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Abstract: Indoleamine 2.3-dioxygenases (IDO1/2) and tryptophan 2.3-dioxygenase (TDO) are the initial and rate-limiting enzymes in 
tryptophan metabolism, which play an essential role in mediating immunosuppression in tumor microenvironment. Accumulating 
evidence has indicated that both IDO1 and TDO are highly expressed in many malignant tumors, and their expression is generally 
associated with reduced tumor-infiltrating immune cells, increased regulatory T-cell infiltration, as well as cancer progression and poor 
prognosis for malignancies. A large number of IDO1 and TDO inhibitors have been screened or synthesized in the last two decades. 
Thus far, at least 12 antagonists targeting IDO1 and TDO have advanced to clinical trials. In this account, we conducted 
a comprehensive review of the development of IDO1 and TDO inhibitors in cancer immunotherapy, particularly their clinical research 
progress, and presented the current challenges and corresponding solutions. 
Keywords: indoleamine 2, 3-dioxygenase, tryptophan-2, 3-dioxygenase, tryptophan metabolism, cancer immunotherapy, immune 
tolerance

Introduction
Cancer immunotherapy was named as one of the top ten scientific breakthroughs in 2013 by Science based on the 
therapeutic benefits of chimeric antigen receptor (CAR) T cells and immune checkpoint inhibitors. Thereafter, cancer 
immunotherapy has entered a stage of rapid development, especially therapeutic targeting with checkpoint blockade, the 
most successful immunotherapeutic intervention for cancer in recent years. Thus far, total 15 immune checkpoint 
inhibitors have been approved either as monotherapy or in combination across a range of tumor types,1–3 including 1 
cytotoxic T-lymphocyte associated protein 4 (CTLA-4) monoclonal antibody, 10 monoclonal antibodies that block 
programmed cell death protein 1 (PD-1) and 4 that block programmed cell death ligand 1 (PD-L1) (Figure 1). 
Although checkpoint blockade is broadly effective and is considered a common denominator for cancer treatment, the 
response rate to most malignancies is limited to 10%–25%.4 Moreover, patients who initially respond to checkpoint 
blockade may subsequently develop acquired resistance. These limitations indicate the existence of additional tumor 
immunosuppressive mechanisms that contribute to immune tolerance to immune checkpoint inhibitors.

Accumulating evidence has indicated that L-tryptophan (Trp) metabolism plays an important role in mediating 
immunosuppression in tumor microenvironment. Trp, available only from dietary intake, is an essential amino acid and 
vital for cell growth and protein synthesis.5 Trp metabolism is regulated by multiple routes, and more than 95% of free Trp 
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is catabolized through the tryptophan-kynurenine (Trp-Kyn) pathway, which converts Trp into active metabolites, such as 
L-kynurenine (Kyn), kynurenic acid, 3-hydroxykynurenine, 3-hydroxyanthranilic acid, quinolinic acid and picolinic acid.6 

Trp-Kyn metabolic cascade is catalyzed by three enzymes, including indoleamine 2.3-dioxygenase 1 and 2 (IDO1/2), and 
tryptophan 2.3-dioxygenase (TDO). This enzymatic reaction is the initial and rate-limiting step in Trp metabolism. Both 
IDO1 and IDO2 genes were identified on chromosome 8 and conserved in mammals.7,8 They have 43% sequence identity 
at the amino acid level.9 The expression of IDO1 and IDO2 is restricted to eukaryotes, and there are significant differences 
in expression profile and substrate specificity between them.10 Under physiological state, IDOs are weakly or not 
constitutively expressed in most tissue cells. For instance, IDO1 is expressed constitutively in a restricted set of normal 
cells, including the endothelial cells of placenta and lung, the epithelial cells of female genital tract, and the mature dendritic 
cells.11 When exposed to inflammatory stimuli, such as interferon (IFN-α, IFN-β, or IFN-γ), tumor necrosis factor-α (TNF- 
α), or interleukins for IDO1 and IFN-γ or interleukin-10 (IL-10) for IDO2,10,12,13 the inducible expression of IDO1 is 
ubiquitous, whereas IDO2 is expressed primarily in placenta, liver, kidney, and dendritic cells.14 IDO1 plays a pivotal role 
in immune regulation and the retro-control of immune responses, which are mediated mainly by Trp catabolites. In contrast, 
IDO2 is less well studied for its low catalytic activity on Trp, and its physiological role remains unclear.14,15 TDO is 
a tetrameric enzyme broadly distributed in both bacteria and eukaryotes and is highly conserved across distinct species.16,17 

TDO expression is selective in the liver.18 It has a different structure from IDOs, and displays higher substrate specificity on 
L-Trp compared with IDO1, which can catalyze a variety of indoleamines, such as L-Trp, D-Trp, tryptamine, and 
serotonin.19

IDOs/TDO and Cancer Immune Tolerance
Abnormal constitutive expression of IDO1 has been observed in a variety of cancer types.11,20 IDO1 expression is generally 
related to reduced tumor-infiltrating immune cells, increased regulatory T-cell infiltration, as well as cancer progression and 
poor prognosis in many malignancies.21 These characteristics indicated a negative regulation of IDO1 on the recruitment of 
antitumor immune cells. In an ovarian cancer concerning study, high IDO1 expression was identified in 56.7% of tested 
cases, and associated with a decreased number of CD8+ tumor-infiltrating lymphocytes as well as impaired progression-free 
survival and overall survival. Overexpressing IDO1 in ovarian cancer cells did not affect the proliferation, migration, 
invasion, and chemosensitivity of paclitaxel, but promoted tumor peritoneal dissemination in xenograft models, which could 
be abrogated by IDO1 inhibitor 1-methyl-tryptophan (1-MT).22 Pflügler et al discovered an immune tolerance mechanism in 
colorectal cancer (CRC) based on Stat1-dependent expression of IDO1 in Paneth cells. IDO1-positive Paneth cells, 
discovered in the stem cell niche of intestinal crypts and tumors, deplete Trp and increase local Kyn levels, producing an 
immune-tolerant microenvironment. Simultaneous loss of IDO1 and Stat1 activity will improve immune cell composition in 

Figure 1 Timeline of the approved immune checkpoint inhibitors.
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CRC.23 The expression and function of IDO2 in human tumors are not yet clear. Although IDO2 expression has been 
observed at high levels in several human malignancies, there are not many tumor types involved, and its role in tumor 
progression remains far from being understood.24 Moreover, there are two high-prevalent polymorphisms of IDO2 gene, 
including IDO2 R248W and IDO2 Y359X, which prominently decrease IDO2 activity `in approximately half of the 
individuals.14,25 These findings, along with its weak catalytic efficiency for Trp, do not yet support IDO2 as a reliable target 
for cancer immunotherapy. TDO expression was detected in a substantial proportion of human tumors, with the case for 
100% of hepatocarcinomas, 50% of melanomas, and 41% of bladder carcinomas, etc.26 In a mouse tumor model, TDO- 
expressing tumor cells had the ability to prevent their rejection by T lymphocytes, eventually resulting in progressive tumors 
and mouse death.26 It has also been reported that TDO facilitated the proliferation, migration, and invasion of tumor cells, 
and high expression of TDO was closely related to malignant progression, unfavorable prognosis, and poor survival of 
patients with malignant tumors.27,28 In addition, TDO plays a dominant role in elevating Kyn expression in some tumors, 
which restrains antitumor immune responses and promotes tumor cell survival and motility.29 Taken together, these studies 
provide the proof-of-concept for IDO1 and TDO as attractive therapeutic targets for cancer immunotherapy.

