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ABSTRACT

AIM: To analyze indoleamine 2,3-dioxygenase (IDO) production in the cell culture supernatant of phytohemagglutinin (PHA)-stimulated
peripheral blood mononuclear cells (PBMCs) from type 2 DM (T2DM) patients and investigate IDO’s association to pro- and anti-inflamma-
tory cytokines.

SUBJECTS AND METHODS: PBMC samples were collected from 21 T2DM patients and 17 normoglycemic participants, then stimulated
with PHA for 3days. Cytokine and IDO concentrations were measured in the PBMC culture supernatants. In vitro production of TNF-a, IL-6,
interferon-y, and IL-10 were measured using multiplex immunoassay. IDO concentration was assessed using ELISA. To assess how PHA
stimulation altered IDO production and to minimize the unstimulated baseline effect of T2DM, we subtracted the PHA-stimulated IDO con-
centration from the unstimulated one. IBM SPSS version 23 was used for statistical analysis.

RESULTS: The IDO concentrations in the PBMC culture supernatants were significantly higher in T2DM patients regardless of whether they
were unstimulated (P<.001) or PHA-stimulated (P=.012). Reduced IDO production was observed in 52.8% of T2DM patients and was asso-
ciated with older age and lower interferon-vy levels. Conversely, 42.8% of T2DM patients showed increased IDO concentrations, which were
correlated with the IL-6/IL-10 ratio (r=0.683, P=.021) and interferon-y/IL-10 ratio (r=0.517, P=.077).

CONCLUSION: The interferon-y level was reduced in the PBMC culture supernatant of T2DM patients with reduced IDO production.
Reduced IDO production in T2DM patients following PHA stimulation was associated with older age and, notably, higher baseline IDO con-
centrations. Since IDO is primarily produced by dendritic cells, reduced IDO production after PHA stimulation may indicate dendritic cell
dysfunction.
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Introduction

In 2019, the International Diabetes Foundation estimated that
approximately 463 million people globally had been diagnosed
with DM, and that this was predicted to rise to 576 million
people by 2030.! Almost 90% of DM were type 2 DM
(T2DM), which is characterized by high blood glucose and
insulin resistance.? A chronic low-grade inflammatory condi-
tion is often associated with insulin resistance in obesity, pre-
diabetes, and diabetes.>> This inflammatory condition is driven
by chronic hyperglycemia attributed to many intracellular
pathways, including oxidative stress, the polyol pathway,
advanced glycation end products, and protein kinase C path-
way.® Those pathways increase the production of tumor

necrosis factor-a, (TNF-a), interleukin-1p (IL-1B), and I1L.-6
from macrophages, hepatocytes, and adipocytes.®” In another
study, the Thl and Th17 cells and also their cytokines—
interferon-y and IL-17—increased in response to the activated
macrophages.® Innate and adaptive immune activation over
long periods of time disrupts anti-inflammatory response in
T2DM, which is characterized by decreasing regulatory T
(Treg) cells and IL-10 production.’

Indoleamine 2,3 dioxygenase-1 (IDO, formerly termed IDO-
1) is an enzyme produced by dendritic cell after interferon-y
stimulation.!® This enzyme can provide negative feedback fol-
lowing an inflammatory response by enhancing Treg cell prolif-
eration and dampening the effector T cells.!0 Interferon-y
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upregulates JAK/STAT pathway and interferon regulatory fac-
tor-3, thereby activating IDO.1 The IDO enzyme can catalyze
tryptophan degradation to kynurenine. Tryptophan deficit leads
to effector T cells cycle arrest and apoptosis. Kynurenine, a tryp-
tophan metabolite, also contributes to the differentiation of
naive CD4 T cell to Foxp3+ Treg cells.!?

