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Indoleamine 2,3-dioxygenase, by degrading L-tryptophan,
enhances carnitine palmitoyltransferase I activity and
fatty acid oxidation, and exerts fatty acid-dependent
effects in human alloreactive CD4" T-cells
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Abstract. Indoleamine 2,3-dioxygenase (IDO) is expressed in
antigen-presenting cells and by degrading L-tryptophan along
the kynurenine pathway suppresses CD4* T-cell proliferation,
induces apoptosis and promotes differentiation towards a regu-
latory as opposed to an effector phenotype. Recent findings
revealed that the above effects may be mediated through altera-
tions in T-cell metabolism. In this study, the effect of IDO on
fatty acid p-oxidation in CD4* T-cells was evaluated in human
mixed lymphocyte reactions (MLRs) using the IDO inhibitor,
1-DL-methyl-tryptophan. Protein analysis of CD4* T-cells
isolated from the MLR showed that L-tryptophan degrada-
tion acts by activating the general control non-derepressible 2
kinase and aryl-hydrocarbon receptor in T-cells. In the absence
of IDO inhibition, fatty acid oxidation increased along with
increased activity of carnitine palmitoyltransferase I (CPT1),
the latter due to the increased expression of CPT1 isoenzymes
and alterations in acetyl-CoA carboxylase 2, the enzyme that
controls CPT1 activity. Increased fatty acid oxidation due to
the action of IDO was accompanied by an increased expres-
sion of forkhead box P3 (FoxP3) and a decreased expression of
related orphan receptor yt (RORyt), the signature transcription
factors of regulatory T-cells and T helper 17 cells, respectively.
However, in MLR and in the presence of fatty acid in the
culture medium, IDO did not inhibit proliferation. Additionally,
fatty acid protected the CD4* T-cells against apoptosis. Thus,
IDO, by degrading L-tryptophan, enhances CPT1 activity and
fatty acid oxidation, and exerts fatty acid-dependent effects in
human alloreactive CD4* T-cells.
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Introduction

Indoleamine 2,3-dioxygenase (IDO) is expressed in
antigen-presenting cells (APCs) and has an immunoregulatory
role in various models of autoimmunity and allotrans-
plantation (1-6). In addition to APCs, IDO is expressed in
trophoblast cells contributing to successful semi-allogenic
pregnancy (7,8), while its expression in certain cancer cells has
been incriminated for escape of cancer from immunosurveil-
lance (9). In hemodialysis patients, who are characterized by
impaired adaptive immunity, increased serum IDO levels have
been associated with decreased T-cell count, as well as failure
to respond to a vaccine with a T-cell dependent antigen (10,11).
By degrading L-tryptophan along the kynurenine pathway,
IDO alters the local microenvironment in a manner that
suppresses T-cell function. More precisely, L-tryptophan
depletion activates general control non-derepressible 2
kinase (GCN2K), which phosphorylates eukaryotic initia-
tion factor 2a (eIF2a), altering the translational program of
T-cells (12-16). The effect of L-tryptophan depletion on the
other amino acid sensing system, the mammalian target of
rapamycin complex 1 (mTORCI), has also been investigated
although with contradictory results (12-17). Kynurenine, a
product of L-tryptophan degradation by IDO, by activating the
aryl-hydrocarbon receptor (AhR) is involved in the immuno-
suppressive action of this enzyme favoring CD4* T-cell
differentiation towards regulatory T-cells (Treg) (18,19).
Considering the above described pathways as a starting
point, the presence of IDO in APCs leads to decreased prolifera-
tion and increased apoptosis, and promotes the differentiation
of CD4* T-cells towards a regulatory instead of effector (Teff)
phenotype (20,21). While many intermediate events remain
to be elucidated, recent research indicates that IDO may exert
these effects by affecting the metabolism of CD4* T-cells.
Indeed, IDO suppresses aerobic glycolysis and glutaminolysis
in human alloreactive CD4* T-cells by affecting the expression
of glucose transporter 1 and various glycolytic and glutami-
nolytic enzymes (14-16). It also downregulates key enzymes
involved in fatty acid synthesis (17). The above-mentioned
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metabolic pathways are prerequisites for rapid T-cell prolif-
eration following T-cell receptor stimulation, as well as for
differentiation towards effector cell lineages instead of Treg.
Following T-cell activation, T-cells reprogram their metabolic
pathways from pyruvate via the Krebs cycle to the glycolytic
and glutaminolytic pathways in order to fulfill the bioenergetic
and biosynthetic demands of proliferation (22-24). In parallel,
fatty acid synthesis is upregulated during the activation of CD4*
T-cells enhancing their proliferation and promoting their differ-
entiation into T helper 17 cells (Th17) instead of Tregs (25).

