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Heme oxygenase (HO)-1 is expressed in a variety of conditions involved in the regulation of immune
responses. In this study, we examined the role of HO-1 in dendritic cell (DC) maturation and expression
of indoleamine 2,3-dioxygenase (IDO), a key enzyme that catalyzes the initial, rate-limiting step in
tryptophan degradation. IDO deficiency led to diminished phenotypic and functional maturation of DCs
in vitro and in vivo. IDO expression and DC maturation was abrogated by the HO inhibitor zinc
protoporphrin, but increased by hemin, a potent inducer of HO-1. Moreover, LPS-induced HO-1
expression was mediated by an NF-kB-dependent pathway. Our findings provide additional insight into
the immunological functions of IDO and HO-1, and suggest possible therapeutic adjuvants for the

treatment of DC-related acute and chronic diseases.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The biology of bone marrow-derived dendritic cells (BMDCs) and
their potential use in the treatment of chronic infections and cancers
are the focus of considerable research. DCs, which are potent
antigen-presenting cells (APCs), have the unique ability toenhance T
and B cell responses and potentiate immune tolerance [1,2]. Under
steady state conditions, DCs exist as immature cells in peripheral
tissue and function to protect against invading antigens [1,2]. During
pathogen invasion or following inflammatory cytokine exposure,
DCs undergo phenotypic changes associated with functional
maturation [3]. To initiate adaptive immunity in response to signals
from peptide/MHC complexes and co-stimulatory molecules,
mature DCs migrate into the afferent lymphatics and move to T
cell areas in the draining lymph nodes [3,4].
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Indoleamine 2,3-dioxygenase (IDO), an enzyme that mediates
the initial and rate-limiting step in tryptophan catabolism along
the kynurenine pathway [5], is inducible in DCs in response to
lipopolysaccharide (LPS) and interferon (IFN) stimulation [6].
Although IDO is critical to host defense against pathogens, it is now
clear that this enzyme plays multiple roles in the immune system
[7]. Studies have shown that human DCs exhibiting significant IDO
activity inhibit T cell proliferation through tryptophan degradation
[8]. In addition, IDO expression is critical for allogeneic fetal
tolerance [9], tumor tolerance [10], and downregulation of
autoimmunity [11], making it an interesting target for transplan-
tation applications. The mechanisms that regulate the overall
immunosuppressive effects of IDO remain incompletely under-
stood, and may vary according to cell type [12]. In sharp contrast to
the immunosuppressive effects of I[FN-y-activated DCs, Toll-like
receptor (TLR) agonists such as LPS induce high IDO expression,
suggesting a possible role for this enzyme in promoting DC
maturation. For instance, pharmacological inhibition of IDO
activity by 1-Methyl-p-tryptophan (1-MT) diminishes the expres-
sion of co-stimulatory molecules in LPS-stimulated human
monocyte-derived DCs and murine BMDCs [13,14]. These observa-
tions prompted us to examine whether the manner of stimulation,
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LPS or IFN-vy, affects DC maturation and T cell proliferation
differentially in IDO-expressing cells. We previously reported that
IDO expression in mature mouse BMDCs is enhanced by LPS via an
IFN-y-independent pathway [6]. However, the precise regulatory
mechanisms underlying LPS-induced IDO expression in BMDCs
remains unclear.

Heme oxygenases (HOs) are rate-limiting intracellular enzymes
that cleave heme through oxidation, thus producing biliverdin,
carbon monoxide, and iron [15]. Three isoforms of HO (HO-1, HO-2
and HO-3) have been identified [15]. HO-1 is known for its
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cytoprotective effect against oxidative injuries and inflammation
[16]. HO-1 protein is upregulated by numerous stress signals,
including endotoxin, cytokines, and heavy metals, as well as by its
substrate, heme [15]. Induction of HO-1 expression has therapeutic
effects in a variety of immune-related conditions and disorders,
including transplantation and inflammatory diseases [17-22]. HO-
1 expression is abrogated during human and rat DC maturation
[23]. Furthermore, this enzyme is decreased during monocyte-
derived dendritic cell maturation in mouse spleen [24]. In contrast,
LPS stimulation enhances expression of HO-1 during mouse BMDC
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Fig. 1. Inhibition of IDO inhibits LPS-induced surface molecules and production of proinflammatory cytokines in murine DCs. BMDCs derived from WT and IDO~/~ mice were
stimulated with or without LPS (200 ng/ml) for 24 h. (A) Surface molecules were analyzed by flow cytometry in cells were gated on CD11c". The mean fluorescence intensity
(MFI) values are mean =+ SEM (n = 3). (B) WT and IDO~/~ mice were injected with PBS or the indicated dose of LPS; 24 h later, spleens were removed and stained with antibodies for
CD11c-PE and IDO-FITC. Costimulatory molecules were analyzed by flow cytometry in the CD11c*-gated cell population. The mean fluorescence intensity (MFI) values are presented
as the mean + SEM (n = 3). "P < 0.001. (C) The concentration of IL-12 p70 and TNF-« were measured by ELISA. Data are presented as mean + SEM (n=3). P < 0.001. (D and E)
Monocytes derived from WT and IDO~/~ mice cultured with complete medium contained GM-CSF and IL-4 for 6 days. (D) The population of CD11c" cells was analyzed by flow
cytometry. The mean fluorescence intensity (MFI) value within each histogram represents the incidence of CD11c" cells. The results are representative of four separate experiments.
(E) Morphological shape was analyzed by an inverted phase contrast microscope. The results are representative of four separate experiments.
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Fig. 1. (Continued).

maturation [25], suggesting a possible role for HO-1 in IDO
expression during this biological process.

