
Cao et al. Hereditas           (2022) 159:5  
https://doi.org/10.1186/s41065-022-00219-y

RESEARCH

Single-nucleotide polymorphisms 
and activities of indoleamine 2,3-dioxygenase 
isoforms, IDO1 and IDO2, in tuberculosis 
patients
Tingming Cao1,2†, Guangming Dai1,2†, Hongqian Chu1,2, Chengcheng Kong1,2, Huijuan Duan1,2, Na Tian1,2 and 
Zhaogang Sun1,2* 

Abstract 

Purpose: To explore the role and effects of the single-nucleotide polymorphisms (SNPs) of the two functionally 
related indoleamine 2,3-dioxygenase (IDO) isoforms on IDO activity in the Chinese Han ethnic population.

Methods: A total of 151 consecutive patients of Chinese Han ethnicity (99 men and 52 women; average age 
51.92 ± 18.26 years) with pulmonary TB admitted to Beijing Chest Hospital between July 2016 and February 2017 
were enrolled in the study. The serum levels of tryptophan (Trp) and its metabolites, IDO1 and IDO2 mRNA levels, and 
the relationship of IDO1 and IDO2 SNPs with the serum Kyn/Trp ratio in TB patients and healthy controls were exam-
ined by LC/ESI–MS/MS analysis. Genomic DNA was isolated from whole blood, and the PCR products were sequenced 
and analyzed.

Results: In Chinese Han participants, only IDO2 had SNPs R248W and Y359X that affected IDO activity, as determined 
by the serum Kyn/Trp ratio. IDO1 and IDO2 mRNA levels were inversely related in TB patients and healthy controls.

Conclusions: IDO2 SNPs and the opposite expression pattern of IDO1 and IDO2 affected IDO activity in Chinese Han 
TB patients.
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Introduction
Indoleamine 2,3-dioxygenase (IDO) is a widely expressed 
inducible enzyme. IDO comprises two alpha helical 
domains with a heme group between them. It contributes 
to the tryptophan (Trp) catabolic pathway and converts 
Trp to N-formyl kynurenine (Kyn) [1]. Trp depletion 
by IDO can have detrimental consequences on cell 
function and survival, especially in immune response 

and neurotransmission [2, 3]. The two IDO isoforms, 
IDO1 and IDO2, are functionally related and have 43% 
sequence identity. They are diverse in their expression [4, 
5], enzyme activities [6, 7], regulatory impacts [6, 8], and 
biochemical effects [9, 10].

In addition, IDO activity plays a crucial role in immune 
tolerance to pathogens. In a macaque infection model 
of tuberculosis (TB), the suppression of IDO activity 
reduced bacterial burden, pathology, and clinical signs, 
leading to increased host survival [11]. The IDO–Kyn 
pathway is involved in TB by inducing IDO1 expression 
and activating Trp metabolism [12]. IDO activity has 
been assessed in serum [13] and pleural fluid [14], and, 
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with a significant increase in the serum Kyn/Trp ratio, it 
can be used as a biomarker for TB patients infected with 
human immunodeficiency virus [15] and for patients 
with multidrug-resistant TB [16].

Single-nucleotide polymorphisms (SNPs) in the pro-
moters or coding regions of IDO1 and IDO2 may affect 
their enzyme activities. SNPs R248W and Y359X in the 
coding sequence of IDO2 can attenuate catalytic activ-
ity [17] and are potential diagnostic markers for multi-
ple myeloma [18], although they are not associated with 
Aspergillus fumigatus infection in patients with cystic 
fibrosis [19]. SNPs in the IDO1 gene c. -1493G > C - IDO1 
(rs10089084) and c. -1849C > A - IDO1 (rs3824259) have 
been linked to depression [20]. In addition, the rs3808606 
T/T genotype has been correlated with reduced sus-
ceptibility to recurrent vulvovaginal candidiasis [21]. 
However, the SNPs in IDO1 and IDO2 were reported in 
different regions and countries, including Austrailia [22], 
Brazil [23], india [21], Italy [19], Japan [18], Poland [20] 
and United States of America [24].

China is a multi-ethnic country with about 55 ethnic 
groups, and the Han ethnic group is the largest. There-
fore, IDO1 and IDO2 SNPs in TB patients of Chinese 
Han ethnicity were investigated in this study. In addition, 
serum Trp and its metabolites were analyzed to explore 
the individual roles of IDO1 and IDO2 SNPs in affecting 
the serum Kyn/Trp ratio. Furthermore, IDO1 and IDO2 
mRNA levels were determined by quantitative real-time 
PCR (qRT-PCR) in healthy controls, TB patients, and 
infected mice. Finally, the study investigated the relation-
ship of IDO1 and IDO2 SNPs with the serum Kyn/Trp 
ratio.

