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Summary

Interferon (IFN)-g is a cytokine with immunomodulatory properties,
which has been shown previously to enhance the generation of tolerogenic
dendritic cells (DC) when administered early ex vivo in 7-day monocyte-
derived DC culture. To generate tolerogenic DC rapidly within 48 h, human
monocytes were cultured for 24 h with interleukin (IL)-4 and granulocyte–
macrophage colony-stimulating factor (GM-CSF) in the presence (IFN-g-
DC) or absence of IFN-g (500 U/ml) (UT-DC). DC were matured for 24 h
with TNF-a and prostaglandin E2 (PGE2). DC phenotype, signal transducer
and activator of transcription-6 (STAT-6) phosphorylation and promotion
of CD4+CD25+CD127neg/lowforkhead box P3 (FoxP3)hi T cells were analysed
by flow cytometry. DC nuclear factor (NF)-kB transcription factor reticu-
loendotheliosis viral oncogene homologue B (RELB) and IL-12p70 protein
expression were also determined. Phenotypically, IFN-g-DC displayed
reduced DC maturation marker CD83 by 62% and co-stimulation molecules
CD80 (26%) and CD86 (8%). IFN-g treatment of monocytes inhibited
intracellular STAT6, RELB nuclear translocation and IL-12p70 production.
IFN-g-DC increased the proportion of CD4+CD25+CD127neg/lowfoxp3hi T cells
compared to UT-DC from 12 to 23%. IFN-g-DC primed T cells inhibited
antigen-specific, autologous naive T cell proliferation by 70% at a 1:1 naive
T cells to IFN-g-DC primed T cell ratio in suppression assays. In addition,
we examined the reported paradoxical proinflammatory effects of IFN-g and
confirmed in this system that late IFN-g exposure does not inhibit DC
maturation marker expression. Early IFN-g exposure is critical in promoting
the generation of regulatory DC. Early IFN-g modulated DC generated in
48 h are maturation arrested and promote the generation of antigen-specific
regulatory T cells, which may be clinically applicable as a novel cellular
therapy for allograft rejection.
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Introduction

Dendritic cells (DC) play a key role as sentinels of the
immune system for the detection of pathogens and distur-
bance of the immunological milieu [1]. All transplanted
organs possess a cellular component of passenger leucocytes,
which migrate from the allograft to initiate rejection via the
direct pathway of allorecognition [2–5]. Donor-derived DC
are an important constituent of the passenger leucocyte
population that initiate allograft rejection via direct allorec-
ognition [6–8]. Recipient DC migrate into the allograft and

sustain the rejection process via indirect allorecognition of
donor-derived peptides to recipient T cells.

Under certain conditions, DC may be manipulated to
promote potentially tolerogenic T cell responses. In particu-
lar, immature DC (iDC) have been shown to inhibit alloge-
neic T cell proliferation [9–11], while the injection of
antigen-pulsed iDC block T cell responses in humans [12].
Unmodified iDC may undergo maturation in vivo and
promote allorecognition, thereby limiting their tolerogenic
potential. The modification of DC to stably inhibit matura-
tion has been studied extensively in recent years, and a
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variety of pharmacological and immunological approaches
including interleukin (IL)-10, vitamin D3, dexamethasone,
aspirin and most recently curcumin have been shown to
arrest DC in an immature state and promote tolerogenic
responses in vitro and in vivo [13–18]. DC differentiation
and maturation involve a myriad of intracellular signalling
pathways. In particular, IL-4-activated signal transducer and
activator of transcription-6 (STAT-6) signalling is involved
specifically in DC development, as well as the activation
of nuclear factor (NF)-kB, which also promotes DC matu-
ration and are therefore important targets to promote
tolerogenic DC [19–21].

Interferon (IFN)-g is a potent proinflammatory cytokine
secreted by CD4+ T helper type 1 (Th1) lymphocytes, CD8+

cytotoxic lymphocytes and natural killer (NK) cells that play
key roles in allograft destruction [22,23]. IFN-g has been
used as a component of DC maturation cocktail when it is
applied typically to monocyte-derived DC precursors after
5–7 days culture with granulocyte–macrophage colony-
stimulating factor (GM-CSF) and IL-4. However, IFN-g may
also play an important in allograft acceptance. IFN-g knock-
out (KO) models of skin and cardiac allograft transplanta-
tion have demonstrated that IFN-g is crucial in negatively
regulating alloimmune responses to promote allograft toler-
ance by co-stimulatory blockade [24–26]. IFN-g is also
required for protection against disease onset and severity in
KO mouse models of experimental autoimmune encepha-
lomyelitis and collagen-induced arthritis [27–30]. IFN-g was
shown to be necessary to regulate DC migration and T cell
priming negatively in a KO mouse model [31]. We have
also shown that early exposure of human monocytes to
IFN-g regulates negatively the stimulatory capacity of DC
[32].