Evaluating IDO’s role as an immunomodulator is of interest due
to the relationship between low-grade inflammation and T2DM.
Currently, IDO’s role as an immunomodulator in T2DM is
uncertain. Several studies suggest that the effect of chronic IDO
production and dysregulation of the tryptophan/kynurenine
pathway leads to insulin resistance.1® Deleting the IDO gene
in mice improved insulin sensitivity and alleviated glycemic con-
trol.’” Previous studies have also evaluated IDO activity by esti-
mating the serum kynurenine to tryptophan ratio and measuring
IDO RNA expression in specific tissues.'37 These approaches
might be less accurate for evaluating IDO as an immunomodu-
lator because they do not measure IDO concentration directly
from the immune cells. Therefore, we analyze IDO concentra-
tions in the cell culture supernatant of phytohemagglutinin
(PHA)-stimulated  peripheral blood mononuclear cells
(PBMC:s) from T2DM patients and investigate IDO’s associa-
tion with the pro- and anti-inflammatory cytokines

Subjects and Methods
Subjects

In-vitro experimental study was conducted on PBMCs from
21 T2DM patients and 17 normoglycemic participants. The
T2DM patients were 32 to 55-year-old with established
T2DM for at least 5Syears regardless of the use of anti-diabetic
medication. The normoglycemic participants were 32 to
55-year-old with fasting blood glucose (FBG) <100 mg/dL
and glycosylated hemoglobin (HbA1c) <5.7%. Exclusion cri-
teria in both groups were being pregnant, steroid use, use of
non-steroidal anti-inflammatory drugs, or antibiotics within
the 2weeks preceding the study; and infection at the time of
blood collection, including symptoms of fever, sore throat, res-
piratory tract infection, or urinary tract infection.

Ethic consideration

The study was approved by the ethical committee of the Faculty
of Medicine from Universitas Indonesia (reference number
19-03-0221). All participants provided their written, informed
consent to take part in this research.

Blood collection and PBMC isolation. All participants were asked
to fast overnight for 10 to 12-hours before the examination.
Venous blood was taken from all participants and 5mL was
placed into 1 EDTA tube and 1 lithium-heparin tube. Blood
collected in EDTA tube was used to measure glucose and lipid
profile—FBG, HbAlc, triglyceride, total cholesterol, low-den-
sity lipoprotein cholesterol (LDL-C), and high-density lipo-
protein cholesterol (HDL-C). Serum FBG and lipids were

measured using the spectrophotometric method and HbAlc
was measured using a semi-automated analyzer; Quo-Lab
HbA1c analyzer (EKF diagnostics, UK) with measuring range
of 4% to 15% at the National Institute of Health Research and
Development, Ministry of Health, Bogor, Indonesia.
Lithium-heparin whole blood was used for PBMC isolation.
Within 1hour after sampling, 4mL of lithium-heparin whole
blood was added to sterile 15 mL-Eppendorf tubes containing
4mL (1:1) RPMI 1640 medium. PBMCs were isolated from
RPMI diluted blood by centrifugation through 4 mL of Ficoll-
Paque Plus (GE Healthcare Life Sciences, USA)

Cell cultures. PBMCs were washed twice in 2 mL RPMI 1640
and resuspended in cell culture medium consisted of RPMI
1640 supplemented with 10% heat-inactivated fetal bovine
serum, and 1% streptomycin at a concentration of 106 cells/mL.
A 500 uL cell suspension was placed in a 24-well tissue culture
plate. Then, either 500 pL of 20mM Gibco PHA-M (Thermo
Fisher Scientific, California, USA) or 500 uL of cell culture
medium (the control medium) was added to the wells. There-
fore, the final concentration of PHA-M in the cell culture was
10 mM. Next, culture plates were incubated for 3 days at 37°C,
5% CO2. After incubation, all samples were centrifuged and
the supernatants were harvested and stored at -20°C until
assay. PHA, a lectin extract from red kidney beans, is used to
stimulate T cells in vitro. PHA initiates cell signaling via CD2
and CD3 receptors, which leads to Ca?+ influx through cal-
cium channels.’®? PHA-activated Th1 cells produce IFN-y,
which eventually induce IDO production.