Materials and methods
Participants
A total of 151 consecutive patients of Chinese 
Han ethnicity (99 men and 52 women; average age 
51.92 ± 18.26 years) with pulmonary TB admitted to Bei-
jing Chest Hospital between July 2016 and February 2017 
were enrolled in the study. Pulmonary TB was diagnosed 
by the rapid culture method using Bactec MGIT 960 (BD, 
Sparks, MD, USA). The study also included 132 partici-
pants of Chinese Han ethnicity (83 men and 49 women; 
average age 47.21 ± 13.20 years) recruited in the hospital 
as a healthy control group. This study was approved by 
the Ethics Committee of Beijing Chest Hospital (approval 
number 2016–05), and written informed consent was 
obtained in accordance with the hospital’s guidelines.

Serum preparation
Blood samples from 64 TB patients were drawn at the 
time of admission before the start of TB treatment. 
During routine laboratory examinations, patient serum 

samples were collected and frozen at − 80 °C until analy-
sis. Blood and serum samples were also collected from 60 
healthy participants.

Measurement of serum Trp metabolites
Before analyzing serum Trp and its metabolites in the 
IDO–Kyn pathway, the standard curves of pure Trp and 
Kyn (Sigma–Aldrich, St. Louis, MI, USA) were obtained 
by liquid chromatography/electrospray ionization–tan-
dem mass spectrometry (LC/ESI–MS/MS) according 
to the method of Suzuki et  al. [13, 14]. Briefly, frozen 
serum samples were thawed at room temperature for 
deproteinization with acetonitrile (50 μL of serum with 
50 μL of deionized water and 100 μL of acetonitrile) on 
ice for 5 min. The samples were centrifuged (15,000×g; 
10 min; 4 °C) and filtered with a 0.22-mm filter. Further, 
100 mL of supernatant was used for auto-filling. LC/
ESI–MS/MS analysis was performed using an Agilent 
6410A triple quadrupole mass spectrometer equipped 
with an ESI interface coupled to an Agilent 1260 UHPLC 
system (Agilent Technologies, CA, USA). Chromato-
graphic separation for the analysis was performed in the 
isocratic mode on a Zorbax SB-Aq analytical column 
(2.1 × 100  mm2; particle size, 3.5 μm). The mobile phase 
of acetonitrile:deionized water (0.1% formic acid) [30:70 
(v/v)] was passed at a flow rate of 0.3 mL/min. Detection 
was performed using electrospray MS/MS in the multiple 
reaction monitoring mode (ionization voltage, 4000 V; 
temperature of MS1 and MS2, 100 °C; atomization pres-
sure, 35 psi; drying gas flow rate, 10 L/min). IDO activity 
was determined by the serum Kyn/Trp ratio.

LC/ESI–MS/MS analysis data were obtained using the 
Agilent MassHunter Workstation software and were fur-
ther analyzed using the Agilent MassHunter Quantita-
tive Analysis software. The actual quantity (μmol/L) of 
Trp and Kyn in serum was calculated based on the quan-
titative standard curve obtained by chromatographic 
analysis.

DNA preparation and SNP analysis
Genomic DNA was isolated from whole blood using 
a commercially available DNA extraction kit (Bioteke, 
Wuxi, China), and the concentration was determined 
by measuring the absorbance at 260 and 280 nm. The 
isolated DNA sample was stored at − 20 °C until analy-
sis. The primer sequences are listed in Table 1. The PCR 
products were sequenced by Sangon Biotech (Shanghai, 
China), and the results were analyzed using the MegA-
lign software (DNASTAR Inc., Madison, WI, USA).

Mouse infection experiments
For the mouse infection model, 16 female BALB/c mice 
(18–20 g) were purchased from the Laboratory Animal 
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Institute of Chinese Academy of Medical Science (Bei-
jing, China) and were housed according to the animal 
welfare regulations of Beijing Chest Hospital. The mice 
were infected with ~ 300 colony-forming units of Myco-
bacterium tuberculosis H37Rv (ATCC 27294) by the 
aerosol route (099C A4224 Inhalation Exposure System; 
Glas-Col, Terre Haute, IN, USA) in an animal biosafety 
level 3 facility. Blood from the retro-orbital plexus was 
collected at 1, 2, 3, and 4 weeks for total RNA isolation.

RNA isolation and qRT‑PCR
Total RNA was extracted and reverse transcribed into 
cDNA using an RNeasy Mini Kit and a Qiagen One-
Step RT-PCR Kit (Qiagen, Shanghai, China) following 
the manufacturer’s protocols. qRT-PCR was performed 
using cDNA as a template and SYBR Green I as the flu-
orescent dye. Amplification efficiencies were validated 
and normalized against human and mouse β-actin. 
The qRT-PCR program was as follows: 95 °C for 3 min, 
followed by 40 cycles of denaturation at 95 °C for 30 s, 
and an annealing/extension step at 58 °C for 30 s. The 
primer sequences are listed in Table 1.

