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Abstract. Chronic antibody-mediated rejection remains a 
major cause of late graft loss. Regarding cellular alloimmunity, 
the immunosuppressive properties of indoleamine 2,3-dioxy-
genase (IDO) have been well investigated; however, little is 
known of its effects on humoral alloimmunity. Therefore, the 
present study aimed to evaluate the effects of IDO on humoral 
alloimmunity. We developed a method for the induction of 
humoral alloimmunity in a one-way mixed lymphocyte reac-
tion (MLR), which was measured with an antibody-mediated 
complement-dependent cytotoxicity assay using resting cells, 
which are similar to the stimulator cells of the aforementioned 
MLR. In parallel, cellular alloimmunity was assessed in 
two-way MLRs. The IDO inhibitor 1-methyl-DL-tryptophan 
was used for evaluating the role of IDO. In order to investigate 
whether the pathways known to serve a role in the effects 
of IDO on T cells are applied in humoral alloimmunity, the 
general control nonderepressible-2 (GCN-2) kinase activator 
tryptophanol and the aryl hydrocarbon receptor (AhR) inhib-
itor CH223191 were employed. The IDO inhibitor was revealed 
to increased cellular autoimmunity, but was decreased by the 
GCN-2 kinase activator. Unexpectedly, the AhR inhibitor 
decreased cellular alloimmunity. In addition, the IDO inhibitor 
was observed to suppress humoral alloimmunity, which may 
occur in manners independent of GCN-2 kinase AhR. The 
present study proposed that IDO may decrease humoral allo-
immunity in primary human peripheral blood mononuclear 

cells via pathways that differ to those associated with its effect 
on T cells.

Introduction

Kidney transplantation is the most effective treatment for 
end-stage renal disease. The widespread use of crossmatch 
assays and improved immunosuppressive regiments to prevent 
acute antibody-mediated rejection and acute cellular rejection 
respectively, have increased early graft survival significantly; 
however, late graft outcome remains fairly poor in part due 
to chronic antibody-mediated rejection, which is the result of 
de novo production of antibodies against the graft (1,2). Thus, 
further investigation into humoral alloimmunity is imperative 
in order to reduce late graft loss.

Indoleamine 2,3-dioxygenase (IDO) is an immuno-
modulatory enzyme. Its immunosuppressive properties were 
originally identified by the detection of its role in preventing 
semi-allogenic fetal rejection (3). Subsequently, the immuno-
suppressive effects of IDO have been extensively studied and 
confirmed in various models of transplantation; autoimmunity 
and tumor escape from immunosurveillance have also been 
reported (4,5). Upon inflammation, IDO expression is upregu-
lated in antigen presenting cells resulting in L-tryptophan 
degradation via the kynurenine pathway (4,5). L-tryptophan 
depletion suppresses T cells by activating general control 
nonderepressible-2 (GCN2) kinase (6); products of the 
kynurenine pathway favor naïve CD4+ T cell differentiation 
towards a regulatory state instead of an effector phenotype 
by activating the aryl-hydrocarbon receptor (AhR) (7). The 
effects of IDO on T cells are mediated by alterations in the 
expression level of numerous transcription factors and are 
partial associated with alterations in cell metabolism (8-12).

The role of IDO in preventing acute cellular rejection of 
allografts has been reported in various models of solid organ 
transplantation (13-22); however, the effect of this enzyme 
on humoral alloimmunity requires further investigation. 
In the present study, we developed a method for assessing 
de novo antibody production during an in vitro alloimmune 
response. In order to evaluate the role of IDO in humoral 
alloimmunity, the specific inhibitor 1‑methyl‑DL‑tryptophan 
(1-MT) was employed. 1-MT is a competitive, non-toxic IDO 
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inhibitor (23), which has been successfully used for suppressing 
immune tolerance in models of semi-allogenic pregnancy (3), 
transplantation (24), autoimmunity (25) and cancer (26). To 
further understand the molecular mechanisms by which IDO 
may affect humoral alloimmunity, the GCN2 kinase activator 
tryptophanol (TRP) was used. TRP is a competitive inhibitor 
of tryptophanyl-tRNA synthetase and by raising the pool of 
uncharged tRNA, it acts as a pharmacological activator of 
GCN-2 kinase (6,27). Thus, the AhR inhibitor CH223191 was 
used. CH223191 does not have detectable AhR agonist-like 
activity and protects mice from dioxin toxicity (28).

