
Acta Pharmaceutica Sinica B 2020;10(10):1943e1953
Chinese Pharmaceutical Association

Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsevier.com/ loca te /apsb
www.sc iencedi rec t .com
ORIGINAL ARTICLE
Discovery of the first potent proteolysis targeting
chimera (PROTAC) degrader of indoleamine
2,3-dioxygenase 1
Mingxing Hua,y, Weilin Zhoua,y, Yijie Wanga, Dongping Yaoa,
Tinghong Yea, Yuqin Yaoa, Bin Chena, Gongping Liub,c, Xifei Yangd,
Wei Wanga,*, Yongmei Xiea,*
aState Key Laboratory of Biotherapy and Cancer Center, Department of Laboratory Medicine, West China Hospital,
Sichuan University and Collaborative Innovation Center of Biotherapy, Chengdu 610041, China
bDepartment of Pathophysiology, School of Basic Medicine and the Collaborative Innovation Center for Brain
Science, Key Laboratory of Ministry of Education of China and Hubei Province for Neurological Disorders, Tongji
Medical College, Huazhong University of Science and Technology, Wuhan 430030, China
cInnovation Center of Neuroregeneration, Nantong University, Nantong 226019, China
dKey Laboratory of Modern Toxicology of Shenzhen, Shenzhen Centre for Disease Control and Prevention,
Shenzhen 518055, China
Received 6 January 2020; received in revised form 7 February 2020; accepted 14 February 2020
KEY WORDS

IDO1;

PROTAC;

Protein degradation;

Ubiquitin proteasome
*

y

Pee

Sci

http

221

by
system;

Tumor immune escape
Corresponding authors. Tel.: þ86 28 8

E-mail addresses: weiwang@scu.edu.c

These authors made equal contribution

r review under responsibility of Insti

ences.

s://doi.org/10.1016/j.apsb.2020.02.010

1-3835 ª 2020 Chinese Pharmaceutic

Elsevier B.V. This is an open access a
Abstract Cancer immunotherapy is revolutionizing oncology and has emerged as a promising strategy

for the treatment of multiple cancers. Indoleamine 2,3-dioxygenase 1 (IDO1), an immune checkpoint,

plays an important role in tumor immune escape through the regulation of multiple immune cells and

has been regarded as an attractive target for cancer immunotherapy. Proteolysis Targeting Chimeras

(PROTAC) technology has emerged as a new model for drug research and development for its advanta-

geous mechanism. Herein, we reported the application of PROTAC technology in targeted degradation of

IDO1, leading to the discovery of the first IDO1 PROTAC degrader 2c, which induced significant and

persistent degradation of IDO1 with maximum degradation (Dmax) of 93% in HeLa cells. Western-blot

based mechanistic studies indicated that IDO1 was degraded by 2c through the ubiquitin proteasome sys-
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Figu
tem (UPS). Label-free real-time cell analysis (RTCA) indicated that 2c moderately improved tumor-

killing activity of chimeric antigen receptor-modified T (CAR-T) cells. Collectively, these data provide

a new insight for the application of PROTAC technology in tumor immune-related proteins and a prom-

ising tool to study the function of IDO1.

ª 2020 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Indoleamine 2,3-dioxygenase 1 (IDO1), the key rate-limiting
enzyme in L-tryptophan (L-Trp) metabolism through kynurenine
pathway, which catalyzes the oxidation of L-Trp to N-formyl
kynurenine (NFK)1. Initially, IDO1 was considered as a key
immunomodulatory factor in embryonic immune tolerance to
protect fetal from the maternal immune system2,3. Recently, a
large number of reports have confirmed that IDO1 is overex-
pressed in a variety of cancers and plays an important role in
cancer immune escape4,5. The immune evasion of cancer mediated
by IDO1 is the result of comprehensive regulation of multiple
immune cells through multiple mechanisms of action, the most
important being the regulation of T cells6. Overexpressed IDO1
leads to depletion of L-Trp, which in turn activates the general
control nonderepressible 2 kinase (GCN2) to inhibit proliferation
and function of T cells. The metabolites of kynurenine pathway
could also bind to and activate the aryl hydrocarbon receptor
(AHR), leading to a range of biological effects including the
proliferation of regulatory T cells, the conversion of dendritic cells
(DCs) and macrophages to immunosuppressive phenotype. In
addition, the metabolites, such as kynurenine, kynurenic acid and
3-hydroxykynurenine, could also directly inhibit the function of T
cells7,8. Therefore, IDO1 has become an important target for
cancer immunotherapy. Indeed, several highly potent and selective
re 1 IDO1 inhibitors in clinical
small molecule IDO1 inhibitors developed in pharmaceutical in-
dustry have advanced into the stage of clinical development for
the treatment of human cancers (Fig. 1). Epacadostat (Epa) and
BMS-986250 have shown significant antitumor efficacy in phase 2
clinical trials in combination with PD1/PD-L1 antibodies9.

Proteolysis targeting chimeras (PROTAC) technology utilizes
hetero-bifunctional chimeric molecule to mimic the endogenous
protein homeostasis machinery, the ubiquitin proteasome system
(UPS), to achieve post-translational selective degradation of target
proteins in eukaryote10. This concept was first proposed by the
pioneers Crews and coworkers11 in 2001, and has been developed
as a new model for drug research and development. PROTAC
molecule comprises a target protein binding ligand, an E3 ligase-
binding ligand, and a linker to join them together. The two ends of
PROTAC molecule could simultaneously bind to the target protein
and E3 ligase, respectively, and pull them closer to form a rela-
tively stable ternary complex, thereby inducing polyubiquitination
of target protein and its subsequent recognition and degradation by
proteasome through UPS12e14. Initially, due to the lack of small
molecule E3 ligase ligands, early PROTAC molecules utilized E3
ligase affinity polypeptides as binding ligands for E3 ligase11,15.
However, the low affinity, poor membrane permeability and sta-
bility of peptides extremely limited the application and develop-
ment of PROTAC technology. Until 2008, PROTAC technology
entered a rapid development period owe to the discovery of highly
research and their characteristics9.
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Figure 2 Design of IDO1 PROTAC degraders. (A) The co-crystal

structure of IDO1 (green, PDB: 5WN8) and CRBN (pink, PDB:

5FQD) with their ligand Epa and lenalidomide respectively. Linker

was attached via the solvent exposed site. (B) Structure of IDO1

PROTACs based on Epa and CRBN ligands.