Bioinformatics and statistical analyses
The three-dimensional (3D) protein structures of IDO1 
and IDO2 were predicted using the SWISS-MODEL 
server, and the interaction values of binding free energy 
(ΔG) and dissociation constant (Kd) were estimated 
using the PPA-Pred2 online software (Protein-Protein 
Affinity Predictor; https:// www. iitm. ac. in/ bioin fo/ 
PPA_ Pred/ predi ction. html). Genotypic and allelic fre-
quencies of IDO1 and IDO2 in TB patients and healthy 
controls were compared using the chi-square test. The 
levels of Trp metabolites, Treg cells, and Th17 cells 
in TB patients and healthy controls were compared 
using the independent-samples t-test for continuous 
variables.

Results
IDO1 and IDO2 SNPs in Chinese Han participants
Previous studies reported polymorphisms I91L, A196T, 
F222S, Q272K, A277D, and S284P in IDO1, which 
consists of 403 amino acids [22–25]. In this study, no 
IDO1 SNP was found in Chinese Han participants. For 
IDO2, SNPs R248W and Y359X were found in both TB 
patients and healthy controls as in previous reports 
[6, 26] (Fig.  1; Table  2), which was in agreement with 
Hardy–Weinberg equilibrium. The T allele frequency 
of R248W was 0.28 in TB patients and 0.31 in healthy 
controls. The A allele frequency of Y359X was 0.39 
in TB patients and 0.35 in healthy controls. Both T 
allele frequency of R248W (P = 0.40) and A allele fre-
quency of Y359X (P = 0.35) showed no significant dif-
ference between TB patients and healthy controls. No 
significant difference was found in the distribution of 
genotypes (PR248W =  0.25, PY359X =  0.28) between TB 
patients and healthy controls.

IDO1 and IDO2 mRNA levels in TB patients and infected 
mice
IDO1 and IDO2 mRNA levels were determined by 
qRT-PCR. IDO1 expression in both IDO2-R248W 
and IDO2-Y359X groups was highly upregulated in 
TB patients than in healthy controls. IDO2 expression 
in both IDO2-R248W and IDO2-Y359X groups was 
downregulated in TB patients (Fig. 2a). To confirm the 
differential expression of IDO1 and IDO2 in TB infec-
tion, their mRNA levels were assessed in M. tubercu-
losis H37Rv-infected BALB/c mice. IDO1 mRNA levels 
in infected mice continued to increase for 3 weeks after 
infection, whereas IDO2 mRNA levels showed an oppo-
site trend (Fig. 2b).

Considering the different IDO2 genotypes in IDO1 
and IDO2 expression, IDO1 mRNA levels in IDO2-
R248W and IDO2-Y359X groups were not significantly 

Table 1 SNP and qRT-PCR primers of IDO1 and IDO2 

Primer Primer sequences (5′–3′) PCR purpose

IDO1-Exon2&3 GAA GGC AAG GCA TAC TAT CAG SNPs

GGA AAG TTA AAT GTA AAT TAG ATG 

IDO1-Exon4 CAG GAG CAA GAC TCC ATC TC SNPs

GTA GTG GTA GAC ACA GCA GTC 

IDO1-Exon6 GAT AGT AAG GCC TGC CAC AC SNPs

GTT TAG GCT CCG AAG TGA TTG 

IDO1-Exon7 CTG GAC AAC TGA GCG AGA CTC SNPs

CTA TTC TAC ACC TGG AAC ATTTG 

IDO2-R248W GAA CAT TCT ATC CCC CGT TGC SNPs

TTA CCT GAG AGT GGA TCC CTA GCA 

IDO2-Y359X TCT TGT GCT CCC TCC AAA ACA SNPs

TGG TTT GGC TTC CCA TGC TT

Human IDO1 GAT GTC CGT AAG GTC TTG CCA qRT-PCR

TGC AGT CTC CAT CAC GAA ATG 

Human IDO2 CTG ATC ACT GCT TAA CGG CA qRT-PCR

TGC CAC CAA CTC AAC ACA TT

Human β-actin TGG CAC CCA GCA CAA TGA A qRT-PCR

CTA AGT CAT AGT CCG CCT AGA AGC 

Mouse IDO1 ATCGC AGCTT CTC CTG CAAT qRT-PCR

TGTAT CGATG GTC AGA CCTC 

Mouse IDO2 A TA CTG GCC TCT GGT CCT qRT-PCR

GGT GGC AGC GGA GAT AAT 

Mouse β-actin AGC CAT GTA CGT AG CCA TCC qRT-PCR

CTC TCA GCT GTG GTG GTG AA

https://www.iitm.ac.in/bioinfo/PPA_Pred/prediction.html
https://www.iitm.ac.in/bioinfo/PPA_Pred/prediction.html
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different in both TB patients and healthy controls. In 
addition, no difference was found for IDO2 expression 
in the IDO2-R248W and IDO2-Y359X groups in both 
TB patients and healthy controls.