In this study, we examined the involvement of HO-1 in
regulating LPS-induced IDO expression in mouse BMDCs. Our data
show that HO-1-mediated IDO expression is dependent on the NF-
kB pathway and constitutes an intermediate step in the DC
maturation pathway. These studies provide new insight into the
mechanism by which LPS induces IDO gene expression in murine
BMDCs.

2. Materials and methods
2.1. Mice and materials

Male 6-8 weeks-old C57BL/6 (H-2K® and I-AP) mice were
purchased from the Korean Institute of Chemistry Technology
(Daejeon, Korea). IDO~/~ C57BL/6 mice were obtained from Jackson
Laboratory (Bar Harbor, ME, USA) and mated with wild-type C57BL/
6 mice to produce IDO*/~ heterozygotes. Offspring of heterozygote
crosses were genotyped by PCR of tail DNA to identify individuals
that were homozygous null (—/—) for targeted disruption of the IDO
gene; age-matched wild-type (+/+) littermates were used as
controls. Mice were housed in an isolated pathogen-free environ-
ment within our animal facility for at least one week before use. All
experiments were performed in accordance with the guidelines of
the Ethics of Animal Experiments committee, Pusan National

University. LPS from Escherichia coli (serotype 055:B5), BAY-11-
7085 and tricarbonyldichlororuthenium (II) dimmer ([Ru(CO)sCl, ],
CORM2) were obtained from Sigma (St. Louis, MO, USA). Recombi-
nant mouse (rm) GM-CSF and rmIL-4 were obtained from R&D
Systems (Minneapolis, MN, USA). The anti-IDO antibody was
obtained from Alexis (San Diego, CA, USA). Phycoerythrin (PE)-
conjugated anti-H-2Kb [major histocompatibility complex (MHC)
class I], anti-I-Ab (MHC class II), anti-CD80, anti-CD86, and
fluorescein isothiocyanate (FITC)-conjugated anti-CD11c Abs were
obtained from ebioscience Inc. (San Diego, CA, USA). Anti-a-tubulin,
anti-p65, anti-HO-1 and anti-Topo I antibodies were obtained from
Santa Cruz (Santa Cruz, CA, USA). ZnPP and hemin were obtained
from Porphyrin products (Philadelphia, PA, USA).

2.2. Generation and culture of DCs

DCs were generated from murine bone marrow monocytes
according to the procedure of Inaba et al. [26] with minor
modification. Briefly, bone marrow was flushed from the tibiae and
femurs of 6-8-week-old male C57BL/6 mice and depleted of red
blood cells with Red Blood cell Lysing buffer (Sigma, St. Louis, MO,
USA). The cells were plated in 6-well culture plates (1 x 10° cells/
ml; 2 ml/well) in RPMI supplemented with 10% heat-inactivated
FBS, 100 U/ml penicilline, 100 pg/ml stereptomycin, 20 ng/ml
rmGM-CSF and 10 ng/ml rmIL-4 at 37 °C in a humidified 5% CO,
atmosphere. On day 3 and 5 of the culture, floating cells were
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gently removed and fresh medium was added. On day 6 of the
culture, non-adherent cells and loosely adherent proliferating DC
aggregates were harvested for analysis or stimulation. On day 7,
80% or more of the non-adherent cells expressed CD11c.

2.3. In vivo treatment with LPS and surface molecules staining of
splenocytes

The mice (20-25 g) were injected intraperitoneally (i.p.) with
saline or LPS (1.5 mg/kg), dissolved in saline for 24 h. For surface
molecules staining of splenic DCs, their spleens were disrupted and
the cells were centrifuged at 400 x g for 5 min and removed red
blood cells from mouse splenocytes by treatment of red blood cell
lysing buffer (Sigma, St. Louis, MO, USA). And then the cells were
harvested and washed twice with PBS containing with 2% fetal
bovine serum and 0.1% sodium azide. Cells were first blocked with
10% (v/v) normal goat serum for 15 min at 4 °C and stained with
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PE-conjugated anti-H-2Kb [major histocompatibility complex
(MHC) class I], anti-I-Ab (MHC class II), anti-CD80, anti-CD86,
and FITC-conjugated anti-CD11c for 30 min at 4 °C. The stained
cells were analysed using a FACSCalibur flow cytometer (Becton
Dickinson, San Jose, CA, USA).