Table 1 The cytotoxicity and IDO1 inhibitory activity of

IDO1 PROTAC degraders. Data are expressed as mean � SD

(n Z 3). ND, not detected.

Compd. X Linker Cell-based

potency

IDO1 IC50

(mmol/L)

Cytotoxicity

IC50

(mmol/L)

IDO1

degradation

1a CH2 9.36 >40 ND

1b CH2 8.16 >40 ND

1c CH2 5.91 >40 ND

2a CO 8.21 34.27 ND

2b CO 4.48 35.38 ND

2c CO 1.07 37.43 YES

2d CO 7.56 >40 ND

2c-CH3 CO 7.23 >40 ND

Pom-

8PEG

CO ND >40 ND

Epa-

8PEG

3.82 >40 ND

Epa 0.036 >40 ND
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potential small molecule ligands for E3 ligase, such as MDM2,
CRBN and VHL16e19. To date, PROTAC technology has been
widely used for the selective degradation of proteins, such as ki-
nases20,21, transcription factors22,23, and epigenetic readers24, and
has shown great therapeutic potential for related diseases25,26,
especially cancers27e30. However, PROTAC technology has not
been applied in immune related proteins. There are several po-
tential theoretical advantages for PROTAC molecule over tradi-
tional small molecule inhibitor, such as sub-stoichiometric
catalytic activity, restoration of function of target protein
demanding resynthesis and an additional layer of specificity,
providing favorable pharmacology for PROTAC molecule31e33.
Considering the important role of IDO1 in cancer immune escape
and the unique mechanism of PROTAC technology, we sought to
apply PROTAC technology for targeted degradation of IDO1.

2. Results and discussion

2.1. Design of IDO1 PROTAC degraders

As a hot target in the field of cancer immunotherapy, both aca-
demic and pharmaceutical institutions have great enthusiasm for
IDO1, and several highly potent and selective small molecule
IDO1 inhibitors have entered clinical trials (Fig. 1). In the design
of IDO1 PROTAC, it is critical to identify suitable ligands for
IDO1 and E3 ligase as well as the site for tethering. To obtain
effective IDO1 PROTAC, we chose Epa, which is currently in
clinical phase 3 as IDO1 ligand because of its highly activity and
selectivity (Fig. 1)34,35. The co-crystal structure of IDO1 and Epa
shows that the sulfamide of Epa is projected into solvent-exposed
region. It was confirmed that a large number of substituents on this
group were well tolerated, making it a potentially suitable site for
tethering in the design of IDO1 PROTAC, which is exactly what
other IDO1 inhibitors lack34,36. The active site of IDO1 is located
in a deep cavity, the distance from amino at tethering site to outer
interface is > 10 Å, which suggests that longer linker is required
to avoid steric hindrance between IDO1 and the E3 ligase
(Fig. 2A). Therefore, amphiphilic polyethylene glycol (PEG) was
chosen as the linker for its good ductility in both hydrophobic and
hydrophilic environments. On average, the CRBN E3 ligase based
PROTACs with thalidomide or its derivatives as E3 ligase ligand
come closer to “drug-like” space with their average H-bond donor
and clogP values falling within the Lipinski’s “rule-of-5”
boundaries due to the distinct starting properties of E3 ligase
warhead37. Therefore, we designed and synthesized 7 potential
IDO1 PROTAC degraders with the highly potent and selective
IDO1 inhibitor Epa as IDO1 ligand, pomalidomide (Pom) and
lenalidomide that have been widely used in PROTAC design as E3
ligase ligand, and different length of PEG (2e9 PEG units) as
linkers (Fig. 2B and Table 1). The synthetic route of IDO1
PROTACs was shown in Scheme 1.

2.2. The cytotoxicity and IDO1 inhibitory activity of IDO1
PROTAC degraders

The cytotoxicity was detected before evaluating the degradation
ability of IDO1 PROTAC degraders. MTT assay revealed that the
cytotoxicity of newly synthesized 7 IDO1 PROTAC degraders was
fairly weak with IC50 > 30 mmol/L (Table 1 and Supporting In-
formation Fig. S1), indicating that the expression or activity of
IDO1 would not be interfered by these compounds. It was re-
ported that a phthalimide bearded “MDM2 PROTAC degrader”
worked as a molecular glue, inducing degradation of GSPT1 to



Scheme 1 Synthetic route of IDO1 PROTACs.
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achieve its potent anticancer activity38. Therefore, 7 IDO1 PRO-
TAC degraders were not suspected GSTP1 degraders as the
degradation of GSTP1 usually leads to strong anti-proliferative
phenotype in a variety of tumor cell lines39. Then, HeLa cells-
based IDO1/kynurenine analysis illustrated that the inhibitory
activity of 7 IDO1 PROTAC degraders significantly decreased
compared to the parent compound (Table 1 and Supporting In-
formation Fig. S2). Considering the depth of the binding site, the
initial length of linker was set to 2 PEG units, and then gradually
increased to 9 PEG units. In general, there is an optimal linker for
a PROTAC degrader, which usually exerts higher affinity for target
protein and capacity of degradation. Interestingly, with the
extension of the linker from 2 to 9 PEG units, the IDO1 inhibitory
activity increased first and then decreased. The most potent IDO1
PROTAC degrader 2c contains 7 PEG units. While the potency of
its analogs with the same linker as 2c, Epa-8PEG (Epa þ linker)
and 2c-CH3 (inactive form for CRBN of 2c) decreased signifi-
cantly. These data indicated that 7 PEG units might be preferred
for IDO1 PROTAC and 2c might be a potent IDO1 degrader.
However, the molecular enlargement tends to inevitably lead to a
significant decrease in affinity for IDO1, which is a great concern
in design of PROTAC, especially for those proteins with deep
binding pocket.

