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Discovery and characterization of natural products as
novel indoleamine 2,3-dioxygenase 1 inhibitors through
high-throughput screening
Wei Guo1,2, Sheng Yao3,4, Pu Sun1,2, Tian-biao Yang4, Chun-ping Tang3,4, Ming-yue Zheng4, Yang Ye3,4,5 and Ling-hua Meng1,2

Indoleamine 2,3-dioxygenase 1 (IDO1) is emerging as a promising therapeutic target for the treatment of malignant tumors
characterized by dysregulated tryptophan metabolism. However, the antitumor efficacy of existing small-molecule IDO1 inhibitors
is still unsatisfactory, and the underlying mechanism remains largely undefined. To identify novel IDO1 inhibitors, an in-house
natural product library of 2000 natural products was screened for inhibitory activity against recombinant human IDO1. High-
throughput fluorescence-based screening identified 79 compounds with inhibitory activity > 30% at 20 μM. Nine natural products
were further confirmed to inhibit IDO1 activity by > 30% using Ehrlich’s reagent reaction. Compounds 2, 7, and 8 were
demonstrated to inhibit IDO1 activity in a cellular context. Compounds 2 and 7 were more potent against IDO1 than TDO2 in the
enzymatic assay. The kinetic studies showed that compound 2 exhibited noncompetitive inhibition, whereas compounds 7 and 8
were graphically well matched with uncompetitive inhibition. Compounds 7 and 8 were found to bind to the ferric-IDO1 enzyme.
Docking stimulations showed that the naphthalene ring of compound 8 formed “T-shaped” π–π interactions with Phe-163 and that
the 6-methyl-naphthalene group formed additional hydrophobic interactions with IDO1. Compound 8 was identified as a derivative
of tanshinone, and preliminary SAR analysis indicated that tanshinone derivatives may be promising hits for the development of
IDO1 inhibitors. This study provides new clues for the discovery of IDO1/TDO2 inhibitors with novel scaffolds.
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INTRODUCTION
Indoleamine 2,3-dioxygenase (IDO) and tryptophan 2,3-dioxygen-
ase 2 (TDO2) are intracellular heme-containing metalloproteins
that initiate the first and the rate-limiting steps of tryptophan
breakdown along the kynurenine pathway [1]. IDO is ubiquitously
expressed in many types of cells and tissues, with the highest
expression occurring in antigen-presenting cells, such as macro-
phages and dendritic cells. Two homologs, IDO1 and IDO2, have
been found in the IDO family, and IDO1 is by far the better
characterized of the two, and it has a central role in mediating
immune privilege and preventing T-cell-driven rejection of
allogeneic fetuses during pregnancy [2]. Although the sequence
similarity between human IDO1 and TDO2 is poor (16%), the high
similarity of their catalytic domains has been revealed by protein
crystallography studies. Although TDO2 is specific for metaboliz-
ing tryptophan to kynurenine, IDO1 recognizes a broad range of
indole-containing substrates, including the neurotransmitter
melatonin. IDO1 is ubiquitously expressed in many tissues
and cells, including endothelial cells and cells that in part
constitute the tumor microenvironment, such as fibroblasts,

macrophages, myeloid-derived suppressor cells, and dendritic
cells. In contrast, TDO2 is predominantly expressed in the liver,
where it has a key role in maintaining the systemic homeostasis of
the tryptophan levels [3]. The expression of IDO1 is greatly
elevated in multiple types of human cancer and is correlated with
a poor prognosis [4–6]. Recently, IDO1 has been shown to play an
important role in the process of immune evasion by tumors [7].
The IDO-mediated depletion of local tryptophan levels and
the production of toxic metabolites results in the suppression of
T-cell responses and the enhancement of immunosuppression
mediated by regulatory T cells [8, 9].
As such, IDO1 has emerged as a promising therapeutic target,

