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Indoleamine 2,3-dioxygenase and inducible nitric oxide synthase
mediate immune tolerance induced by CTLA4Ig and
anti-CD154 hematopoietic stem cell transplantation
in a sensitized mouse model
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Abstract. Cytotoxic T-lymphocyte-associated protein 4
immunoglobulin (CTLA4Ig) and anti-cluster of differen-
tiation 154 (anti-CD154) are able to block B7/CD28 and
CD40/CD154 co-stimulatory signals in T cells. Additionally,
they promote hematopoietic stem cell transplantation (HSCT)
in sensitized recipients and are able to induce immune toler-
ance and complete hematopoietic reconstitution. Indoleamine
2, 3-dioxygenase (IDO) and nitric oxide (NO) have been
implicated in T cell immune tolerance. The aim of the present
report was to study the in vivo tolerogenic mechanisms by
which CTLA4Ig and anti-CD154 induce transplantation
survival in mice receiving HSCT. BALB/c mice were sensi-
tized via splenocyte transfusion and pretreated with CTLA4Ig
plus anti-CD154 on day-7. IDO and inducible nitric oxide
synthase (iNOS) inhibitors were applied on days-7 to O and the
mice were divided into 4 groups (n=10) and injected with IDO
every other day. The mice were sacrificed on day 0, and sple-
nocytes were separated to identify CD11c* antigen-presenting
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cells, which were subsequently assessed for IDO expression
and activity. The concentration of NO was tested using a
nitrate reductase kit. Following the acceptance of allogeneic
HSCT, mice were tested for homing and engraftment, as well
as survival rate. Application of the IDO inhibitor increased
the concentration of NO, whereas a decrease in NO resulted
in increased IDO activity. Immune tolerance was abrogated
in the presence of both IDO and iNOS inhibitors, whereas
this effect was not observed with either compound alone.
CTLAA4Ig and anti-CD154 may induce immune tolerance by
affecting the activity of IDO and iNOS. This tolerance was
abrogated in the presence of both IDO and iNOS inhibitors. A
cross-regulatory pathway was observed between the IDO and
NO pathways, in which the inhibition of IDO stimulated the
iNOS pathway and vice versa.

Introduction

Investigating the methods that are used to induce immune
tolerance and studying the theoretical basis of this phenom-
enon are key challenges in allogeneic tissue transplantation.
The application of cytotoxic T lymphocyte-associated antigen
4 immunoglobulin (CTLA4Ig) and anti-cluster of differen-
tiation 154 (anti-CD154) is able to induce immune tolerance,
promote organ engraftment and prolong graft survival time by
blocking B7/CD28 and CD40/CD154 co-stimulatory signals
in mice and other animals (1-3).

Indoleamine 2, 3-dioxygenase (IDO) is a heme-containing
enzyme. It catalyzes the oxidative chemical degradation of
the indole ring of tryptophan via the kynurenine metabolism
pathway in nonhepatic tissues (4). Previous research has found
that the decomposition of tryptophan and its metabolites
inhibits T cell activation and generates cytotoxicity, and it
may even induce active T cell apoptosis (5,6). IDO-induced T
cell tolerance has been demonstrated in in vitro experiments
and animal models of transplantation (7). The high expression
level of IDO reduces the rate of graft rejection (8).

Nitric oxide (NO) is able to inhibit the activity of IDO,
and similarly, the decomposition of tryptophan inhibits the
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interferon (IFN)-y-induced expression of inducible nitric
oxide synthase (iNOS), indirectly inhibiting the generation
of NO (9). Enhanced secretion of NO from activated macro-
phages may suppress anti-tumor T-cell responses, for instance
via the inhibition of T-cell proliferative responses, suppressed
production of certain cytokines, induction of T-cell apoptosis
and suppression of cytolytic responses (10). Thus, IDO and NO
are responsible for the impaired capacity of allograft rejection
to stimulate allogeneic T cells.