2.4. In vivo treatment with ZnPP and intracellular staining of IDO

Mice (20-25 g) were injected with saline or LPS (1.5 mg/kg, i.p.),
dissolved in saline. ZnPP (5 mg/kg, i.p.) was injected 6 h before LPS
administration, and after a 24-h LPS challenge, spleens were
removed. Intracellular staining of IDO in splenic DCs, was assayed
by flow cytometry as previously described [27]. Spleens were
disrupted and cells were centrifuged at 400 x g for 5 min. After
removing red blood cells by treatment with Red Blood Cell Lysing
Buffer (Sigma, St. Louis, MO, USA), splenocytes were harvested and
washed twice with PBS containing 2% fetal bovine serum (Thermo
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Fig. 2. Inhibition of IDO display impaired to induce the proliferation of allogeneic T cells and initiate Th1 responses in vitro. BMDCs derived from WT and IDO~/~ mice were
stimulated with or without LPS (200 ng/ml) for 24 h. DCs were incubated for 24 h with or without LPS (200 ng/ml). The DCs were then washed and cocultured with allogeneic
T cells for 4 days. (A) Percentage of T-cell proliferation as determined by CFSE flow cytometry. The results are representative of four separate experiments. (B) Bar graphs show
the mean =+ SEM (n = 4) of percentage of T cell proliferation in (A). Data are presented as the mean + SEM P < 0.05. (C) Results for cells examined for cytokine release after 48 h. IL-4
and IFN-y concentrations in culture supernatants were measured by ELISA. Data are presented as mean + SEM (n=4). 'P < 0.05, "P < 0.01 and P < 0.001.
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Fisher Scientific Inc. Waltham, MA, USA) and 0.1% sodium azide
(Sigma, St. Louis, MO, USA). Cells were stained with anti-CD11c
(N418) (ebioscience Inc. San Diego, CA, USA) and anti-IDO (Alexis,
San Diego, CA, USA) antibodies, and analyzed on a FACS Calibur
flow cytometer (Becton Dickinson, San Jose, CA, USA).

2.5. Western blot analysis

DCs were washed twice with Tris-buffered saline and lysed by
the addition of ice-cold lysis buffer, containing 0.5% Triton X-100,
50 mM Tris (pH 8.0), 150 mM NacCl, 5 mM EDTA, 5 mM NaF, 1 mM
NasVO,4, 10 pg/ml aprotinin and pepstatin A, and 5 pg/ml
leupeptin. Lysates were incubated on ice for 20 min and
microcentrifuged for 30 min at 12,000 x g at 4°C to remove
nuclei. Proteins were separated on 10% SDS-polyacrylamide gels
and transferred to PVDF membranes (Pall Corporation, Port
Washington, NY, USA). Membranes were blocked with 5% non-
fat dried milk in T-PBS (0.2% Tween 20 in PBS) and incubated with a
primary antibody against IDO (1:2000), anti-p65 (1:1000), anti-
HO-1 (1:2000); an anti-a-tubulin (1:2000) and anti-Topo 1 (1:500)
antibodies were used as a control for equal loading. Membranes
were subsequently washed and incubated for 1 h with horseradish
peroxidase-conjugated secondary antibody. Immunolabeling was
detected using an ECL detection system (Millipore Corporation,
Billerica, MA, USA).

2.6. Cytokine measurements

Plasma and cell culture supernatants were analyzed for TNF-a
and IL-12 p70 content in triplicate using an ELISA kit as described
by the manufacturer (R&D Systems, Minneapolis, MN, USA).

2.7. Transfection of siRNA

HO-1 siRNA (Catalog no. sc 35555), NF-kB p65 siRNA (Catalog
no. sc29411) and non-specific control siRNA were obtained from
Santa Cruz Biotechnology and used to transiently transfect BMDCs
in 6-well plates as described by the manufacturer. After first
determining optimal confluence conditions for transfection, cells
were transfected with HO-1 siRNA (10-100 nM), NF-kB siRNA (10-
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100 nM) or non-specific control siRNA (100 nM); transfections
were performed 48 h prior to experiments.

2.8. Flow cytometry

On day 7, BMDCs were harvested, washed with phosphate
buffered saline (PBS) and resuspended in fluorescence activated
cell sorter (FACS) washing buffer (2% fetal bovine serum and 0.1%
sodium azide in PBS). Cells were first blocked with 10% (v/v)
normal goat serum for 15 min at 4 °C and stained with phycoery-
thrin (PE)-conjugated anti-H-2Kb [major histocompatibility com-
plex (MHC) class I], anti-I-Ab (MHC class II), anti-CD80, and anti-
CD86 with fluorescein isothiocyanate (FITC)-conjugated anti-
CD11c for 30 min at 4 °C. The stained cells were analysed using
a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA,
USA).

2.9. Heme oxygenase activity assay

The HO activity was determined by measuring the amount of
bilirubin produced from hemin added as the substrate as described
[28]. The formed bilirubin was extracted with chloroform and the
absorption measured as the difference in 464 and 530 nm
(extinction coefficient, 40 mM~' cm~! for bilirubin). HO activity
is expressed as pmol of bilirubin formed per mg protein per hr.