Cytokines analysis

Cell culture supernatants were measured for in vitro cytokines
and IDO production. TNF-o., IL-6, interferon-y, and IL-10
were analyzed using magnetic bead-based multiplex assay
(R&D Systems, Minneapolis, USA).

All samples and reagents were brought to room temperature.
Fifty microliters of magnetic microsphere suspension and
50 pL of the samples were added to a black 96 microwell plate.
The plate was then incubated on a horizontal orbital micro-
plate shaker at 800 rpm at room temperature for 2 hours. After
a washing step, 50 uL. of biotin-labeled detection antibody was
added to the wells and incubated for 30 minutes on the shaker
at room temperature. Following another washing step, the plate
was incubated with streptavidin-phycoerythrin for 2 minutes.
The samples were measured using Luminex 200 (Luminex,
Austin, Texas). Detection limits were 0.6 pg/mL for TNF-a;
1.11 pg/mL for IL-6, 1.27 pg/mL for interferon v; and 0.3 pg/
mL for IL-10.

IDO analysis

The IDO concentration of the cell culture supernatant was meas-
ured using sandwich ELISA (Cloud Clone Corp, Texas, USA).

All samples and reagents were brought to room temperature. One
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Table 1. Baseline characteristics of subject.

BASELINE CHARACTERISTIC

NORMOGLYCEMIC

OF SUBJECTS GROUP (N=17)
Female sex (n, %) 11 (64.7)
Male sex (n, %) 6 (35.2)
Age (years) 40.2+4.5
BMI (kg/m2) 229+26
FBG (mg/dL) 92.3+13.9
HbA1c (%) 4.8=+0.5
Triglyceride (mg/dL) 87.1+39.5
Total cholesterol (mg/dL) 189.7 = 29.1
LDL-C (mg/dL) 119.1 +28.7
HDL-C (mg/dL) 56.1+12.6

T2DM GROUP
(N=21)
11 (52.4) 521
10 (47.6)
46,4+6,3 .002**
27.8+3.8 <.001***
214.6+96.7 <.001***
9.1+3.0 <.001***
175.3+76.9 <.001***
203.2+33.2 197
1247 +32.5 577
46.2+7.3 .008**

Abbreviations: T2DM, type 2 diabetes mellitus; BMI, body mass index; FBG, fasting blood glucose; HbA1c, glycosylated hemoglobin; LDL-C, low density lipoprotein

cholesterol; HDL-C, high density lipoprotein cholesterol.

Statistical significances were calculated using unpaired Student’s t-test. Data were represented as mean + standard deviation.

**P<.01.***P<.001.

hundred microliters of the samples and standards were added to
the appropriate well and incubated for 1hour at 37°C. The liquid
was removed from each well, added to 100pL of the detection
antibody, then incubated for 1hour at 37°C. After a washing step,
100 pLL of streptavidin-HRP was added and the plate was incu-
bated for 30 minutes at 37°C. Following a second washing step,
90uL of tetramethylbenzidine solution was added to each well
and incubated for 20 minutes. Once the liquid began to turn blue,
50pL of stop solution was added and the plate was run on the
microplate reader at a wavelength of 450 nm. The IDO detection
limit was 0.127 ng/mL. To assess the alteration of IDO produc-
tion after PHA stimulation and to minimize the unstimulated
baseline effect of T2DM, we subtracted the PHA-stimulated

IDO concentration from the unstimulated one.

Data analysis. Data were analyzed using IBM-Statistical
Package for the Social Sciences for Windows, Version 23.0
(IBM SPSS, IBM Corp, Armonk, NY). A Shapiro-Wilk test
was used to assess normality between groups. Unpaired Stu-
dent’s t-tests were used to compare the baseline characteristics
between the 2 groups. The IDO concentration between the 2
groups was compared using the Mann-Whitney U test. One-
way analysis of variance (ANOVA) with LSD post-hoc tests
were used to compare the differences between cytokines and
age among the 3 groups—normoglycemic participants, T2DM
with increased IDO, and T2DM with reduced IDO—if the
data were distributed normally. Otherwise, Kruskal Wallis tests
were used. Spearman correlations were used to analyze the cor-
relations between cytokine and IDO concentrations. Covariate
analysis was analyzed using linear regression. Statistical signifi-
cance was accepted at P<<.05