The use of tolerogenic DC to modify the recipient
immune system to promote allograft acceptance is a poten-
tial alternative therapeutic approach, which has the advan-
tage of not requiring conventional immunosuppressive
therapy. However, their use in the clinic has faced significant
hurdles – current protocols to generate monocyte-derived
DC take 7–10 days [33], while rejection begins within hours
of transplantation and is well established within 7 days [34].
Clinically useful DC for transplantation must therefore
be generated in a short period of time. In 2003, Dauer and
colleagues published a ‘FAST-DC’ protocol to generate
potent immunostimulatory mature monocyte-derived DC
for the purpose of cancer immunotherapy in 48 h [35].

In the present study, a complementary approach to rapidly
generate stable immature DC, using early exposure of mono-
cytes to IFN-g, was developed to produce regulatory DC in a
clinically applicable time-frame of 48 h. We demonstrate that
the effect of early exposure of IFN-g is mediated by the
inhibition of STAT-6 phosphorylation and NF-kB activation
resulting in DC maturational arrest and the development of a
tolerogenic DC phenotype,unlike the late treatment of IFN-g,
which failed to inhibit the expression of DC maturation

marker CD83. Rapidly generated regulatory DC only, via
early IFN-g exposure, support the generation of antigen-
specific T regulatory cells in vitro providing a novel cellular
therapeutic approach for transplant immunomodulation.

Methods and materials

Antibodies

The phenotypic profile of DC was defined using the
following directly conjugated monoclonal antibodies
(mAb): anti-CD83-fluorescein isothiocyanate (FITC)
(HB15e), anti-CD86-FITC (FUN1), anti-CD80-FITC
(L307·4), anti-DC-SIGN-FITC (DCN46), anti-human
leucocyte antigen D-related (HLA-DR)-phycoerythrin-
cyanin-5 (PE-Cy5) (G46-6) (BD Bioscience, San Jose, CA,
USA) and rat anti-human immunoglobulin (Ig)-like tran-
script 4 (ILT4) (42D1) (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) was used as a primary mAb and FITC-
conjugated anti-rat IgG was used for detection. STAT-6
phosphorylation was detected using anti-pY641-Alexa488
(clone: 18; BD Bioscience) and CD14-PE (M5E2). T cell
phenotypes were determined using anti-CD25-PE-Cy7
(M-A251) (BD Bioscience), anti-CD4-peridinin chlorophyll
(PerCP) 5.5 (OKT4) (eBiosciences, San Diego, USA) and
anti-human FoxP3 PE-conjugated mAb (259D/C7 – BD Bio-
science, San Jose, CA, USA). IL-4 receptor expression was
detected using anti-human CD124 PE-conjugated (mouse
IgG1, k) (BD Bioscience). Anti-human reticuloendotheliosis
viral oncogene homologue B (RELB) polyclonal antibody
(Santa Cruz Biotechnology) was used as the primary anti-
body to detect localization of RELB by immunohistology.

Generation of ‘FAST’ human monocyte-derived
dendritic cells

Peripheral blood mononuclear cells (PBMC) were isolated
from buffy coat of healthy human blood donors (Austra-
lian Red Cross Blood Service, Adelaide, South Australia) by
Ficoll Paque (GE Healthcare, Little Chalfont, UK) density
gradient centrifugation. Adherent monocytes were obtained
from PBMC by incubating 6 ¥ 107 PBMC in 75-cm2 flasks
in 1% fetal calf serum (FCS) (Invitrogen, Mulgrave, Vic,
Australia) for 1 h. Monocytes were cultured in RPMI-1640
containing 10% FCS, 1000 U/ml (1·2 ¥ 107 U/mg) of
granulocyte–macrophage colony-stimulating factor (GM-
CSF)-LeucomaxTM (Sandoz Australia, North Ryde, NSW,
Australia) and 500 U/ml (1 ¥ 107 U/mg) of IL-4 (eBio-
sciences) in the absence (UT-DC) or presence of 500 U/ml
of IFN-g (eBiosciences) (IFN-g-DC) for 24 h. Cells
were then treated with 10 ng/ml tumour necrosis factor
(TNF)-a (R&D Systems, Minneapolis, MN, USA) and
1 mM PGE2 (Sigma, St Louis, MO, USA) for a further 24 h.
All cell cultures were incubated under 5% CO2 at 37°C.
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Fluorescence activated cell sorting (FACS) analysis

DC surface staining. DC were harvested and stained with
monoclonal antibodies for 25 min at 4°C after blocking with
heat-inactivated rabbit serum for 10 min. FACS lysing solu-
tion (4% paraformaldehyde solution) (BD Bioscience) was
used as fixative.