Materials and methods

Subjects. Blood was collected from 4 unrelated healthy 
subjects (aged 32.5±7.05-year-old) from a blood vessel in 
the arm, inside of the elbow or wrist, at the laboratory of the 
Nephrology Department, University of Thessaly. In order to 
exclude any pre-sensitization event, all subjects were males 
without a history of blood transfusion. Written informed 
consent was obtained from each individual enrolled; the 
present study was approved by the Ethics Committee of the 
Faculty of Medicine, University of Thessaly (Larissa, Greece) 
(approval no. 558/10-2-2017).

Peripheral blood mononuclear cell (PBMC) isolation and 
culture. PBMCs were isolated from whole blood samples by 
Ficoll-Hypaque density gradient centrifugation at 600 x g for 
25 min at 18‑20˚C using Histopaque‑1077 (Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany). The interface was 
collected and washed with RPMI-1640 medium (Sigma 
Aldrich; Merck KGaA). To count the isolated PBMCs, a 
Neubauer chamber (Paul Marienfeld GmbH & Co. KG, 
Lauda-Königshofen, Germany) and an optical microscope 
at x40 (x4 objective) were used. Cell viability was assessed 
using the trypan blue exclusion assay (Sigma-Aldrich; Merck 
KGaA) and for each PBMC sample cells were counted in the 
four fields of the Neubauer chamber. All cell cultures were 
performed using RPMI-1640 medium, supplemented with 
2 mM L-glutamine, 10 mM HEPES, 10% fetal bovine serum 
(Sigma-Aldrich; Merck KGaA) and 1% antibiotic-antimycotic 
solution containing penicillin, streptomycin and ampho-
tericin B (Sigma-Aldrich; Merck KGaA). Cultures were 
incubated at 37˚C in an atmosphere of 95% relative humidity 
and 5% CO2.

Assessment of 1‑MT or TRP effect on lactate dehydroge‑
nase (LDH) release following treatment with CH223191. 
The concentrations of 1-MT (100 µM), TRP (0.25 mM) 
and CH223191 (3 µM) were selected according to previous 
studies (8,29,30). In particular, the concentration of 100 µM for 
1-MT was selected according to the results that were repeat-
edly obtained from several of our previous studies, which 
revealed efficacy in inhibiting IDO and reduced L‑tryptophan 
consumption in mixed lymphocyte reactions (MLRs) without 
toxicity (9-12,29). In addition, an LDH release assay for the 
selected concentrations of the aforementioned substances 
was performed in resting PBMCs seeded in 96-well plates 
(1x105 cells/well) and cultured at 37˚C for a 7‑day period. 
The LDH release assay was performed using the Cytotox 

Non-Radioactive Cytotoxic Assay kit (cat no. G1780; Promega 
Corporation, Madison, WI, USA) according to the manufac-
turer's protocols. LDH release was calculated by the following 
equation: LDH release (%) = (LDH in the supernatant / total 
LDH) x 100. All experiments were performed in triplicate and 
the results were presented as the mean of the three measure-
ments.