prompting searches for highly active inhibitors. The landmark
competitive inhibitor 1-methyl-L-tryptophan (1-L-MT) was identi-
fied in the early 1990s and has a reported Ki of 34 μM. However,
1-L-MT is a rather poor IDO1 inhibitor when tested in IDO1-
expressing human tumor cells, as 1-L-MT concentrations >200 μM
are required to block IDO1-mediated tryptophan degradation by
50% [10]. The X-ray crystal structure of human IDO1 in a complex
with an inhibitor (4-phenylimidazole or cyanide) was revealed in
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2006 and facilitated the discovery of new IDO1 inhibitors [11].
Recently, several potent IDO1 inhibitors have been identified by
unbiased screening [12, 13], structure-based modification [14, 15],
and in silico drug design [15, 16]. However, only six compounds,
1-methyl-D-tryptophan (1-D-MT), hydroxylamidine INCB024360,
NLG802, BMS-986205, SHR9146, LY3381916, and PF-06840003, are
currently in clinical trials. Therefore, the number and structures
of IDO1 inhibitors in clinical trials are very limited, and new
inhibitors with diverse structures and improved activities are of
great interest.
Herein, we screened an in-house natural product library for

novel inhibitors of IDO1. The screening led to the discovery that
compounds 2, 7, and 8 showed inhibitory potencies in the
micromolar range. Detailed kinetic studies were performed and
revealed that compound 2 exhibited noncompetitive inhibition,
whereas compounds 7 and 8 showed uncompetitive inhibition.
Compounds 7 and 8 were shown to interact with the ferric form of
IDO1. Preliminary SARs were drawn from the analogs of
compound 8 and corroborated the putative binding orientation
suggested by molecular docking.

MATERIALS AND METHODS
Materials
Methylene Blue hydrate (#28514), L-tryptophan (#T0254), DMSO
(#D2650), and p-dimethylaminobenzaldehyde (#D2004) were
purchased from Sigma (St. Louis, MO, USA). Catalase, bovine
hemin, and ascorbic acid were purchased from Sangon (Shanghai,
China). Piperidine and TCA were obtained from SCRC (Shanghai,
China). INCB024360 and Selleck Customized Library–Z100688
were purchased from Selleck Chemicals (Houston, TX, USA). The
natural product library was constructed by the Department of
Natural Products Chemistry, Shanghai Institute of Materia Medica,
Chinese Academy of Sciences. Cell Counting Kit-8(#CK04) was pur-
chased from Dojindo (Kumamoto, Japan). Recombinant IDO1 and
TDO2 were expressed and purified in our laboratory as described
previously [17]. The plasmids pET28a-hIDO1, pET28a-hTDO2,
pcDNA3.1-hIDO1, and pcDNA3.1-TDO2 were synthesized by
Synbio Technologies (Suzhou, China).

Cell culture
HEK 293 cell line was obtained from ATCC (Manassas, VA, USA).
Cells were grown in Dulbecco’s modified Eagle’s medium
(Corning, New York, USA) supplemented with 10% fetal bovine
serum (Gibco, New York, USA) in 5% CO2 at 37 °C.

Expression and purification of rhIDO1 and TDO2
Recombinant human IDO1 (rhIDO1) was expressed and purified
from Escherichia coli transformed with pET28a-hIDO1 and pET28a-
hTDO2 plasmids as described previously [17]. The elution buffer
for the gel filtration was 25 mM Tris (pH 7.4) with 5% glycerol. The
Soret’s ratio (A404/A280) of purified protein was 1.9–2.2.

Enzymatic assays of IDO1 and TDO2
The effects of the test compounds on the enzymatic activity of
IDO1 were determined as previously described with minor
modifications [18]. In brief, the reaction mixture (30 μL) containing
potassium phosphate (100 mM, pH 6.5), ascorbic acid neutralized
with NaOH (40mM), catalase (200 μg/mL), methylene blue
(20 mM), and rhIDO1 or rhTDO2 (0.05 μM) was added to a solution
(60 μL) containing the substrate (L-tryptophan, 250 μM) and test
compounds at the desired concentration. The reaction was carried
out at 37 °C for 30 min and stopped by adding 45 μL of 30% (w/v)
trichloroacetic acid. After being incubated at 65 °C for 15 min, the
reaction mixture was centrifuged at 12000 r/min for 10 min. The
supernatant (100 μL) was transferred into a 96-well microplate and
mixed with 100 μL of 2% (w/v) p-dimethylaminobenzaldehyde
(pDMAB) in acetic acid. The yellow pigment derived from