Intracellular STAT-6 phosphorylation staining. PBMC were
isolated from peripheral blood and treated with IL-4 (500 U/
ml; eBioscience) and GM-CSF (1000 U/ml; Sandoz) in the
presence or absence of 500 U/ml of IFN-g (eBiosciences) for
10 min at 37°C. Cells were fixed immediately by adding an
equal volume of prewarmed cytofix buffer (BD Bioscience).
All samples were incubated with cytofix buffer for 10 min
at 37°C. Cells were stained with anti-CD14 for 25 min
4°C. Cells were permeabilized with prechilled BD permea-
bilization buffer (BD Bioscience) for 30 min at 4°C; mAb
targeting phosphorylated STAT-6 (pY641) samples were
analysed within 1 h of staining.

Regulatory T cell (Treg) phenotype. For the enumeration of
forkhead box P3 (FoxP3+) cells, T cells from the primary
mixed leucocyte reaction (MLR) were harvested and stained
with directly conjugated mAb targeting CD4, CD25 and
CD127 for 25 min at room temperature. Cells were stained
for the intracellular expression of FoxP3 (BD Bioscience), as
per the manufacturer’s instructions. Briefly, cells were fixed
and then permeabilized before staining with anti-human
FoxP3 (259D/C7) for 30 min at room temperature. Treg phe-
notype was assessed by flow cytometry (FACS Canto II; BD
Bioscience). Data analysis was performed using FCS express
(De Novo Software, Los Angeles, CA, USA). The FoxP3hi

population of Tregs was determined by gating CD4+ T cells
with a fluorescence intensity of greater than 102. Negative/
positive gates were set according to fluorescence -1 controls,
as described by Maecker and Trotter, for multi-colour flow
cytometric analysis [36].

Cytokine cytometric bead array (CBA). A human Th1/Th2
CBA cytokine kit (BD Bioscience) was used to determine the
concentration of IFN-g, IL-2, IL-10 and IL-4 in supernatants
from DC-T cell co-cultures. DC were co-cultured with
purified T cells (1:10 stimulator to responder ratio) for
5 days in complete RPMI-1640 medium (10% FCS and 1%
glutamine) in 96-well round-bottomed plates (under 5%
CO2 at 37°C). Supernatant was harvested and assayed
according to the manufacturer’s instructions. The lower
detection limits for the tested cytokines were: IL-2: 2·6 pg/
ml, IFN-g: 7·1 pg/ml, IL-4: 2·6 pg/ml and IL-10: 3·0 pg/ml.

Allogeneic mixed lymphocyte reaction assay

Primary MLR. DC were washed with phosphate buffered
saline (PBS) three times, irradiated (30 Gy) and used as

stimulators in the MLR. Allogeneic T cells were purified
from PBMC using nylon wool-packed columns, as described
previously [10]. DC were co-cultured with T cell responders
in 96-well round-bottomed plates (TPP, Trasadingen,
Switzerland), at stimulator to responder ratios of 1:10, 1:100
and 1:1000. After 4 days cells were pulsed with 1 mCi
[3H]-thymidine (Amersham Biosciences Ltd, Bucks, UK) for
18 h and harvested onto glass-fibre filters and counted in
b-scintillation fluid using a Wallac Microbeta Counter
(Turku, Finland). Proliferation was expressed as counts
per minute (cpm) and expressed as the mean of five
replicates � standard deviation (s.d.).

Suppression assay. Primary MLR were performed using
naive CD4+ T cells purified from PBMC using a human CD4+

T cell enrichment kit (Stem Cell Technologies, Vancouver,
Canada). Naive CD4+ T cells and IFN-g-DC were co-cultured
at a ratio of 10:1. After 5 days, primed CD3+ T cells
were harvested using a CD3+ selection kit (Stem Cell
Technologies). These IFN-g-DC primed T cells were
co-cultured with a fixed number of autologous naive CD4+

T cells (105 cells per well) at varying ratios of 1:1, 1:2, 1:4 or
1:8. In addition, at the 1:1 ratio an irrelevant non-related
third-party DC was used to determine the antigen specificity
of Treg cells. Cells were cultured for 5 days and thymidine
incorporation was used to measure proliferation following
an 18 h pulse with 1 mCi of [3H]-thymidine.