Of note, our previous study originally planned to apply the 
sodium 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenyla
mino)-carbonyl]-2H-tetrazolium (XTT) assay to analyze cell 
proliferation. This assay comprises a colorimetric technique 
that assesses actual cytosolic NADH content, a key compound 
in the mitochondria, in which the tricarboxylic acid cycle takes 
place (31). The results revealed that IDO inhibition by 1-MT 
significantly decreased mitochondrial function in PBMCs 
stimulated with lymphocyte‑specific stimulus tetanus toxoid 
(TT), which was unexpected. In addition, compared with 
untreated cells, TT stimulation notably increased the optical 
density (OD) value from the XTT assay, indicating enhanced 
mitochondrial function. On the contrary, in cells treated with 
TT and 1‑MT, the XTT assay presented a significantly lower OD 
value compared with TT-treated cells. This decrease suggested 
that IDO enhances mitochondrial function in stimulated 
PBMCs, and its inhibition by 1-MT may markedly abrogate 
this effect. Additionally, as 1-MT did not alter the proliferation 
of TT-stimulated lymphocytes, the use of tetrazolium dyes for 
assessing cell proliferation may not be reliable (32).

Assessment of cellular alloimmunity in two‑way MLRs. MLRs 
are ex vivo cellular immunoassays that occur between two 
genetically distinct allogeneic lymphocyte populations of the 
same species. In a one-way MLR, only one lymphocyte popu-
lation can respond or proliferate. In a two-way MLR, the two 
populations can proliferate. MLRs are performed to assess the 
response of T cells to external stimuli. The assay comprises the 
purification of responder lymphocytes from peripheral blood 
followed by co-culturing with stimulator cells. Stimulator 
cell populations that also contain T cells (two-way MLR) can 
replicate in the presence of the responder cells. Therefore, for a 
one-way MLR, stimulator cells are prevented from replicating 
by mitomycin C, a DNA crosslinker to restricT cell replica-
tion. The maximal measurable cellular proliferation occurs 
~5-7 days of the MLR (33).

In the present study, two-way MLRs were performed in 
96‑well plates for 7 days in the presence or absence of 100 µΜ 
1-MT, 0.25 mM TRP or 3 µM CH223191. A total of 6 different 
pairs of PBMC samples of the 4 different healthy aforemen-
tioned individuals. For each pair, lymphocytes from a subject 
were mixed with lymphocytes from a different subject. In 
particular, PBMCs from subject #1 were co-cultured with 
PBMCs from subject #2, 3 or 4; thus three different MLRs 
could be obtained. PBMCs from subject #2 were cultured 
with PBMCs from subject #3 or 4, which provided two more 
MLRs. Additionally, PBMCs from subject #3 were cultured 
with PBMCs from subject #4 yielding only one MLR that 
differed from the others. The number of PBMCs from each 
member of the MLR pairs was 5x104, which comprised 1x105 
PBMCs in each well. Cultures of 1x105 resting PMBCs per 
well were used as controls. At the end of the 7-day period, 
cell proliferation was assessed by chemiluminescence with 
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Cell Proliferation ELISA (Roche Diagnostics, Indianapolis, 
IN, USA) using bromodeoxyuridine (BrdU) labeling over-
night at 37˚C and immunoenzymatic detection according to 
the manufacturer's protocols. For determining the results of 
the BrdU Cell Proliferation Assay, the fluorescence intensity 
was measured and analyzed using an EnSpire® Multimode 
Plate Reader (PerkinElmer, Inc., Waltham, MA, USA). The 
proliferation index was calculated by the following equation: 
Proliferation index (%) = (OD derived from each MLR / the 
mean OD derived from the control resting PBMCs cultures of 
the two subjects that constituted the specific MLR) x 100. All 
aforementioned MLRs were performed in triplicate and the 
results were representative of the mean of three measurements.