Another metabolic pathway that plays a significant role
in the CD4* T-cell response and differentiation is fatty acid
[-oxidation. More precisely, Tregs are dependent on fatty acid
oxidation for its differentiation, whereas, Teff populations on
aerobic glycolysis (26). The effect of IDO on fatty acid oxida-
tion in CD4* T-cells remains to be investigated, and constitutes
the aim of the present study.

For the purposes of the present study, two-way mixed lympho-
cyte reaction (MLR) was used as a model of alloreactivity (27),
along with the specific IDO inhibitor, 1-DL- methyl-trypto-
phan (IMT) (4,7). In order to evaluate fatty acid oxidation, cells
were cultured in a medium containing oleate. The effect of IDO
on carnitine palmitoyltransferase I (CPT1), the tightly regulated
enzyme that controls the entry of fatty acids into the mitochon-
dria for oxidation (28,29), was assessed as well. Treatment of
CDA4* T-cells with the CPT1 inhibitor, etomoxir, has been shown
to abrogate differentiation into Tregs (26). The effects of IDO on
the end-points of CD4* T-cell function, proliferation, apoptosis
and differentiation were also evaluated.

Materials and methods

Subjects. Blood samples were collected from 5 healthy volunteers
(3 males and 2 females, 37+7 years of age). Informed consent
was obtained from each individual enrolled in the study and the
Ethics Committee of the University Hospital of Larissa (Larissa,
Greece) approved the study protocol.

Cell culture conditions. Peripheral blood mononuclear
cells (PBMCs) were isolated from whole blood by
the Ficoll-Hypaque density gradient centrifugation
(Histopaque 1077; Sigma-Aldrich, St. Louis, MO, USA) and
counted using an optical microscope (Axiovert 40 C; Carl
Zeiss AG, Oberkochen, Germany) on a Neubauer plaque. Cell
viability was assessed by trypan blue assay (Sigma-Aldrich).
Cell cultures were performed in RPMI-1640 medium with
L-glutamine, 10 mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES) and supplemented with 10% fetal
bovine serum and antibiotic-antimycotic solution (both from
Sigma-Aldrich). The cultures were performed at 37°C in a
humidified atmosphere containing 5% CO,.

Ten MLRs were performed in the presence or absence of
the IDO inhibitor IMT (Sigma-Aldrich) at a concentration
of 100 M. The above concentration was chosen according
to previous experiments that revealed efficacy without
toxicity (13-16). Unless otherwise stated, in all the experi-
ments, oleate (Sigma-Aldrich) at a final concentration of 1 mM
was added from the beginning of the MLRs.

To determine cell proliferation, 10 MLRs were performed
in 96-well plates for 7 days. Peripheral blood mononuclear cells
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from each member of the MLR couple were 5x10*, measuring
to 1x10° PBMCs in total in each well. Cultures of 1x10%/well
resting PMBCs from each member of the MLR couple were
used as controls.

To assess various components in the supernatant, as well
as the expression of certain proteins and CPT1 activity in
CD4" T-cells, 10 MLRs were performed in 12-well plates for
7 days. The number of PBMCs for each member of the MLR
couple was 5x10°, reaching a total of 1x10° PBMCs in each well.
At the end of the 7-day period supernatants were collected and
stored at -80°C, whereas CD4* T-cells were isolated from the
MLRs by negative selection using the CD4* T-cell isolation kit,
human (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany).

Cell proliferation in two-way mixed lymphocyte reactions. Cell
proliferation enzyme-linked immunosorbent assay (ELISA)
(Roche Diagnostics, Indianapolis, IN, USA), based on bromode-
oxyuridine (BrdU) labeling and immunoenzymatic detection,
was used to examine cell proliferation. The proliferation index
was calculated as the ratio of the optical density (OD) derived
from each MLR to the mean of the ODs derived from the control
resting PBMC cultures of the two subjects that constituted the
specific MLR. These experiments were performed in triplicate
and the results refer to the mean of the three measurements.