Trp consumption and Kyn metabolites accumulation regulated by IDOs and TDO create an immunosuppressive 
microenvironment characterized by decreased effector T (Teff) cells and natural killer (NK) cells, as well as increased 
functional myeloid-derived suppressor cells (MDSCs) and regulatory T (Treg) cells, which are the primary factors 
contributing to immune tolerance of tumor cells. Trp metabolism-mediated immunosuppressive mainly involves the 
following molecular mechanisms (Figure 2). First, Trp consumption results in the accumulation of uncharged Trp-tRNA, 
which binds to and activates the stress-response kinase general control nonderepressible-2 (GCN2).30 Activated GCN2 
induces the cell cycle arrest of Teff cells and promotes differentiation and activity of Treg cells, forming an 

Figure 2 Trp metabolism-mediated immunosuppressive mechanisms of IDOs and TDO (created with biorender.com). More than 95% of free Trp is catabolized through the 
tryptophan-kynurenine (Trp-Kyn) pathway, which leads to decreased Trp levels and increased Kyn levels. Trp depletion results in the accumulation of uncharged Trp-tRNA 
and activation of the stress-response kinase (GCN2), thus inducing cell cycle arrest of CD8+ Teff cells and promoting differentiation and activity of Treg cells. Trp 
consumption restrains the activity of immune-regulatory kinases mTORC1 and PKC-θ, along with the activation of autophagy, which will limit T-cell function in tumor 
microenvironment. Kyn metabolites accumulation activates AHR, and then results in the generation of Treg cells. Meanwhile, activated AHR also promotes tumor immune 
tolerance by upregulating PD-1 expression. These mechanisms work together to form an immunosuppressive microenvironment.
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immunosuppressive microenvironment.30,31 Second, Trp depletion suppresses the activity of immune-regulatory kinases 
mammalian target of rapamycin complex 1 (mTORC1) and protein kinase C theta (PKC-θ), along with the activation of 
autophagy, which can limit T-cell function in tumor microenvironment.32,33 Finally, accumulation of Kyn metabolites 
activates aryl hydrocarbon receptor (AHR), a transcription factor essential for tumor immune regulation. AHR activation 
could result in the generation of immune-tolerant Treg cells and dendritic cells, as well as the suppression of antitumor 
immune responses through classical IDO1/TDO-Kyn-AHR pathway.34 Meanwhile, activated AHR also promotes tumor 
immune tolerance by upregulating PD-1 expression. Blockade of Kyn-AHR can boost the efficacy of antitumor adoptive 
T cell therapy.35 In addition to Trp metabolism-mediated immunosuppressive mechanisms of IDOs and TDO, enzyme- 
independent approaches have also been reported in recent years. IDO1 upregulated the expression of complement factor 
H (CFH) and its isoform factor H-like protein 1 (FHL-1) in glioblastoma cells via its nonenzymic activity. FHL-1 
expression markedly reduced tumor-infiltrating CD8+ T cells and increased MDSCs and Treg cells, thereby promoting 
immune suppression and reducing survival in mice with syngeneic brain tumor.36 Moreover, IDO also functions as 
a signaling molecule in response to transforming growth factor-β (TGF-β).37 Due to the complexity of tumor hetero
geneity and microenvironment, all these mechanisms may act synergistically or differentially in different tumor types, 
resulting in an IDOs/TDO-mediated immunosuppressive environment.

Targeting IDOs and TDO in Cancer
In the last two decades, hundreds of IDOs and TDO inhibitors have been screened or synthesized by academic 
institutions or pharmaceutical industries. These inhibitors could be divided into indole analogues, inhibitors with an 
imidazole, tetrazole or triazole scaffold, inhibitors with quinone or iminoquinone, hydroxylamine derivatives and 
others.19,38 To date, at least 12 antagonists targeting IDO1 and TDO have entered clinical trials, including indoximod, 
epacadostat, BMS-986205, PF-06840003, navoximod, KHK2455, HTI-1090, NLG-802, LY3381916, LPM-3480226, 
DN1406131, and M4112 (Figure 3).

Figure 3 The disclosed structure of IDO1 and TDO inhibitors tested in the clinic.
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Indoximod
Indoximod, also called 1-methyl-D-tryptophan (D-1MT) or NLG-8189, is the most representative tryptophan analogue 
inhibitor developed by Newlink Genetics. It was first studied as a simple racemic compound 1-methyl-D, L-tryptophan 
with anti-tumor activity in preclinical studies.39 Muller et al then discovered that 1-MT combined with paclitaxel had 
a significant synergistic effect and elicited regressions of otherwise intractable tumors.40 Nakamura et al investigated the 
therapeutic potential of indoximod in combination with cyclophosphamide in mouse non-Hodgkin lymphoma models and 
also confirmed a conspicuous synergistic interaction.41 In immunodeficient recombination activating gene 1 (RAG1) 
knockout mice, the anti-tumor activity of 1-MT was lost, indicating that its efficacy is immune-mediated and mainly 
based on provoking T cell response and attacks.42 Moreover, in IDO-expressing dendritic cells of both human and mouse, 
the D isomer was prominently more effective in relieving IDO-mediated suppression of T-cell proliferation and in 
combination with chemotherapy.43

Phase I Studies
Several phase I clinical trials evaluated the safety and toxicity profile of indoximod monotherapy or in combination with 
chemotherapy in patients with advanced cancer (Table 1). The phase I trial of indoximod monotherapy (NCT00567931) 
was conducted in 48 patients with solid malignancies. The maximal tolerance dose (MTD) was not reached at the highest 
dosage (2000 mg twice/day). Pharmacokinetic data showed that indoximod plasma Cmax and AUC plateaued at doses 
above 1200 mg. C-reactive protein (CRP) level increased at multiple dosage levels, as did autoantibody titers to tumor- 
associated antigens. The best response was stable disease (SD) >6 months in 5 patients.44 Indoximod combined with 
docetaxel was assessed in 27 patients with solid tumors (NCT01191216).45 Preliminary data showed the combination 
was well tolerated. The dose-limited toxicities (DLTs) included grade 3 dehydration, hypotension and mucositis; and 
grade 5 colitis. The frequent adverse events (AEs) were nausea, infection, hyperglycemia, anemia and fatigue. Moreover, 
4 partial responses were observed among 22 evaluable patients.45 Another trial (NCT02835729) assessed indoximod in 
combination with cytarabine and idarubicin in patients with newly diagnosed acute myeloid leukemia (AML). The most 
common indoximod-related AEs included abdominal pain, diarrhea, hyperhidrosis, headache, fatigue, nausea, asthenia, 
and vomiting, which occurred in more than 5% of patients. In the intention-to-treat analysis, 11 of 13 patients (85%) 
achieved morphologic complete response (CR). Seven of 9 patients (78%) in the per-protocol analysis achieved 
morphologic CR. These data proved that indoximod had favorable toxicity and high CR rate to the standard of care 
chemotherapy for newly diagnosed AML.46 In addition, the safety and preliminary efficacy of indoximod plus temozo
lomide-based therapy in children with newly diagnosed diffuse intrinsic pontine glioma were also evaluated in the 
NCT02502708 trial.47 It is also the first-in-children clinical trial for indoximod. The most frequent AEs related to 
indoximod were diarrhea, thrombocytopenia, nausea, fatigue and vomit. The overall survival (OS) was 62% in 12 months 
and the estimated median OS was 14.5 months.47