Assessment of humoral alloimmunity. In order to evaluate 
humoral alloimmunity, the following method was devel-
oped. One-way MLRs were performed in 24-well plates. 
Mitomycin-C-treated PBMCs (0.5x106 cells) from one subject 
were used as stimulator cells. For the mitomycin-C treatment, 
PBMCs were incubated for 30 min at 37˚C with 50 µg/ml 
mitomycin C (Sigma Aldrich; Merck Merck KGaA) and then 
washed three times with complete RPMI-1640 medium supple-
mented with 2 mM L-glutamine and 10% FBS. As responder 
cells, 0.5x106 PBMCs from another individual were used. A 
total of 12 different pairs of PBMC samples of the 4 healthy 
aforementioned subjects using one-way MLR cultures. For 
each pair, lymphocytes from a responder subject were mixed 
with inactivated lymphocytes from a stimulator subject and 
cultured as follows: Pair 1, responder subject #1 + stimu-
lator subject #2; pair 2, stimulator subject #1 + responder 
subject #2; pair 3, responder subject #1 + stimulator 
subject #3; pair 4, stimulator subject #1 + responder 
subject #3; pair 5, responder subject #1 + stimulator subject #4; 
pair 6, stimulator subject #1 + responder subject #4; pair 7, 
responder subject #2 + stimulator subject #3, pair 8, stimu-
lator subject #2 + responder subject #3; pair 9, responder 
subject #2 + stimulator subject #4; pair 10, stimulator 
subject #2 + responder subject #4; pair 11, responder 
subject #3 + stimulator subject #4 and pair 12, stimulator 
subject #3 + responder subject #4. MLRs lasted for 7 days in 
culture at 37˚C in the presence or absence of 100 µΜ 1‑MT, 
0.25 mM TRP or 3 µM CH223191. Of note, a 7-day period was 
reported as adequate for the production of IgM and IgG alloan-
tibodies in human mixed lymphocyte cultures (34). Following 
this period, the supernatants from each one-way MLR were 
harvested and expected to contain antibodies produced against 
the stimulator PBMCs.

In parallel to the aforementioned one-way MLRs, resting 
untreated PBMCs were cultured in 6-well plates. At the 
end of the 7-day one-way MLRs, resting PBMCs similar to 
those used as stimulator cells in MLRs but untreated, were 
counted using a Neubauer chamber (Paul Marienfeld GmbH 
& Co. KG) and an optical microscope at x40 (x4 objective). 
Cell viability was assessed using the trypan blue exclusion 
assay and for each PBMC sample, cells were counted in the 
four different fields of the Neubauer chamber. Then, cells 
were placed in 96-well plates at a number of 0.5x105 in a 
volume of 50 µl of RPMI-1640 medium, supplemented with 
L-glutamine, 10 mM HEPES, 10% fetal bovine serum and 
1% antibiotic-antimycotic solution containing penicillin, 

streptomycin and amphotericin B. Cultures were incubated at 
37˚C in an atmosphere of 95% relative humidity and 5% CO2. 
For assessing antibody-mediated complement-dependent 
cytotoxicity (CDC) a modified protocol, which was initially 
developed for the assessment of antigen specific antibodies 
in serum samples was conducted (35). In brief, 50 µl of each 
supernatant collected from each one-way MLR, undiluted or 
diluted 1:2 with complete RPMI-1640, was added into 96-well 
plates that were pre-seeded with the resting target PBMCs. 
The plates were incubated on ice for 30 min. Subsequently, 
11 µl of rabbit complement (Low-Tox-H rabbit complement, 
Cedarlane Corporation, Burlington, Canada) was added to 
each well at a final concentration of 10%. The 96‑well plates 
were incubated for another 2 h at 37˚C. As a control, 50 µl of 
complete RMPI-1640 was added instead of the one-way MLR 
supernatant, along with 11 µl of rabbit complement.

As cell-mediated cytotoxicity occurs in MLRs (36) and 
the used compounds (1-MT, TRP and CH223191) affected the 
intensity of MLRs leading to the release of various quantities 
of LDH in the supernatants, antibody-mediated CDC induced 
by these supernatants in cells was not investigated directly. 
Instead, the present study analyzed cell survival. As the exact 
time-points of cell death for each of the differenT cell types 
involved in MLRs have not been clearly defined yet, Annexin V 
staining for the detection of apoptosis was not selected in the 
present study; however, it is considered to be the gold standard 
for the analysis of cell survival/death. Therefore, cell survival 
was assessed colorimetrically by measuring the reduction of 
XTT, a yellow tetrazolium salt, to orange formazan via the 
metabolic targeting of cells. Target cells were incubated with 
XTT reagent for 1 h at 37˚C. For this purpose, the TACS 
XTT assay kit (Trevigen, Inc., Gaithersburg, MD, USA) was 
used according to manufacturer's protocols. Cell survival 
was calculated by the following equation: Cell survival 
(%) = (XTT assay OD of the control / XTT assay OD of the 
evaluated condition) x 100. A total of twelve experiments were 
performed, each in triplicates and the results were representa-
tive of the mean of the three measurements.

