs treated with either IFN-y, IL-1f3 or IFN-
Y+ IL-1B (Fig. 2¢).

IFN-Y+ IL-1P -treated DCs are efficient APCs in primary
allogeneic MLR

Because the combined stimulation with IFN-y+ IL-1B syn-
ergistically augmented IL-12 production as well as the sur-
face expression of co-stimulatory molecules, we examined
the immunostimulatory function of DCs by measuring the
proliferation and the IFN-y production of T cells in alloge-
neic MLR. TNF-o-treated DCs strongly enhanced the pro-
liferation of allogeneic T cells when compared to non-treated
DCs (Fig. 3). IFN-y-treated DCs stimulated T cell prolifera-
tion, similar to TNF-o treatment. IL-1B-treated DCs also
enhanced the proliferation of T cells when compared to
non-treated DCs; however, the enhancement was weaker
than that of TNF-o- or IFN-y-treated DCs. In contrast,
IFN-y+ IL-1p treatment up-regulated the immunostimula-
tory function of DCs additively (Fig. 3a).

In addition to the proliferation assay, we simultaneously
assessed the IFN-y production from T cells in the allogeneic
MLR. Although TNF-o.- or IFN-y-treated DCs enhanced the
proliferation of T cells greater than did non-treated DCs,
neither TNF-a- nor IFEN-y-treated DCs were able to up-
regulate the production of IFN-y from allogeneic T cells
(Fig. 3b). It was of great interest that the production of IFN-
vy from T cells was augmented slightly by IL-1B-treated DCs
and consistently by IFN-y+ IL-1f.

Discussion

DCs are central in the initiation and regulation of the
immune response, and are capable of activating naive T cells
as well as directing lymphocytes towards Th1 or Th2 differ-
entiation pathways [1,2]. Due to their potent capacity to
stimulate resting T cells, DCs are the candidate cell type for
immunotherapy against various tumours [19,20]. Human
DCs are generated from peripheral blood monocytes in the
presence of GM-CSF and IL-4 [14]. These immature DCs
express low levels of co-stimulatory molecules and their
immunostimulatory function is weak. It is well known that
further stimulation of DCs with TNF-a strongly augments
the expression of co-stimulatory molecules and the immun-
ostimulatory function of DCs [18]. In the present study, we
compared the effects of IFN-y, IL-1p and IFN-y+IL-1 on
the maturation of DCs. Although IFN-y or IL-1f only par-
tially induced the maturation of DCs, [FN-y + IL-1B-treated
DCs expressed high levels of CD80, CD83 and CD86, and
exhibited very potent immunostimulatory function, similar
to TNF-o-treated DCs. Moreover, it should be emphasized
that IFN-y + IL-1B-treated DCs produced larger amounts of
IL-12 than did TNF-a-treated DCs, which allowed T cells to
secrete larger amounts of IFN-y in the allogeneic MLR. In
contrast, DCs treated with IFN-y+IL-13 did not produce
larger amounts of IL-10 than TNF-o-treated DCs. One of
the most important roles of DCs in establishing protective
immunity is to drive the expansion and commitment of
naive T cells toward either the Th1 or Th2 lineage [2]. The
mechanisms of these events are partially dependent on the
pattern of cytokines secreted by DCs into the local microen-
vironment [21]. IL-12 has been shown to generate a polar-
ization of the immune response toward the Thl pathway in
vivo. IL-12 is also a potent inducer of [FN-y and TNF-o pro-
duction by both natural killer (NK) cells and T cells [22], and
these cytokines are critical to the development of cell-medi-
ated immune responses [23], which is crucial for the induc-
tion of antitumour immunity. IL-12 is a heterodimer formed
by a 35-kDa light chain (known as p35) and a 40-kDa heavy
chain (known as p40) [22]. The two genes encoding p40 and
p35 are unrelated and located on separate chromosomes
(5931-33 and 3pl12-ql13.2, respectively, in humans; and
chromosomes 11 and 6, respectively, in mice) [24]. In addi-
tion, the transcription of the p40 and p35 genes is regulated
differentially [25]. Both genes encoding IL-12 need to be
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Fig. 1. The effects of TNF-c, IFN-y, IL-1B or
IFN-y + IL-1B on the maturation of DCs.
Peripheral blood monocytes were differentiated
into immature DCs after treatment with GM-
CSF and IL-4. At day 5, DCs were stimulated
with TNE-0,, IEN-y, IL-1B or IEN-y + IL-1p for
48 h. The surface expression of CD86, CD80,
CD83 and MHC class I molecules were analysed
by flow cytometry. (a) The results are shown as
percentage of positive cells +s.e.m. *P < 0-05 and
**P <0-01 compared with TNF-o (100 ng/ml)
alone. (b) The solid line histograms are the phe-
notype of mature DCs stimulated with TNF-a.,
IFN-v, IL-1B or IFN-y+ IL-1[, while the dotted
line histograms are the phenotype of immature
DCs. The shadow histograms are the phenotype
of isotype matched controls. The numbers indi-
cate the mean fluorescence intensity. These
results are representative of seven independent