Phase I/II Studies
Soliman et al reported the results of an indoximod-related phase I/II trial (NCT01042535) which enrolled 39 patients 
with metastatic solid tumors.48 The combination of indoximod with Ad.p53-DC vaccination therapy was well tolerated. 
The attributable AEs were mostly grade 1/2, including fatigue, nausea, transient lymphopenia, anemia, and anorexia, 
which occurred in about 20% of patients. No DLTs occurred during the study. Of the total study population, immune 
responses were detected in 7 out of 23 evaluable patients. The median progression-free survival (PFS) and median OS 
were 13.3 weeks and 20.71 weeks, respectively. 40% of patients had stable disease or better on imaging.48 The 
preliminary efficacy of indoximod plus immune checkpoint inhibitors for patients with metastatic or stage III/IV 
melanoma was evaluated in phase I/II study (NCT02073123). A total of 131 patients were enrolled in phase II portion. 
The combination was well tolerated, and no high-grade autoimmune side effects were observed in this combination. In 
the 89 efficacy evaluable patients, the objective response rate (ORR) was 51%, including 18 CR patients and 27 partial 
response (PR) patients. 70% of evaluable population achieved disease control rates (DCR), with the median duration of 
response of 33 months. The median PFS in these responders was 12.4 months.49 Moreover, indoximod combined with 

Drug Design, Development and Therapy 2022:16                                                                             https://doi.org/10.2147/DDDT.S373780                                                                                                                                                                                                                       

DovePress                                                                                                                       
2643

Dovepress                                                                                                                                                             Peng et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


chemotherapeutic agents, such as gemcitabine/nab-paclitaxel and temozolomide, were also assessed in phase I/II trials 
(NCT02077881, NCT02052648). Both combination regimens were well tolerated. No indoximod-related serious AEs 
occurred.50,51 The median OS was 10.9 months, and the overall response rate was 46% (48/104) in the NCT02077881 
trial.50 The best responses included 1 subject with an ongoing PR at 15 months and SD in 4 subjects lasting 4–11 months 
in the NCT02052648 trial.51

Phase II Studies
Based on the promising results on safety and responses from the phase I trial in metastatic breast cancer patients, 
indoximod was evaluated in a randomized placebo-controlled phase II trial (NCT01792050). However, this trial was 
discontinued in June 2017 because it failed to show any evidence of efficacy. Researchers found that indoximod did not 
improve median PFS over placebo (6.8 months vs 9.5 months). The OS (19.5 vs 20.6 months) was also not statistically 
significant.52 Subjects without a heavily pre-treatment could be considered for the next step. Moreover, indoximod in 
combination with Sipuleucel-T (a therapeutic cancer vaccine) was evaluated in patients with metastatic castration- 
resistant prostate cancer (NCT01560923). Thirty-five patients completed therapy. No difference in prostate-specific 
antigen progression nor difference in the primary endpoint of immune response to the immunizing protein PA2024 
was observed between the treatment arm and placebo arm.53 In the treatment arm, the median radiographic PFS was 10.3 
months, vs 4.1 months in the placebo arm. The combination therapy was well tolerated and had improved radiographic 
and clinical progression.53 Several other clinical trials evaluating indoximod monotherapy and combination therapy are 
still active or recruiting subjects (Table 1).

Table 1 Clinical Trials Testing Indoximod in Oncological Indications

Phase Indication Co-Therapy Estimated or 
Actual Enrollment

Identifier Status

Phase I Solid Tumor Single Agent 48 NCT00567931 Completed in September 2012

Phase I Solid Tumor Single Agent 17 NCT00739609 Terminated in October 2012

Phase I Metastatic Solid Tumor Docetaxel 27 NCT01191216 Completed in August 2013
Phase I Acute Myeloid Leukemia Idarubicin, Cytarabine 54 NCT02835729 Completed in December 2019

Phase I Malignant Brain Tumor Temozolomide 81 NCT02502708 Completed in February 2020

Phase I NSCLC Docetaxel, 
Tergenpumatucel-L

16 NCT02460367 Active, not recruiting

Phase I Pediatric Brain Cancer Ibrutinib, 
Cyclophosphamide, 

Etoposide

37 NCT05106296 Active, not recruiting

Phase I/II Metastatic Breast Cancer Ad. p53 DC vaccine 39 NCT01042535 Completed in February 2018
Phase I/II Metastatic Pancreas 

Cancer

Gemcitabine, Nab- 

paclitaxel

157 NCT02077881 Completed in October 2018

Phase I/II Malignant Brain Tumor Temozolomide, 
Bevacizumab, Radiation

160 NCT02052648 Completed in June 2019

Phase I/II Metastatic Melanoma Ipilimumab, Nivolumab, 

Pembrolizumab

131 NCT02073123 Completed in July 2019

Phase II Metastatic Breast Cancer Docetaxel, Paclitaxel 169 NCT01792050 Terminated in June 2017

Phase II Metastatic Prostate Sipuleucel-T 35 NCT01560923 Completed in December 2018

Phase II Metastatic Melanoma Pembrolizumab, 
Nivolumab

21 NCT03301636 Terminated in November 2019

Phase II Relapsed Brain Tumor Chemotherapy and 

Radiation

140 NCT04049669 Recruiting

Note: The data were obtained from ClinicalTrials.gov database (https://www.clinicaltrials.gov).
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Epacadostat
Epacadostat, initially known as INCB024360, was a highly selective and orally active IDO1 inhibitor developed by 
Incyte.54 It effectively interfered with Trp metabolism mainly by competing with Trp to bind to the catalytic domain of 
IDO1 and had high specificity against IDO1 enzyme over IDO2 and TDO, with IC50 value of approximately 10 nM on 
IDO1.55 In the co-cultures of human allogeneic lymphocytes with dendritic cells (DCs) or tumor cells, IDO inhibition by 
epacadostat could result in enhanced proliferation of T and NK cells, production of IFN and CD86 positive DCs, and 
reduced DC apoptosis and conversion to regulatory T (Treg)-like cells.56 In tumor-bearing syngeneic mice, epacadostat 
inhibited the Kyn level up to 90% in immunocompetent mice instead of immunocompromised mice, indicating that the 
efficacy of epacadostat relied on functional immunity.57 In murine melanoma models, epacadostat treatment promoted 
the proliferation of tumor-infiltrating CD8+ T cells and IL-2 production, thereby significantly enhancing T cell activity. 
Furthermore, it showed synergistic effects in combinatorial immunotherapy with anti-CTLA4 mAb or anti-PD-L1 
mAb.58 Based on the impressive preclinical data, a total of 63 clinical trials associated with epacadostat are conducted 
to evaluate its safety and efficacy in monotherapy or combination therapy in various malignancies (Table 2).