2.3. The degradation of IDO1 by PROTAC degraders

As is known to all, IFN-g is an efficient IDO1 inducing factor and
can significantly upregulate the expression of cellular IDO1 via
IFN-g-STAT1/3 pathway5. Therefore, the levels of mRNA and
protein of IDO1 in HeLa cells treated with different concentration
of IFN-g with 2c were measured by qPCR and Western blot assay
to explore appropriate IFN-g concentration and quantify the
degradative capacity of IDO1 degraders in mRNA and protein
level. After treatment with IFN-g for 24 h, the IDO1 mRNA
markedly increased as the concentration of IFN-g increased, and
tended to be saturated at 10 ng/mL of IFN-g (Fig. 3B). IDO1
protein also significantly increased after stimulation by IFN-g
(Fig. 3A). Compound 2c (10 mmol/L) notably decreased IDO1
level induced by IFN-g (5 ng/mL), and the corresponding IDO1
mRNA was 105 times than that of unstimulated HeLa cells and
even higher than that of the internal reference GAPDH. However,
the amount of IDO1 induced by higher concentrations (10 and
20 ng/mL) of IFN-g exceeded the capability of 2c mediated UPS-
dependent degradation. These results suggested that there might
be saturation in the degradation of proteins induced by PROTAC
strategy via UPS, which is worthy of attention in PROTAC related
research, especially for those proteins with extremely high
expression level.

Then, the degradation activity of 7 IDO1 PROTAC degraders
was determined, as expected, only 2c induced significant degra-
dation of IDO1 (Fig. 3C), indicating that 7 PEG units was
preferred linker for IDO1 PROTAC in aspect of length. The
degradative potency of 2c was measured, and the DC50 of 2c was
found to be 2.84 mmol/L and a maximum degradation (Dmax) of
93% was achieved based on the immunoblot band intensity
(Fig. 3D and E).

2.4. Compound 2c induced persistent degradation of IDO1
through UPS

As an IDO1 degrader based on PROTAC technology, depletion of
IDO1 protein by 2c should require its binding to IDO1 and CRBN
E3 ligase simultaneously through its Epa and Pom segments to
introduce IDO1 into UPS. Accordingly, we explored the effect of
2c related control compounds 2c-CH3, Epa-8PEG and Pom-8PEG
on the degradation of IDO1 (Fig. 4A), only 2c induced degrada-
tion of IDO1 (Fig. 4B). It was expected that excessive Epa or Pom,
proteasome inhibitor MG132 and neddylation inhibitor
MLN4924, could abolish the degradation of IDO1 induced by 2c.
Western blot analysis showed that the degradation of IDO1 was
significantly blocked after pretreatment with excessive Epa,
lenalidomide, MG132 or MLN4924 (Fig. 4C). In aspect of ki-
netics, the expression of IDO1 was evident after treatment with
IFN-g (5 ng/mL) for 4 h and continuous increased until 48 h,



Figure 3 The degradation of IDO1 by PROTAC degraders. (A) Degradation of IDO1 by 2c under different concentration of IFN-g. HeLa cells

were treated with 2c and IFN-g for 24 h. (B) IFN-g upregulate the expression of cellular IDO1 mRNA. Data are expressed as the mean � SD

(nZ 3), error was shown as shaded area. (C) Capacity of degradation of degraders. 10 mmol/L of degraders and 5 ng/mL of IFN-g were incubated

with HeLa cells for 24 h. As determined by Western blot, almost complete degradation of IDO1 was observed in 2c. (D) Determination of

degradative ability of 2c. Compound 2c and IFN-g (5 ng/mL) were incubated with HeLa cells for 24 h, and a significant dose-dependent

degradation was observed. (E) The determination of degradative ability of 2c by immunoblot band intensity. Data are expressed as the

mean � SD (n Z 3).
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while 2c induced sustained and almost complete IDO1 degrada-
tion until 48 h (Fig. 4D and E). The above results demonstrated
that 2c is an effective IDO1 degrader that hijacks IDO1 to CRBN
E3 ligase to introduce IDO1 into UPS and eventually achieve
ubiquitination and degradation.

2.5. Compound 2c is an effective IDO1 PROTAC degrader

Additionally, immunofluorescence and flow cytometry analysis
were conducted to visualize and further confirm the degradation of
IDO1. After stimulation with IFN-g, the fluorescence signal of
IDO1 was significantly enhanced, which indicating that the
expression of IDO1 in HeLa cells significantly increased
(Fig. 5A). While after treatment with 2c, the intracellular IDO1
fluorescence signal dramatically decreased to the level similar to
that of control. The results of flow cytometry also showed that
IFN-g induced a significant increase of IDO1, and 2c decreased
IDO1 to a level comparable to the control (Fig. 5B). These data
further confirmed that 2c is an effective IDO1 degrader.

2.6. Compound 2c moderately improved the activity of HER2
chimeric antigen receptor-modified T (CAR-T)

CAR-T cell therapy has shown remarkable antitumor efficacy
for the treatment of tumors, especially for hematological ma-
lignancies. Whereas, tumor cells, solid tumors especially, utilize
IDO1 to inhibit the proliferation and function of T cells, cause
immune tolerance through multiple ways. It has been proved
that the therapeutic strategy to inhibit IDO1 can delay tumor
growth. Compared with the mechanism of traditional small
molecule inhibitors, PROTAC degraders modulate the biological
function of target protein by degrading the protein through UPS.
This strategy has obvious kinetic advantages because cancer
cells need to undergo more processes to restore biological
function by re-synthesizing proteins. Herein, we employed
label-free real-time cell analysis (RTCA) system to explore the
effects of different IDO1 inhibition strategies (including IDO1
degrader 2c and traditional inhibitor Epa to act on HeLa cells,
respectively) on the killing activity of HER-2 specific CAR-T
cells for HeLa (Supporting Information Fig. S3, HER-2 posi-
tive) cells. According to real-time monitoring results, it was
found that all the cell indexes of HeLa cells treated with HER-2
CAR-T cells decreased. It’s particularly noteworthy that the
cells treated with IDO1 degrader 2c, whose decline trend of cell
index was more obvious than that of the control group and the
Epa group (Fig. 6). These data demonstrated that IDO1 degrader
2c combined with CAR-T cells can improve the tumor-killing
activity of HER-2 CAR-T cells, further indicating that PRO-
TAC strategy based IDO1 degrader 2c has a kinetic advantage
over IDO1 inhibitor.
3. Conclusions