L-tryptophan and oleate consumption in MLRs. L-tryptophan
consumption was assessed by measuring its concentration in
the supernatants of MLRs by means of ELISA (BlueGene
Biotech, Shanghai, China). The sensitivity of the above ELISA
kit is 1 ng/ml.

Similarly, oleate consumption was assessed by measuring
its concentration in the supernatants of MLRs colorimetri-
cally using the Free Fatty Acid Quantification kit (Abcam,
Cambridge, UK). The detection limit of the above kit was 2 M.

Expression of certain proteins in CD4* T-cells isolated from
the MLRs. The expression of certain proteins in CD4* T-cells
was assessed by western blot analysis. Isolated CD4*
T-cells were counted via optical microscopy on a Neubauer
plaque and cell viability was determined by trypan blue
assay (Sigma-Aldrich). Equal numbers of T-cells from each
MLR were lysed using the T-PER tissue protein extraction
reagent (Thermo Fisher Scientific Inc., Rockford, IL, USA)
supplemented with protease and phosphatase inhibitors
(Sigma-Aldrich and Roche Diagnostics). Protein was quanti-
fied using the Bradford assay (Sigma-Aldrich) and 10 ug from
each sample were used for western blot analysis. The blots were
incubated with the primary antibodies for 16 h, followed by the
secondary antibody (anti-rabbit IgG, HRP-linked antibody;
Cell Signaling Technology, Danvers, MA, USA) incubation for
30 min. In case of reprobing PVDF blots, the previous primary
and secondary antibodies were removed using the Restore
Western Blot Stripping Buffer (Thermo Fisher Scientific Inc.)
according to the manufacturer's protocol. The PVDF blot was
then reused and western blot analysis resumed as previously
described, using a different primary antibody. Analysis of
the western blots was performed using the ImageJ software
(National Institute of Health, Bethesda, MD, USA).

The primary antibodies used in western blot analysis
were specific for elF2a phosphorylated at serine 51 (p-elF2a;
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Cat. no. 9721) (Cell Signaling Technology), cytochrome P450,
family 1,subfamily A, polypeptide 1 (CYP1A1; Cat.no.sc-20772)
(Santa Cruz Biotechnology, Inc., Dallas, TX, USA), p-70S6 kinase
phosphorylated at threonine 389 (p-p70S6K; Cat. no. 9234)
(Cell Signaling Technology), CPT1A (Cat. no. 12252S; Cell
Signaling Technology), CPT1B (Cat. no. ab134988), CPT1C
(Cat. no. ab87498) (both from Abcam), acetyl-CoA carboxylase 2
(ACC2; Cat. no. 8578) (Cell Signaling Technology), ACC2 phos-
phorylated at serine 221 (p-ACC2; Cat. no. abl09540) (Abcam),
activated cleaved at aspartate 175 caspase-3 (Cat. no. 9664), fork-
head box P3 (FoxP3; Cat. no. 5298) (both from Cell Signaling
Technology), retinoic acid receptor related orphan receptor vyt
(RORyt; Cat. no. orb6888) (Biorbyt, Cambridge, UK) and
[3-actin (Cat. no. 4967; Cell Signaling Technology).

Carnitine palmitoyltransferase I activity. To determine CPT1
enzyme activity, a non-radioactive method was performed
in whole cell lysates according to the method of Bieber and
Fiol (30). CD4* T-cell lysates were prepared as described for
western blot analysis and the method was based on measure-
ment of the initial release of CoA-SH from palmitoyl CoA
specrtrophotometrically using the reagent 5,5'-dithio-bis-(2-ni-
trobenzoic acid) (DTNB). Briefly, 50 ul buffer solution
(containing 116 mM Tris, 2.5 mM EDTA, 2 mM DTNB, 0.2%
Triton X-100, pH 8.0) and 50 pg protein extract were added
to the reaction mixture. After 5 min preincubation at 28°C,
50 ul of 1 mM palmitoyl-CoA was added and the reaction was
initiated with a final addition of 5 ul of 1.2 mM L-carnitine
solution, followed by an immediate photometric measurement
at 412 nm. These reagents were purchased from Sigma-Aldrich.

Statistical analysis. The normality of the evaluated vari-
ables was assessed and confirmed by the one-sample
Kolmogorov-Smirnov test. For comparison of means the
paired-sample t-test or unpaired-sample t-test were used.
Results were presented as the means =+ standard deviation (SD).
A value of P<0.05 was considered to indicate a statistically
significant difference.