Gene expression analysis

RNA was extracted from DC using RNAspin mini kit (GE
Healthcare) and cDNA was synthesized using 1 mg total RNA
by reverse transcription using an oligo-dT primer (Amer-
sham Biosciences). Quantitative real-time polymerase chain
reaction (PCR) based on a standard curve of copy numbers
for each specific gene generated was used to analyse the
expression of RELB (forward primer: 5′-TTT TAA CAA
CCT GGG CAT CC, reverse primer: 5′-CGC AGC TCT GAT
GTG TTT GT, cycling condition: 25 s at 95°C; 25 s at 55°C;
25 s at 72°C for 50 cycles), IL-12 (forward primer: 5′-TTT
GGA GAT GCT GGG CAG TAC A, reverse primer: 5′-GAT
GAT GTC CCT GAT GAA GAA GC, cycling condition: 25 s
at 95°C; 25 s at 60°C; 25 s at 72°C for 50 cycles), interferon
regulatory factor 4 (IRF4) (forward primer: 5′-AGT CCT
GAG CGA AAA CAG GA, reverse primer: 5′-AAA GCC AAG
AGG TGC GAG TA, cycling condition: 25 s at 95°C; 25 s
at 55°C; 25 s at 72°C for 35 cycles). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (forward primer:
5′-ATC ACT GCC ACC CAG AAG ACT, reverse primer:
5′-CAT GCC AGT GAG CTT CCC GTT, cycling condition:
25 s at 95°C; 25 s at 55°C; 25 s at 72°C for 35 cycles). PCR
was conducted according to optimized conditions. GAPDH
was used as the housekeeping gene in order to verify RNA
integrity and cDNA synthesis.
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Immunohistology

DC (2 ¥ 105) were spun onto slides at 20 g for 5 min using a
Shandon Cytospin II (Thermo Scientific, Barrington, IL,
USA). Slides were fixed with cold acetone for 5 min and
air-dried. Anti-RELB polyclonal antibody (Santa Cruz Bio-
technology) was used as the primary antibody, after blocking
with 3% goat serum. Goat anti-rabbit IgG-FITC (Santa Cruz
Biotechnology) was used to detect the protein localization of
NF-kB transcription factor V-rel reticuloendotheliosis viral
oncogene homologue B (RELB).

IL-12 enzyme-linked immunosorbent assay (ELISA)

DC (1 ¥ 106 cells/ml) were stimulated with CD40L (500 ng/
ml) and IFN-g (1000 U/ml) (eBiosciences) for 48 h, as
described previously [35]. Supernatants were harvested and
assayed for the biologically active human IL-12p70, using the
Ready-SET-go® ELISA kit, according to the manufacturer’s
instructions, sensitivity 4 pg/ml–500 pg/ml (eBiosciences).

Microarray analysis

FAST-DC were generated as described above. DC were cul-
tured either in the absence of IFN-g (no), treated with IFN-g
at time 0 h (early) or were exposed to IFN-g after 24 h of
culture with GM-CSF and IL-4 (late). All DC were matured
with TNF-a and PGE2 after 24 h of culture with GM-CSF
and IL-4. After 24 h of maturation DC were harvested and
RNA was extracted. In brief, RNA was extracted by dissolv-
ing pellets in 500 ml TRIzol (Invitrogen, Carlsbad, CA, USA),
then 100 ml of chloroform was added. The mixture was
vortexed and left on ice for 15 min. Samples were then cen-
trifuged (6500 g) for 30 min at 4°C. The upper aqueous
phase was retained and mixed with an equal volume of 70%
ethanol [in diethylpyrocarbonate (DEPC) H2O] prior to
further purification using a Qiagen RNAeasy kit, according
to the manufacturer’s instructions. Samples were sent to the
Adelaide Microarray analysis centre (Adelaide, South Aus-
tralia), where samples were analysed using an Affymetrix
Human Genearray chip (Affymetrix Inc., High Wycombe,
UK). Data were analysed on Partek Genomics Suite (Partek,
Santa Clara, CA, USA).

Statistical analysis

Analysis of variance (anova) statistical tests and t-tests
were conducted using Prism Statistical Software where
appropriate, with statistical significance at P < 0·05.