2.10. Chromatin immunoprecipitation (ChIP) assay

ChIP assays were carried out using a ChIP assay kit (Millipore
Corporation, Billerica, MA) according to a modification of the
manufacturer’s instructions. 2 x 10° cells were fixed with 1%
formaldehyde for 10 min at 37 °C to cross-link the protein-DNA
complexes. Then they were harvested and washed twice with ice-
cold PBS containing protease inhibitors (1 mM phenylmethylsul-
fonyl fluoride, 1 wg/ml aprotinin, and 1 pg/ml pepstatin A). For the
remaining steps of the protein isolation, all buffers used to isolate
the proteins contained phenylmethylsulfonyl fluoride and prote-
ase inhibitor mixture. Cells were added to SDS lysis buffer and
incubated on ice for 10 min. Cell lysates were sonicated to shear
the DNA to lengths between 200 and 1000 base pairs and then
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Fig. 3. Inhibition of IDO decreases Poly(I:C)- and Pam3CSK-induced surface molecules in BMDCs. BMDCs derived from WT and IDO~/~ mice were stimulated with or without
Poly(I:C) (50 pg/ml) and Pam3CSK (10 wg/ml) for 24 h. The population of CD11c" cells was analyzed by flow cytometry. The mean fluorescence intensity (MFI) values are

mean + SEM (n = 4).
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centrifuged at 14,000 rpm for 10 min at 4 °C. The sonicated cell with 250 pl of freshly prepared extraction buffer (1% SDS, 0.1 M
supernatants were diluted 10-fold in dilution buffer (0.01% SDS, NaHCOs3). To reverse cross-links, 5M NaCl was added to each
1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCI, pH 8.1, and combined elute to a final concentration of 0.3 M, then the solution
167 mM NaCl) and precleared with a 27% suspension of protein A- was heated to 65 °C for 5 h. Proteins were digested with 100 p.g/ml
agarose/salmon sperm DNA for 30 min at 4 °C with agitation. The proteinase K for 1h at 45°C, and DNA was extracted with a
supernatant was recovered after pelleting the agarose by QIAquick PCR purification kit (Qiagen). Precipitated DNA frag-
centrifugation and then incubated with 5 g of a rabbit-specific ments were amplified by PCR. The sequences of GAS site of IRF-1
Ab against p65 overnight at 4 °C. The Ab-protein-DNA complexes promoter primer are as follows: forward primer 5’-CTTTCCAACA-
were collected by adding protein A-agarose/salmon sperm DNA for CAGGCAAG-3, reverse primer 5-ACTGTGAAAGCACGTAC-3'.

1h at 4 °C with agitation. Immunoprecipitated Ab-protein-DNA

complexes were washed three times with wash buffer (0.1% SDS, 2.11. Statistical analysis

1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI, pH 8.1, and 500 mM

NaCl) followed by three additional washes in TE buffer (10 mM Experiments were repeated at least three times with consistent
Tris-HCI, 1 mM EDTA, pH 8.0). Chromatin complexes were eluted results. Unless otherwise stated, data are expressed as the
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stained with anti-IDO and anti-a-tubulin antibodies as indicated. The mean values + SEM obtained from three separate experiments shown in the bottom panel, " P < 0.001. vs.
responses in the absence of ZnPP with LPS stimulation. (B) DCs were stained with annexin-V and PI. The percentage within each histogram represents the incidence of annexin-V*PI*.
The results are representative of five separate experiments. (C) C57BL/6] mice were injected with ZnPP (5 mg/kg, i.p.) 6 h prior to LPS challenge (1.5 mg/kg, i.p.); 24 h later, spleens
were removed and stained with antibodies for CD11c-PE and IDO-FITC. Histogram shows expression of intracellular IDO on cells gated for CD11c expression. Numbers indicate the
mean fluorescence intensity (MFI) values of IDO expression in CD11¢* DCs. The mean values + SEM obtained from three separate experiments shown in the bottom panel. (D)
BMDCs were pre-treated with ZnPP (10 M) for 1 h prior to stimulating with 200 ng/ml LPS for 24 h. A microsomal fraction of BMDCs was isolated and HO activity was determined
by the production of bilirubie (n = 3). Data are presented as the mean + SEM “P < 0.01. (E) C57BL/6) mice were injected with ZnPP (5 mg/kg, i.p.) 6 h prior to LPS challenge (1.5 mg/
kg, i.p.); 24 h later, spleens were removed. A microsomal fraction of splenic DCs was isolated and HO activity was determined by the production of bilirubie (n = 3). Data are
presented as the mean = SEM P < 0.05. (F and G) BMDCs were transfected with HO-1 siRNA (10, 25, 50 or 100 nM) or control siRNA (100 nM) for 24 h, and then further incubated
with 200 ng/ml LPS for 24 h. (F) HO-1, HO-2, IDO and a-tubulin levels were determined by immunoblotting with anti-HO-1, anti-HO-2, anti-IDO and anti-a-tubulin antibodies. Top
panel shows a representative blot stained with anti-HO-1, anti-HO-2, anti-IDO and anti-oa-tubulin antibodies as indicated. The mean values & SEM obtained from three separate
experiments are shown in bar graph. Asterisks indicate significant differences in the ratio of HO-1 (*) and IDO (#) compared to the values at control siRNA transfected cells at
“P<0.05, P < 0.001 and ***P < 0.001. (G) DCs were stained with annexin-V and PI. The percentage within each histogram represents the incidence of annexin-V*PI*. The results
are representative of five separate experiments. (H) BMDCs derived from WT and IDO~/~ mice were incubated with or without LPS (200 ng/ml) for 24 h. HO-1, HO-2, IDO and «-
tubulin levels were determined by immunoblotting with anti-HO-1, anti-HO-2, anti-IDO and anti-a-tubulin antibodies. Lane 1 and 2; WT w/o LPS, lane 3 and 4; WT with LPS, lane 5
and 6; IDO~/~ w/o LPS, and lane 7 and 8; IDO~/~ with LPS. One representative experiment of three is shown.
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mean + SEM. ANOVA was used to compare experimental groups to
control values, and Tukey’s Multiple Comparison test was used to
compare between multiple groups. P values <0.05 were considered
statistically significant.