Results

Subject characteristics

The baseline characteristics of the 21 T2DM patients and 17
normoglycemic participants enrolled in this study are pre-
sented in Table 1. As expected, the T2DM group had higher
FBG, HbAlc, and triglyceride levels (P<<.001) with lower
HDL-C levels (P=.008). There were no significant differences
in total cholesterol and LDL-C levels. Moreover, based on
FBG and HbA1lc, most of our T2DM patients were consid-
ered as poorly-controlled T2DM and only 7 out of 21 T2DM
patients were well controlled. The normoglycemic group was
younger and leaner than the T2DM group, which introduces a
high chance of confounding factors. Therefore, further multi-
variate analyses included age and body mass index (BMI) as
covariates.

IDO production in T2DM-PBMC culture

supernamnt

Figure 1 shows that supernatant from T2DM patients had
significantly increased IDO concentrations in the unstimu-
lated PBMC culture [T2DM median=0.375 (min 0.168,
max 0.730) ng/mL vs normoglycemic median=0.241 (min
0.143, max 0.322) ng/mL, P<.001] and PHA-stimulated
PBMC culture [T2DM median=0.484 (min 0.155, max
0.817) ng/mL vs normoglycemic median=0.322 (min 0.074,
max 0.385) ng/mL, P=.012]. T2DM patients still had sig-
nificantly higher IDO concentrations than normoglycemic
participants in the unstimulated (P=.041) and PHA-
stimulated (P=.033) culture supernatants after adjusting for
BMI and age (Supplemental Table 1).
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Figure 1. IDO concentration from PHA-stimulated and unstimulated

PBMC of control subjects and Type 2 DM patients.

Abbreviations: IDO, indoleamine 2,3 dioxygenase; PHA, phytohemagglutinin,
T2DM, type 2 diabetes mellitus.

Statistical significances were calculated using Mann-Whitney test.
*P<.05.***P<.001.
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Figure 2. Scatter plot of alteration of IDO in the PBMC cultures

supernatant from normoglycemic participants and T2DM patients.
Abbreviations: IDO, indoleamine 2,3 dioxygenase; T2DM, type 2 diabetes
mellitus; PBMC, peripheral blood mononuclear cells.

To assess how PHA stimulation altered IDO production
and to minimize the unstimulated baseline effect of T2DM, we
subtracted the PHA-stimulated IDO production from the
unstimulated one. PHA stimulation altered the IDO concen-
tration in all participants by 0.0389 + 0.077 ng/mL. As shown
in Figure 2, we categorized the IDO productions into 3 groups
according to mean * SD: mean range, increased IDO produc-
tion, and reduced IDO production. The IDO production of 13
normoglycemic participants (76.5%) was in the mean range,
whereas almost all T2DM patients had IDO production out-
side of the mean range. Eleven T2DM patients (52.8%) had a
reduced IDO production, 9 T2DM patients (42.8%) had
increased IDO production, and only 1 T2DM patient had an
IDO production within the mean range. Thus, we divided
T2DM patients into those with increased IDO production and
those with reduced IDO production. The IDO production of
T2DM patient within mean IDO production range was
excluded from further analyses. To reduce bias due to BMI,

age, and cytokines concentration in normoglycemic group, the

IDO productions of normoglycemic participant outside mean
range IDO production range were also excluded.

Cytokines and associated IDO production in
PBMC culture

T2DM patients had increased obesity rates compared to nor-
moglycemic participants, but there was no BMI difference
between the T2DM patients with increased IDO production
and those with reduced IDO production. Table 2 also shows a
significant effect of age on IDO production in PBMCs after
PHA stimulation. Increased IDO production was observed in
PBMC:s from younger T2DM patients. Meanwhile, PBMCs
from older T2DM patients tended to produce lower IDO con-
centrations after PHA stimulation, even though they had
higher baseline IDO concentrations. The T2DM patients with
reduced IDO production had significantly lower interferon-y
levels compared to normoglycemic participants (P=.004).
Meanwhile, TNF-a., IL-6, and IL-10 production did not sig-
nificantly differ across groups (Table 2).