Results

IFN-g in combination with the FAST-DC protocol
generates phenotypically tolerogenic dendritic cells

The phenotype of monocyte-derived DC generated via
the FAST-DC protocol following pretreatment with IFN-g

(IFNg-DC) was examined using flow cytometry (Fig. 1).
Monocyte-derived DCs that did not receive IFN-g pretreat-
ment (UT DC) were used as a control. After 24 h of differ-
entiation with IL-4 and GM-CSF DC were either matured
with TNF-a and PGE2 (Fig. 1a) or were left unmatured as
immature DC controls (Fig. 1b). All groups showed marked
up-regulation of the DC-specific marker CD209 (DC-
SIGN), CD11c and HLA-DR molecules while showing
down-regulation of CD14, consistent with a myeloid DC
phenotype, as shown by previous studies [35]. Immature DC
that did not undergo maturation with TNF-a and PGE2

(Fig. 1b) did not up-regulate DC maturation marker CD83
and had reduced expression of co-stimulatory molecules
CD80 and CD86, consistent with an iDC phenotype. Pre-
treatment with IFN-g reduced the number of cells expressing
the DC maturation marker CD83 to 14% (compared to 76%
in UT-DC), despite maturation with TNF-a and PGE2,
without affecting CD209 expression. IFN-g-DC showed
decreased expression of positive co-stimulatory molecules
CD80 and CD86 by 16 and 8%, respectively, compared to
UT-DC. However, in comparison to immature DC, IFN-
g-DC had considerable expression of CD80 and CD86. The
negative co-stimulatory molecule ILT4 was up-regulated
from 17% of UT-DC expressing ILT4 to 30% of IFN-g-DC,
thus IFN-g treatment increased ILT4 by 1·8-fold. Similarly,
this was also observed in immature DC group � IFN-g.

At the transcriptional level, quantitative real-time
PCR demonstrated that IFN-g-DC produced 60% fewer
transcripts of NF-kB transcription factor RELB (Fig. 2a),
which was confirmed semiquantitatively at the protein level
(Fig. 2b). Immunohistology also showed that UT-DC had
distinct co-localization of RELB in the nucleus, indicating
typical DC maturation in response to TNF-a and PGE2.
However, IFN-g-DC had reduced expression of RELB in
the cytoplasm, with little or no translocation into the cell
nucleus (Fig. 2b). IL-12p40 gene expression was reduced
markedly in IFN-g-DC both at the level of messenger RNA
(decreased by 86% compared to UT-DC) and protein (IFN-
g-DC produced 62% less biologically active IL-12p70 com-
pared to UT-DC) (Fig. 2c). Thus, pretreatment of human
monocytes with IFN-g prior to treatment with IL-4 and
GM-CSF produces DC with a tolerogenic phenotype as
assayed by cell surface molecule expression, transcriptional
profile and cytokine production.

IFN-g inhibits IL-4-driven STAT-6 in monocytes

To investigate the mechanism of IFN-g-mediated effects on
monocyte-derived DC, human PBMC were treated with or
without IFN-g in the presence of IL-4 and GM-CSF to
induce the activation-mediated phosphorylation of STAT-6.
Flow cytometric analysis showed that IFN-g pretreatment
inhibited the phosphorylation of STAT-6 in monocytes
by 65% compared to IL-4 and GM-CSF alone (Fig. 3a).
STAT-6 is known to be involved in the transcription of IRF4
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molecule, which is up-regulated during DC maturation [37].
Accordingly, the downstream effects of STAT-6 inhibition on
the transcription of IRF4 gene were investigated. PCR dem-
onstrated that the inhibition of STAT-6 in IFN-g-DC
reduced the expression of IRF4 by 78–95% compared to
UT-DC (Fig. 3b). The IL-4a chain of the IL-4 receptor is
essential in the recruitment and phosphorylation of STAT-6,
which in turn regulates its own IL-4a chain expression [38].
The cell surface expression of IL-4a receptor subunit was
examined, and it was found that IFN-g down-regulated the
protein expression of IL-4a chain subunit in treated mono-
cytes to 29% compared 42% in IL-4 and GM-CSF alone.
Monocytes alone had a baseline expression of 38% (Fig. 3c).

IFN-g-DC induce T cell hyporesponsiveness associated
with a reduction of IL-2 and IFN-g

The stimulatory capacity of DC to induce T cell proliferation
was measured in primary MLRs. IFN-g-DC inhibited signifi-
cantly the proliferation of allogeneic T cells by 71% at 1:10,
89% at 1:100 and 95% at 1:1000 DC to T cell ratios
(Fig. 4). Analysis of supernatants demonstrated that T cell
co-cultures with UT-DC contained significantly greater
quantities of IFN-g (UT-DC: 2300 pg/ml compared to IFN-
g-DC: 240 pg/ml, P = 0·003) and IL-2 (UT-DC: 40 pg/ml

versus IFN-g-DC: 20 pg/ml, P = 0·02), compared to IFN-
g-DC (Fig. 5).