3. Results

3.1. IDO deficiency leads to suppression of LPS-induced maturation of
BMDCs and splenic DCs

To investigate the role of IDO in DC maturation, we evaluated
the expression of cell surface molecules that indicate a DC
phenotype, namely CD80, CD86, and MHC class I and II, in LPS-
stimulated BMDCs derived from IDO knockout (IDO~/~) and
wildtype (WT) mice. As shown in Fig. 1A, 24-h LPS stimulation of
WT cells cultured for 6 days resulted in upregulation of all the cell
surface molecules tested. In contrast, expression of these receptors
was reduced significantly in LPS-stimulated cells derived from
IDO~/~ mice, indicating that BMDC maturation was at least
partially inhibited in the absence of IDO. We also evaluated the role
of IDO in the maturation of splenic DCs in vivo. As observed, the
levels of cell surface molecules in splenic DCs were lower in IDO~/~
mice than in WT mice (Fig. 1B). Taken together, these data suggest
that lack of IDO expression suppresses the ability of DCs to undergo
maturation in response to LPS in vitro and in vivo.

In addition to these DC cell surface markers, we also examined
the effect of IDO deficiency on pro-inflammatory cytokine
production. A major attribute of mature DCs is the synthesis
and release of cytokines with important modulatory functions in
inflammation and T cell differentiation. Among these are the pro-
inflammatory cytokines, IL-13, IL-6, IL-12 and TNF-« [29]. IL-12
production is an especially important marker of DC maturation
and can also be used as a Th1-inducing adjuvant [30]. We found
that IL-12 p70 and TNF-a were produced at high levels in BMDCs
derived from WT mice after stimulation with LPS for 24 h.
However, this effect of LPS was diminished in the absence of IDO
(Fig. 1C).

Next, we assessed the role of IDO in DC differentiation by
monocytes. Bone marrow-derived monocytes were isolated from
WT and IDO~/~ mice, and changes in morphology and CD11c
expression were measured. In these experiments, mouse mono-
cytes were purified from bone marrow isolated from WT and
IDO~/~ mice and then cultured in complete medium containing
GM-CSF and IL-4 for 6 days. These cells differentiated to become
immature DCs, which are characterized by increased CD11c
expression. Interestingly, no significant differences in the
percentage of CD11c” DCs (Fig. 1D) and morpholocal shape
(Fig. 1E) were observed between WT and IDO~/~ mice. These
results indicate that IDO is not involved in the differentiation of
DCs from monocytes.
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3.2. Impairment of the allostimulatory capacity of DCs in
the absence of IDO

DCs have the unique ability to enhance a primary immune
response by activating naive T cells to differentiate into Th1 or
Th2 cells. However, the abrogation of cell surface molecules
expression in LPS-stimulated IDO~/~ DCs would be decreases
antigen presentation to T cells, leading to inhibition of T cell
activation. To determine whether IDO deficiency in DCs also
results in reduced T cell proliferation, WT and IDO~/~ DCs were
stimulated with LPS for 24 h and then analyzed in an allogeneic
mixed lymphocyte reaction. As shown in Fig. 2A and B, the rate of
proliferation of allogeneic T cells induced by LPS-treated WT DCs
(WT-LPS) was greater than that of untreated WT DCs (WT-CON).
In contrast, IDO deficiency led to decreased proliferation (IDO~/~
LPS).

In addition, we investigated the cytokine production
profile of T cells stimulated with LPS-treated WT and IDO /-
DCs. Allogeneic T cells primed with LPS-treated WT DCs
produced a Th1 cytokine profile that included high levels of
IFN-v and low levels of IL-4. In contrast, T lymphocytes primed
with LPS-treated IDO~/~ DCs exhibited reduced IFN-vy produc-
tion (Fig. 2C). However, IL-4 production was not affected by
IDO deficiency. These results show that the majority of the
effects of IDO on the ability of DCs to promote T cell
differentiation.
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3.3. Lack of IDO suppresses the induction of BMDC maturation
by other TLR agonists

Next, we sought to investigate whether IDO plays a critical role
in the induction of DC maturation by other TLR agonists. WT and
IDO~/~ DCs were stimulated for 24 h with Pam3CSK4 and poly(I:C),
agonists for TLR1/2 and TLR3, respectively, and then expression of
cell surface molecules was analyzed. IDO~/~ DCs displayed
diminished cell surface molecule expression following stimulation
with Pam3CSK, and poly(I:C) compared to WT DCs (Fig. 3). These
data strongly demonstrate that IDO may be a critical and potent
mediator of DC maturation.