Table 2 Clinical Trials Testing Epacadostat in Oncological Indications

Phase Indication Co-Therapy Estimated or 
Actual Enrollment

Identifier Status

Phase I Solid Tumor Single Agent 52 NCT01195311 Completed in July 2013

Phase I Recurrent Ovarian, Fallopian Tube, 

Primary Peritoneal Cancer

Chemotherapy, Biotherapy 2 NCT02118285 Completed in November 2015

Phase I NSCLC and Urothelial Cancer Atezolizumab 29 NCT02298153 Terminated in November 2017

Phase I Solid Tumor Itacitinib, INCB050465 142 NCT02559492 Terminated in August 2019

Phase I Glioblastoma Nivolumab, MK-4166, 

Ipilimumab

3 NCT03707457 Terminated in June 2020

Phase I Advanced Solid Tumor Pembrolizumab, Chemotherapy 34 NCT02862457 Completed in November 2020

Phase I Solid Tumor Single Agent 2 NCT03471286 Terminated in August 2021

Phase I Epithelial Ovarian, Fallopian Tube, 

Primary Peritoneal Cancer

Single Agent 17 NCT02042430 Active, not recruiting

Phase I Solid Tumor Retifanlimab, INCB050465 83 NCT03589651 Recruiting

Phase I Advanced Rectal Cancer Radiation, Chemotherapy 39 NCT03516708 Recruiting

Phase I Advanced Solid Tumor Sirolimus 22 NCT03217669 Recruiting

Phase I Acute Myeloid Leukemia Cladribine, Cytarabine 0 NCT03491579 Withdrawn

Phase I Acute Myeloid Leukemia Idarubicin, Cytarabine, 

Daunorubicin

0 NCT03444649 Withdrawn

Phase I Metastatic Colorectal Cancer Pembrolizumab, Azacitidine 0 NCT03182894 Withdrawn

Phase I/II Melanoma Ipilimumab 136 NCT01604889 Terminated in December 2016

Phase I/II Resistant Ovarian, Fallopian or 

Peritoneal Cancer

Pembrolizumab, Biotherapy 35 NCT02575807 Terminated in May 2018

Phase I/II Advanced Solid Tumor INCB001158, Pembrolizumab 5 NCT03361228 Terminated in March 2019

Phase I/II Advanced Solid Tumor Azacitidine, Pembrolizumab, 

INCB057643, INCB059872

70 NCT02959437 Completed in March 2020

Phase I/II Solid Tumor Pembrolizumab, Chemotherapy 70 NCT03085914 Completed in July 2020

Phase I/II Advanced Cancer Nivolumab 307 NCT02327078 Completed in July 2020

Phase I/II Advanced Malignancies INCAGN01876, Pembrolizumab 10 NCT03277352 Terminated in in July 2020

Phase I/II Solid Tumor MEDI4736 176 NCT02318277 Completed in October 2020

Phase I/II Selected Cancer MK-3475 444 NCT02178722 Completed in February 2021

Phase I/II Solid Tumor Nivolumab, Ipilimumab, 

Lirilumab

11 NCT03347123 Completed in April 2021

Phase I/II Ovarian, Fallopian Tube, Primary 

Peritoneal Cancer

Poly ICLC 40 NCT02166905 Completed in July 2021

Phase I/II Recurrent Ovarian Cancer DPX-Survivac, Chemotherapy 85 NCT02785250 Active, not recruiting

Phase I/II Advanced Solid Tumor SD-101, Radiotherapy 20 NCT03322384 Active, not recruiting

(Continued)
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Phase I Studies
The first-in-human phase I trial of epacadostat recruited 52 patients with advanced solid tumors (NCT01195311).59 Two 
DLTs were observed in this study. The most frequent AEs (>30% of patients) included fatigue, nausea, decreased 
appetite, vomiting and constipation. Pharmacokinetics (PK) analysis showed that the maximum observed concentration 
could be reached at approximately 2 hours after administration of epacadostat, and the half-lives ranged from 2.4 hours to 
3.9 hours at all doses. The best overall response was SD observed in 18 patients, and 7 of them achieved SD for no less 
than 16 weeks.59 Although the objective response of epacadostat as monotherapy was not satisfactory, IDO1 inhibition 
was achieved at tolerable dosages. Epacadostat combined with immune checkpoint inhibitors in patients with advanced 

Table 2 (Continued). 

Phase Indication Co-Therapy Estimated or 
Actual Enrollment

Identifier Status

Phase I/II Breast Cancer Chemotherapy, Biotherapy 60 NCT03328026 Recruiting

Phase I/II Prostate Cancer ALT-03, BN-Brachyury, M7824 113 NCT03493945 Recruiting

Phase II Ovarian Cancer Tamoxifen 42 NCT01685255 Terminated in October 2014

Phase II Myelodysplastic Syndromes Single Agent 15 NCT01822691 Completed in February 2015

Phase II Melanoma Peptide Vaccine 11 NCT01961115 Completed in May 2017

Phase II Gastric Cancer Pembrolizumab 3 NCT03196232 Completed in May 2018

Phase II Head And Neck Squamous Cell 

Carcinoma

Pembrolizumab 2 NCT03463161 Terminated in December 2018

Phase II NSCLC Pembrolizumab, Chemotherapy 233 NCT03322566 Completed in October 2020

Phase II NSCLC Pembrolizumab 154 NCT03322540 Completed in November 2020

Phase II Ovarian Clear Cell Tumor Pembrolizumab 14 NCT03602586 Terminated in February 2021

Phase II Gastrointestinal Stromal Tumor Pembrolizumab 1 NCT03291054 Completed in March 2021

Phase II Sarcoma Pembrolizumab 30 NCT03414229 Active, not recruiting

Phase II Thymic Carcinoma Pembrolizumab 45 NCT02364076 Active, not recruiting

Phase II Head And Neck Squamous Cell 

Carcinoma

Pembrolizumab, Tavo-EP Gene 

Therapy

14 NCT03823131 Active, not recruiting

Phase II Metastatic Pancreas Cancer Pembrolizumab 44 NCT03006302 Recruiting

Phase II Glioblastoma Glioma Bevacizumab, INCMGA00012, 

Radiotherapy

55 NCT03532295 Recruiting

Phase II Endometrial Cancer Retifanlimab, Pemigatinib 220 NCT04463771 Recruiting

Phase II Urothelial Carcinoma Pemigatinib, Retifanlimab 45 NCT04586244 Recruiting