Statistical analysis. Statistical analyses were performed using 
SPSS Statistics, Version 20 (IBM Corp., Armonk, NY, USA). 
The normality of the evaluated variables was assessed and 
confirmed by the one‑sample Kolmogorov‑Smirnov test. For 
the comparison of means, a paired t-test or one-way repeated 
measures analysis of variance followed by Bonferroni's 
correction test were used. The results were expressed as the 
mean ± standard deviation. P<0.05 was considered to indicate 
a statistically significant difference.

In some cases, to avoid the violation of the prerequisite for 
normal distribution of the compared variables when applying 
parametric statistical tests, we compared the OD values as 
derived from the aforementioned assays prior to normaliza-
tion to the control; however, the results were expressed and 
depicted following the normalization of values to the control 
group.

Results

1‑MT, TRP and CH223191 does not affect LDH release in 
resting PBMCs. At the concentrations of 100 µM for 1-MT, 
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0.25 mM for TRP or 3 µM for CH223191, none of the evalu-
ated compounds induced a statistically significant change in 
the LDH release of resting PBMCs. The LDH release assay 
revealed a value of 12.83±1.01% for the control, 11.50±0.75% 
for 1-MT (P>0.05), 10.83±1.64% for TRP (P>0.05) and 
13.50±1.56% for CH223191 (P>0.05; Fig. 1).

1‑MT increases cellular alloimmunity, but is decreased 
by TRP and CH223191. The IDO inhibitor 1-MT increased 
cellular alloimmunity, as assessed by cell proliferation in 
two-way MLRs. The proliferation index in 1-MT-treated 
MLRs was significantly higher than that of untreated MLRs 

(359.37±32.93 vs. 238.99±20.55% respectively, P<0.001; 
Fig. 2).

On the contrary, compared with MLRs of untreated cells, 
treatment with the GCN2 kinase activator TRP significantly 
decreased the proliferation index to 132.89±21.65% (P<0.001; 
Fig. 2). Similarly, the AhR inhibitor CH223191 significantly 
reduced the proliferation index to 111.07±7.36% (P<0.001; 
Fig. 2).

Supernatants from one‑way MLRs contain specific antibodies 
against the stimulator PBMCs. The antibody-mediated CDC 
assay revealed that one‑way MLR‑antibodies specific for the 
stimulator PBMCs were produced by the responder PBMCs. 
The cell survival of untreated PBMCs, similar to stimulator 
cells, decreased to 62.25±6.76% compared with the control 
when supernatants from the respective MLRs were undiluted 
(P<0.001), and to 77.71±8.62% when diluted 1:2 (P<0.001). 
Interestingly, the diluted supernatants exhibited less anti-
body-mediated CDC against the untreated PBMCs, similar to 
stimulator cells, target PBMCs (P<0.001; Fig. 3).

1‑MT increases humoral alloimmunity, but is not affected 
by TRP and CH22319. The antibody-mediated CDC assay 
revealed that the treatment of one-way MLRs with 1-MT 
increased the production of specific for the stimulator PBMCs 
antibodies. When undiluted supernatants from untreated MLRs 
were used, the survival of target PBMCs was 62.25±6.76%, 
which was significantly decreased to 35.39±7.75% following 
treatment with 1-MT (P<0.001; Fig. 4A). Similar results were 
obtained from the 1:2 diluted supernatants compared with 
the control; however, decreased antibody-mediated CDC was 

Figure 1. 1-MT, TRP and CH223191 does not affect LDH release in resting 
PBMCs. At 7 days of resting PBMC culture, an LDH release assay revealed 
that 100 µM 1-MT, 0.25 mM TRP or 3 µM CH223191 did not induce a sta-
tistically significant change in LDH release. In particular LDH release was 
12.83±1.01% for control, 11.50±0.75% for 1-MT, 10.83±1.64 for TRP and 
13.50±1.56% for CH223191. Error bars represent standard deviation. 1-MT, 
1-methyl-DL-tryptophan; LDH, lactate dehydrogenase; TRP, tryptophanol.