Serum levels of Trp and its metabolites and the Kyn/Trp 
ratio in different IDO2 genotypes
LC/ESI–MS/MS was used to obtain the standard curves 
and concentration equations for calculating Kyn, Trp, 
and Trp metabolites in TB patients and healthy con-
trols (Fig. 3). Using these equations, the serum levels of 
Trp and its metabolites were calculated (Table 3). Over-
all, a negative linear correlation was observed between 

Trp and Kyn serum levels. IDO activity determined 
by the serum Kyn/Trp ratio was significantly higher in 
TB patients than in healthy controls [lower Trp con-
centration (P  =  0.002) and higher Kyn concentration 
(P = 0.000); Table 3].

To assess the effects of IDO2 SNPs on IDO activity, the 
serum Kyn/Trp ratios of wild type (WT) R248W(TT) 
versus Homocigoto mutation R248W(CC) and WT 
Y359X(AA) versus Homocigoto mutation Y359X(TT) 
were compared. Both SNPs R248W and Y359X signifi-
cantly affected IDO activity (Table  4). The Homocigoto 
mutation R248W(CC) exhibited lower IDO activity 
(Kyn/Trp = 0.053 ± 0.031) than WT R248W(TT) (Kyn/

Fig. 1 Sanger sequence electropherograms of R248W and Y359X and the position of R248W and Y359X in the predicted 3D structure. (a) Three 
IDO2 genotypes were found in R248W and Y359X: wild type, heterocigoto type, and homocigoto type; (b) Mutations in the predicted 3D structure 
of IDO2 (red arrows). Structure prediction using the SWISS-MODEL server showed that IDO1 and IDO2 formed dimers. Interaction values of binding 
free energy (− 12.75 kcal/mol) and dissociation constant (4.50  e− 10 M) were estimated using the PPA-Pred2 online software (Protein-Protein Affinity 
Predictor; https:// www. iitm. ac. in/ bioin fo/ PPA_ Pred/ predi ction. html)

Table 2 Genotypic and allelic frequencies of IDO2-R248W and IDO2-Y359X in TB patients and healthy controls

R248W
(n, %)

Y359X
(n, %)

WT (CC) Heterocigoto 
(CT)

Homocigoto (TT) T allele 
frequency

WT (TT) Heterocigoto 
(TA)

Homocigoto 
(AA)

A allele 
frequency

Healthy controls 
(n = 132)

66 (50.0) 51 (38.6) 15 (11.4) 0.31 60 (7.6) 51 (87.1) 21 (5.3) 0.35

Patients (n = 151) 77 (51.0) 65 (43.0) 9 (6.0) 0.28 56 (37.1) 72 (47.7) 23 (15.2) 0.39

Total (n = 283) 143 (12.0) 116 (81.3) 24 (6.7) 0.29 116 (41.0) 123 (43.5) 44 (15.5) 0.37

P-value 0.25 0.40 0.28 0.35

https://www.iitm.ac.in/bioinfo/PPA_Pred/prediction.html
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Fig. 2 IDO1 and IDO2 mRNA levels in healthy controls, TB patients, and M. tb H37Rv-infected BALB/c mice. a IDO1 and IDO2 mRNA levels in TB 
patients and healthy controls grouped by IDO2 genotypes; (b) IDO1 and IDO2 mRNA levels in M. tb H37Rv-infected BALB/c mice with four in each 
group. The mice were infected with 300 colony-forming units by the aerosol route

Fig. 3 Quantitative standard curves by chromatographic analysis (LC/ESI–MS/MS). A Serum Trp; (B) Serum Kyn; (C) Serum Kyn/Trp ratio in TB 
patients and healthy controls. *P < 0.05

Table 3 Serum levels of Trp and its metabolites in healthy controls and TB patients (μmol/L)

* Significant differences between TB patients and healthy controls, P < 0.05

Group n Kyn/Trp Kyn Trp PA QA AA

Healthy controls 60 0.03 ± 0.01 1.70 ± 0.35 52.55 ± 10.45 0.07 ± 0.04 1.95 ± 0.88 0.69 ± 0.03

TB patients 64 0.06 ± 0.03* 2.42 ± 1.02* 48.18 ± 16.56* 0.08 ± 0.05 8.04 ± 10.33* 0.71 ± 0.08



Page 6 of 8Cao et al. Hereditas           (2022) 159:5 

Trp  =  0.061  ±  0.029). The Homocigoto mutation 
Y359X(TT) exhibited higher IDO activity (0.052 ± 0.033) 
than the average (0.050  ±  0.028), and it affected IDO 
activity more than the Homocigoto mutation Y359X(AA) 
(P = 0.021). Patients with R248W(TT) showed the high-
est serum Kyn/Trp ratio (0.061  ±  0.029) compared to 
patients with the other three SNPs.