We compared the IDO concentration from PHA-stimulated
culture supernatants and pro/anti-inflammatory cytokines
ratio in each group. As shown in Table 3, the IDO concentra-
tion in T2DM patients with increased IDO production was
moderately and positively correlated with the IL-6/1L-10 ratio
(P=.021) and interferon-y/IL-10 ratio (P=.077). Conversely,
the IDO concentration in T2DM patients with reduced IDO
production was not correlated with the pro-/anti-inflamma-
tory cytokine ratios.

Discussion

The current study reveals 3 findings of primary significance.
First,IDO concentrations were higher in the unstimulated and
PHA stimulated-PBMCs of T2DM patients compared to
normoglycemic individuals, even after accounting for BMI and
age. Second, PHA stimulation in the T2DM patients produced
IDO levels that were higher or lower than the mean range.
Third, reduced IDO production in PHA-stimulated PBMCs
from T2DM patients was associated with higher BMI, older
age, and lower interferon-y concentrations.

To the best of our knowledge, this is the first study that analyz-
ing IDO production following PHA stimulation from PBMCs
collected from T2DM patients. The current results provide
new insight into IDO’s mechanism underlying regulation of
chronic low-grade inflammatory response in type 2 DM.
Increased IDO concentrations were observed in PBMCs from
T2DM patients compared to normoglycemic participants.
This finding is consistent with other studies that showed that
IDO enzymatic activity, analyzed by kynurenine/tryptophan
ratio increased in T2DM™ and patients with diabetic nephrop-
athy."> Moreover, the subcutaneous fat of obese patients shows
adecreased Th17/Treg ratio that is correlated with an increased
kynurenine/tryptophan ratio.?’ These results reflect that IDO
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Table 2. Comparison of BMI, age, IDO, and cytokine concentrations of PBMC culture supernatants from mean range-normoglycemic participants,
T2DM patients with increased IDO production, and T2DM patients with reduced IDO production.

PARAMETERS NORMOGLYCEMIC
PARTICIPANTS

No of persons (n) 13

BMI (kg/m?2) 23.04 +2.98
Age (years) 41.38+4.23
Baseline IDO (ng/mL) 0.236 +0.06
PHA-stimulated IDO (ng/mL) 0.270+0.07
Alteration of IDO production (ng/mL) 0.034 +0.02

TNF-a (pg/mL) 6,843.25+3,531.24

IL-6 (pg/mL) 368.40 [32.73-960.00]

Interferon-y (pg/mL) 10,710.83 +5,434.34

IL-10 (pg/mL) 111.52 [34.56-485.90]

T2DM PATIENTS WITH
HIGHER IDO PRODUCTION

T2DM PATIENTS WITH
REDUCED IDO PRODUCTION

9 11
27.4+219" 28.17 +5.02**
43.33+5.85# 48.27+ 583"
0.295 +0.09### 0.498 + 0.14™*
0.674 % 0.09"* ### 0.321+0.13

0.378 = 0.14***### -0.176 = 0.09***

7,5655.72 + 3,450.36 5,375.87 =3,344.72

380.40 [179.27-1,321.50] 339.32 [9.79-1,189.53]

8,614.80 = 3,039.96 5,820.79 +1,343.43**

142 [54.70-982.87] 89.18 [6.46-385.91]

Abbreviations: BMI, body mass index; IDO, indoleamine 2,3-dioxygenase; PHA, phytohemagglutinin; TNF-a, tumor necrosis factor-a; IL-6, interleukin 6; IL-10, interleukin

10; T2DM, type 2 diabetes mellitus.