IFN-g-DC promote the generation of
antigen-specific Tregs

It has been demonstrated previously that under conditions
of human T cell activation FoxP3 protein can be expressed
non-specifically in non-regulatory T cells, where the Foxp3hi

population correlates with highly suppressive Tregs [39].
Based on this research, differences in the CD4+Foxp3hi T cell
population from primary MLRs were assessed (for gating
strategy please refer to Materials and methods) (Fig. 6).
CD4+ T cells co-cultured with IFN-g-DC had an increased
frequency of CD4+Foxp3hi T cells of 23% compared to 12%
that of T cells co-cultured with UT-DC (Fig. 6a). Cells
within the Foxp3hi gate were also CD127neg/low and CD25+

(Fig. 6b)
Accordingly, the antigen-specific suppressive capacity

of IFN-g-DC primed T cells was assessed. IFN-g-DC-primed
T cells were co-cultured with a fixed number of autologous
naive T cells at varying ratios (Fig. 7). T cell proliferation
was suppressed by IFN-g-DC primed T cells at 1:1 and 1:2
ratios by 70 and 49%, respectively. Moreover, at a 1:1 ratio,
when stimulated instead with an irrelevant third-party
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prostaglandin E2 (PGE2) (1 mM) for another 24 h (a: plus TNF-a and PGE2, representative of six independent experiments) or were cultured
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immunoglobulin (Ig)-like transcript 4 (ILT4), CD11c, DC-SIGN, CD14, human leucocyte antigen D-related (HLA-DR). Line indicates the isotype

control and solid histogram shows the tested monoclonal antibody. Negative gate was set to <0·5%.

Tolerogenic DC in 2 days

451© 2011 The Authors
Clinical and Experimental Immunology © 2011 British Society for Immunology, Clinical and Experimental Immunology, 167: 447–458



donor DC, a significant increase in proliferation was
observed compared to naive T cells alone (1:0 ratio) by
30% (P = 0·0004), indicating that IFN-g-DC-generated Tregs

are antigen-specific in their suppressive function.

Gene profiling of either early or late IFN-g of rapidly
generated DC by microarray analysis did not
demonstrate major changes in gene signature

Our previous studies and studies by others have demon-
strated that exposure of IFN-g post-DC differentiation can
act as a proinflammatory cytokine promoting DC to
produce Th1 driving cytokines such as IL-12, thus involved
in DC maturation. We also tested these opposing effects
using the FAST-DC protocol and compared early versus late
IFN-g exposure. As shown in Fig. 8a, late IFN-g exposure had
minimal effects on the protein expression of DC maturation
marker CD83 when compared to untreated DC, suggesting

that DC maturation is not affected significantly when IFN-g
is added late after the first 24 h of differentiation. The differ-
ences in the effect of IFN-g in gene expression signatures
between the two treatments were analysed by microgene
array. Post-data filtering and normalization, hierarchical
clustering was performed to generate a heat map for data
visualization, as shown in Fig. 8b, which demonstrates visu-
ally that IFN-g exposure either early or late follow similar
patterns of gene induction and reduction. Similarly, when
the top seven genes that displayed increased gene expression
above 20-fold, compared to no IFN-g treatment (UT-DC)
were graphed (Fig. 8c), both early and late IFN-g exposure
had similar induction of genes.

Discussion

The toxicities inherent in modern immunosuppressive
therapy have prompted efforts to develop novel drug-free
ways to manipulate or condition the immune system to
promote allograft acceptance or tolerance. DCs are a prime
cell type for manipulation through their unique ability to
dampen immune responses and their known role in main-
tenance of self-tolerance at both central and peripheral
sites.

IFN-g is a pleiotropic cytokine generally implicated in
inflammatory responses and well known for playing crucial
roles in promoting DC maturation and production of Th1
cytokines such as IL-12. It is paradoxical to imply that IFN-g
may also act as a tolerogenic cytokine for in-vitro-generated
DC, and at present it is unclear if these mechanisms exist in
vivo, although a body of evidence already exists that IFN-g
has important tolerogenic function. Recent studies identified
a key role in vivo for IFN-g secreted from T cell receptor
(TCR)-ab+CD3+CD4-CD8-NKRP1- cells in the spleens of
animals that received autologous tolerogenic DC [40]. Pre-
vious studies from Kathryn Wood’s group have also shown
that CD4+ Treg function is modulated through IFN-g [41]. We
and others have investigated previously the immunomodu-
latory role of IFN-g using a standard 7-day protocol to gen-
erate monocyte-derived DC, and have shown a reduced
capacity of these DC to induce T cell proliferation. IFN-g-
modulated DC are maturation-arrested with increased
expression of inhibitory molecules [32,42]. IFN-g released
in an allogeneic MLR has also been shown to play a key
role in promoting the generation of tolerogenic dendritic
cells (Tol-DC) [43]. Thus, IFN-g may also have immuno-
regulatory properties in addition to its well-known immu-
nostimulatory role in immunity.