Discussion
IDO is associated with TB development [11, 12, 16], 
and Trp metabolites catalyzed by IDO activity can be 
used as biomarkers and prognostic factors in the diag-
nosis and prognosis of TB [13–15]. However, IDO1 and 
IDO2 expression and the effects of their SNPs on the 
host immune system in TB remain unclear. In this study, 
IDO1 and IDO2 SNPs in TB patients were compared 
with healthy controls, and only IDO2 exhibited SNPs 
R248W(C–T) and Y359X(T–A) (Table  2). Different 
IDO2 SNPs exhibited different serum Kyn/Trp ratios in 
TB patients, and participants with Y359X(AA) showed 
significantly lower IDO activity than participants with 
R248W(TT) (Table 4). This may be because SNP R248W 
reduced IDO2 catalytic activity and SNP  Y359stop gen-
erated a premature stop codon, completely abolishing 
catalytic activity [17]. Further research on IDO2 SNPs 
related to specific diseases or symptoms can facilitate 
early diagnosis and immunotreatment of these diseases.

IDO-1-mediated tryptophan catabolism is highly con-
served in the human response to M. tuberculosis [27]. 
However, IDO-1 deficiency fails to impact immune con-
trol and infection outcome in the mouse model of TB 
[12]. In addition, as in the IDO2 genotypes, no IDO1 
SNP was observed in this study, irrespective of whether 
IDO1 SNPs were associated with TB. However, IDO1 
SNPs have been linked to depression [20] and reduced 
susceptibility to recurrent vulvovaginal candidiasis 
[21]. IDO1 is expressed in various tissues and performs 
immunological functions in myeloid-derived suppressor 
cell development, pathogenic neovascularization, and 
immune tolerance [28]. IDO2 is crucial for autoantibody 
production and autoimmunity, and it activates B cells 
to regulate T-cell function [29]. Although IDO2 is more 

narrowly expressed and less active than IDO1, IDO2 
and its SNPs may also play important inhibitory roles in 
autoimmunity.

IDO1 and IDO2 exhibit different enzyme activities [6, 
7] and gene expression levels in various tissues [4, 5] and 
cell types [10, 28]. The qRT-PCR results confirmed that 
IDO1 mRNA levels were higher in TB patients than in 
healthy controls, whereas IDO2 mRNA levels followed 
the opposite trend (Fig. 3). In tumor tissues, IDO2 con-
tributed to IDO1-mediated immune tolerance [4] and 
functioned as a negative regulator of IDO1 by compet-
ing with it for the heme binding site [9]. These findings 
indicate that IDO1 and IDO2 may interact and contrib-
ute to total IDO activity. The bioinformatics analysis sug-
gested that IDO1 and IDO2 directly interacted to form a 
dimer (ΔG = − 12.75 kcal/mol; Kd = 4.50  e− 10 M). IDO2 
is uniquely regulated by the aryl hydrocarbon receptor, 
which serves as a physiological receptor for Kyn [28, 30]. 
In addition, the IDO2 promoter includes a prominent 
binding site for the transcription factor interferon regula-
tory factor 7, a master regulator of dendritic cell matura-
tion [31]. IDO2 SNPs may affect IDO activity by binding 
to IDO1 through protein–protein interactions and com-
peting with IDO1 for Trp.

The IDO–Kyn pathway is involved in TB by inducing 
strong expression of IDO1 and activation of Trp metabo-
lism [12], but the role of IDO2 in TB is unclear. Higher 
IDO activity resulted in the active consumption of Trp in 
antigen-presenting cells and produced more Kyn, leading 
to a higher Kyn/Trp ratio [13, 14], which could be used 
as a biomarker in TB diagnosis [15, 16]. Moreover, Kyn 
activates FoxP3 expression and Treg cell differentiation 
in immune tolerance to pathogens [32], which further 
inhibited Th17 cell differentiation in the RORγt pathway. 
Because the number of Treg cells in peripheral blood 
mononuclear cells can be an indicator of tuberculin skin 
test reactivity and Bacillus Calmette-Guerin scar forma-
tion in TB patients [33–35], further clinical investigation 
is required to determine if the Treg/Th17 ratio may be a 
better index.