Phase II Bladder Cancer Pembrolizumab 0 NCT03832673 Withdrawn

Phase II Gastroesophageal Cancer Pembrolizumab 0 NCT03592407 Withdrawn

Phase II Pancreatic Cancer Pembrolizumab 0 NCT03432676 Withdrawn

Phase II Epstein-Barr Virus Positive 

Nasopharyngeal Cancer

Durvalumab 0 NCT04231864 Withdrawn

Phase II Squamous Cell Carcinoma of the 

Head and Neck

Pembrolizumab 0 NCT03325465 Withdrawn

Phase II Endometrial Carcinoma Pembrolizumab 0 NCT03310567 Withdrawn

Phase II Small Cell Lung Cancer Pembrolizumab 0 NCT03402880 Withdrawn

Phase II Head and Neck Cancer Pembrolizumab 0 NCT03238638 Withdrawn

Phase II Colorectal Cancer Pembrolizumab, Azacitidine 0 NCT03182894 Withdrawn

Phase III NSCLC Nivolumab, Chemotherapy 2 NCT03348904 Terminated in May 2018

Phase III Melanoma Pembrolizumab 706 NCT02752074 Completed in August 2019

Phase III Urothelial Carcinoma Pembrolizumab 84 NCT03374488 Completed in July 2020

Phase III Urothelial Carcinoma Pembrolizumab 93 NCT03361865 Completed in August 2020

Phase III Head and Neck Cancer Pembrolizumab, Cetuximab, 

Chemotherapy

89 NCT03358472 Active, not recruiting

Phase III Renal Cell Carcinoma Pembrolizumab 129 NCT03260894 Active, not recruiting

Phase III Head and Neck Cancer Nivolumab 0 NCT03342352 Withdrawn

Note: The data were obtained from ClinicalTrials.gov database (https://www.clinicaltrials.gov).
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solid tumors was reported in two studies (NCT02298153, NCT02862457). In both trials, DLTs were observed in a very 
handful of subjects, and most of the patients experienced TRAEs.60,61 The PKs of epacadostat and atezolizumab/ 
pembrolizumab were not affected by each other. The efficacy analysis of NCT02862457 trial demonstrated that 
a reduction in target lesion size from baseline could be detected in 53.3% of patients (8/15). Four patients achieved 
PR (ORR: 26.7%), and 2 of them had an ongoing response after >200 days.61 Notably, NCT02298153 was terminated in 
2017, approximately 2.5 years after initiating the trial, due to the slow recruitment and diverging development strategies 
of atezolizumab and epacadostat.

Phase I/II Studies
Several phase I/II trials were conducted to assess the safety, tolerability, and efficacy of epacadostat in combination with 
immune checkpoint inhibitors in select advanced cancers and advanced solid tumors. Among them, epacadostat in 
combination with anti-CTLA-4 antibody ipilimumab in unresectable or metastatic melanoma (NCT01604889) was 
terminated based on the evolving immunotherapy landscape, particularly anti-PD-1/anti-PD-L1 antibody-based combina
tion strategies for melanoma therapy.62 Epacadostat plus PD-1 antibody nivolumab (NCT02327078) was well tolerated, 
and no DLTs were observed.63 In preliminary phase II cohort expansion, 205 patients were enrolled. The DCRs were 
70% (16/23), 100% (8/8)/64% (14/22), 28% (5/18)/36% (4/11), and 24% (6/25) in patients with squamous cell carcinoma 
of the head and neck (SCCHN), melanoma (epacadostat 100/300 mg), ovarian cancer (OVC, epacadostat 100/300 mg), 
and CRC, respectively. ORRs were 75% (6/8), 11% (2/18)/18% (2/11), and 4% (1/25) in patients with melanoma, OVC 
(epacadostat 100/300 mg), and CRC, respectively.63 The efficacy outcomes are promising, particularly in SCCHN and 
melanoma. Updated outcomes specifically aiming at advanced melanoma showed the ORR of 62% and DCR of 78%.64 

Naing et al reported the interim results of phase I/II trial (NCT02318277) of epacadostat plus durvalumab in patients with 
advanced solid tumor. The combination regimen was well tolerated, but no objective responses were observed.65 Another 
study (NCT02178722) explored the combination of epacadostat with pembrolizumab. Sixty-two participants were 
enrolled. TRAEs occurred in 52 patients (84%), and the most common TRAEs (>20%) included rash, fatigue, arthralgia, 
pruritus, and nausea.66 The PK parameters of epacadostat and pembrolizumab were comparable to their monotherapies 
reported previously.59,67 Moreover, objective responses occurred in 25 patients (8 CRs and 17 PRs), including responders 
with melanoma, non-small cell lung cancer (NSCLC), urothelial carcinoma (UC), renal cell carcinoma (RCC), endo
metrial adenocarcinoma and SCCHN.

Phase II Studies
Epacadostat was compared with tamoxifen in ovarian cancer subjects with carbohydrate antigen 125 (CA-125) elevation 
following complete remission after first-line chemotherapy in a phase II study (NCT01685255). Forty-two women were 
enrolled, but all of them discontinued the study primarily because of disease progression and AEs.68 In the interim 
analysis, median PFS was 3.75 months in epacadostat group versus 5.56 months in tamoxifen group. The lack of 
evidence of superiority for epacadostat together with slow accrual of subjects resulted in termination of this study.68 

Another single-center phase II study of epacadostat plus pembrolizumab had been evaluated in patients with advanced 
sarcoma (NCT03414229). The most common TRAEs were grade 1 or 2, including fatigue, rash and alanine amino
transferase (ALT) elevation. Three patients ceased the therapy due to grade 3 TRAEs. Limited efficacy was observed in 
evaluable patients, with 1 confirmed PR (3%), 13 SDs (45%), and 15 disease progressions (52%). The median PFS was 8 
weeks and the median OS was not available.69 Additionally, multiple related phase II clinical trials have been conducted 
in recent years, particularly in patients with melanoma, SCCHN, NSCLC and UC. Although some of these trials have 
been completed, few data have yet been disclosed.