In summary, we successfully applied PROTAC technology to the
targeted degradation of IDO1. We designed, synthesized and
screened the first potent IDO1 degrader 2c, with a maximum



Figure 4 Compound 2c is an effective and persistent IDO1 degrader. (A) Structures of 2c, 2c-CH3, Epa-8PEG and Pom-8PEG. (B) Effect of

control compounds on IDO1 degradation. HeLa cells were treated with 5 mmol/L of 2c or control compounds and IFN-g (5 ng/mL) for 24 h. (C)

Confirmation of UPS based mechanism in driving IDO1 degradation upon 2c treatment. HeLa cells were pre-treated with 1 mmol/L of Epa, Pom,

MG132 or MLN4924 for 2 h, then 2c (5 mmol/L) and IFN-g (5 ng/mL) were incubated with HeLa cells for 24 h. (D) and (E) HeLa cells were

treated with or without 2c (5 mmol/L) in the presence of IFN-g (5 ng/mL) for 48 h. Compound 2c leads to efficient and sustained degradation of

IDO1.

Figure 5 Compound 2c induced significant degradation of IDO1. (A) HeLa cells were pre-treated with 2c (5 mmol/L) and INF-g (5 ng/mL) for

24 h before immunostaining. Scale bar, 20 mm. (B) The results of flow cytometry analysis that IFN-g induced a significant increase of IDO1, and

2c reduced IDO1 to a level comparable to the control. Scale bar: 20 mm.

1948 Mingxing Hu et al.



PROTAC degrader for indoleamine 2,3-dioxygenase 1 1949
degradation (Dmax) of 93%. Due to the deep binding pocket in
IDO1, longer linker is necessary for IDO1 degrader to avoid steric
hindrance, however, it inevitably leads to a significant decrease in
affinity. This suggests that flexible and short linker is preferred in
PROTAC degrader. Although 2c was an efficient IDO1 degrader
(DC50 Z 2.84 mmol/L), the amount of IDO1 protein induced by
excessive IFN-g exceeded the capability of 2c mediated UPS-
dependent degradation. These results indicated that there might
be saturation in the degradation of proteins induced by PROTAC
strategy via UPS. Thus, PROTAC strategy-based degrader might
be inapplicable for those proteins with extremely high expression
level. Following immunofluorescence and flow cytometry, anal-
ysis further confirmed that 2c induced sufficient degradation of
IDO1. RTCA analysis indicated that 2c moderately improved the
tumor-killing activity of H ER2 CAR-T cells. These results pro-
vide new insight for the application of PROTAC technology in
tumor immune related proteins. In addition, 2c could also serve as
a biological probe to study the function of IDO1 in tumor immune
escape.

4. Experimental

4.1. Chemistry

All materials were obtained from commercial suppliers and used
without further purification. All solvents were dried according to
the standard methods prior to use. The melting points were
determined with an SGWX-4 melting point apparatus (Shanghai
optical instrument factory, Shanghai, China). 1H NMR and 13C
NMR spectra were measured on a Bruker AV-400 (Bruker Inc.,
Karlsruhe, Germany) NMR spectrometer. HRMS spectral data
were recorded on a Bruker Daltonics Bio TOF mass spectrometer
(Bruker Inc., Karlsruhe, Germany). High-performance liquid
chromatography (HPLC) analysis was performed with a Waters
Alliance 2695e equipped with PDA 2998 detector (Waters Inc.,
Milford, MA, USA). The synthesis and characterization of linkers
for IDO1 PROTACs, Epa and its derivatives could be found in
Supporting Information.
Figure 6 Compound 2c moderately improved the activity of

HER2 CAR-T. HeLa cells were treated with IFN-g (5 ng/mL)þ2c

(5 mmol/L) or Epa (5 mmol/L) for 24 h, then the medium was replace

to wash out IFN-g and 2c, and HER2 CAR-T cells were add. Data are

expressed as the mean � SD (n Z 3).
4.1.1. Synthesis and characterization of IDO1 PROTACs
4.1.1.1. Synthesis of compound 16. Lenalidomide (500 mg,
1.93 mmol), compound 5 (4 mmol), and DMAP (488 mg, 4 mmol)
were dissolved in N,N-dimethylformamide (DMF, 10 mL) and
stirred for 5 h at 60 �C. DMF was removed by evaporation and the
residue was purified (DCM/MeOH Z 100:1) to give the Cl-PEGs-
Lenalidomide. Sodium iodide (628 mg, 9.65 mmol) was added to
the acetonitrile solution of Cl-PEGs-Lenalidomide and refluxed
for 24 h. The acetonitrile was removed by evaporation, the residue
was re-dissolved in ethyl acetate, and was washed with saturated
brine. The organic phase was concentrated to afford compound 15
without further purification.

16a: Yield 536.73 mg, 54%. 1H NMR (400 MHz, DMSO-d6),
d 11.00 (s, 1H), 9.67 (s, 1H), 7.75 (dd, J Z 7.7, 1.3, 1H),
7.66e7.44 (m, 2H), 5.14 (dd, J Z 13.3, 5.1, 1H), 4.48e4.24 (m,
2H), 4.15 (s, 2H), 3.78e3.61 (m, 8H), 3.00e2.84 (m, 1H), 2.60
(dt, J Z 17.2, 2.8, 1H), 2.37 (qd, J Z 13.2, 4.5, 1H), 2.02 (dtd,
J Z 12.5, 5.2, 2.2, 1H). MS (ESI), Calcd. for C19H22N3O6I
[MþH]þ: 516.1, Found: 516.2.

16b: Yield 616.06 mg, 57%.1H NMR (400 MHz, DMSO-d6),
d 11.00 (s, 1H), 9.66 (s, 1H), 7.75 (dd, J Z 7.7, 1.3, 1H),
7.60e7.47 (m, 2H), 5.14 (dd, J Z 13.3, 5.1, 1H), 4.53e4.26 (m,
2H), 4.14 (s, 2H), 3.76e3.48 (m, 10H), 3.27 (t, J Z 6.5, 2H), 2.92
(ddd, J Z 17.2, 13.6, 5.4, 1H), 2.65e2.56 (m, 1H), 2.37 (qd,
J Z 13.2, 4.4, 1H), 2.05e1.97 (m, 1H). MS (ESI), Calcd. for
C21H26 N3O7I [MþH]þ: 560.1, Found: 560.1.