IDO and iNOS have previously been reported as potent
immunosuppressive enzymes. Potula et al (11) demon-
strated that the manipulation of immunosuppressive IDO
activity (application of 1-methyl-DL-tryptophan) in HIV
may enhance the generation of human immunodeficiency
virus (HIV)-1-specific CTLs, leading to the elimination of
HIV-1-infected macrophages in the brain. Badn et al (12)
demonstrated that the inhibition of iNOS enhances
IFN-vy-based immunotherapy in experimental intracerebral
tumors, implying that NO released post-immunization has
mainly immunosuppressive effects. Hill e al (13) reported that
the administration of IDO and iNOS inhibitors led to acute
rejection of heart allografts in rats. However, the indefinite
graft survival observed with CTLA4Ig did not have an effect
in the presence of either inhibitor alone. The same result was
obtained in a CTLA4Ig-based model of bone marrow trans-
plantation (4).

In the present study, it was examined whether the IDO and
iNOS pathways participate in the immune tolerance induced
by CTLA4Ig and anti-CD154 in hematopoietic stem cell
transplantation (HSCT), as well as the underlying tolerogenic
mechanisms.

Materials and methods

Ethics statement. The present study was approved by Sun-Yat
Sen University. All of the human studies were performed in
accordance with the ethical standards established in the 1964
Declaration of Helsinki and its later amendments. All of the
patients provided written informed consent prior to their inclu-
sion in the study.

Animals. A total of 40 male BALB/c (H-2Db) and 40 C57BL/6
(H-2Dd) mice, aged 6-8 weeks and weighing 18-20 g, were
purchased from the Experimental Animal Center of Sun-Yat
Sen University (Guangzhou, China). All of the mice were
maintained under pathogen-free conditions. Animals were
housed at a temperature of 22-28°C and 45-50% humidity with
a 12-h light/dark cycle, provided with autoclaved food and
water ad libitum.

Sensitized model establishment and pretreatment. BALB/c
mice were sensitized via the transfusion of allogeneic spleno-
cytes from C57BL/6 mice that were separated by erythrocyte
lysis (blood sample taken via the tail vein) on day-7. Cellular
activity was found to be >99% via trypan blue staining and a
total of 1x10° splenocytes were subsequently injected via the
tail vein into BALB/c mice to establish the sensitized model.
These mice were treated with IDO and iNOS inhibitors,
respectively, on days -7 to O following intravenous injec-
tion with CTLA4Ig (Abcam, Cambridge, MA, USA) and
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anti-CD154 (500 pg/mouse, ab2391; eBioscience; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) on day -7.

The mice were divided into 4 groups. In the first group,
each mouse was injected with 10 mg 1-methyl-DL-tryptophan
(1I-MT; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany)
i.p. The second group received 50 mg/kg AG (Sigma Aldrich;
Merck KGaA) i.p., and the third group was treated with
1-MT+AG (as described above). The fourth group served as
a negative control and these mice were injected with an equal
volume of PBS. There were 10 mice in each group, and the
injections were performed every other day (Fig. 1).

Cell sorting of CDIIc* antigen-presenting cells (APCs).
According to the use of Ficoll gradients, a single spleen
cell suspension was obtained following the separation of
mouse spleen cells and lysis using red blood cell lysis buffer
(Sigma-Aldrich; Merck KGaA) (14). This suspension was
centrifuged at 200 x g for 10 min at 37°C, then resuspended in
400 ul of PBS (8.0 g of sodium phosphate and 0.2 g of sodium
chloride per liter, pH 7.2) and 100 ul of CD11c MicroBeads
(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany), mixed,
and incubated at 4°C for 15 min. A total of 1.5 ml of buffer was
subsequently added to this mixture, centrifuged at 200 x g for
10 min at 4°C, and then resuspended in 500 ul buffer. The
separation column was fixed on a MACS separator (Miltenyi
Biotec GmbH), and the cell suspension was poured into the
separation column. A total of 500 ul of buffer was added to the
column, and after the buffer had passed completely through,
additional buffer was added. This process was repeated
3 times, and then the separation column was removed from
the MACS separator and placed in a centrifuge tube. A total
of 1 ml buffer was added to the column and was then extruded
using a piston extruder. The CD11c* cell suspension was then
collected and resuspended in RPMI-1640 medium (Gibco;
Thermo Fisher Scientific, Inc.). Cells (10° cells/ug) were
labeled with mouse anti-CD11c* monoclonal antibodies (cat
no. 48-0116-41; eBioscience; Thermo Fisher Scientific, Inc.)
(identifying different epitopes compared with the antibodies
labeling the magnetic beads) conjugated with phycoerythrin at
4°C for 30 min and assessed by FACSCalibur flow cytometry
(BD Biosciences, San Jose, CA, USA). The cells were stained
with 0.4% trypan blue at room temperature for 10 min. Cell
viability was detected immediately after staining.