In this study, the mechanism of action of IFN-g
to promote tolerogenic DC phenotype was investigated
and a protocol to promote the generation of maturation-
arrested Tol-DC in 48 h was generated. Rapidly generated
IFN-g-DC express DC-specific marker c-type lectin, CD209
(DC-SIGN), CD11c and HLA-DR, but have reduced CD83
and B7 molecule expression (Fig. 1). In 1995 CD83 was
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characterized as a maturation marker for DC [44]. Early
studies demonstrated that herpes simplex virus type
1-infected iDC failed to induce the expression of CD83
during maturation without affecting the expression of CD80
and CD86, resulting in a poor capacity to stimulate T cells.
This was the first evidence to suggest that CD83 is essential in
enhancing T cell activation [45]. More recently, the function
of CD83 was investigated further with the aid of siRNA
knock-down of CD83 showing that CD83 functions as an
enhancer of T cell activation [46]. The inhibition of CD83 in
IFN-g-DC is therefore an important factor contributing to
their poor stimulatory capacity of these antigen-presenting
cells.

Mechanistically, IFN-g reduced the expression NF-kB
transcription factor RELB, which failed to co-localize into
the nucleus of monocytes (Fig. 2b); this correlated with
reduced RELB gene expression (Fig. 2a). The nuclear trans-
location of RELB is a known hallmark of DC maturation
[20]. The importance of the NF-kB pathway in DC develop-
ment was shown further in KO mice lacking components

of NF-kB, where these mice failed to generate mature DC
[21]. Translocation of NF-kB transcription factors to the
nucleus are known to interact with kB sites in the regulatory
region of target genes that control the expression of major
histocompatibility complex (MHC) class II, CD80, CD86
and CD40 [47,48]. In addition, NF-kB regulates the expres-
sion of CD83 [49]. Thus, the down-regulation of positive
co-stimulatory molecules, including CD83 seen in IFN-g-
DC, may be a downstream effect of the inhibition of RELB
expression and nuclear translocation. Moreover, studies
using maturation-resistant donor-derived RELB silenced
DC functionally induce antigen-specific tolerance in vivo,
thus prolonging murine heart allotransplantation [50].
Others have also reported the blocking of NF-kB using phar-
macological agents, such as proteasome inhibitor PSI, LF
15–0195, aspirin, N-acetyl-cysteine, cyclosporin and tacroli-
mus, which subsequently inhibit DC maturation [16,51–54].
DC maturation arrest evident in IFN-g-DC was accompa-
nied with low production of biologically active IL-12p70
secretion and IL-12p40 gene expression (Fig. 2d,c).

Fig. 6. Interferon (IFN)-g-dendritic

cells (DC) promote the generation of

CD4+CD25+CD127low/negforkhead box P3

(FoxP3+) T cells. DC were co-cultured for 5

days at a 1:10 DC to T cell ratio and then

stained for surface expression of CD4, CD25,

CD127 and intracellular expression of FoxP3.

Samples were analysed using flow cytometry,

which were gated for CD4+FoxP3hi T cell

population; for gating strategy refer to Materials

and methods. (a). Expression of CD25 and

CD127 was also examined on CD4+FoxP3hi

gated population (b). Fluorescence -1 (FMO)

controls were used to determine negative and

positive gates. This is a representative figure of

four independent experiments.
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The antagonist effects of IFN-g on IL-4 were also observed
by this study. IFN-g-DC had reduced STAT-6 phosphoryla-
tion significantly compared to UT-DC (Fig. 3a). This is con-
sistent with previous observations, showing that IFN-g
treatment of monocytes reduced IL-4 activation of STAT-6
by suppressing the expression of the IL-4 receptor [55]. We
confirmed that rapidly generated IFN-g-DC in the presence
of IL-4 and GM-CSF also resulted in the downstream inhi-
bition of the IL-4a receptor (Fig. 3c). Transcription factor
IRF4, a molecule also implicated in DC development and
maturation, was also down-regulated by the inhibition of
STAT-6 phosphorylation (Fig. 3b). The IRF4 promoter
region has a STAT-6-dependent element that specifically
up-regulates IRF4 in response to IL-4 [37]. The relatively low
expression of IRF4 may contribute to the lack of responsive-
ness of IFN-g-DC to mature. IRF4 also binds to transcription
factor PU.1 to negatively regulate the expression of ILT4.
Reduced expression of IRF4 may therefore contribute to sus-
tained expression of ILT4 (Fig. 1) [56]. The up-regulation of
ILT3 and ILT4 via inhibition of NF-kB is also known to
render human monocytes and DC tolerogenic [57].