kynurenine was measured at 492 nm using a SpectraMax Plus
384 microplate reader (Molecular Devices, Sunnyvale, CA). The
data were analyzed using the enzyme kinetics module in
SigmaPlot, version 10.
The fluorescent enzymatic assay was carried out in 384-well

plates as described previously [19] with minor modifications.
The reaction was carried out in the presence of IDO1 holoenzyme,
which consumed no more than ~30% of the initial L-Trp
over 30 min and was terminated by the addition of piperidine
(200mM, final concentration). The plate was incubated at 65 °C for
15min and left at room temperature for 60 min prior to
measurement with a SYNERGY H1 microplate reader (Bioteck,
Winooski, VT, USA). The inhibitory rate was calculated using the
formula (ODcontrol−ODblank)−(ODtreatment−ODblank)/(ODcontrol−
ODblank) × 100%. The IC50 values were determined by nonlinear
regression analysis with Prism 4 software (GraphPad Software Inc.,
San Diego, CA, USA). The Z’ factor of the assay was calculated
using the formula [(ODmean control−3SDcontrol)−(ODmean blank+
3SDblank)]/(ODmean control−ODmean blank).

Cell-based assay of IDO1 and TDO2 activities
HEK 293 cells were seeded in a six-well plate at a density of 5 × 105

cells/well. The next day, the HEK 293 cells were transfected with
pcDNA3.1-hIDO or pcDNA3.1-hTDO using Lipofectamine 2000
according to the manufacturer’s instructions. The cells were
seeded in 96-well plates at a density of 2.5 × 104 cells/well 24 h
after transfection and treated with tested compounds. After an
additional 12 h of incubation, 200 μL of the culture medium from
each well was transferred to a 96-well plate and mixed with 100 μL
of 30% trichloroacetic acid. The plate was incubated at 65 °C for
15min to hydrolyze the N-formylkynurenine produced by the
catalytic reaction of IDO1 or TDO2. The reaction mixture was then
centrifuged at 12 000 r/min for 10 min. Then, 100 μL of the
supernatant was transferred to another 96-well plate and mixed
with 100 μL of 2% (w/v) p-dimethylaminobenzaldehyde in acetic
acid. The yellow color derived from kynurenine was measured at
492 nm using a SpectraMax Plus 384 microplate reader (Molecular
Devices, Sunnyvale, CA, USA).

Determination of the inhibition kinetics of IDO1 inhibitors
The inhibition kinetics were determined as described previously
[20]. In brief, the enzymatic activity of IDO1 was determined with a
serial dilution of the test compounds with L-tryptophan at
concentrations ranging from 7.5 μM to 30 μM. A function of S/V
against I was plotted, where S represents the substrate
concentration, V represents the reaction velocity and I represents
the inhibitor concentration. The intersect points in the plots were
used to measure an apparent inhibition constant, Ki. Graphing and
statistical analysis of the data were performed using Prism
4 software (GraphPad Software Inc., San Diego, CA, USA).

Measurement of IDO1 absorbance spectra
The absorbance spectra (300–700 nm) were measured immedi-
ately after the addition of the test compounds (20 μM in 0.1%
dimethyl sulfoxide; DMSO) to rhIDO1 (3 μM) in phosphate buffer
using a SYNERGY H1 microplate reader (Bioteck Winooski, VT,
USA). The ferrous form of heme was obtained by adding sodium
dithionite (10 mM). Changes in the absorbance at 404 or 428 nm
indicated binding to the ferric or ferrous iron of the heme,
respectively.

Cell viability assay
Cell viability was determined using a Cell Counting Kit-8 (CCK8)
assay. HEK 293 cells were seeded in 96-well plates at a density of
2.5 × 104 cells/well, incubated for 24 h, and then treated with the
tested compounds. After an additional incubation of 12 h, CCK8
was added to each well. After another 2 h incubation period, the
absorbance was measured at 450 nm (SpectraMax Plus 384
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microplate reader, Molecular Devices). Graphing and statistical
analysis of the data were performed using Prism 4 software
(GraphPad Software Inc., San Diego, CA, USA).