Detection of IDO expression level by western blot analysis.
The sorted cells, described above, were added to precooled
radioimmunoprecipitation assay buffer (Sigma-Aldrich; Merck
KGaA) in an ice bath and the homogenate was centrifuged at
10,000 x g at 4°C for 10 min. The supernatant was collected,
and protein quantification was performed according to the
Bradford method (15). Equal amounts of protein (20 ug protein
in each lane) were separated by SDS-PAGE and transferred to
a nitrocellulose membrane, the membrane was washed twice
with PBS containing 0.1% Tween-20 buffer and then incubated
with blocking buffer (Thermo Fisher Scientific, Inc.) overnight
at room temperature. The membrane was subsequently incu-
bated with IDO antibody (1:400; ab106134; EMD Millipore,
Billerica, MA, USA) overnight at 4°C and washed 3 times
with TBST for 10 min. The horseradish peroxidase-labeled
secondary antibody (cat no. ab131336; Abcam) was diluted in
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Figure 1. Experimental protocol of sensitized model establishment and
pretreatment prior to sacrifice. CTLA4Ig, cytotoxic T-lymphocyte-associated
protein 4 immunoglobulin; CD154, cluster of differentiation 154; IDO,
indoleamine; iNOS, inducible nitric oxide synthase.

PBS and 0.05% Tween-20 to 1:4,000 and the membrane was
incubated with this for 2 h at room temperature. The membrane
was subsequently washed 3 times with TBST for 10 min each.
The experiments were repeated three times. Western blots
were quantified by measuring the relative density of protein
bands using ImagelJ software (National Institutes of Health,
Bethesda, MD, USA).

Chemiluminescence, image development and fixation. The
reagents contained in an enhanced chemiluminescence kit
(GE Healthcare, Chicago, IL, USA) were mixed and added
to the surface of the polyvinylidene difluoride membrane
(EMD Millipore). The membrane was incubated for approxi-
mately 3 min at 4°C, and the film was developed in the dark.
Different exposure times were chosen according to the inten-
sity of the light. The film was placed in developing solution
(Sigma-Aldrich; Merck KGaA), and was immediately placed
into a fixing bath (Thermo Fisher Scientific, Inc.) when the
bands appeared. Imagel] software (National Institutes of
Health) was used to analyze the intensity of the target protein
bands.

Detection of IDO activity by HPLC-UV (15). The chromato-
graphic column used was a symmetry shields RP-C18 column
(150x3.9 mm; internal diameter, 5 ym; Waters Corporation,
Milford, MA, USA) and the mobile phase was 15 mM acetic
acid-sodium acetate (containing 2.7% acetonitrile, pH 3.6;
Beijing Chemical Reagent Factory, Beijing, China). The flow
rate was 1.0 ml/min, and the UV detection wavelength was
225 nm measured at room temperature. The rats of all groups
were sacrificed by intraperitoneal injection of overdoses of
sodium pentobarbital (300 mg/kg; Sigma-Aldrich; Merck
KGaA) and then both eyeballs and blood were harvested.
These were placed in clean coagulant tubes, and the blood
was centrifuged within 30 min at 3,000 x g for 10 min at
4°C to obtain the serum. The serum was placed in 0.5-ml EP
tubes, mixed completely, and preserved at -20°C. The serum
was brought to room temperature and 200 ul of each serum
sample was placed in an Eppendorf tube, followed by the
addition of 5% perchloric acid solution (v/v; Beijing Chemical
Reagent Factory) in a vortex mixer for 30 sec, and incubation
at room temperature for 10-15 min to completely precipitate
the serum protein. The sample was then centrifuged for 5 min
at 10,000 x g at room temperature, and 20 p1 of the supernatant
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was used for analysis. Kyn and Trp had peak retention values
in the comparison and superposition methods used for the
qualitative analysis, and external standard methods were used
to determine the peak area for quantitative analysis. Data
processing was completed using a PC800 chromatography
workstation (Waters Corporation). The Kyn concentration
in the sera (ymol/l) = (peak area of serous Kyn/peak area of
standard liquid) x Kyn concentration of the standard liquid x2.