The results obtained from the western blot analysis
and enzyme activity assay are expressed as optical densi-
ties (OD), thus p-values were calculated by comparing the
means of OD. Statistical analysis after normalization for the
control OD values was avoided to prevent violation of the
prerequisite for normal distribution of the compared vari-
ables when applying parametric statistical tests. However, for
the reader's convenience, in the text and figures the results
are noted and depicted after normalization of means for the
control group.

Results

IDO increases L-tryptophan degradation in MLRs,
enhances elF2a phosphorylation and CYPIAI expression
in MLR-derived CD4* T-cells, but does not affect p70S6K
phosphorylation in MLR-derived CD4* T-cells. In MLRs, IDO
increased L-tryptophan degradation since its inhibitor IMT
increased L-tryptophan concentration in the supernatants from
2.47+0.44 to 6.19+0.47 ug/ml (p<0.001, paired t-test) (Fig. 1A).

By degrading L-tryptophan,IDO enhanced the p-eIF2a level
in MLR-derived CD4* T-cells since the treatment of MLRs with
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IMT altered the p-elF2a level by a factor of 0.52+0.18 (p<0.001,
paired t-test) (Fig. 1B and C). Similarly, in CD4* T-cells derived
from IMT-treated MLRs, CYP1AL1 expression was altered by a
factor of 0.51+0.29 (p<0.001, paired t-test) indicating that IDO
increases CYP1A1 expression (Fig. 1B and D). By contrast, IMT
treatment of the MLRs did not affect the content of p-p70S6K
in CD4* T-cells, since its level was altered only by a factor of
1.07+0.16 (p=0.316, paired t-test) (Fig. 1B and E).

IDO increases fatty acid oxidation in MLRs and CPTI enzy-
matic activity in MLR-derived CD4* T-cells. In MLRs, IDO
increased fatty acid oxidation since its inhibitor IMT increased
the oleate concentration in the supernatants from 0.51+0.05 mM
to 0.82+0.03 mM (p<0.001, paired t-test) (Fig. 2A).

In CD4* T-cells derived from 1MT-treated MLRs CPT1
activity was at the 56.61+7.32% of the activity found in cells
derived from the control MLRs (p<0.001, paired t-test),
indicating that IDO enhanced CPT1 enzymatic activity in
CD4* T-cells (Fig. 2B).

IDO increases CPTIA, CPTIB and CPTIC expression in
MLR-derived CD4* T-cells. Unblocked IDO activity in MLRs
increased CPT1A expression in MLR-derived CD4* T-cells
since the treatment of MLRs with the IDO inhibitor, IMT,
altered the CPT1A level by a factor of 0.74+0.05 (p<0.001,
paired t-test) (Fig. 3A and B). This was even more profound in
the case of CPT1B, which was altered due to IMT by a factor
of 0.57+0.13 (p<0.001, paired t-test) (Fig. 3A and C), and of
CPTIC, which was altered by a factor of 0.44+0.13 (p<0.001,
paired t-test) (Fig. 3A and D).

IDO decreases ACC2 expression, whereas it increases the
level of phosphorylated ACC2 in MLR-derived CD4* T-cells.
IDO activity in the MLRs decreased the total ACC2 expres-
sion in MLR-derived CD4* T-cells since the treatment of
MLRs with the IDO inhibitor, IMT, led to alterations in the
levels of ACC2 by a factor of 1.24+0.18 (p=0.001, paired
t-test) (Fig. 4A and B).

The effect of IDO on the level of p-ACC2 was more
profound since in the CD4* T-cells derived from the
IMT-treated MLRs, the level of p-ACC2 was altered by a
factor of 0.37+0.18 (p<0.001, paired t-test) (Fig. 4A and C).
Thus, IDO, by degrading L-tryptophan in the MLRs, increased
the content of the inactivated phosphorylated form of ACC2 in
CD4* T-cells.

IDO does not affect cell proliferation in MLRs nor activated
caspase-3 in MLR-derived CD4* T-cells. Using culture media
containing oleate, IDO did not affect cell proliferation in
MLRs, since the addition of IMT did not affect the prolifera-
tion index significantly. More precisely, the proliferation index
was 4.87+0.27 in the untreated MLRs and 4.75+0.34 in the
IMT-treated MLRs (p=0.313, paired t-test) (Fig. 5SA).