Phase III Studies
A total of 5 phase III trials of epacadostat-related combination therapy have been conducted in patients with melanoma, 
UC, NSCLC, or SCCHN. Currently, only one phase III study has disclosed the research data. This trial (NCT02752074) 
aimed at comparing epacadostat/placebo plus pembrolizumab in participants with unresectable stage III or IV 
melanoma.70 Seven hundred and six subjects were enrolled to receive treatment with epacadostat plus pembrolizumab 
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(n = 354) or placebo plus pembrolizumab (n = 352). Despite favorable safety and tolerability, epacadostat did not 
improve patient outcomes in the combination therapy. No statistically significant differences were observed in PFS (4.7 
vs 4.9), OS (74.4 vs 74.1) at 12 months, and ORR (34% vs 32%) between two groups.70 Several hypotheses have been 
proposed to explain the discrepancy in efficacy between the early clinical trials for epacadostat and this ECHO-301 trial, 
including the differences in treatment populations, inappropriate dosage of epacadostat, and incomplete inhibition of 
intratumoral Kyn.71

BMS-986205
BMS-986205, developed by Bristol Myers Squibb Company, is an orally irreversible and highly selective IDO1 inhibitor. 
As the only suicidal IDO inhibitor, it was regarded as a best-in-class IDO1 inhibitor and exhibited inhibitory effects via 
a unique mechanism of binding the heme cofactor site.72 BMS-986205 showed potent cellular activity in multiple cell 
models. In xenograft models, it effectively reduced kynurenine levels and restored T-cell proliferation with high oral 
bioavailability and favorable PK characteristics.73 Importantly, BMS-986205 could decrease serum Kyn ≥ 45% even at 
a low dose of 25 mg, with >60% mean reduction at the 100/200 mg QD in human whole blood.73

Four BMS-986205-related trials have been completed, but only one report is currently available. Luke et al presented 
the interim results of phase I/II trial evaluating the safety, tolerability, and efficacy of BMS-986205 in combination with 
nivolumab in advanced bladder cancer (NCT02658890). A total of 516 patients were enrolled in this trial.74 The most 
common AEs were fatigue and nausea. TRAEs occurred in 57% of patients. 4% of patients ceased treatment due to 
TRAEs and less than 1% of patients died due to TRAEs. Among the 27 patients with immuno-oncology naive advanced 
bladder cancer, the ORR was 37%, including 3 CRs and 7 PRs, and the DCR was 56%. The ORR was observed in 50% 
of patients with PD-L1 expression ≥1% (n = 14) and 30% of patients with PD-L1 expression <1% (n = 10).74 In addition, 
several trials are conducted to investigate the safety and preliminary effects of BMS-986205 in combination with 
chemotherapeutic drugs, CTLA-4 inhibitors, tyrosine kinase inhibitors, PARP inhibitors or vaccines in different types 
of tumors, most of which are recruiting patients (Table 3).

PF-06840003
PF-06840003/EOS200271 was a highly selective and non-competitive IDO1 inhibitor co-developed by Pfizer and iTeos. 
The structure of PF-06840003 differed from that of most IDO1 inhibitors. It achieved the inhibitory function without 
coordinating to heme iron atom but had a novel binding mode.75 Notably, the R-enantiomer of PF-0684003 was more 
potent than S-enantiomer. Preclinical experiments revealed that R-enantiomer could be converted into S-enantiomer in 
the blood, resulting in a loss or reduction of inhibitory effect.75 Therefore, PF-06840003 is a racemic mixture of active 
and inactive enantiomers, which spontaneously epimerize to each other in plasma for maximum efficiency. In preclinical 
studies, PF-06840003 exerted anti-tumor efficacy by regulating Trp/Kyn balance and T-cell function in vitro and 
in vivo.76 Gomes et al reported that PF-06840003 reduced the level of kynurenine metabolite by about 80% in syngeneic 
tumor model and inhibited tumor growth in both monotherapy and in combination with PD-L1 inhibitors. The 
combination induced a higher proportion of IFN-γ-secreting T cells to improve treatment efficacy.77 Besides, PF- 
06840003 had a favorable predicted human pharmacokinetic profile, with a bioavailability of 64%. It could pass through 
the blood–brain barrier (BBB) in rats, suggesting potential therapeutic effects for brain metastatic tumor.77

The safety, tolerability, and preliminary efficacy of PF-06840003 in patients with malignant gliomas have been 
evaluated in a phase I study (NCT02764151) (Table 4). Increasing doses of PF-06840003 were administered to a total of 
17 patients. Serious AEs were observed in 4 patients, one of which was TRAE. The DLT rate was 12.5% at the highest 
dose of PF-06840003, so the MTD was not reached in this study. The median Tmax ranged from 1.5 to 3.0 hours 
following PF-06840003 dosing, and the elimination half-life was approximately 2 to 4 hours. Disease control occurred in 
47% of patients (8/17), and SD was the best response. The mean duration of SD before progression/discontinuation was 
32.1 weeks (12.1–72.3).78 Although PF-06840003 was well tolerated with pharmacodynamics (PD) effect and clinical 
benefit in the glioma patients enrolled in this trial, the data were limited by the small sample size, nonrandomized design 
and low ORR. Further large-scale randomized clinical studies are still needed to support PF-06840003 development.
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Navoximod
Navoximod, also known as GDC-0919, NLG-919 or RG-6078, was developed by Newlink Genetics.79 It is a potent, 
selective and non-competitive IDO1 inhibitor with an EC50 value of 75 nM on IDO1. Its oral bioavailability was >70%, 
and a single administration could reduce plasma and tissue Kyn by 50% in mice.80 Spahn found that navoximod 
attenuated immune suppression in tumors by inhibiting Trp metabolism and had the ability to cross BBB.81 Navoximod 
combined with PD-L1 inhibitors enhanced the depth and duration of responses compared with single-use of PD-L1 
inhibitor.82 Navoximod effectively blocked the IDO-induced T cell inhibition and restored robust T cell responses with an 

Table 3 Clinical Trials Testing BMS-986205 in Oncological Indications

Phase Indication Co-Therapy Estimated or 
Actual Enrollment

Identifier Status

Phase I Multiple Malignancies Itraconazole, Rifampin 53 NCT03346837 Completed in December 2017

Phase I Advanced Cancer Nivolumab 11 NCT03192943 Completed in December 2018

Phase I Glioblastoma Nivolumab, Radiation, Temozolomide 30 NCT04047706 Recruiting

Phase I Advanced Cancer Nivolumab, Relatlimab, Cabiralizumab, 

Ipilimumab, Radiotherapy

50 NCT03335540 Recruiting

Phase I/II Malignant Solid Tumor Nivolumab 17 NCT03792750 Completed in October 2021

Phase I/II Hepatic Cell Carcinoma Nivolumab 8 NCT03695250 Active, not recruiting

Phase I/II Advanced bladder cancer Nivolumab, Ipilimumab 516 NCT02658890 Active, not recruiting

Phase I/II Advanced Cancer Nivolumab, Ipilimumab, Relatlimab 184 NCT03459222 Recruiting

Phase II NSCLC Nivolumab, Ipilimumab, Relatlimab, 

Dasatinib

295 NCT02750514 Terminated in January 2020

Phase II Bladder Cancer Nivolumab, BCG 69 NCT03519256 Active, not recruiting

Phase II Endometrial Cancer Nivolumab 24 NCT04106414 Active, not recruiting

Phase II Squamous Cell Carcinoma of 

the Head and Neck

Nivolumab 48 NCT03854032 Recruiting

Phase II Renal Cell Carcinoma Nivolumab, Ipilimumab, Relatlimab, 

BMS-813160

200 NCT02996110 Recruiting

Phase II Gastric Cancer Nivolumab, Ipilimumab, Relatlimab, 

Rucaparib

186 NCT02935634 Active, not recruiting

Phase II Melanoma Nivolumab, Ipilimumab 0 NCT04007588 Withdraw

Phase III Advanced Melanoma Nivolumab 20 NCT03329846 Completed in July 2020

Phase III Bladder Cancer Nivolumab, Gemcitabine, Cisplatin 976 NCT03661320 Recruiting

Phase III Head and neck cancer Nivolumab, Cetuximab, 

Chemotherapy

0 NCT03386838 Withdraw

Phase III NSCLC Nivolumab, Chemotherapy 0 NCT03417037 Withdraw

Note: The data were obtained from ClinicalTrials.gov database (https://www.clinicaltrials.gov).