Limitations of this study were the small sample size of 
each SNP, the unknown severity of TB in patients (which 
may affect IDO activity), and no proof of direct interaction 

Table 4 Kyn and Trp serum levels in healthy controls and TB patients with R248W and Y359X genotypes (μmol/L)

* Significant differences between TB patients and healthy controls, P < 0.05

Group Healthy controls Patients R248W(TT) in patients R248W(CC) in patients Y359X(TT) in patients Y359X(AA) in patients

N 60 64 10 6 8 4

Kyn 1.70 ± 0.35 2.42 ± 1.02* 2.83 ± 1.06 2.62 ± 1.11 2.59 ± 0.98 2.37 ± 1.15

Trp 52.55 ± 10.45 48.18 ± 16.56* 47.39 ± 13.74 49.11 ± 14.69 50.23 ± 15.72 51.37 ± 16.88

Kyn/Trp 0.032 ± 0.01 0.050 ± 0.028* 0.061 ± 0.029 0.053 ± 0.031 0.052 ± 0.033 0.046 ± 0.044



Page 7 of 8Cao et al. Hereditas           (2022) 159:5  

between IDO1 and IDO2. Therefore, the conclusions were 
reached by adopting a cautious approach.

Conclusions
Only IDO2 had SNPs R248W and Y359X that affected IDO 
activity. IDO activity is regulated by Mycobacterium infec-
tion and host gene polymorphisms, especially in IDO1 and 
IDO2, and the balance of their expression in TB. This find-
ing paves the way for future research on other pathologies 
that involve the IDO isoforms and sets the path for the dis-
covery of inhibitors of not only IDO1 but also IDO2.

Abbreviations
TB: Tuberculosis; IDO: Indoleamine 2,3-dioxygenase; Trp: Tryptophan; Kyn: 
Kynurenine; SNPs: Single-nucleotide polymorphisms.

Code availability
Not applicable.

Authors’ contributions
Conception and design: TC, GD, and ZS; analysis and interpretation: HC and 
CK; and drafting the manuscript for important intellectual content: ZS and NT. 
The author(s) read and approved the final manuscript.

Funding
This study was supported by the National Natural Science Foundation 
(81871691), the Beijing Municipal Natural Science Foundation (21JG0034), and 
the Beijing Key Clinical Specialty Project.

Availability of data and materials
All data and materials generated or analyzed during this study are included in 
the article.

Declarations

Ethics approval and consent to participate
This study was approved by the Ethics Committee of Beijing Chest Hospital 
(approval number 2016–05) in accordance with the ethical standards as laid 
down in the 1964 Declaration of Helsinki and its later amendments. Written 
informed consent was obtained from participants in accordance with the 
hospital’s guidelines. The animal experiment was approved by the Animal 
Experimental Ethics Committee of Beijing Chest Hospital.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Beijing Key Laboratory of Drug-Resistant Tuberculosis Research, Beijing Tuber-
culosis and Thoracic Tumor Research Institute, 9 Beiguan Street, Tongzhou 
District, Beijing 101149, China. 2 Translational Medicine Center, Beijing Chest 
Hospital, Capital Medical University, Beijing 101149, China. 

Received: 13 September 2021   Accepted: 29 December 2021

References
 1. Sugimoto H, Oda S, Otsuki T, Hino T, Yoshida T, Shiro Y. Crystal structure 

of human indoleamine 2,3-dioxygenase: catalytic mechanism of O2 

incorporation by a heme-containing dioxygenase. Proc Natl Acad Sci U S 
A. 2006;103(8):2611–6.

 2. Cervenka I, Agudelo LZ, Ruas JL. Kynurenines: tryptophan’s 
metabolites in exercise, inflammation, and mental health. Science. 
2017;357(6349):eaaf9794.

 3. Platten M, Nollen EAA, Röhrig UF, Fallarino F, Opitz CA. Tryptophan 
metabolism as a common therapeutic target in cancer, neurodegenera-
tion and beyond. Nat Rev Drug Discov. 2019;18(5):379–401.

 4. Metz R, Smith C, DuHadaway JB, Chandler P, Baban B, Merlo LM, et al. 
IDO2 is critical for IDO1-mediated T-cell regulation and exerts a non-
redundant function in inflammation. Int Immunol. 2014;26(7):357–67.

 5. Merlo LMF, Pigott E, DuHadaway JB, Grabler S, Metz R, Prendergast 
GC, et al. IDO2 is a critical mediator of autoantibody production and 
inflammatory pathogenesis in a mouse model of autoimmune arthritis. J 
Immunol. 2014;192(5):2082–90.