Molecular docking
LigPrep (version 2.4, Schrödinger, LLC, New York, NY, 2010) was
used to generate stereoisomers and tautomers, and the protona-
tion states of the ligands at pH 7.0 ± 2.0 were determined with
Epik [21]. For other parameters, the default values were used.
The crystal structure of IDO1 complexed with NLG919 analog 1-

CE (PDB access code: 5EK3) [22, 23] was selected for molecular
docking. The structure was prepared with the Protein Preparation
Wizard Workflow provided in the Maestro module of Schrödinger
software (Schrödinger, LLC: New York, NY, 2015). The protein
structure was first fixed by assigning bond orders, adding
hydrogens, creating zero-order bonds to metals, creating disulfide
bonds, filling in missing side chains using Prime, deleting water
molecules >5 Å from the het group, removing waters with less
than three H-bonds to nonwaters, and restraining the minimiza-
tion to allow only hydrogen atoms to be freely minimized.
Subsequently, the receptor grid of the complex was generated
with the Glide module of Schrödinger software, and the grid
boxes were defined as a 10 × 10 × 10 Å3 region centered at the
original ligand of the complex structure. In addition, one metal-
ligand interaction was introduced into the heme iron during grid
box generation. For the other parameters, the default values
were used.

RESULTS
Screening of the natural product library for inhibitors of rhIDO1
To identify novel IDO1 inhibitors with diverse structures, we used
a fluorescent assay for measuring IDO1 activity that was suitable
for high-throughput screening [19]. The Z’ factor was determined
to be 0.572, confirming the stability of the high-throughput
screening assay (Fig. 1a). A customized Library-Z100688 contain-
ing 2430 drug candidates targeting different oncogenic
processes was screened as a pilot study. As shown in Fig. 1b,
NLG919 and INCB024360, two known IDO1 inhibitors, displayed
inhibitory activity against IDO1, indicating the sensitivity of this
fluorescence-based assay. We next sought to screen an in-house
natural product library containing 2000 natural products with
this assay. A total of 79 compounds displayed inhibitory activity ≥

30% against IDO1 at 20 μM (Fig. 2a). Because compounds
with fluorescence interfere with the analysis of kynurenine
using fluorescence spectroscopy, the 79 compounds were
re-evaluated with a pDMAB-based assay, in which kynurenine
reacts with p-dimethylaminobenzaldehyde to produce a sub-
stance with an absorbance at 480 nm. As shown in Fig. 2b, 9
of the 79 natural products were found to inhibit rhIDO1 by >30%.
To further confirm the activities of these nine compounds
against IDO1, HEK 293 cells overexpressing human IDO1
were treated with the nine natural products, and the cellular
activity of IDO1 was detected by measuring the level of
kynurenine released by the cells. Compounds 2, 7, and 8 inhibited
the cellular activity of IDO1 by 79.7%, 101.8%, and 83.6%,
respectively (Fig. 2c). Thus, compounds 2, 7, and 8 were identified
as new inhibitors of IDO1.

Activity of compounds 2, 7, and 8 against rhIDO1 and cellular IDO1
We found that natural products 2, 7, and 8 were able to inhibit the
activity of IDO1. As shown in Fig. 3a, compound 2, 9-O-
demethyltrigonostemone, was isolated from the roots of Trigo-
nostemon chinensis and has been reported to show cytotoxicity in
multiple types of cancer cells [24]. Compound 7 is shikonin from
Radix Arnebiae and was reported to possess anti-inflammatory
activity [25]. Compound 8 is dihydrotanshinone I from Radix
Salviae Miltiorrhizae and shows cytotoxicity against many types of
cancer cells [26].
We next sought to examine the activity of compounds 2, 7, and

8 against IDO1 in more detail. These compounds inhibited the
catalytic activity of IDO1 in a dose-dependent manner, with IC50
values of 2.2 μM, 0.98 μM, and 2.8 µM in the case of compounds 2,
7, and 8, respectively (Fig. 3b). INCB024360 was included in the
assay as a positive control, and it showed an IC50 of 0.11 μM. We
next examined the ability of compounds 2, 7, and 8 to inhibit the
catalytic activity of IDO1 in a cellular context by determining the
level of kynurenine, the catabolite of tryptophan, in the cell culture
media. As shown in Fig. 3c, compounds 2, 7, and 8 downregulated
the level of kynurenine with IC50 values of 18.4 μM, 2.2 μM, and
25.7 μM, respectively. The discrepancy between the IC50 values
obtained in the biochemical assay and cellular assay might be
owing to the ability of each compound to enter the cells. To
determine whether the decrease in kynurenine production
observed in cells treated with the compounds was owing to
cytotoxicity, a CCK8 assay was performed. This assay showed that