Table 4 Clinical Trials of Other IDO1/TDO Inhibitors in Oncological Indications

Drug Phase Indication Co-Therapy Estimated or 
Actual 

Enrollment

Identifier Status

PF-06840003 Phase I Malignant Gliomas Single Agent 17 NCT02764151 Completed in December 2018
Navoximod Phase I Solid Tumor Single Agent 22 NCT02048709 Completed in February 2016

Phase I Solid Tumor Atezolizumab 157 NCT02471846 Completed in October 2019

KHK2455 Phase I Advanced Solid Tumor Mogamulizumab 36 NCT02867007 Completed in December 2019
Phase I Urothelial Carcinoma Avelumab 50 NCT03915405 Recruiting

HTI-1090 Phase I Advanced Solid Tumor Single Agent 18 NCT03208959 Completed in January 2019

Phase I Advanced Solid Tumor SHR-1210, 
Apatinib

200 NCT03491631 Unknown

Note: The data were obtained from ClinicalTrials.gov database (https://www.clinicaltrials.gov).
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ED50 value of 80 nM in human monocyte-derived DCs and 120 nM in mouse DCs.80,83 In B16F10 mice, navoximod plus 
pmel 1/vaccine reduced tumor volume by up to 95% compared with the control group receiving pmel-1/vaccine 
alone.80,83 The benefits observed in preclinical treatment facilitate its progress in clinical studies.

Several phase I trials of navoximod have been completed (Table 4). Nayak-Kapoor et al reported a phase Ia study of 
navoximod in patients with recurrent solid tumors (NCT02048709).84 MTD was not reached, and DLT occurred in 1 
subject with metastatic RCC. The frequent AEs occurring in ≥30% of patients included fatigue, decreased appetite, 
cough, pruritus, and nausea. PK and PD assays showed a rapid absorbability of navoximod (Tmax: ~1 hour). The average 
half-life across all doses was approximately 12 hours, and the modulation of plasma Kyn was consistent with the half- 
life. Of enrolled patients, SD observed in 36% of patients (8/22) was the best response.84 Navoximod combined with 
atezolizumab was also assessed in a phase I study (NCT02471846). Six dose levels of navoximod (50–1000 mg) plus 
atezolizumab were administered to patients (n = 157).85 MTD was not identified, and a DLT (grade 3 sepsis syndrome) 
was observed to be associated with study drugs. Thirty-five patients (22%) experienced grade ≥3 TRAEs. The PKs of 
two drugs in combination therapy were consistent with those of individual drugs. In the dose-escalation stage, 6 patients 
(9%) achieved the best response of PR and 11 patients (17%) achieved the SD.85 Of note, it did not benefit patients 
significantly from adding navoximod to atezolizumab.

KHK2455
KHK2455 was a novel, highly selective and durable effective IDO1 inhibitor. Its structure has not been reported. 
Currently, only 2 KHK2455-related clinical trials are in progress or have been completed (Table 4). The first clinical trial 
of KHK2455 (NCT02867007) aimed at evaluating KHK2455 in combination with mogamulizumab (an anti-CCR4 
monoclonal antibody) in subjects with advanced solid tumors.86 Thirty-six patients received KHK2455 at escalating dose 
levels, followed by a combination of mogamulizumab. One patient experienced DLT (Grade 3 gastrointestinal necrosis). 
The most common TEAEs (>30%) were drug eruption, nausea, infusion-related reaction, fatigue, headache and vomiting. 
The PK and ex vivo stimulation assays showed that the plasmatic Kyn concentration reduced by 70.5% at 100 mg dose 
and >95% inhibition in Kyn production was observed at ≥10 mg KHK2455. Six patients achieved durable RECIST 
disease stabilization for over 6 months, one of whom even lasted for ≥2 years. The median OS was 13.4 months and 30% 
of individuals survived for ≥2 years.86 Another active phase I trial of KHK2455 plus avelumab is conducted in adult 
patients with advanced bladder cancer (NCT03915405). It is currently recruiting subjects.

HTI-1090 (SHR9146)
HTI-1090, also referred as SHR9146, is a novel highly potent dual inhibitor against both IDO1 and TDO. It had 
favorable safety profiles and oral bioavailability in preclinical studies.87 HTI-1090 have been evaluated in monotherapy 
(NCT03208959) or combination therapy (NCT03491631) for patients with solid tumors (Table 4). The results of the 
combination therapy have been disclosed recently. Twenty-three eligible patients were treated with SHR9146 (100, 200, 
400, 600 mg BID) plus SHR-1210 (200 mg Q2W) with (cohort A)/without (cohort B) apatinib (250 mg QD).88 Two 
patients experienced DLTs: grade 4 hypercalcemia (with apatinib) and grade 3 rash (without apatinib). The most frequent 
grade ≥3 TRAEs were hypercalcemia, fatigue and nausea. No fatal AEs occurred. In evaluable patients, the ORR and 
DCR in cohort A were 21.4% (3/14) and 42.9% (6/14), respectively, compared with 33.3% (3/9) and 77.8% (7/9), 
respectively, in cohort B.88 These data demonstrated the acceptable safety profile and promising anti-tumor activity of 
this combination treatment in patients with advanced solid tumors. Further evaluation is needed to validate the safety and 
efficacy.

Other IDOs/TDO Inhibitors
Several structurally optimized inhibitors targeting IDO1 and TDO have also entered clinical trials, including NLG-802, 
LY3381916, LPM-3480226, DN1406131, and M4112 (Table 5). NLG802 is a prodrug of indoximod and has improved 
safety profile and oral bioavailability.89,90 Preclinical data showed that increasing the dose of indoximod above the 
currently achievable levels resulted in better anti-tumor efficacy; this could be achieved by NLG802 due to the enhanced 
bioavailability. In a melanoma tumor model, NLG802 significantly promoted the anti-cancer response of tumor-specific 
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pmel-1 T cells.90 A phase I clinical trial (NCT03164603) of NLG802 monotherapy in patients with advanced solid 
tumors has been completed, but relevant results were not available. LY3381916 is an indoline derivative. As a potent and 
selective IDO1 inhibitor, LY3381916 inhibited IDO1 activity in cell models, with IC50 values of 7 nM and >20 µM 
against IDO1 and TDO, respectively.91 The preclinical PK/PD modeling indicated that a once daily dosing of LY3381916 
could maintain >90% inhibitory effects for >24 hours. In preclinical tumor models, LY3381916 enhanced the activity of 
anti-PD-L1 antibody LY3300054, which was related to the improved T cell response. It also had significant central 
nervous system (CNS) penetration in rodents.91 Based on this study, a phase I clinical trial (NCT03343613) was 
conducted to explore LY3381916 monotherapy and in combination with LY3300054 in patients with advanced solid 
tumors. However, this trial was terminated in May 2020 probably due to the limited response of this combination.92 

M4112 is a potent and highly selective IDO1 and TDO2 dual inhibitor. It markedly decreased the Kyn/Trp ratio in 
a dose-dependent manner in vitro, particularly in liver tissue.93 In a phase study, 15 patients with advanced solid 
malignancies were treated with M4112 (NCT03306420). M4112 monotherapy was well tolerated, but no objective 
responses were observed. The best response was SD in 9 patients lasting ≥16 weeks.93 This trial was terminated in 
February 2020 due to the insufficient pharmacodynamic effect. Similar structural modifiers included LPM3480226 and 
DN1406131, both of whom are IDO1/TDO dual inhibitors. They are now active in phase I clinical trials.