 6. Ball HJ, Sanchez-Perez A, Weiser S, Austin CJ, Astelbauer F, Miu J, et al. 
Characterization of an indoleamine 2,3-dioxygenase-like protein found in 
humans and mice. Gene. 2007;396(1):203–13.

 7. Pantouris G, Serys M, Yuasa HJ, Ball HJ, Mowat CG. Human indoleamine 
2,3-dioxygenase-2 has substrate specificity and inhibition characteristics 
distinct from those of indoleamine 2,3-dioxygenase-1. Amino Acids. 
2014;46(9):2155–63.

 8. Bilir C, Sarisozen C. Indoleamine 2,3-dioxygenase (IDO): only an enzyme 
or a checkpoint controller? J Oncol Sci. 2017;3(2):52–6.

 9. Lee YK, Lee HB, Shin DM, Kang MJ, Yi EC, Noh S, et al. Heme-binding-
mediated negative regulation of the tryptophan metabolic enzyme 
indoleamine 2,3-dioxygenase 1 (IDO1) by IDO2. Exp Mol Med. 
2014;46(11):e121.

 10. Merlo LM, Mandik-Nayak L. IDO2: a pathogenic mediator of inflammatory 
autoimmunity. Clin Med Insights Pathol. 2019;9(Suppl 1):21–8.

 11. Gautam US, Foreman TW, Bucsan AN, Veatch AV, Alvarez X, Adekambi T, 
et al. In vivo inhibition of tryptophan catabolism reorganizes the tuber-
culoma and augments immune-mediated control of Mycobacterium 
tuberculosis. Proc Natl Acad Sci U S A. 2018;115(1):E62–71.

 12. Blumenthal A, Nagalingam G, Huch JH, Walker L, Guillemin GJ, Smythe 
GA, et al. M. Tuberculosis induces potent activation of IDO-1, but this 
is not essential for the immunological control of infection. PLoS One. 
2012;7(5):e37314.

 13. Suzuki Y, Suda T, Asada K, Miwa S, Suzuki M, Fujie M, et al. Serum 
indoleamine 2,3-dioxygenase activity predicts prognosis of pulmonary 
tuberculosis. Clin Vaccine Immunol. 2012;19(3):436–42.

 14. Suzuki Y, Miwa S, Akamatsu T, Suzuki M, Fujie M, Nakamura Y, et al. 
Indoleamine 2,3-dioxygenase in the pathogenesis of tuberculous pleu-
risy. Int J Tuberc Lung Dis. 2013;17(11):1501–6.

 15. Adu-Gyamfi CG, Snyman T, Hoffmann CJ, Martinson NA, Chaisson RE, 
George JA, et al. Plasma indoleamine 2, 3-dioxygenase, a biomarker for 
tuberculosis in human immunodeficiency virus-infected patients. Clin 
Infect Dis. 2017;65(8):1356–8.

 16. Shi W, Wu J, Tan Q, Hu CM, Zhang X, Pan HQ, et al. Plasma indoleamine 
2,3-dioxygenase activity as a potential biomarker for early diagnosis of 
multidrug-resistant tuberculosis in tuberculosis patients. Infect Drug 
Resist. 2019;12:1265–76.

 17. Metz R, Duhadaway JB, Kamasani U, Laury-Kleintop L, Muller AJ, Pren-
dergast GC. Novel tryptophan catabolic enzyme IDO2 is the preferred 
biochemical target of the antitumor indoleamine2,3-dioxygenase inhibi-
tory compound D-1- methyl-tryptophan. Cancer Res. 2007;67(15):7082–7.

 18. Kasamatsu T, Hashimoto N, Sakaya N, Awata-Shiraiwa M, Ishihara R, 
Murakami Y, et al. IDO2 rs10109853 polymorphism affects the susceptibil-
ity to multiple myeloma. Clin Exp Med. 2021;21(2):323–9.

 19. Napolioni V, Pariano M, Borghi M, Oikonomou V, Galosi C, De Luca A, et al. 
Genetic polymorphisms affecting IDO1 or IDO2 activity differently associ-
ate with Aspergillosis in humans. Front Immunol. 2019;10:890.

 20. Wigner P, Czarny P, Synowiec E, Bijak M, Talarowska M, Galecki P, et al. 
Variation of genes encoding KAT1, AADAT and IDO1 as a potential risk of 
depression development. Eur Psychiatry. 2018;52:95–103.

 21. De Luca A, Carvalho A, Cunha C, Iannitti RG, Pitzurra L, Giovannini G, et al. 
IL-22 and IDO1 affect immunity and tolerance to murine and human 
vaginal candidiasis. PLoS Pathog. 2013;9(7):e1003486.