Detection of NO concentration. The cell supernatants from
cultured BALB/c spleen cells stimulated with C57BL/6 mouse
spleen cells were collected and assessed using an NO kit
(Beyotime Institute of Biotechnology, Shanghai, China).

Mixed lymphocyte reaction (MLR). The mouse spleen
lymphocytes were separated using the Ficoll method (16).
The spleen was separated aseptically, rinsed repeatedly using
ice-cold PBS (30 ml/wash) with a syringe, resuspended in
3 ml of PBS and slowly added to 3 ml of mouse lympho-
cytes in the upper separation medium. The samples were
then incubated for 20 min at room temperature. The samples
were centrifuged for 10 min at 2,000 x g, and the white
rete in middle layer was collected, rinsed twice with PBS,
and resuspended in RPMI-1640 complete culture solution.
C57BL/6 lymphocytes were used to stimulate the cells, and
normal BALB/c lymphocytes were used in the sensitization
model as responder cells. The stimulated cells were treated
with mitomycin C (25 pg/ml; Kyowa Hakko Kogyo Bio Co.,
Ltd., Tokyo, Japan), incubated at 37°C for 30 min, and rinsed
3 times with nutrient solution (RPMI-1640) The cell suspen-
sion (1x10° cells/ml) was prepared in RPMI-1640 nutrient
solution, and 100 ul of this suspension was placed in each
well of a 96-well culture plate. The responder cells were then
added at a concentration of 1x10° cells in 100 ul/well. The
stimulating and responding cells were also placed in separate
wells for analysis (resulting in 3 wells) and cultivated at 37°C
in a CO, (5%) incubator for 5 days. BrdU (EMD Millipore)
was added to the cells, followed by an additional incubation at
37°C for 16 h. Stop buffer (Gibco; Thermo Fisher Scientific,
Inc.) was added, and then the optical density of each well was
tested using an ultraviolet spectrophotometer at a wavelength
of 450/550 nm.

Allogeneic HSCT. All of the groups in the sensitization model
were pretreated on day O using lethal dose linear accelerator
irradiation. After 4-6 h, they received 1x107 C57BL/6 bone
marrow cells, which were transplanted intravenously via tail
injection. The survival of the mice was then monitored. Mouse
bone marrow cells were fluorescein isothiocyanate-labeled
with rat anti-mouse H-2D" antibody (cat no. MBS520317;
MyBioSource, San Diego, CA, USA) and examined by flow
cytometry every week (BD Biosciences). The chimerism of
the bone marrow cells was represented by the rate of H-2DP
positive cells.