3.4. The HO-1 inhibitor, ZnPP, inhibits LPS-induced IDO expression
in BMDCs and splenic DCs

To examine the involvement of heme oxygenases (HOs) in the
induction of IDO expression by LPS, we first measured HO-1 and
HO-2 expression in mouse BMDCs after LPS stimulation. Expres-
sion of HO-1, but not HO-2, was enhanced by LPS stimulation in a
dose- and time-dependent manner (data not shown). Next, to
evaluate the influence of HO-1 on LPS-induced IDO expression,
cells were pretreated with ZnPP, an inhibitor of HO-1 activity. The
level of IDO protein induced in vitro by LPS stimulation was
significantly decreased in the presence of ZnPP (Fig. 4A). To exclude
the possibility that the effect of ZnPP was due to a reduction in the
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Fig. 5. HO-1 downregulation reduces LPS-induced surface molecules and pro-inflammatory cytokines. (A and B) BMDCs were pre-treated with ZnPP (10 wM) for 1 h prior to
stimulating with 200 ng/ml LPS for 24 h. (A) Surface molecules were then analyzed by flow cytometry in cells were gated on CD11c". The mean fluorescence intensity (MFI)
values are mean + SEM (n = 3). (B) IL-12 p70 and TNF-a concentrations were measured by ELISA. Data are presented as mean + SEM (n = 3). 'P < 0.05, "P < 0.01 and ~"'P < 0.001.
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number of DCs via apoptosis, we used Annexin V and propidium
iodide staining to assess apoptosis in CD11c¢" cells treated with the
inhibitor. DCs were preincubated with ZnPP (5 and 10 wM) for 1 h
and then either stimulated with LPS (200 ng/ml) for 24 h or left
untreated. No significant differences were observed below 10 uM
(Fig. 4B).

To confirm the effect of HO-1 on IDO expression, we assessed
IDO expression in mouse splenic DCs challenged with LPS in vivo.
Inbred C57BL/6] mice were injected with ZnPP (5 mg/kg, i.p.) 6 h
prior to a 24-h LPS (1.5 mg/kg, i.p) challenge, and IDO expression
in splenic DCs was assessed by flow cytometry. Similar to the
effect of ZnPP on IDO expression in vitro, the inhibitor abrogated
IDO expression in splenic CD11c¢” DCs induced by LPS in vivo
(Fig.4C).In addition, to test whether ZnPP prevent the HO activity,
we measured the HO activity in BMDCs (Fig. 4D) and splenic DCs
(Fig. 4E). As expected, ZnPP was strongly inhibited the LPS-
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indicate that LPS-induced IDO expression in DCs may be regulated
by an HO-1-dependent pathway. To determine whether HO-1
expression acts upstream of IDO in LPS-activated BMDCs, we
evaluated IDO expression in cells transfected with an HO-1-
specific siRNA. As shown in Fig. 4F, LPS-induced HO-1 expression
decreased with increasing concentrations (10-100 nM) of HO-1
siRNA, whereas transfection with a control siRNA had no effect. As
expected, siRNA-mediated HO-1 knockdown impaired LPS-
induced IDO expression significantly. In addition, siRNA transfec-
tion did not affect cell viability (Fig. 4G). To further confirm that
HO-1 acts as an upstream modulator of IDO expression in LPS-
activated BMDCs, we measured HO-1 and IDO expression in LPS-
activated IDO~/~ and WT BMDCs. As shown in Fig. 4H, although
IDO expression was absent in LPS-activated IDO~/~ BMDCs, HO-1
expression remained unaffected. Collectively, these data show
that HO-1 acts as an upstream mediator of IDO expression in LPS-

induced HC activity in both the in vitro and in vivo. These data activated BMDCs.
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3.5. ZnPP suppresses the expression of surface molecules and
pro-inflammatory cytokines in LPS-stimulated BMDCs

To investigate the role of HO-1 in DC maturation in vitro, we
measured CD80, CD86, and MHC class I and Il expression in LPS-
stimulated BMDCs in the presence and absence of ZnPP. As shown
in Fig. 5A, 24-h LPS stimulation of cells cultured for 6 days induced
the expression of these surface molecules. ZnPP-treated DCs
consistently expressed lower levels of these surface markers
compared to untreated cells, indicating that ZnPP treatment
impaired BMDC phenotypic maturation. In addition, we tested
whether ZnPP affected the production of IL-12 p70 and TNF-a
following LPS-induced DC maturation. Similar to IDO~/~ BMDCs,
the levels of IL-12 p70 and TNF-a were decreased significantly in
the presence of ZnPP (Fig. 5B). Thus, these results suggest that
ZnPP-mediated blockade of HO-1 suppresses LPS-induced matu-
ration of DCs via inhibition of IDO expression.

3.6. Hemin increases IDO expression and pro-inflammatory
cytokine production in BMDCs

Hemin plays a major role in inducing HO-1 expression in
various cell types [31,32]. Therefore, we proceeded to determine