16c: Yield 606.17 mg, 52%. 1H NMR (400 MHz, DMSO-d6),
d 11.02 (s, 1H), 9.69 (s, 1H), 7.74 (dd, J Z 7.7, 1.3, 1H),
7.62e7.42 (m, 2H), 5.15 (dd, J Z 13.3, 5.1, 1H), 4.57e4.26 (m,
2H), 4.14 (s, 2H), 3.75e3.59 (m, 8H), 3.58e3.41 (m, 8H), 2.92
(ddd, J Z 17.2, 13.6, 5.5, 1H), 2.67e2.56 (m, 1H), 2.37 (qd,
J Z 13.3, 4.5, 1H), 2.05e1.95 (m, 1H). MS (ESI), Calcd. for
C23H30N3O8I [MþH]þ: 604.1, Found: 604.3.

4.1.1.2. Synthesis of compound 1. Compound 16 (0.2 mmol)
was dissolved in anhydrous DMF (3 mL), compound 14 (71.6 mg,
0.2 mmol) and triethylamine (20.2 mg, 0.2 mmol) were added.
The mixture was stirred at 60 �C overnight. DMF was removed by
evaporation and the residue was purified (DCM/MeOH/
NH3$H2O Z 100:5:0.5) to give the compound 1.

1a: Yield 67.12 mg, 45%, m.p. 156.3e160.1 �C, HPLC
>95%.1H NMR (400 MHz, CD3OD), d 7.75e7.62 (m, 2H), 7.52
(t, JZ 7.7, 1H), 7.10 (dd, JZ 6.0, 2.7, 1H), 7.02 (t, JZ 8.7, 1H),
6.82 (ddd, J Z 8.9, 4.1, 2.7, 1H), 5.15 (dd, J Z 13.3, 5.2, 1H),
4.50 (s, 2H), 4.21 (d, J Z 7.6, 2H), 3.88e3.60 (m, 7H), 3.40 (t,
J Z 6.2, 2H), 2.98e2.81 (m, 4H), 2.76 (ddd, J Z 17.6, 4.7, 2.4,
1H), 2.46 (qd, J Z 13.2, 4.7, 1H), 2.16 (dtd, J Z 12.8, 5.3, 2.4,
1H). 13C NMR (100 MHz, DMSO-d6), d 172.24, 169.38, 167.72,
156.10, 155.41, 153.03, 146.92, 146.82, 140.33, 139.71, 138.41,
138.38, 136.69, 132.55, 125.24, 121.92, 121.85, 117.89, 116.48,
111.15, 109.69, 107.59, 70.46, 70.31, 70.25, 70.09, 69.35, 49.61,
47.79, 44.08, 42.19, 42.09, 31.57, 27.04, 21.85, 21.76, 14.53. HR-
MS Calcd. for C30H33BrFN9O8 [MþH]þ: 746.1619, Found:
746.1719.

1b: Yield 66.36 mg, 42%, m.p. 148.6e151.9 �C, HPLC >95%.
1H NMR (400 MHz, CD3OD), d 7.70 (ddd, J Z 10.1, 7.7, 1.0,
2H), 7.54 (t, JZ 7.7, 1H), 7.19e6.97 (m, 2H), 6.84 (ddd, JZ 8.8,
4.1, 2.7, 1H), 5.17 (dd, J Z 13.3, 5.2, 1H), 4.51 (s, 2H), 4.24 (s,
2H), 3.83e3.47 (m, 12H), 3.15 (t, JZ 6.0, 2H), 3.03 (dd, JZ 6.0,
4.3, 2H), 2.94e2.83 (m, 1H), 2.77 (ddd, J Z 17.6, 4.7, 2.4, 1H),
2.52e2.39 (m, 1H), 2.24e2.12 (m, 1H). 13C NMR (100 MHz,
CD3OD), d 173.27, 172.28, 170.14, 169.77, 169.28, 168.43,
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167.90, 156.41, 155.74, 154.01, 146.82, 146.76, 140.57, 139.48,
137.67, 135.83, 135.70, 132.59, 132.49, 126.37, 122.50, 122.43,
116.90, 116.71, 115.52, 115.29, 110.66, 110.55, 110.13, 109.91,
107.50, 107.28, 70.27, 70.23, 70.20, 70.16, 70.14, 70.12, 70.10,
69.89, 69.24, 69.09, 43.15, 41.90, 30.82, 30.34, 29.34, 23.74,
23.56, 22.34. HR-MS Calcd. for C32H37BrFN9O9 [MþH]þ:
790.1822, Found: 790.1791.

1c: Yield 66.72 mg, 40%, m.p. 142.8e143.9 �C, HPLC >95%.
1H NMR (400 MHz, CD3OD), d 7.78e7.64 (m, 2H), 7.54 (t,
J Z 7.7, 1H), 7.11 (dd, J Z 6.0, 2.7, 1H), 7.03 (t, J Z 8.7, 1H),
6.83 (ddd, J Z 8.8, 4.1, 2.7, 1H), 5.16 (dd, J Z 13.3, 5.1, 1H),
4.50 (s, 2H), 4.19 (s, 2H), 3.81e3.44 (m, 17H), 2.95e2.76 (m,
5H), 2.51e2.39 (m, 1H), 2.17 (dtd, J Z 12.9, 5.3, 2.4, 1H). 13C
NMR (100 MHz, CD3OD), d 173.20, 170.19, 169.80, 169.29,
168.44, 167.90, 155.73, 154.04, 146.78, 146.73, 140.60, 139.47,
137.62, 135.83, 135.70, 132.46, 126.44, 122.56, 122.49, 116.88,
116.70, 115.51, 115.28, 110.69, 110.59, 110.12, 109.89, 107.51,
107.29, 70.22, 70.16, 70.09, 70.06, 69.85, 69.23, 68.46, 42.71,
41.87, 31.34, 30.81, 30.34, 29.38, 23.66, 22.33, 13.03. HR-MS
Calcd. for C34H41BrFN9O10 [MþH]þ: 834.2144, Found:
834.2029.