Statistical analysis. All data are expressed as the mean =+ stan-
dard error of the mean. Data were analyzed using SPSS v. 19.0
(IBM SPSS, Armonk, NY, USA). Comparisons between
experimental results were conducted using one-way analysis
of variance. Log-rank test p-values were determined using the
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Figure 2. Expression of IDO protein in APCs in the 4 groups treated with
the indicated co-stimulatory signal blockers. GAPDH served as an internal
quantitative control. The data are representative of 3 independent experi-
ments and expressed as means =+ standard deviation. IDO, indoleamine; APC,
antigen-presenting cell; 1-MT, 1-methy-DL-tryptophan; AG, aminoguani-
dine.
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Figure 3. Kynurenine concentration in the different groups. The data are
representative of 3 independent experiments and expressed as means =+ stan-
dard deviation. "P<0.01 vs. PBS, “P<0.01 vs. 1-MT, *P<0.01 vs. AG. 1-MT,
1-methyl-DL-tryptophan; AG, aminoguanidine.
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Figure 4. NO concentration in the different groups. The data are represen-
tative of 3 independent experiments and expressed as means =+ standard
deviation. "P<0.01 vs. PBS, "P<0.01 vs. 1-MT, *P<0.01 vs. AG. NO, nitric
oxide; 1-MT, 1-methy-DL-tryptophan; AG, aminoguanidine.

Kaplan-Meier method to compare survival curves. P<0.05 was
considered to indicate a statistically significant difference.
Results

IDO protein expression level. There were no significant
differences in IDO protein levels in APCs between the
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Figure 5. Stimulatory index results for the MLR in each group. The data are
representative of 3 independent experiments and expressed as means + stan-
dard deviation. "P<0.01 vs. PBS, “P<0.01 vs. 1-MT, *P<0.01 vs. AG. MLR,
mixed lymphocyte reaction; 1-MT, 1-methy-DL-tryptophan; AG, aminogua-
nidine.
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Figure 6. Survival cures for the recipients under irradiation post-transplanta-
tion. “P<0.001 vs. PBS. 1-MT, I-methy-DL-tryptophan; AG,aminoguanidine.

4 groups (Fig. 2). This indicates that neither IDO nor NOS
inhibitors were able to affect IDO protein expression in APCs
in which co-stimulatory signals are blocked.

Activity of IDO. The levels of kynurenine and tryptophan
were determined via HPLC to assess the activity of IDO.
The levels of Kyn in the 1-MT group and 1-MT+AG group
were significantly decreased compared with the AG and PBS
groups (P<0.01; Fig. 3). The Kyn level in the AG group was
significantly increased compared with the PBS group (P<0.01).

Concentration of NO. The concentrations of NO in the AG and
1-MT+AG groups were significantly decreased compared with
those in the 1-MT and PBS groups (P<0.01; Fig. 4). NO levels
were significantly increased in the 1-MT group compared with
the PBS group (P<0.01).

MLR. The MLR demonstrated that the stimulatory index for
the 1-MT+AG group was increased significantly compared
with the PBS, AG and 1-MT groups (P<0.01). The stimula-
tion indexes for the AG and 1-MT groups were significantly
increased compared with the PBS group (P<0.01; Fig. 5).

Survival assessment and chimera analysis. All mice in the
PBS group were alive at 42 days post-transplantation, whereas
the mice in the 1-MT+AG group all died between 7 and
12 days post-transplantation (Fig. 6). The log-rank analysis
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Figure 7. Percentage of H-2D"*positive cells in the bone marrow of recipients post-transplantation. (A) PBS group (7 days). (B) 1-MT+AG group (7 days).
(C) AG group (7 days). (D) PBS group (28 days). MHC, major histocompatibility complex; FITC, fluorescein isothiocyanate; 1-MT, 1-methy-DL-tryptophan;

AG, aminoguanidine.

revealed that there were statistically significant differences
between these 2 groups (P<0.001). The median survival times
for the AG and 1-MT groups were 23 and 22 days, respectively,
significantly lower compared with the PBS group (P<0.001).
However, no significant differences were observed between the
AG and 1-MT groups. Specific weight loss and the presence of
a significant decrease in activity, poor mental capabilities signs
were used as humane endpoints for mice, however, there were
no symptoms of graft vs. host disease (GVHD), e.g. significant
loss of hair, erythra or diarrhea.

At day 7 post-transplantation, chimera analysis (Fig. 7)
revealed that the percentage of H-2D *cells in the mouse bone
marrow from the PBS and 1-MT+AG groups were 40.2+3.63
and 0.36+0.12%, respectively, and the difference between these
2 groups was statistically significant (P<0.001; Fig. 7). The AG
and 1-MT groups were found to have values of 12.4+2.13 and
11.8+3.12%, respectively, with no significant difference. At
day 28 post-transplantation, the percentage of H-2D *cells in
the recipients in the PBS group was >90%.