whether hemin is also involved in inducing IDO expression and
production of pro-inflammatory cytokines in BMDCs. Pre-treat-
ment of BMDCs with hemin for 6 h prior to LPS stimulation
increased the expression of HO-1 and IDO, inducing an increase
that was comparable to that produced by LPS stimulation (Fig. 6A).
Furthermore, the levels of IL-12 p70 and TNF-« (Fig. 6B) were also
enhanced significantly in hemin-stimulated BMDCs, indicating
that IDO expression, which is involved in DC maturation, is tightly
regulated by HO-1 expression in BMDCs. In addition, to confirm
whether hemin promote the maturation of BMDCs, we measured
the expression of surface molecules in BMDCs treated with hemin
and LPS. As shown in Fig. 6C, hemin also significantly enhanced cell
surface molecules as well as LPS treatment. Next, to investigate
whether inhibition of HO activity by ZnPP reverses the effects of
hemin, we measured the expression of surface molecules in
hemin-stimulated BMDCs in the presence and absence of ZnPP. As
shown in Fig. 6D, hemin-induced the expression of surface
molecules was also diminished in ZnPP-treated BMDCs. Finally,
we sought to investigate whether IDO plays a critical role in the
induction of DC maturation by hemin. We evaluated the
expression of cell surface molecules in hemin-stimulated BMDCs
derived from IDO knockout (IDO~/~) and wildtype (WT) mice. As
shown in Fig. 6E, the expression of surface molecules was reduced
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significantly in hemin-stimulated cells derived from IDO~/~ mice
compared that in hemin-stimulated derived from WT mice,
indicating that ZnPP-mediated blockade of HO-1 suppresses
maturation of DCs by hemin via impairing IDO expression.

Carbon monoxide (CO) mimics the effects of HO-1, indicating
that HO-1 acts through the production of CO [33]. To investigate
whether CO by hemin affects to the maturation DCs and IDO
expression, BMDCs were treated with tricarbonyldichlororuthe-
nium (II) dimmer ([Ru(CO)sCl;],, CORM2; 15 and 30 M) or LPS
(200 ng/ml) for 24 h. As for hemin-treated DCs, the expression of
cell surface molecules (Fig. 6F) and IDO expression (Fig. 6G) was
significantly enhanced in CORM2-treated DCs. Altogether, these
results demonstrate that exogenous CO mimicked the effect of HO-
1 induction on DC maturation, suggesting that CO generated by
hemin largely contribute to the actions of HO-1 on DCs.

3.7. LPS regulates HO-1 expression in BMDCs via a
NFkB-dependent pathway

LPS stimulation has been shown to activate the NF-kB signaling
pathway in DCs [34,35], and recent evidence indicates that NF-kB
activation is an important underlying event in DC maturation [36].
To determine the involvement of NF-kB in HO-1-mediated IDO
expression in BMDCs, we measured HO-1 expression in LPS-
stimulated BMDCs in the presence of BAY-11-7085, an NF-kB
inhibitor. Treatment of LPS-induced BMDCs with BAY-11-7085
resulted in dramatic, dose-dependent inhibition of HO-1 expres-
sion (Fig. 7A). To exclude the possibility that this effect of BAY-11-
7085 was due to a reduction in the number of DCs via apoptosis, we
tested the apoptotic sensitivity of DCs to BAY-11-7085. According

to Annexin V and propidium iodide staining of CD11c" cells, no
significant differences were observed below 20 uM (Fig. 7B). Next,
to confirm the role of NF-kB in LPS-induced HO-1 expression, we
assessed expression of this enzyme in DCs transfected with siRNA
against the NF-kB p65 subunit. As shown in Fig. 7C, LPS-induced
expression of HO-1, but not HO-2, was diminished in siRNA-
transfected DCs in a dose-dependent manner. These results
indicate that LPS modulates HO-1 expression via an NF-kB-
dependent pathway in BMDCs.

3.8. BAY-11-7085 inhibits IDO expression and pro-inflammatory
cytokine production in LPS-induced BMDCs

To determine whether the NF-kB pathway is involved in IDO
expression and the production of pro-inflammatory cytokines in
BMDCs, we pretreated cells with BAY-11-7085 for 2 h prior to LPS
stimulation. Like ZnPP-treated cells, LPS-induced IDO expression
(Fig. 8A) and pro-inflammatory cytokine production (Fig. 8B) were
decreased in BAY-11-7085-treated BMDCs in a dose-dependent
manner. The binding of transcription factors such as STAT1 and NF-
kB to gamma activated sequence (GAS) site of the IRF-1 is essential
for the induction of IDO by IFN-y [37]. Moreover, LPS also induced
the expression IRF-1 in macrophage [38]. To determine whether
LPS treatment enhanced p65 subunit of NF-kB binding to the GAS
site of the IRF-1 in BMDCs, we assessed ChIP assay using p65-
specific Ab and PCR. As shown in Fig. 8C, we observed that the
binding of p65 to GAS region of IRF-1 severely enhanced in LPS-
activated BMDCs. Taken together, these results suggest that IDO
expression is regulated by a NF-kB-dependent pathway in LPS-
activated BMDCs.
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4. Discussion

To the best of our knowledge, this is the first report describing
the role of HO-1 on LPS-induced IDO expression and the effect of
IDO deficiency on DC maturation. DCs have a unique ability to
enhance or suppress T cell immune responses. IDO expression in
these cells is critical to the suppressive mechanisms. IDO is a key
immunomodulatory enzyme that promotes peripheral immune
tolerance by inhibiting T cell proliferation and activation by
regulating tryptophan catabolism [39,40]. IDO contains heme as
the sole prosthetic group and catabolizes tryptophan into
kynurenie, which leads to tryptophan depletion. These events
result in the suppression of proliferation or induction of apoptosis
in activated T cells in vivo and in vitro [8,41]. Alterations in this
mechanism can lead to autoimmune dysfunction, including the
suppression of tumor cell targeting by T cells [42,43]. IDO is also an
important regulator of immunity in infections and transplantation
[7]. We have recently demonstrated that IDO play a critical role in
severe sepsis by endotoxin via the IL-12 and IL-10 balance on IDO
[44]. Furthermore, it has been recently reported that genetically
disrupted of IDO inhibited the DC phenotype and function in vitro
but not in vivo [45].