4.1.1.3. Synthesis of compound 19. Compounds 17a and 17b
were synthesized according to the reported method40. Compound
17 (2 mmol) was dissolved in DMF (10 mL), compound 11
(3 mmol) and triethylamine (202 mg, 2 mmol) were added. The
mixture was stirred at 90 �C overnight. DMF was removed by
evaporation, the residue was re-dissolved in ethyl acetate and
washed with saturated brine. The organic layer was concentrated
and purified on silica gel column (DCM/MeOH Z 100:1) to give
compound 18. Then, compound 18 was treated with excess
toluene sulfonyl chloride in the presence of DIPEA in CH2Cl2.
After stirring overnight at room temperature, the mixture was
washed with 1 mol/L HCl, saturated sodium bicarbonate and
saturated brine. The solvent was evaporated to give compound 19
without further purification.

Pom-8PEG: Yield 725.32 mg, 58%, m.p. 113.1e116.9 �C,
HPLC >95%. 1H NMR (400 MHz, DMSO-d6), d 11.08 (s, 1H),
7.58 (dd, J Z 8.6, 7.1, 1H), 7.15 (d, J Z 8.6, 1H), 7.04 (d,
J Z 7.0, 1H), 6.60 (t, J Z 5.8, 1H), 5.06 (dd, J Z 12.9, 5.4, 1H),
4.55 (t, J Z 5.4, 1H), 3.70e3.41 (m, 32H), 2.89 (ddd, J Z 17.4,
14.0, 5.4, 1H), 2.68e2.49 (m, 2H), 2.04 (ddt, J Z 13.0, 5.6, 3.3,
1H). 13C NMR (100 MHz, DMSO-d6), d 173.24, 170.50, 169.41,
167.76, 146.90, 136.69, 132.57, 117.92, 111.14, 109.73, 72.81,
70.32, 70.28, 70.25, 69.96, 69.37, 60.69, 55.37, 49.05, 42.20,
31.45, 22.62. MS (ESI), HR-MS Calcd. for C29H43N3O12

[MþH]þ: 626.2847, Found: 626.2947.
19a: Yield 688.9 mg, 57%. 1H NMR (400 MHz, DMSO-d6),

d 11.09 (s, 1H), 7.84e7.71 (m, 2H), 7.58 (dd, J Z 8.6, 7.1, 1H),
7.47 (d, J Z 8.1, 2H), 7.21e6.99 (m, 2H), 6.59 (s, 1H), 5.05 (dd,
J Z 12.9, 5.4, 1H), 4.10 (dd, J Z 5.5, 3.3, 2H), 3.75e3.42 (m,
14H), 2.96e2.82 (m, 1H), 2.64e2.52 (m, 2H), 2.41 (s, 3H),
2.06e1.96 (m, 1H). MS (ESI), Calcd. for C28H33N3O10S
[MþH]þ: 604.2, Found: 604.3.

19b: Yield 637 mg, 46%. 1H NMR (400 MHz, DMSO-d6),
d 11.09 (s, 1H), 7.87e7.72 (m, 2H), 7.59 (dd, J Z 8.5, 7.0, 1H),
7.48 (d, J Z 8.0, 2H), 7.15 (d, J Z 8.6, 1H), 7.04 (d, J Z 7.0,
1H), 6.60 (t, J Z 5.9, 1H), 5.06 (dd, J Z 12.9, 5.4, 1H),
4.18e4.02 (m, 2H), 3.71e3.43 (m, 22H), 2.89 (ddd, J Z 17.3,
14.0, 5.4, 1H), 2.66e2.52 (m, 2H), 2.42 (s, 3H), 2.10e1.96 (m,
1H). MS (ESI), Calcd. for C32H41N3O12S [MþH]þ: 692.3, Found:
692.4.

19c: Yield 639.85 mg, 41%. 1H NMR (400 MHz, DMSO-d6),
d 11.08 (s, 1H), 7.86e7.72 (m, 2H), 7.59 (dd, J Z 8.6, 7.1, 1H),
7.48 (d, J Z 8.0, 2H), 7.15 (d, J Z 8.6, 1H), 7.04 (d, J Z 7.0,
1H), 6.60 (t, J Z 5.8, 1H), 5.05 (dd, J Z 12.9, 5.4, 1H), 4.10 (dd,
J Z 5.6, 3.1, 2H), 3.66e3.47 (m, 30H), 2.94e2.83 (m, 1H), 2.55
(s, 2H), 2.42 (s, 3H), 2.09e1.96 (m, 1H). MS (ESI), Calcd. for
C36H49N3O14S [MþH]þ: 780.3, Found: 780.3.

19d: Yield 780.66 mg, 45%. 1H NMR (400 MHz, DMSO-d6),
d 11.09 (s, 1H), 7.84e7.75 (m, 2H), 7.59 (dd, J Z 8.5, 7.1, 1H),
7.48 (d, J Z 8.0, 2H), 7.15 (d, J Z 8.6, 1H), 7.05 (d, J Z 7.0,
1H), 6.60 (t, J Z 5.8, 1H), 5.06 (dd, J Z 12.9, 5.4, 1H), 4.12 (s,
2H), 3.66e3.49 (m, 38H), 2.89 (ddd, J Z 17.5, 14.1, 5.4, 1H),
2.64e2.53 (m, 2H), 2.42 (s, 3H), 2.07e1.98 (m, 1H). MS (ESI),
Calcd. for C40H57N3O16S [MþH]þ: 867.3, Found: 867.5.

19c-CH3: Yield 762.53 mg, 48%. 1H NMR (400 MHz, DMSO-
d6), d 7.88e7.71 (m, 2H), 7.59 (dd, J Z 8.5, 7.1, 1H), 7.48 (d,
JZ 8.0, 2H), 7.15 (d, JZ 8.6, 1H), 7.04 (d, JZ 7.0, 1H), 6.60 (t,
J Z 5.8, 1H), 5.05 (dd, J Z 12.9, 5.4, 1H), 4.11 (dd, J Z 5.6, 3.1,
2H), 3.66e3.47 (m, 30H), 3.05e2.99 (s, 3H), 2.94e2.83 (m, 1H),
2.55 (s, 2H), 2.42 (s, 3H), 2.09e1.96 (m, 1H). MS (ESI), Calcd.
for C37H51N3O14S [MþH]þ: 794.3, Found: 794.3.