Discussion

IDO is an enzyme that serves a role in tryptophan catabolism
via the kynurenine pathway. It contains ferroprotoporphyrin

and is able to catalyze the modification of tryptophan by
oxi-cracking its indole ring (8). Previous studies have reported
that the decomposition and metabolic products of tryptophan
are able to inhibit T cell activation, generate cytotoxicity and
even induce the apoptosis of activated T cells (5,6). Studies
have demonstrated that IDO has a role in the induction of
immune tolerance in pregnancy, transplantation, autoimmune
disease and tumors (17-20). Under physiological conditions,
the antigenic cell surface expression of IDO is necessary
for fetal immune tolerance, oral antigen-induced immune
tolerance and the inhibition of adverse autoimmunity reac-
tions (21,22). Sucher et al (23) also found that major histone
complex-mismatched implants may result in acute rejection
reactions in IDO gene knockout mice, whereas wild mice with
a high rate of tryptophan decomposition are able to survive
for a long time, indicating that IDO serves a critical role in the
induction of immune tolerance in the implant.

In experimental animal models, CTLA4-Ig is used to
induce immune tolerance in the implant by competitively
blocking the CD28 co-stimulatory molecule pathway (24,25).
It functions as an inverse signal to stimulate the dendritic
cell (DC) -induced IFN-y-dependent tryptophan decomposi-
tion pathway. Research has revealed that soluble CTLA4-ilg
treatment in diabetic mice following allogeneic islet cell
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transplantation may extend the implant survival time, and
this effect is blocked by the IDO enzyme inhibitor 1-MT (7).
Orabona et al (26) confirmed that CTLA4-Ig functions
by binding to its ligand, B7, to induce splenic CD11c* DCs
to secrete IFN-y and then facilitate the expression of IDO.
In addition, it is able to reduce and even block the prolif-
eration of T lymphocytes via the tryptophan decomposition
pathway (26).

In the present study, it was demonstrated that, following
the application of CTLA4-Ig and anti-CD154 to block
co-stimulatory signaling, IDO protein expression was not
affected by additional applications of the IDO inhibitor, iNOS
inhibitor or both inhibitors together; however, its activity was
remarkably decreased by 1-MT. These results demonstrate
that the expression IDO protein is not related to its activity.
In in vivo investigations of monocytes, Lopez et al (27) also
found reduced activity of IDO protein with increases in IDO
protein expression.

NO is an important second messenger in cells, a novel type
of neural transmitter that is involved in normal physiological
processes and is biosynthesized endogenously from L-arginine
following catalysis by NOS (28). NO is an active free radical
that is widespread in various cell types and serves extensive
roles in the immune response (27). NOS mediates the synthesis
of NO and is present in many tissues of the organism (29). To
date, 3 isozymes have been described: Neuronal NOS (nNOS),
endothelial NOS (eNOS), and iNOS. The first 2 types are also
collectively known as ‘constitutive NOS’. nNOS and eNOS are
predominantly expressed in neurocytes and endotheliocytes,
respectively (30). They are calcium ion-dependent enzymes
and exhibit low levels of NO generation (31). In addition, iNOS
functions independently of calcium ions and may be induced
by cell factors or other substances to generate a large quantity
of NO until degradation (32).

Previous research has revealed that NO is able to prolong
the survival time of implants and mitigate GVHD following
bone marrow transplantation (33,34). In the present study, a
remarkable decrease in the concentration of NO was observed
following AG application, which indicates that AG may effec-
tively inhibit iNOS activity.

The MLR results demonstrated that the stimulation index
significantly increased in the 1-MT+AG group compared with
the PBS, AG and MT-1 groups. This indicates that blockade
of the co-stimulatory pathways may induce the activation of
immune reactions in allogeneic spleen cells.