experiments.
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Fig. 2. The effects of TNF-o, IFN-y, IL-1f or IFN-y+ IL-1 on the
production of IL-12 and IL-10 from DCs. Peripheral blood monocytes
were differentiated into immature DCs after treatment with GM-CSF
and IL-4. At day 5, DCs were stimulated with TNF-o., IEN-7, IL-1f or
IFN-y+ IL-1P for 48 h. The production of IL-12 p40, IL-12 p70 and IL-
10 was measured by ELISA. These data represent means + s.e.m. of six
independent experiments. *P < 0-05 and ** P <0-01 compared with
TNF-o (100 ng/ml) stimulation alone.

expressed co-ordinately in the same cells to produce the bio-
logically active heterodimer [26]. In the absence of IL-12
P35, p40 is secreted as a monomer or a homodimer, whereas
P35 can be secreted only when associated with p40 [27]. IL-
12 p40 is often secreted in large excess over the p70 het-

erodimer [28]. For both murine and human homodimeric
p40 (p40), is able to act as an antagonist of IL-12 by binding
to the one subunit of the IL-12 receptor [29,30]. However,
because of its low affinity to the human IL-12R, human
(p40), has only a minor ability to antagonize IL-12 functions
compared to murine (p40), [31].

In our study, IL-1B stimulated DCs to produce large
amounts of IL-12 p40, but not bioactive IL-12 p70. In spite
of this cytokine profile, IL-1B-treated DCs augmented IFN-
v production from T cells. Thus, there is a possibility that the
production of IL-12 p40 by DC may help the generation of a
Thl response in human. The detailed mechanism was
unclear at the moment but it might be due to the human/
murine species difference.

IL-10-treated DCs are not only less efficient at stimulating
T cell responses but also can induce a state of Ag-specific tol-
erance [32-34]. In our study, the phenotypic maturation is
accompanied by production of high levels of IL-12 p70 and
low levels of IL-10 in IFN-y + IL-1B-treated DCs. This cytok-
ine profile generates a polarization of the immune response
toward the Th1 pathway.
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Fig. 3. The effects of TNF-c, IFN-Y, IL-1f or IFN-y+IL-1 on the
allostimulatory function of DCs. Peripheral blood monocytes were dif-
ferentiated into immature DCs after treatment with GM-CSF and IL-4.
At day 5, DCs were stimulated with TNF-o., IFN-y, IL-1B or IFN-y + IL-
1B, and were further co-cultured with allogeneic T cells for 5 days in
triplicate. The proliferation of T cells was measured by [*H]-thymidine
incorporation assay (a; n = 3). We simultaneously assessed the IFN-y
production from T cells (b; n=5). Data are shown as mean values. The
production of IFN-y was measured by ELISA. *P < 0-05 and ** P < 0-01
compared with TNF-o. (100 ng/ml) stimulation alone.
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Mosca etal. reported that a combination of
CD40L + IFN-y induced an up-regulation of CD80 and
CD83 expression in human monocyte-derived DCs. Using
an intracellular cytokine assay, they also demonstrated that
only a subset of DCs that express high levels of CD80 and
CD8 generated large amounts of IL-12 [35]. Wesa et al.
showed that CD40L + IL-1f treatment induced high levels of
CD54, CD86 and HLA-DR in human monocyte-derived
DCs and that IL-1[3 was a maturation factor for DCs [36]. In
accordance with these previous reports, the present study
demonstrated further that the combined treatment with
IFN-y+IL-1B clearly enhanced the phenotypic and
functional maturation of human DCs with Thl-prone
characteristics.
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