Figure 2. 1-MT increases cell proliferation, but is decreased by TRP and 
CH223191. In two-way MLRs, the indoleamine 2,3-dioxygenase inhibitor 
1-MT increased cellular alloimmunity as assessed by cell proliferation. On 
the contrary, the general control nonderepressible-2 kinase activator TRP 
and the aryl hydrocarbon receptor inhibitor CH223191 decreased cell pro-
liferation. *P<0.05 vs. MLR. Error bars represent standard deviation. 1-MT, 
1-methyl-DL-tryptophan; TRP, tryptophanol.

Figure 3. In one-way MLR, antibodies against stimulator PBMCs are pro-
duced and secreted in the supernatant. One-way MLRs were performed, and 
then the supernatants were collected and used in an antibody-mediated CDC 
assay against resting target PBMCs similar to those employed as stimulator 
cells in the respective MLRs. The supernatants induced antibody-mediated 
CDC. Compared with the control, the survival of target cells of the anti-
body-mediated CDC assay was significantly decreased when undiluted 
supernatants from the MLRs were used. When 1:2 diluted supernatants 
were used cell survival was also significantly decreased compared with the 
control, but to a lesser extent than in the case of the undiluted supernatant. 
*P<0.05 vs. control. Error bars represent standard deviation. CDC, comple-
ment-dependent cytotoxicity; MLR, mixed lymphocyte reaction; PBMC, 
peripheral blood mononuclear cell; TRP, tryptophanol.
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observed, (cell survival of diluted supernatant, 77.71±8.62% 
versus diluted supernatant with 1-MT, 47.48±10.72%, P<0.001; 
Fig. 4B).

In one-way MLRs, the GCN-2 kinase activator TRP did not 
markedly affect the production of specific antibodies against 
the stimulator PBMCs. The antibody-mediated CDC assay 
revealed that when undiluted supernatants from untreated 
MLRs were used, the survival of untreated, target PMBCs, 
which are similar to stimulatory cells, was 62.25±6.76%, while 
in the case of undiluted supernatants from TRP-treated MLRs 
cell survival was 69.63±12.01% (P>0.05; Fig. 4A). In the case 
of 1:2 diluted supernatants, cell survival was 77.71±8.62 and 
83.04±10.58% in the untreated as TRP-treated groups, respec-
tively (P>0.05; Fig. 4B).

Similarly, in one-way MLRs, the AhR inhibitor CH223191 
did not notably alter the production of specific antibodies against 
the stimulatory PBMCs. The antibody-mediated CDC assay 
demonstrated that the cell survival of untreated target PMBCs, 
which are similar to stimulatory cells, was 62.25±6.76%, while 
that of undiluted supernatants from CH223191-treated MLRs, 
cell survival was 65.87±6.17% (P>0.05; Fig. 4A). In the case 
of 1:2 diluted supernatants, cell survival was 77.71±8.62 and 
84.13±5.21%, in the untreated and CH223191-treated groups, 
respectively (P>0.05; Fig. 4B).

Discussion

Developments in immunological assays and immunosup-
pressive medications have reduced the incidence of acute 
antibody-mediated rejection and acute cellular rejection; 
however, little is known of the pathophysiology and treat-
ment of chronic antibody-mediated rejection, which notably 
contributes to late graft loss (1,2). The aim of the present study 
was to evaluate the effects of IDO, an immunomodulatory 
enzyme (4,5), on humoral alloimmunity. In addition, cellular 
alloimmunity was also assessed.