Similarly, in the presence of oleate, IDO did not affect the
content of activated caspase-3 in CD4* T-cells, which is the
terminal caspase of the apoptotic pathways. Compared to the
activated caspase-3 level in CD4* T-cells derived from the
control MLRs, its level did show a negligible variation only by
a factor of 0.98+0.11 in CD4* T-cells derived from 1MT-treated
MLRs (p=0.523, paired t-test) (Fig. 5B and C).
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Figure 1. Effect of indoleamine 2,3-dioxygenase (IDO) on L-tryptophan degradation in mixed lymphocyte reactions (MLRs) and on the expression of
p-eukaryotic initiation factor 2a (eIF2a), cytochrome P450, family 1, subfamily A, polypeptide 1 (CYP1A1) and p-p70S6K in MLR-derived CD4* T-cells.
Ten MLRs were performed in the presence or absence of the IDO inhibitor, 1-DL-methyl-tryptophan (IMT); the supernatants were collected and CD4* T-cells
were isolated for the evaluation of the expression of certain proteins. (A) IDO increased L-tryptophan degradation in MLRs. (B) The results of western blot
analysis of 5 of the 10 performed experiments are shown. IDO enhanced the level of (C) p-eIF2a and (D) CYP1ALl level, while it did not affect the level of
(E) p-p70S6K level in MLR-derived T-cells. Error bars represent the means = SD; “p<0.001 compared to MLR-devided cells.

IDO, particularly in the presence of oleate, induces FoxP3
expression, but suppresses RORyt expressionin MLR-derived
CD4* T-cells. Unblocked IDO activity in MLRs increased
FoxP3 expression in MLR-derived CD4* T-cells as the
treatment of MLRs with the IDO inhibitor, IMT, altered
the FoxP3 level by a factor of 0.33+0.21 (p<0.001, paired
t-test) (Fig. 6A and B).

The opposite was observed with the expression of RORyt.
Treatment of the MLRs with the IDO inhibitor, IMT, induced
a significant increase in RORyt levels by a factor of 2.24+0.41
(p<0.001, paired t-test) (Fig. 6A and C). Thus, by degrading
L-tryptophan, IDO decreased RORyt expression in CD4* T-cells.

In the absence of oleate, treatment of the MLRs with IMT
also resulted in a decrease in FoxP3 expression in CD4* T-cells
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Figure 2. Effect of indoleamine 2,3-dioxygenase (IDO) on fatty acid oxidation in mixed lymphocyte reactions (MLRs) and on carnitine palmitoyltrans-
ferase I (CPT1) activity in MLR-derived CD4* T-cells. Ten MLRs were performed in the presence or absence of the IDO inhibitor, 1-DL-methyl-tryptophan
(IMT), the supernatants were collected and CD4* T-cells were isolated to evaluate CPT1 enzymatic activity. (A) IDO increased fatty acid oxidation in MLRs.
(B) IDO enhanced CPT1 enzymatic activity in MLR-derived CD4* T cells. Error bars represent the means = SD; “p<0.001 compared to MLR-devided cells.
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Figure 3. The effect of indoleamine 2,3-dioxygenase (IDO) on carnitine palmitoyltransferase IA (CPT1A), CPT1B and CPTIC expression in MLR-derived
CD4* T-cells. Ten mixed lymphocyte reactions (MLRs) were performed in the presence or absence of the IDO inhibitor 1-DL-methyl-tryptophan (IMT), and
CD4* T-cells were isolated for evaluating the expression of CPT1 isoenzymes. (A) Western blot analysis results of 5 of the 10 performed experiments are shown.
IDO increased the expression of the isoenzymes (B) CPT1A, (C) CPT1B and (D) CPTIC in MLR-derived CD4* T cells. Error bars represent the means + SD;
“p<0.001 compared to MLR-devided cells.

by a factor of 0.59+0.11 (p<0.001) (Fig. 6D and E). However, in the presence of oleate (p=0.003, unpaired t-test) suggesting
this decrease was significantly less than that observed in MLRs  that oleate is beneficial for FoxP3 expression.
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Figure 4. Effect of indoleamine 2,3-dioxygenase (IDO) on ACC2 and
p-ACC2 levels in MLR-derived CD4* T-cells. Ten mixed lymphocyte
reactions (MLRs) were performed in the presence or absence of the IDO
inhibitor 1-DL-methyl-tryptophan (IMT), and CD4* T-cells were isolated
to evaluate the expression of ACC2 and p-ACC2. (A) Western blot analysis
results of 5 of the 10 performed experiments are shown. (B) IDO decreased
total ACC2 expression, (C) but increased the level of its inactive phos-
phorylated form p-ACC2. Error bars represent the means + SD; "p<0.05 and
“p<0.001 compared to MLR-devided cells.