Fig. 1 Confirmation of the high-throughput screening assay. a OD values of the blank and control. The Z’ factor was determined to be 0.572.
b Fluorescence-based screening of Selleck Customized Library-Z100688 compounds (n= 2430) at 20 μM. NLG919 and INCB024360 are known
IDO1 inhibitors
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compounds 2 and 8 exhibited no effect on cell viability under the
conditions used for the kynurenine assay. Compound 7 slightly
reduced cell viability, but the effect was marginal compared with
its activity against kynurenine production.
Compound 8 is a tanshinone analog and showed promising

inhibition of IDO1 with low cytotoxicity. The three other
tanshinone derivatives in the screened natural compound library
displayed variable activities against IDO1 (Table 1), indicating that
tanshinone derivatives may be promising candidates as IDO1
inhibitors.

Analysis of the inhibition modes
To elucidate their modes of inhibition, detailed kinetic experi-
ments were performed with natural products 2, 7, and 8. The
IDO1-mediated enzymatic assay was performed in the presence of
the compounds with increasing concentrations of the substrate
(tryptophan), and the inhibitory kinetics were analyzed by plotting
[S]/[V] against the concentration of the test compound, where [S]
represents the concentration of tryptophan and [V] represents the
reaction velocity [27]. For competitive inhibition, the plots of [S]/
[V] vs. [I] have no intersect [27], and consistent with previous

publications [28], INCB024360 exhibited competitive inhibition
(Fig. 4a). The plots corresponding to compound 2 matched plots
typical of noncompetitive inhibition as they showed an X intersect
(Fig. 4b), whereas the plots corresponding to compounds 7 and 8
were a good graphical match to uncompetitive inhibition (Fig. 4c,
d). The Ki values of 2, 7, and 8 were calculated from the plots and
were 6.9 μM, 1.4 μM, and 2.8 μM, respectively.

Spectroscopic studies on the binding of compounds 2, 7, and 8
with IDO1
To provide evidence for the involvement of interactions of heme
in the inhibition of IDO1 activity, we measured the absorbance of
IDO1 in the presence of the ferric or ferrous forms after incubation
with compounds 2, 7, 8, or INCB024360. The UV–Vis absorption
properties of the porphyrin ring are highly sensitive and useful in
understanding the ligand/substrate’s ability to bind the IDO1
enzyme [18, 29–31]. The absorption spectrum of ferric-IDO1
showed a Soret peak at 404 nm, which is in accordance with
previously reported results [18, 30–33]. The absorbance of ferric-
IDO1 at 404 nm decreased in the presence of compounds 7 and 8
compared with the control, whereas the absorbance of ferrous-

Fig. 2 Screening of the natural product library for inhibitors of recombinant human IDO1. a Screening of the natural product library (n=
2000) at 20 μM. b The effects of 79 natural products on the activity of IDO1 using a method based on Ehrlich’s reagent. c The effects of the nine
selected compounds on the activity of IDO1 in HEK 293 cells expressing human IDO1. The dotted line indicates inhibition by 30%
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IDO1 remained unchanged under the same conditions, indicating
that compounds 7 and 8 appeared to interact with the ferric form
of IDO1 (Fig. 5a, b). The absorbances of ferric IDO1 at 404 nM and
ferrous IDO1 at 428 nm increased in the presence of compound 2,
which might be owing to the fluorescent interference of
compound 2.