Cellular alloimmunity was investigated by measuring 
cell proliferation in two-way MLRs. As expected, inhibition 
of IDO by 1-MT at a non-toxic concentration, increased cell 
proliferation. The immunosuppressive effects of IDO on 
cellular adaptive immunity has been extensively studied (4,5), 
and numerous experimental models of transplantation have 
revealed the protective role of IDO in acute cellular rejec-
tion (13-22). IDO may affect T cell function via L-tryptophan 
depletion and GCN-2 kinase activation (6,29). In accordance 
with this, MLR treatment with non-toxic concentrations of the 
GCN-2 kinase activator TRP inhibited cell proliferation in the 
present study.

In addition, IDO affects T cell function and favors naïve 
CD4+ T cell differentiation toward a regulatory phenotype 
via the activation of AhR by L-tryptophan degradation 
products (7). On the contrary, the AhR inhibitor CH223191 
decreased cell proliferation. Generally, there are contradicting 
results regarding the role of AhR in cellular alloimmunity. For 
instance, a previous study revealed that the prototype AhR acti-
vator 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) decreased 
cell proliferation in MLRs (37), while the same activator 
enhanced T cell proliferation by increasing the expression 
of MHCII and cluster of differentiation 86 in allogenic bone 
marrow-derived dendritic cells (38). It has been also been 
proposed, that under different conditions, the activation of 
AhR may affect the differentiation of naïve CD4+ T cells into 
the Th17 or Treg cell lineages (39). The effects of AhR activa-
tion on cellular alloimmunity requires further investigation, 
taking into consideration that AhR regulation differs between 
human and murine cells (40). Thus, primary human PBMCs 
were employed for analysis in the present study.

To assess humoral alloimmunity, we developed a 
simple experimental model using one-way MLRs and an 
antibody‑mediated CDC assay. The results confirmed that in 
the 7‑day period of MLR culture, specific antibodies against 
the stimulator cells were produced and secreted into the 

Figure 4. 1-MT increases humoral alloimmunity, but is notably affected by TRP and CH223191. One-way MLRs were performed in the presence or absence 
of indoleamine 2,3-dioxygenase inhibitor 1-MT, the GCN-2 kinase activator TRP or the aryl hydrocarbon receptor inhibitor CH223191. (A) Then the 
supernatants were collected and used in an antibody-mediated CDC assay against resting target PBMCs similar to those used as stimulator cells in the 
respective MLRs; (B) supernatants were diluted 1:2. When undiluted supernatants were employed, those derived from 1-MT-treated MLRs exhibited greater 
antibody-mediated CDC than those derived from untreated MLRs. On the contrary, supernatants from TRP- or CH223191-treated MLRs did not exhibit 
notably different antibody-mediated CDC, than those from untreated MLRs. *P<0.05 vs. untreated supernatant. Error bars represent standard deviation. 1-MT, 
1-methyl-DL-tryptophan; CDC, complement-dependent cytotoxicity; MLR, mixed lymphocyte reaction; TRP, tryptophanol.
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supernatant by the responder cells. These antibodies were 
identified and quantified via an antibody‑mediated CDC assay 
of resting PBMCs derived from an individual conferring 
stimulator PBMCs for the one-way MLR.