By assessing the effect of IDO deficiency, we showed that IDO
regulates DC maturation and that HO-1 initiates a specific Th1
immune response by regulation of IDO expression. The expression

of IDO was increased in DCs in response to different stimuli,
including LPS and IFN-y. LPS-mediated TLR4 signaling induces IDO
expression to promote DC maturation in humans and mice.
[13,14]. In addition, IFN-y-treated murine BMDCs inhibit T cell
proliferation via induction of IDO [40,46]. Therefore, we examined
the role of IDO in the maturation of BMDCs and splenic DCs isolated
from WT and IDO~/~ mice and found that IDO is indeed a potent
mediator of DC maturation in response to LPS. The LPS-induced
increase in expression of CD80, CD86, MHC class I, and MHC class Il
exhibited by WT BMDCs and splenic DCs was attenuated in [DO~/~
cells, suggesting that IDO regulates the phenotypic and functional
maturation of murine DCs.

DCs can prime T helper cells to a Th1 immune response, leading
to the production of cytokines, namely IL-12, IL-6, IL-1[3, and TNF-
«, that play a critical role in inflammation (e.g., sepsis). We found
that the production of IL-12 p70 and TNF-a was downregulated in
IDO knockout BMDCs. These data show that IDO is necessary for
the generation of IL-12 p70 and TNF-a in response to LPS
stimulation, which is consistent with a previous report that
demonstrated that the IDO inhibitor, 1-MT, inhibits production of
IL-12 p70 by human DCs [14]. In addition, we elucidated the
signaling mechanism involved in mediating IDO expression in
murine BMDCs in response to LPS stimulation. We and other
groups reported that IDO induction by LPS in human monocytes
and murine BMDCs is independent of IFN-vy and occurs via the p38
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MAPK, NF-kB, and STAT pathways [6,47]. Furthermore, several
upstream signaling pathways are known to increase HO-1
expression. Park et al. [48] reported that up-regulation of HO-1
expression by rottlerin is regulated by reactive oxygen species
(ROS), p38 MAPK and ERK in human colon cancer HT29 cells. Here
we demonstrate that the NF-kB pathway plays a role in the
regulation of IDO expression and HO-1 is an important mediator of
this regulatory process. In addition, we found that the induction of
HO-1 expression by LPS is inhibited by SP600125 (a specific
inhibitor of JNK) (Supplementary Figure 1A) but not by SB203580
(a specific inhibitor of p38 MAPK) (Supplementary Figure 1B),
indicating that HO-1 expression is upregulated by LPS dependant
on JNK pathway.

Recent studies show that HO-1 is critical for transplantation
tolerance as well as for the prevention of different immune-related
diseases [49]. This enzyme is also known for its cytoprotective
effect against oxidative inflammation. HO-1 catalyzes heme
degradation, resulting in local production of carbon monoxide,

biliverdin, and free iron, which induces the expression of heavy
chain ferritin, an iron-binding protein. All three metabolites
produced have been reported to have immune protective effects
[49]. In addition, recent evidence suggests that expression of HO-1
in DCs may be involved in some tolerogenic effects [23]. HO-1
expression in T cells is not required for Treg function, supporting
the fact that the tolerogenic effect of HO-1 may occur via its
expression in the graft or by DCs rather than in infiltrating T cells
and Tregs. Other studies have shown that HO-1 expression is lower
in unstimulated immature DCs and in DCs treated with IL-10 or LPS
[23]. Induction of HO-1 expression also increases the activity and
expression of IDO in LPS-activated murine macrophages [50].
However the exact role of HO-1 in this process remains to be
elucidated.

To investigate the mechanism by which HO-1 can affect IDO
expression in mouse DCs, we analyzed the expression of cell
surface molecules and proinflammatory cytokines in these cells.
The HO antagonist ZnPP inhibited LPS-induced IDO expression in
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BMDCs and splenic DCs, and also suppressed the expression of cell
surface molecules and pro-inflammatory cytokines. These data
suggest that HO-1 is involved in modulating IDO expression, which
in turn induces LPS-mediated DC maturation. Moreover, siRNA-
mediated knockdown of HO-1 also inhibited LPS-induced IDO
expression, whereas IDO deficiency did not affect the induction of
HO-1 by LPS. Heme also induced the expression of IDO and IL-12
p70 and TNF-a.. Together, these results indicate that heme and HO-
1 may act as potent pro-inflammatory mediators of DC maturation
via the IDO pathway in murine BMDCs. The NF-kB signaling
pathway is involved in regulating IDO gene expression in various
cell types [47,51,52]. Consistent with this, we found that the NF-kB
inhibitor, BAY-11-7085, inhibited LPS-induced HO-1 and IDO
expression significantly and attenuated production of the pro-
inflammatory cytokines IL-12 p70 and TNF-a.

In conclusion, the data presented here indicate that endotoxin-
induced HO-1 and IDO expression elicits a pro-inflammatory
response in DCs. In addition, HO-1-mediated IDO expression may
regulate these inflammatory mechanisms and act as an effective
target for modulating inflammatory immune responses by
endotoxin.
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