Selectivity of compounds 2, 7, and 8 for IDO1 and TDO2
TDO2 is the other enzyme that also catalyzes the rate-limiting step
of the kynurenine pathway in the liver. To determine their
selectivity between IDO1 and TDO2, we measured the inhibitory
activities of the selected compounds against purified IDO1 and
TDO2. As shown in Fig. 6a, these fused heterocyclic compounds

Fig. 3 The activities of compounds 2, 7, and 8 against rhIDO1 and cellular IDO1. a The structures of compounds 2, 7, and 8. b The effects of
compounds 2, 7, 8, and INCB024360 on the activity of IDO1 based on the reaction of Ehrlich’s reagent. c The effects of the test compounds on
the cellular activity of IDO1 in HEK 293 cells. A CCK8 assay was performed to measure the cell viability at the end of treatment. Data shown are
the mean ± SD of biological triplicates from a representative experiment

Table 1 IDO1 inhibitory activity of tanshinone derivatives

Compound Structure
Inhibitory 

rate (20μM)

B06F5 (Cryptotanshinone) O

O
O

46.8%

B06E2 (Tanshinone II A) O

O
O

N.I.

B06F8 (Tanshinone I) O

O
O

5.6%

Compound 8 (Dihydrotanshinone I)
O

O

O 78.8%

N.I. no inhibition
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possessed variable activities against TDO2. The IC50 values of
compounds 2, 7, and 8 against purified TDO2 enzyme varied from
5 to 91 μM (91.1 μM, 5.05 μM, and 5.1 μM, respectively) (Fig. 6a).
Compounds 2 and 7 were more potent against IDO1 (>10-fold)
than TDO2, whereas compound 8 exhibited similar activity against
IDO1 and TDO2. In a cellular context, compounds 2, 7, and 8
inhibited the activity of IDO1 and TDO2 with similar potencies,
with IC50 values of 24.7 μM, 1.4 μM, and 13.3 μM, respectively,
against TDO2 (Fig. 6b). These results indicated that compounds 2,
7, and 8 were able to inhibit IDO1 and TDO2 in a cellular context.

Binding mode prediction
To explore the molecular basis of the inhibitory activity, molecular
docking studies were performed. Compound 8 was docked into
the binding pocket of a cocrystal structure of IDO1/1-CE ((1~{R})-1-
cyclohexyl-2-[(5~{S})-5~{H}-imidazo[1,5-b]isoindol-5-yl]ethanol, 1-
CE) (PDB access code: 5EK3) [23]. 1-CE is a NLG919 analog and
known inhibitor of IDO1, and it displays a binding mode similar to
that of compound 8 in the binding pockets based on the
preliminary study. As shown in Fig. 7, compound 8 displays a
binding mode similar to that of 1-CE, and the dihydrofuran oxygen
of compound 8 coordinated with the heme iron. In binding pocket
A, the naphthalene ring of compound 8 forms “T-shaped” π–π
interactions with Phe-163, and the major difference between the
binding modes of these two compounds is in binding pocket B,
where the 6-methyl-naphthalene group of compound 8 forms
additional hydrophobic interactions.

Hit expansion and SAR analysis
Given that several tanshinone analogs were found to possess
variable activities against IDO1, Hit expansion was conducted to
explore the structure–activity relationships (Table 1). As shown in
Table 1, B06F5 (cryptotanshinone) inhibited IDO1 by > 40% at
20 µM. According to the binding mode predicted by docking
studies (Fig. 7), the dihydrofuran rings of compound 8 and B06F5

could form interactions with the heme iron, whereas B06E2 and
B06F8 could not, which was in accordance with the result that
compound 8 and B06F5 are active, whereas B06E2 and B06F8 are
unable to inhibit IDO1. In addition, compound 8 was more active
than B06F5, which might be owing to the additional π–π
interactions between the naphthalene ring of compound 8 and
Phe-163. It is worth mentioning that although B06F8 may form “T-
shaped” π-π interactions with Phe-163, it cannot form interactions
with the heme iron, which might explain its weak activity.