In the absence of oleate from the MLRs, IMT treatment also
resulted in an increase in RORyt expression in CD4* T-cells by
a factor of 2.11+1.28 (p<0.001) (Fig. 6D and F). This increase
did not differ from the increase observed in MLRs performed
in the presence of oleate (p=0.772, unpaired t-test).

Discussion

Indoleamine 2,3-dioxygenase is expressed in APCs and by
degrading L-tryptophan in the microenvironment where the
immune response occurs, it suppresses CD4* T-cell func-
tion by inhibiting cell proliferation, inducing apoptosis and
promoting differentiation into Tregs (20,21).
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Figure 5. Effect of indoleamine 2,3-dioxygenase (IDO) on cell prolif-
eration in mixed lymphocyte reactions (MLRs) and on activated caspase-3 in
MLR-derived CD4* T-cells. Ten MLRs were performed in the presence or not
of the IDO inhibitor 1-DL-methyl-tryptophan (IMT). (A) IDO did not affect
cell proliferation. Ten MLRs were performed in the presence or absence of the
IDO inhibitor IMT, and CD4* T cells were isolated to evaluate the expression
of activated caspase-3. (B) Western blot analysis results of 5 of 10 performed
experiments are shown. (C) IDO did not affect the level of the activated, ter-
minal in the apoptotic pathway, caspase-3. Error bars represent the means + SD.

In order to define which of the described pathways are
involved in the effect of IDO on CD4* T cells (12-14,17-19),
a model of alloreactivity, the MLR, was used. In this
model, IDO induced L-tryptophan degradation. Decreased
L-tryptophan activated the GCN2K pathway since the
phosphorylation of its substrate eIF2a was increased when
IDO activity was not blocked by 1MT. This observation is
in accordance with previous studies (12-14). Additionally, the
present study recapitulates the results of other studies that
failed to detect an effect on the other amino-acid sensing
system, the mTORCI, since the level of phosphorylation of
its substrate, p70S6K, remained unaffected by IMT (12-14).
This is in accordance with findings showing that mTORCI1
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Figure 6. Effect of indoleamine 2,3-dioxygenase (IDO) on forkhead box P3 (FoxP3) and related orphan receptor yt (RORyt) expression in CD4* T cells derived
from mixed lymphocyte reactions (MLRs) with or without oleate. Ten MLRs were performed in culture media containing or not oleate and in the presence or
absence of the IDO inhibitor IMT. CD4* T cells were then isolated to evaluate the expression of FoxP3 and RORyt. (A) Western blot analysis results of 5 of
10 performed experiments with oleate are shown. (B) IDO increased FoxP3 expression, (C) but decreased RORyt expression in MLR-derived CD4* T cells.
(D) Western blot analysis results of 5 of 10 performed experiments without oleate are shown. In this case, (E) IDO increased FoxP3 expression, (F) whereas it
decreased RORyt expression in MLR-derived CD4* T cells. However, the presence of oleate in the culture medium demonstrated a more profound effect of IDO
on FoxP3 expression. Error bars represent the means + SD; “p<0.001 compared to MLR-devided cells.

is sensitive to the depletion of certain amino acids; and more
precisely of leucine, isoleucine, valine and possibly arginine,
but not of tryptophan (31). Furthermore, L-tryptophan deple-
tion and its degradation by IDO results in the production of
kynurenine, which may affect CD4* T-cell function (18,19).
In the MLR-derived CD4* T cells, the expression of CYP1Al,
a transcriptional target of AhR, was increased in the absence
of 1MT, indicating that the IDO kynurenine AhR pathway is
associated with our experimental model.