BMI, age, baseline IDO concentration, PHA-stimulated IDO concentration, alteration of IDO production, TNF-a,, and interferon-y data are presented as mean = standard
deviation and analyzed using one-way ANOVAs with LSD for post-hoc analysis. IL-6 and IL-10 data are presented as median [min-max] and statistical significance was

calculated using the Kruskal Wallis test.

**P <.01 versus normoglycemic participants. ***P <.001 versus normoglycemic participants. #P < .05 versus T2DM with reduced IDO production. ###P<.001 versus

T2DM with reduced IDO production.

Table 3. Correlation between the IDO concentration and ratio of pro-/anti-inflammatory cytokines in PHA-stimulated PBMC supernatant from

normoglycemic participants and T2DM patients.

T2DM PATIENTS WITH HIGHER
IDO PRODUCTION (N=9)

T2DM PATIENTS WITH REDUCED
IDO PRODUCTION (N=11)

PARAMETER NORMOGLYCEMIC
PARTICIPANTS (N=13)
R P
TNF-o/IL-10 ratio -0.003 496
IL-6/IL-10 ratio 0.340 128
Interferon-y/IL-10 ratio 0.440 .066

R P

0.383 154 -0.155 .325
0.683 .021* 0.127 .355
0.517 .077 0.009 489

Abbreviations: IDO, indoleamine 2,3-dioxygenase; TNF-a, tumor necrosis factor-a; IL-6, interleukin 6; IL-10, interleukin 10; T2DM, type 2 diabetes mellitus.

All correlations were calculated using Spearman correlations.
*P <.05.

production acts as the compensatory mechanism to provide
negative feedback to reduce low-grade chronic inflammatory
condition in T2DM patients. We hypothesize that low-grade
chronic inflammatory condition would promote dendritic cells
and macrophages to increase IDO enzyme production to sup-
press the activity of effector T cells, even in the absence of
stimulation.

We observed that T2DM patients with reduced IDO produc-
tion were older and had a higher baseline IDO level with lower
PHA-stimulated IDO concentrations compared to T2DM
patients with increased IDO production. The IDO concentra-
tion in PBMC culture supernatants might be influenced by
chronic innate immune activation due to aging, known as
inflamm-aging.?! Marttila et al*?> found that aging was

associated with increased IDO activity in serum collected in
non-stimulated and non-acute conditions. The dendritic cells
of aged people have increased NF-kB expression, type 1 inter-
feron, and IL-6 levels after stimulation with self-antigen,?32*
without an induction of tolerance.?” The current study revealed
a loss of tolerance in aging through reduced IDO production in
PHA-stimulated PBMC cultures.

Pro-inflammatory cytokines play an essential role in IDO
production.?6?7 In T2DM patients with reduced IDO pro-
duction, the low interferon-y level is the vital factor that may
contribute to decreased IDO production,?® even though
there was no correlation with pro-/anti-inflammatory ratio.
However, the interferon-y concentration was not signifi-
cantly different between the T2DM patients with reduced
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and increased IDO production, and its concentration in
T2DM patients with increased IDO production also
appeared lower than interferon-y level in normoglycemic
participants. It appears that altered IDO production in
T2DM with increased IDO production is not only influ-
enced by interferon-y, but also the inflammatory response
quantified by pro-/anti-inflammatory ratio of IL-6/1L-10
and interferon-y/IL-10.

The study limitations include a small sample size after
T2DM patients were categorized to T2DM with reduced
and increased IDO production group. Further, at the time of
the study, we did not measure the number of cytokine-pro-
ducing cells or analyze the number of functional T cells and
dendritic cells. We also did not compare the IDO concentra-
tions with expression of the IDO-1 gene or the kynurenine/
tryptophan ratio.

Conclusion

The interferon-y level was reduced in the PBMC culture
supernatant of T2DM patients with reduced IDO production.
Low IDO concentration following PHA simulation in T2DM
PBMC:s was associated with older age and, notably, a higher
baseline IDO concentration. Since IDO is primarily produced
by dendritic cells, reduced IDO production following PHA

stimulation may reflect dendritic cell dysfunction.
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