 22. Azevedo BP, Farias PCS, Pastor AF, Davi CCM, Neco HVPDC, Lima RE, et al. 
AA IDO1 variant genotype (G2431A, rs3739319) is associated with severe 



Page 8 of 8Cao et al. Hereditas           (2022) 159:5 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

dengue risk development in a DEN-3 Brazilian cohort. Viral Immunol. 
2019;32(7):296–301.

 23. Arefayene M, Philips S, Cao D, Mamidipalli S, Desta Z, Flockhart DA, et al. 
Identification of genetic variants in the human indoleamine 2,3-dioxyge-
nase (IDO1) gene, which have altered enzyme activity. Pharmacogenet 
Genomics. 2009;19(6):464–76.

 24. Mamata M, Sridhar G, Reddy KR, Nagaraju T, Padma T. Is the variant 
c.422+90G → a in intron 4 of indoleamine 2, 3-dioxygenase (IDO) gene 
related to age related cataracts? Mol Vis. 2011;17:1203–8.

 25. Stremitzer S, Sunakawa Y, Zhang W, Yang D, Ning Y, Stintzing S, et al. Varia-
tions in genes involved in immune response checkpoints and association 
with outcomes in patients with resected colorectal liver metastases. Phar-
macogenomics J. 2015;15(6):521–9.

 26. Witkiewicz AK, Costantino CL, Metz R, Muller AJ, Prendergast GC, Yeo CJ, 
et al. Genotyping and expression analysis of IDO2 in human pancreatic 
cancer: a novel, active target. J Am Coll Surg. 2009;208(5):781–8.

 27. Ludovini V, Bianconi F, Siggillino A, Vannucci J, Baglivo S, Berti V, et al. High 
PD-L1/IDO-2 and PD-L2/IDO-1 co-expression levels are associated with 
worse overall survival in resected non-small cell lung cancer patients. 
Genes (Basel). 2021;12(2):273.

 28. Vogel CF, Goth SR, Dong B, Pessah IN, Matsumura F. Aryl hydrocarbon 
receptor signaling mediates expression of indoleamine 2,3-dioxygenase. 
Biochem Biophys Res Commun. 2008;375(3):331–5.

 29. Merlo LM, Mandik-Nayak L. IDO2: a pathogenic mediator of inflammatory 
autoimmunity. Clin Med Insights Pathol. 2016;9(Suppl 1):21–8.

 30. Bankoti J, Rase B, Simones T, Shepherd DM. Functional and phenotypic 
effects of AhR activation in inflammatory dendritic cells. Toxicol Appl 
Pharmacol. 2010;246(1–2):18–28.

 31. Trabanelli S, Očadlíková D, Ciciarello M, Salvestrini V, Lecciso M, Jandus 
C, et al. The SOCS3-independent expression of IDO2 supports the 
homeostatic generation of T regulatory cells by human dendritic cells. J 
Immunol. 2014;192(3):1231–40.

 32. Kaper T, Looger LL, Takanaga H, Platten M, Steinman L, Frommer WB. 
Nanosensor detection of an immunoregulatory tryptophan influx/
kynurenine efflux cycle. PLoS Biol. 2007;5(10):e257.

 33. Rampal R, Kedia S, Wari MN, Madhu D, Singh AK, Tiwari V, et al. Prospec-
tive validation of  CD4+CD25+FOXP3+ T-regulatory cells as an immuno-
logical marker to differentiate intestinal tuberculosis from Crohn’s disease. 
Intest Res. 2021;19(2):232–8.

 34. Farsida HM, Patellongi I, Prihantono SR, LarasatiLaras RA, Islam AA, Natzir 
R, et al. The correlation of Foxp3 + gene and regulatory T cells with scar 
BCG formation among children with tuberculosis. J Clin Tuberc Other 
Mycobact Dis. 2020;21:100202.

 35. Farsida SR, Hatta M, Patellongi I, Prihantono NMM, Asadul Islam A, Natzir 
R, et al. Relationship between expression mRNA gene Treg, Treg,  CD4+, 
and  CD8+ protein levels with TST in tuberculosis children: a nested case-
control. Ann Med Surg (Lond). 2020;61:44–7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Single-nucleotide polymorphisms and activities of indoleamine 2,3-dioxygenase isoforms, IDO1 and IDO2, in tuberculosis patients
	Abstract 
	Purpose: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Participants
	Serum preparation
	Measurement of serum Trp metabolites
	DNA preparation and SNP analysis
	Mouse infection experiments
	RNA isolation and qRT-PCR
	Bioinformatics and statistical analyses

	Results
	IDO1 and IDO2 SNPs in Chinese Han participants
	IDO1 and IDO2 mRNA levels in TB patients and infected mice
	Serum levels of Trp and its metabolites and the KynTrp ratio in different IDO2 genotypes

	Discussion
	Conclusions
	References