4.1.1.4. Synthesis of compound 2. The synthetic procedure of
compound 2 was same as compound 1.

2a: Yield 71.12 mg, 45%, m.p. 147.7e151.1 �C, HPLC >95%.
1H NMR (400 MHz, DMSO-d6), d 11.48 (s, 1H), 8.85 (s, 1H),
7.62e7.45 (m, 1H), 7.29e6.96 (m, 4H), 6.77 (ddd, J Z 8.8, 4.1,
2.7, 1H), 6.59 (t, J Z 5.8, 1H), 6.19 (d, J Z 5.1, 1H), 5.05 (dd,
J Z 12.9, 5.4, 1H), 4.32 (q, J Z 7.1, 0.5H), 4.03 (q, J Z 7.1,
0.5H), 3.72e3.39 (m, 12H), 3.27 (d, J Z 5.4, 2H), 2.88 (ddd,
J Z 17.7, 13.8, 5.3, 1H), 2.73 (d, J Z 27.6, 4H), 2.51 (d, J Z 1.9,
3H), 2.03 (s, 1H). 13C NMR (100 MHz, DMSO-d6), d 173.26,
170.53, 169.41, 167.76, 156.15, 146.89, 140.38, 139.82, 138.52,
136.69, 132.57, 129.54, 129.21, 125.22, 121.97, 117.91, 116.51,
111.16, 109.74, 70.26, 70.10, 69.36, 49.04, 48.67, 47.73, 31.45.
HR-MS Calcd. for C32H37N9O9 [MþH]þ: 790.1882, Found:
790.2073.

2b: Yield 80.79 mg, 46%, m.p. 138.2e141.5 �C, HPLC >95%.
1H NMR (400 MHz, CD3OD), d 7.52 (dd, J Z 8.6, 7.1, 1H), 7.12
(dd, J Z 6.0, 2.7, 1H), 7.08e6.98 (m, 3H), 6.85 (ddd, J Z 8.8,
4.1, 2.7, 1H), 5.03 (dd, JZ 12.4, 5.5, 0.5H), 4.80e4.69 (m, 0.5H),
3.70 (t, J Z 5.3, 2H), 3.66e3.54 (m, 18H), 3.47 (t, J Z 5.6, 4H),
2.96 (t, J Z 6.1, 2H), 2.91e2.63 (m, 5H), 2.09 (ddd, J Z 12.6,
5.1, 2.8, 1H). 13C NMR (100 MHz, CD3OD), d 173.28, 170.19,
169.30, 167.90, 155.73, 154.04, 146.73, 140.60, 139.47, 137.62,
135.83, 135.70, 132.46, 126.44, 122.56, 122.49, 116.88, 116.70,
115.51, 110.69, 110.59, 109.89, 107.51, 107.29, 70.23, 70.16,
70.09, 70.06, 69.85, 69,23, 68.46, 42.72, 41.87, 30.81, 30.34,
22.34. HR-MS Calcd. for C36H45BrFN9O11 [MþH]þ: 878.2414,
Found: 878.2639.

2c: Yield 71.51 mg, 37%, m.p. 123.1e126.5 �C, HPLC >95%.
1H NMR (400 MHz, CD3OD), d 7.53 (dd, J Z 8.6, 7.0, 1H),
7.18e6.99 (m, 4H), 6.85 (ddd, J Z 8.8, 4.1, 2.7, 1H), 5.04 (dd,
JZ 12.5, 5.5, 0.5H), 4.74 (t, JZ 7.8, 0.5H), 3.72e3.43 (m, 32H),
2.96e2.60 (m, 7H), 2.10 (ddd, J Z 12.6, 5.2, 2.8, 1H). 13C NMR
(100 MHz, CD3OD), d 173.27, 170.16, 169.28, 167.91, 155.73,
146.82, 140.58, 139.47, 137.66, 135.82, 135.68, 132.49, 126.39,
122.51, 122.44, 116.89, 116.70, 115.51, 115.27, 110.65, 110.55,
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109.91, 107.50, 107.28, 70.26, 70.23, 70.21, 70.16, 70.13, 70.10,
69.89, 69.25, 69.12, 43.17, 41.89, 30.81, 29.34, 22.34. HR-MS
Calcd. for C40H53BrFN9O13 [MþH]þ: 966.2930, Found:
966.3238.

2d: Yield 69.58 mg, 33%, m.p. 93.1e96.4 �C, HPLC >95%.
1H NMR (400 MHz, CD3OD), d 7.53 (ddd, J Z 9.8, 7.1, 2.8, 1H),
7.19e6.99 (m, 4H), 6.85 (ddd, J Z 8.7, 4.1, 2.7, 1H), 5.04 (dd,
J Z 12.5, 5.5, 0.5H), 4.75 (d, J Z 7.8, 0.5H), 3.71 (t, J Z 5.3,
2H), 3.66e3.57 (m, 34H), 3.46 (dt, J Z 17.3, 5.7, 4H), 2.98e2.59
(m, 7H), 2.10 (ddd, J Z 12.6, 5.1, 2.8, 1H). 13C NMR (100 MHz,
CD3OD), d 173.26, 167.90, 155.73, 146.82, 140.57, 139.48,
137.67, 135.83, 135.69, 132.49, 126.37, 122.50, 122.43, 116.90,
116.70, 115.52, 110.66, 110.55, 109.91, 107.51, 107.28, 70.27,
70.23, 70.21, 70.17, 70.14, 70.13, 70.11, 69.89, 69.24, 69.09,
43.15, 41.90, 30.82, 30.34, 29.35, 22.34. HR-MS Calcd. for
C44H61BrFN9O15 [MþH]þ: 1054.3455, Found: 1054.3734.