In our model, the IDO inhibitor 1-MT increased humoral 
alloimmunity, which suggests that IDO inhibits humoral 
alloimmunity. Providing this may be simply attributed to 
1-MT-induced increased cellular autoimmunity, it would be 
expected that humoral alloimmunity would be reduced in the 
presence of TRP or CH223191, as these substances decreased 
cellular immunity. Additionally, neither the GCN-2 kinase 
activator TRP, nor the AhR inhibitor CH223191 exerted any 
significant effects on humoral alloimmunity. These pathways 
have been evaluated mainly in T cells and in models where 
IDO1 is upregulated in antigen presenting cells due to inflam-
mation (4-7). The effects of IDO and the involved molecular 
pathways on humoral immunity require further investigation. 
For instance, IDO is generally considered to possess immuno-
suppressive properties; however, IDO1 expression in B cells 
increased antibody production against T cell-independent (TI) 
antigens (41). In addition, in vitro activation with Toll-like 
receptor ligands or B cell receptor crosslinking rapidly 
induced IDO1 expression and activity in purified B cells, 
whereas IDO1-/- B cells exhibited enhanced proliferation 
and survival, associated with increased immunoglobulin and 
cytokine production compared with wild type B cells. Murine 
B cells purified from the spleen of knockout or wild type mice 
activated with TI type I antigens LPS and CpG, or anti-IgM 
B cell receptor exhibited crosslinking to mimic TI-2 antigen 
responses (41). On the contrary, to the best of our knowledge, 
we are the first to examine the role of the IDO pathway in 
B cell responses in a more physiologically relevant setting of 
MLRs using human cells and 1-MT as a treatment in order to 
inhibit IDO activity. Furthermore, IDO inhibition with 1-MT 
has been reported to exacerbate autoimmune diseases (25,42), 
whereas other studies revealed opposing findings (43,44). This 
could be due to the inhibitory effects of 1-MT on IDO1 and 
IDO2. IDO2 is a low‑efficiency L‑tryptophan catabolizing 
enzyme, which was associated with immunomodulation; its 
molecular mode of action remains unknown (45). A recent 
study demonstrated that IDO2 expression in B cells enhances 
humoral autoimmunity by supporting cross talk between auto-
reactive T and B cells; however, humoral immune responses 
to T cell-dependent antigens were unaffected (46). Our study 
revealed that IDO inhibition via 1-MT increased humoral 
alloimmunity; this may provide insight into the prevention 
of chronic antibody-mediated rejection. The lack of effects 
from TRP and CH223191 may indicate that other molecular 
pathways are responsible for the inhibitory effects of IDO in 
humoral alloimmunity, which may differ to the mechanisms 
reported in T cells. Thus, IDO2 may serve as a promising 
candidate for further research.

Another possible explanation for the lack of effects of the 
AhR inhibitor CH223191 on humoral alloimmunity in the 
present study may be due to the activation of AhR that directly 
affects B cells. An endogenous tryptophan catabolism-derived 
AhR agonist has been shown to suppress the differentiation 
of B cells into immunoglobulin-secreting plasma cells (47). 
A recent study revealed that the prototypical AhR activator 
TCDD decreases antibody production by promoting an 

interaction between AhR and an essential transcriptional 
element in the gene of the immunoglobulin heavy chain (48). 
Thus, inhibition of AhR may be proposed to increase humoral 
alloimmunity. This may explain our finding of steady humoral 
alloimmunity in CH223191-treated one-way MLRs despite 
the decreased T cell response detected in two-way MLRs 
treated with the same inhibitor. In MLRs with human cells, 
1-MT-induced decreases in L-tryptophan degradation reduced 
AhR activation (12), supporting the finding of the present 
study in which that 1-MT increased humoral alloimmunity.

Of note, inter-species variation should be taken into consid-
eration when interpreting the results of the aforementioned 
studies. Additionally, AhR regulation differs between human 
and murine cells (40). For instance, in humans, the antibody 
response to a vaccine against the surface antigen of hepatitis B 
is decreased in association with increased IDO levels (49), 
whereas administration of the same antigen in mice along with 
IDO inhibitor 1-MT resulted in a suppressed humoral immune 
response (50). Nevertheless, the use of primary human PBMCs 
in the present study due to certain inter-species differences 
in AhR regulation yields several limitations. In particular, 
primary human PBMCs have a short lifespan in culture (51); 
thus, experiments with overexpression of IDO, which may 
provide further insight into underlying mechanisms, would be 
rather ineffective in this particular study.

In conclusion, IDO decreased humoral alloimmunity in 
a GCN-2 kinase-dependent manner, which may occur inde-
pendently of AhR in humans. As humoral alloimmunity may 
induce chronic antibody-mediated rejection, understanding 
the major cause of late kidney allograft dysfunction and the 
underlying mechanisms may contribute to developments in 
prolonging kidney allograft survival.
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