T cell hyporesponsiveness induced by IFN-g-DC
(Fig. 4) correlates with reduced expression of positive
co-stimulatory molecules and proinflammatory cytokines,
making IFN-g-DC poor T cell stimulators, a characteristic

associated with promotion of a tolerogenic T cell response
[58]. The reduction of IL-2 and IFN-g in IFN-g-DC
co-cultures (Fig. 5) also potentially contributes to T cell
hyporesponsiveness. T cell phenotypes from primary MLR
were also examined by FACS (Fig. 6). Miyara et al. showed
previously in that activated human T cells can express FoxP3
non-specifically in non-regulatory effector T cells defined by
the FoxP3lo subpopulation of CD4+ T cells; the FoxP3hi sub-
population, however, is highly suppressive in its capacity to
regulate T cell immune responses. In our previous study with
7-day cultures [32], Treg cells were only investigated using
intracellular flow cytometry on CD4+ gating, which revealed
a reduced number of Tregs promoted by day 0 IFN-g-treated
DC compared to UT-DC. Functional analysis of these
cells was not performed. As the function of the cells may be
more important than the absolute numbers of the cells, we
performed a more sophisticated analysis of the potential
Treg population in this study incorporating CD4, CD25
and CD127 fluorochromes (and fluorescence -1 controls)
in addition to classical suppression assays. The Foxp3hi sub-
population of CD4+ T cells was examined in this study, which
demonstrated that IFN-g-DC promoted a higher frequency
of CD4+Foxp3hi T cells which were also CD25+CD127neg/low

when compared to UT-DC co-cultures. Moreover, our
study demonstrated that IFN-g-DC primed T cells are
antigen-specific in their ability to functionally suppress the
proliferation of naive T cells (Fig. 7).

To address the paradoxical effect of IFN-g as a proinflam-
matory cytokine known to promote maturation, IFN-g was
added to monocytes 24 h post-treatment to IL-4 and
GM-CSF (DC differentiation period) and added it in com-
bination with maturation agents TNF-a and PGE2. At the
protein level we observed that late IFN-g exposure had
minimal effects on the expression of DC maturation marker
CD83 when compared to UT-DC, while early IFN-g (at time
0 in the presence of IL-4 and GM-CSF) had a significant
decrease. This difference in CD83 expression suggested that
previously reported paradoxical effects of IFN-g were also
present in this study. To investigate these differences further
we employed the use of microRNA gene analysis. Interest-
ingly, we found that addition of IFN-g either early or late
induced similar gene expression patterns (Fig. 8b,c), despite
the difference seen at the protein level, suggesting that the
mechanistic difference in IFN-g functions as proinflamma-
tory or anti-inflammatory, probably occurring at the protein
level rather than at the gene level. The diverse gene effects of
IFN-g also suggest that the mechanism of tolerance induc-
tion by IFNg-DC may also be multi-factorial.

A recent study by Hill et al. demonstrated that IFN-g-
induced tolerance in an allogeneic rat heart transplant model
was dependent on the expression of Epstein–Bar virus-
induced gene-3 (EBI-3), expressed by autologous tolerogenic
DC. EBI-3 is an IL-12 member that heterodimerizes to form
immunoregulatory molecules IL-27 and IL-35 [40]. Accord-
ingly, the expression of EBI-3 by tolerogenic DC may play an
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important role in in-vivo tolerance induction. The role and
expression EBI-3 by IFN-g-DC was not established in this
study; however, in light of these new data it may also be an
important pathway to investigate further in the context of
IFN-g-DC tolerance induction.

In conclusion, early exposure of CD14+ monocytes to
IFN-g inhibits efficient phosphorylation of IL-4-activated
STAT-6 reducing downstream expression of IRF4. This,
accompanied by the inhibition of NF-kB transcription
factor RELB, a crucial molecule in DC maturation, contrib-
utes to the down-regulation of DC-positive co-stimulatory
molecules including CD83, thus producing maturation-
arrested ‘FAST’ DC that promote antigen-specific suppres-
sive T cells. To our knowledge, this paper is the first of its
kind to describe a rapid DC protocol to produce Tol-DC.

The ability to generate Tol-DC in a short time-frame is
fundamental in the ability for novel human DC cellular
therapy to be transferred into the clinic for the potential
treatment of allogeneic transplant rejection by adoptive cel-
lular therapy.
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