2c-CH3: Yield 80.38 mg, 41%, m.p. 132.7e135.4 �C, HPLC
>95%. 1H NMR (400 MHz, DMSO-d6), d 7.59 (dd, J Z 8.6, 7.1,
1H), 7.21e7.10 (m, 3H), 7.05 (d, J Z 7.1, 1H), 6.79 (dt, J Z 8.9,
3.4, 1H), 5.13 (dd, J Z 13.0, 5.4, 1H), 3.63 (t, J Z 5.4, 2H),
3.53e3.40 (m, 28H), 3.27 (t, J Z 6.1, 2H), 3.03 (s, 3H),
2.99e2.89 (m, 1H), 2.77 (dt, J Z 12.2, 3.9, 3H), 2.68 (t, J Z 5.7,
2H), 2.57 (td, J Z 13.3, 4.6, 1H), 2.11e2.01 (m, 1H). 13C NMR
(100 MHz, DMSO-d6), d 172.24, 170.78, 170.25, 169.38, 167.72,
156,16, 156.10, 155.41, 153.03, 1146.82, 140.33, 139.71, 138.41,
138.38, 136.69, 132.55, 125.25, 121.92, 121.85, 117.89, 116.25,
111.15, 109.72, 109.69, 107.59, 107.37, 70.46, 70.31, 70.25,
70.09, 69.35, 60.21, 55.34, 49.61, 48.71, 47.79, 44.18, 44.08,
42.19, 42.09, 31.57, 27.04, 21.85, 21.76, 21.19, 14.53. HR-MS
Calcd. for C41H55BrFN9O13 [MþH]þ: 980.3087, Found:
980.3167.

4.2. Pharmacology

4.2.1. Cell lines
HeLa cell (#CCL-2) used in the study was obtained from the
American Type Culture Collection (Rockville, MD, USA). The
cells were propagated in DMEM medium containing 10% heat-
inactivated fetal bovine serum (FBS) and 1% antibiotics (peni-
cillin and streptomycin) in 5% CO2 at 37

�C.

4.2.2. Cell toxicity assay
The cell viability of IDO1 PROTACs treated cells was assessed
by MTT assay. Briefly, the exponentially growing cells
(2e6 � 103 cells/well) were plated in 96-well plates (100 mL/well)
and incubated for 24 h. Then the cells were treated with gradient
concentrations of IDO1 PROTACs. After treatment for 48 h, 20 mL
of 5 mg/mL MTT was added to each well, and the plates
were incubated at 37 �C for additional 2e4 h. The medium was
removed and the purple colored precipitates of formazan were
dissolved in 150 mL of DMSO. The color absorbance was recorded
at 492 nm using a Spectra MAX M5 microplate spectrophotometer
(Molecular Devices, CA, USA). Data are expressed as the
mean � SD (n Z 3).

4.3. Determination of inhibitor activity in HeLa cell-based
IDO1/kynurenine assay

This experiment was conducted according to previous report34.
4.4. QPCR

HeLa cells were treated with different concentration of IFN-g for
24 h, then medium was discarded and the cells were washed 3
times with PBS. 700 mL of QIAzol lysate (Axygen, Tewksbury,
MA, USA) were added collected HeLa cells, then the total RNA
was extracted referring to the instructions to obtain 30 mL of RNA
samples. The genomic DNA was removed, and 1 mg of RNA was
used for the next step. The cDNA was obtained by reverse tran-
scription referring to the reverse transcription kit (Takara, Kyoto,
Japan) instructions. The Real Time PCR reaction was then per-
formed using SYBR Premix Ex TaqTM II (Takara). The IDO1
mRNA level of the control group was set as baseline, and the
expression of IDO1 mRNA in HeLa cells induced by different
concentrations of IFN-g was calculated. The primers sequences
used were as follows: IDO1 forward: 5ʹ-CGGGAAGGAAAT-
GAATGGGC-3ʹ, reverse: 5ʹ-GCATCACCCGGAGGAGAAAT-3ʹ;
GAPDH forward primer: 5ʹ-AGGGTTCTGGGAAGACCCAA-3ʹ,
revers primer: 5ʹ-ATGTCCTCCACCAGCAGTCT-3ʹ.

4.5. Western blot assay

HeLa cells were treated with IDO1 PROTACs in designed con-
centration for 24 h. The cells were washed twice with cold PBS
and lysed in RIPA buffer. The protein concentrations were
measured using the Coomassie brilliant blue G-250 method and
equalized before loading. Equal amounts of protein from each
sample was subjected to sodium dodecyl sulfate-
polyacrylamidegel electrophoresis (SDS-PAGE) gels and trans-
ferred onto polyvinylidene difluoride (PVDF) membranes
(Amersham Bioscience, Piscataway, NJ, USA). Then, the mem-
branes were blocked for 2 h at 37 �C and incubated with IDO1
antibodies (Abcam, Cambridge, UK) overnight at 4 �C. After
incubation with the relevant secondary antibodies, the reactive
bands were identified using an enhanced chemiluminescence kit
(Amersham).

4.6. Immunofluorescence

HeLa cells (1e2 � 104 cells/well) were plated in 24-well plates
that pre-placed slides and incubated for 24 h. Then the cells were
treated with 2c (5 mmol/L) and IFN-g (5 ng/mL) for 24 h, cells
were washed three times with PBS and fixed with 4% para-
formaldehyde for 15 min. Then cells were washed three times
with PBS and permeabilized with 0.2% Triton X-100 for 20 min,
washed three times with PBS and blocked with goat serum for
30 min at 37 �C. Discarded the blocking solution and incubated
with IDO1 antibodies (Abcam) in wet box overnight at 4 �C.
Slides were washed three times with PBST and incubated with
corresponding fluorescent second antibodies for 1 h at room
temperature in wet box. Then, the slides were incubated with
DAPI for 5 min to stain nucleus, slides were sealed with a seal
liquid containing anti-fluorescence quencher after washed four
times with PBST, cells images were obtained with a LSM 880
confocal microscope (Zeiss, Jena, Germany).

4.7. Real-time cell analysis

The HeLa cells and HER-2 CAR-T cells used here were confirmed
HER-2 positive by flow cytometry. HeLa cells (8 � 103 cells/well)
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were plated in 96-well real-time microelectronic detection plates
(E-Plate�96, ACEA, San Diego, CA, USA) for 24 h. Then the
cells were treated with 2c (5 mmol/L) and IFN-g (5 ng/mL) for
24 h, replaced the medium and HER-2 CAR-T cells
(4 � 104 cells/well) were added. The cell indexetime plot was
recorded by xCElligence RTCA MP (ACEA).
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