The stimulation indexes in both the AG and 1-MT groups
were significantly increased compared with the PBS group,
indicating that the application of IDO enzyme inhibitor or
iNOS inhibitor alone may also activate immune reactions to
allogeneic spleen cells to some extent in recipients. Subsequent
observation of survival in various groups found that mice in
the PBS group were able to survive for a long time, whereas
the mice in the 1-MT+AG group died within 7-12 days. The
mosaic analysis demonstrated that the allogeneic HSCs
couldn't undergo implantation. In contrast, mosaic analysis of
the PBS group demonstrated that the allogeneic HSCs were
sufficient to complete hematopoietic reconstitution. However,
mice with ineffective HSC implantation within 7 days in the
AG or 1-MT group (~10% in each group) succumbed to this as
a consequence of the exhaustion of hematopoiesis.
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These results suggest that the induction of immune toler-
ance by CTLA4Ig and anti-CD154 to block co-stimulatory
pathways is related to IDO and iNOS. In the present study,
the induction of immune tolerance was blocked by applying
inhibitors, and the combined application of IDO and iNOS
inhibitors had a greater suppressive effect compared with
either inhibitor alone on the abrogation of immune tolerance.

However, the results reported by Hill et al (13) demon-
strated that CTLA4Ig was able to induce the long-term
survival of heart transplant allografts, whereas the application
of AG or 1-MT did not abrogate the immune tolerance, and
simultaneous application of AG or 1-MT resulted in an acute
rejection response. The discrepancies between the outcome of
the present study and these previous findings may be due to
the selection of a sensitized model and the use of an inhibitor.

In agreement with the study results reported by
Hill e al (13), in the present study it was demonstrated that the
activity of NO and IDO increased in the 1-MT and AG groups
compared with the PBS group. This indicates the presence
of cross-complementary functions between the IDO and NO
enzymes in the induction of immune tolerance via blocking
the co-stimulatory signaling pathways. Therefore, when IDO
enzyme activity is inhibited, the activity of the NO enzyme
will increase and vice versa.

Previous studies have reported that NO is able to inhibit
the activity of IDO by reacting with the heme iron situated in
its active site (34-36). NO inhibits IDO at the transcriptional
level and accelerates the decomposition of IDO protein,
thereby affecting its stability (37). The underlying mecha-
nism includes the direct modification of IDO protein through
nitration, or indirect regulation via the nitrosylation of amino
acid residues to replace or modify other transcription factors,
regulating IDO enzyme activity and stability in the entire cell
microenvironment (17,38).

The combination of the nitration of peroxidized nitro
groups due to the NO enzyme and 3 key tyrosine residues in the
IDO enzyme can cause its deactivation. The IDO enzyme also
inhibits the generation of NO (39). Catabolites of tryptophan,
such as 3-hydroxyl ammonia, inhibit IFN-y-induced iNOS
transcription by suppressing the activation of NF-«B (40).

The exhaustion of tryptophan may similarly inhibit
IFN-y-induced iNOS transcription (41). Although the expres-
sions of IDO and NO, as well as their mutual regulations, vary
indifferent tissues and cells (26,35,42 43), previous studies have
reported that regulation of T-cell reactions by NO and tryp-
tophan does not occur via the redundant alternative pathway,
and the mutual regulation between the 2 enzymes favors the
induction of immune tolerance in the implant (13,44).

In summary, as a treatment for sensitized recipients,
CTLA4-Ig and anti-CDI145 are able to induce immune
tolerance and facilitate allogeneic HSC implantation. The
underlying mechanism may be related to their influence on
the activity of IDO and NO. Induced immune tolerance is
abrogated via the simultaneous application of IDO and iNOS
inhibitors. A cross-complementary function was observed
between the IDO and NO enzymes, indicating that when the
activity of the IDO enzyme is inhibited, NO enzyme activity
will increase and vice versa.

The induction of immune tolerance by blocking co-stim-
ulatory signaling may be achieved through the regulation of



IDO and NO activity, which may represent a novel treatment
target following the clinical application of CTLA4Ig and
anti-CD154.
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