DISCUSSION
In this study, we identified compounds 2, 7, and 8 as novel IDO1
inhibitors by screening an in-house natural product library. These
compounds inhibited IDO1 in the low micromolar range, with the
most active (compound 7) displaying submicromolar activity. A
detailed kinetic study revealed a noncompetitive inhibition profile
for compound 2 and uncompetitive inhibition profiles for
compounds 7 and 8. Compounds 7 and 8 have also been found
to potentially bind to the ferric heme of IDO1. Compound 8 was
identified as a derivative of tanshinone, and preliminary SAR
analysis indicated that tanshinone derivatives may be promising
hits for IDO1 inhibitors.
IDO1 inhibitors clinically developed to date are mainly

tryptophan-competitive inhibitors (epacadostat), tryptophan-
noncompetitive inhibitors (navoximod) or irreversible inhibitors
(BMS-986205). Compared with the existing IDO1 inhibitors, the
inhibitors identified in this study exhibited novel chemical
backbones. These compounds also displayed distinct modes of
action against IDO1. For example, compound 2 exhibited
noncompetitive inhibition, whereas compounds 7 and 8 showed
uncompetitive inhibition and potentially bound to heme. Whereas
uncompetitive inhibition requires the formation of an
enzyme–substrate complex, noncompetitive inhibition can occur
with or without the presence of the substrate. In particular,

Fig. 4 Determination of the inhibition modes and kinetic parameters of compounds 2, 7, and 8. The IDO1 activities were determined in the
presence of serially diluted INCB024360 a, compound 2 b, compound 7 c, or compound 8 d with L-tryptophan concentrations varying from
7.5 μM to 30 μM. [S]/[V] was plotted against [I]. The data presented are the mean ± SD of biological triplicates from a representative experiment
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compound 8 (dihydrotanshinone I) and several derivatives of
tanshinone were found to display variable activities against IDO1.
Interestingly, tanshinone derivatives were also identified as IDO1
inhibitors through a virtual screening [34], when this manuscript
was in preparation. Tanshinone is a typical scaffold family derived
from Danshen (a Chinese herb), the dried root of Salvia
miltiorrhiza, which has been widely used for the treatment of
cardiovascular and cerebrovascular diseases. These results sup-
ported that tanshinone derivatives were promising hits for the
development of new IDO1 inhibitors.
Given that existing commonly used IDO1 inhibitors show

limited effects in clinical trials [35], accumulating evidence
indicates that the distinct tryptophan catabolic enzyme TDO2
may deplete tryptophan to mediate immune escape [20, 36, 37].
TDO2 has been associated with increased grade, estrogen
receptor-negative status, and reduced overall survival rates in
triple negative breast cancer patients [38]. TDO2 has been
reported to be overexpressed in multiple tumor types, including
melanomas and brain and breast tumors [38, 39]. TDO2
inhibition has emerged as a parallel immunomodulatory strategy
to attack tumors [40–44]. An early bioactive inhibitor, 68OC91
[40], has been tested in mouse studies, and it was able to reduce
pulmonary metastasis in tumor-bearing mice. Recently, more
potent and pharmacologically favorable compounds have been
reported [41–43, 45]. TDO2 is also a logical candidate to mediate
resistance to IDO1-selective blockade. Therefore, IDO1/TDO2
dual inhibitors may achieve better efficacy. Natural products 2, 7,
and 8 were found to inhibit IDO1 and TDO2 in cell-free and
cellular contexts. Further study on the structure–activity relation-
ship may lead to the development of potent IDO1/TDO2 dual
inhibitors.
In summary, this study has identified compounds 2, 7, and 8

as novel IDO1/TDO2 inhibitors with new scaffolds via
high-throughput screening of natural products. A kinetic
study revealed the modes of inhibition and preliminary SARs
of a group of tanshinone derivatives. This study provides new
clues for the development of IDO1/TDO2 inhibitors with novel
scaffolds.

Fig. 5 Absorbance spectra of ferric or ferrous rhIDO1 in the
presence of compounds 2, 7, and 8. Inset shows the absorbance
difference spectra. a The absorbance of IDO1 ferric heme at 404 nm
in the presence of compound 2, 7, or 8 (20 μM). b The absorbance of
IDO1 ferrous heme at 428 nm in the presence of compound 2, 7, or
8 (20 μM)

Fig. 6 Selectivity of compounds 2, 7, and 8 for IDO1 and TDO2. a The effects of compound 2, 7, or 8 on the activity of IDO1 and TDO2 with an
Ehrlich’s reagent-based assay. b The effects of compound 2, 7, or 8 on the activity of IDO1 and TDO2 in HEK 293 cells expressing human IDO1
or TDO2, respectively. Data are presented as the mean ± SD of biological triplicates from a representative experiment
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