Recent studies have confirmed that IDO may exert its
effect on CD4* T cells by affecting their metabolism (13-16).
Specifically, L-tryptophan degradation by IDO has been
shown to decrease aerobic glycolysis, glutaminolysis and
fatty acid synthesis (13-16), all required for rapid CD4* T-cell

proliferation and differentiation towards Teff lineages (22-25).
The results of the present study confirmed that L-tryptophan
degradation by IDO increased fatty acid consumption in MLRs.
In parallel, the activity of CPT1 in MLR-derived CD4* T cells
increased. Fatty acid f-oxidation occurs in the mitochondrial
matrix. However, acyl-CoAs cannot pass the inner mitochon-
drial membrane, unless they are converted to acylcarnitine in
the cytoplasmic surface of the inner mitochondrial membrane.
This reaction is catalyzed by CPT1, which, by controlling the
entry of fatty acid into the mitochondrial matrix regulates the
rate of fatty acid oxidation (28,29).

The reason for the increased CPT1 activity in CD4* T cells
derived from MLR without the IDO inhibitor, IMT, may be
due to the increased levels of the three CPT1 isoenzymes iden-
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tified in the current study. A possible explanation may depend
on the confirmed effect of IDO-induced L-tryptophan degrada-
tion in transcription factors such as p53 and cMyc that control
cell metabolism in CD4* T cells (14,16). However, the exact
mechanism for this IDO-related increase in CPT1A, CPT1B
and CPTIC expression remains to be elucidated.

In addition to CPT1 expression, the activity of this
enzyme is tightly regulated and more precisely, is allosteri-
cally inhibited by malonyl-CoA. Malonyl-CoA is produced
by ACC2, an enzyme associated with the outer mitochondrial
membrane (28,29). When IDO activity was not inhibited in
MLRs, ACC2 expression in the MLR-derived CD4* T cells
decreased. In addition, possibly due to AMP-activated protein
kinase (AMPK) (32), the phosphorylated inactivated form
of ACC2 increased markedly. This IDO-induced alteration
in ACC2 is expected to lead to decreased ACC2 activity,
decreased malonyl-CoA production and increased CPT1
activity and fatty acid 3-oxidation.

We also evaluated the effect of IDO-induced L-tryptophan
degradation on two terminal points of CD4* T-cell immune
response, proliferation and apoptosis. Contrary to what has
been shown in a similar experimental model (13-16), IDO did
not affect cell proliferation in MLRs, or CD4* T-cell apoptosis
as assessed by activated caspase-3, the terminal caspase at
which all the apoptotic pathways converge (33). However, the
presence of oleate in the culture medium in the present study
yielded different results. Oleate, as a fatty acid, along with
the IDO-induced increase in fatty acid oxidation may protect
CD4* T-cells from energy deprivation, since IDO is known
to decrease glucose influx in the cell, aerobic glycolysis and
glutaminolysis (13-16). The presence of a fatty acid in the
culture medium may protect cells from energy deprivation,
thus also preventing the inhibition of cell proliferation and the
induction of apoptosis. These results also raise the question
of whether it is more appropriate to perform immunological
experiments using more ‘normal’ culture medium, which
contains fatty acids.

The effect of IDO-induced L-tryptophan degradation on
the expression of the Treg signature transcription factor FoxP3,
and of the Thl17 signature transcription factor, RORyt, was
evaluated (34). The two CD4* T-cell lineages are formed recip-
rocally as regards fatty acid metabolism. Fatty acid synthesis
favors differentiation into the Th17 lineage, whereas fatty acid
oxidation favors differentiation into Tregs (25,26). According
to what is generally considered (35-37), IDO increased FoxP3,
but decreased RORyt expression in MLR-derived CD4* T-cells.
In order to define the effect ofthe presence of fatty acid in the
culture medium, we repeated the experiments without oleate. No
difference was detected s regards RORyt; however, the presence
of oleate IDO induced a greater increase in FoxP3 expres-
sion. The reason remains to be defined, since various aspects
regarding the mechanisms that connect fatty acid metabolism
with CD4* T-cell function, such as post-translational protein
modification by lipids or the availability of acetyl-CoA for
epigenetic modifications, are under investigation (38). Thus,
this raises the question of whether a culture medium containing
fatty acids more closely mimics the in vivo conditions and may
thus be more suitable for lymphocyte culture studies.

In conclusion, the present study demonstrated that IDO,
by degrading L-tryptophan, enhanced CPT1 activity and fatty

ELEFTHERIADIS et al: IDO INCREASES FATTY ACID OXIDATION IN CD4* T-CELLS

acid oxidation, and exerted fatty acid-dependent effects in
human alloreactive CD4* T cells.
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