In addition to the above IDO1/TDO inhibitors that have advanced to clinical evaluation, there are still a large number 
of potential IDOs and TDO inhibitors in preclinical and biological testing stages (Supplementary Table 1). For example, 
Hamilton et al synthesized a series of inhibitors targeting IDO1 and identified IACS-9779 as the hit compound. IACS- 
9779 inhibited IDO1 activity in HeLa cells with an IC50 value of 1.7 nM. It demonstrated an acceptable safety margin in 
rodent toxicology and dog cardiovascular studies and was suitable for human evaluation.94 F04, a novel phosphorami
dite-containing compound, is an IDO1 and TDO dual target inhibitor, with IC50 values of 94 nM and 2.6 nM on IDO1 
and TDO, respectively. In the cellular and mice models, F04 significantly decreased Kyn/Trp ratio and suppressed tumor 
progression.95 He et al synthesized a series of IDO1/2 dual inhibitors. Among all the tested compounds, 4t was the highly 
potent IDO1/2 inhibitor, with IC50 values of 28 nM and 144 nM against IDO1 and IDO2, respectively. In CT26 xenograft 
mouse models, 4t showed a stronger anti-tumor effect than epacadostat.96 Moreover, the antibiotic salinomycin was also 
reported to be a potent inhibitor of kynurenine synthesis, with IC50 values of 3.36 μM, 4.13 μM and 4.66 μM in MCF-7, 
HeLa and MDA-MB-231, respectively, in a cell-based biochemical test. Mechanism studies revealed that salinomycin 
inhibits kynurenine synthesis mainly through suppressing IDO1 expression and its catalytic activity by blockade of JAK/ 
STAT and NF-κB pathways.97,98

Conclusion
Immune escape is one of the pivotal hallmarks of cancer. It has been strongly supported by the impressive efficacy and 
disease remission achieved in some patients treated with various immune checkpoint inhibitors. In this paper, we present 

Table 5 Clinical Trials of Structurally Optimized Inhibitors Targeting IDO1 and TDO

Drug Phase Indication Co-Therapy Estimated or 
Actual 

Enrollment

Identifier Status

NLG-802 Phase I Advanced Solid Tumor Single Agent 26 NCT03164603 Completed in September 2019

LY3381916 Phase I Solid Tumor Pembrolizumab 41 NCT03343613 Terminated in May 2020
LPM-3480226 Phase I Advanced Solid Tumor Single Agent 30 NCT03844438 Recruiting

DN1406131 Phase I Solid Tumor Placebo 56 NCT03641794 Completed in May 2019

M4112 Phase I Advanced Solid 
Tumors

MS201408- 
0005C, 

MS201408- 

0005B

15 NCT03306420 Terminated in February 2020

Note: The data were obtained from ClinicalTrials.gov database (https://www.clinicaltrials.gov).
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the functions and mechanisms of IDOs and TDO in immune regulation and the research progress of corresponding 
inhibitors for cancer immunotherapy. Despite the general tolerance and moderate PK properties of IDOs and TDO 
inhibitors tested in clinical trials, they are seriously challenged by the efficacies, particularly the failure of epacadostat in 
combination with pembrolizumab for patients with advanced melanoma in the ECHO-301 phase III trial, which increases 
the uncertainty of the development of such drugs. Currently, in order to cope with this challenge, some strategies should 
be applied.

The first one is to develop dual-target inhibitors. Tumor microenvironment is characterized by complex immune 
evasion mechanisms. The immune responses induced by immune checkpoint inhibition, such as PD-1 or PD-L1 
blockade, may be weakened or neutralized by IDO1 overexpression.99 Likewise, inhibiting IDO1 alone may be 
insufficient to restrain Trp metabolism and exert immunotherapeutic effects due to the existence of TDO, which also 
plays a crucial role in Trp-Kyn metabolic cascade in some malignant tumors. Thus, co-suppression of both IDO1 and 
TDO is required to get rid of Trp metabolism-mediated immunosuppression in tumor microenvironment and improve 
treatment efficacy. It is a research trend for the development of agents targeting both IDO1 and TDO.100,101 IDO1 and 
histone deacetylase (HDAC) dual-target inhibitors were also reported for cancer treatment.102,103 Such inhibitors have 
advantages of both immunotherapeutic and epigenetic drugs. Meanwhile, HDACs inhibition can benefit immunotherapy 
via multiple mechanisms.104,105 Thus, co-targeting IDO1 and HDAC may have synergistic effects. In addition to directly 
target IDO1 or TDO, inhibiting AHR pharmacologically might enhance the anti-tumor efficacy of immune cells, so 
developing AHR antagonists is also an alternative strategy for its essential modulatory effects in IDO1/TDO-mediated 
Trp metabolism and subsequent immunosuppression.106 Further assessment of the potential synergistic effects of AHR 
inhibitors plus immune checkpoint blockade is also warranted.

Second, more efforts should be made to identify biomarkers to help select patients who will benefit from IDO1 or 
TDO inhibition. IDO1 or TDO expression in tumor samples, as well as the serum Trp and Kyn levels are the most 
recently reported biomarkers for pharmacodynamic evaluation. However, the immunosuppression effects of IDO1 or 
TDO in tumor microenvironment do not only rely on its expression, and Trp depletion and Kyn accumulation do not 
always happen simultaneously. Therefore, their practicality and reliability for patient selection need to be further 
explored.59,85 Xie et al developed a11 C-l-1MTrp positron emission tomography imaging technology to accurately 
delineated IDO1 expression in vivo, and found that IDO1 expression in the mesenteric lymph nodes could serve as 
a promising biomarker for treatment outcomes in cancer immunotherapy.107 The reliability of this predictor is better than 
that of IDO1 expression in tumor biopsies, which may be affected by post-translational modifications, sampling 
variables, and heterogeneous expression in tumor samples.107,108 Luke et al identified IFN-γ signature and tumor 
TDO2 expression as composite biomarkers for predicting the response to BMS-986205 plus nivolumab.109 Neopterin 
expression, like IDO1, was induced by IFN-ɣ and also found to be a potential biomarker of immune response in cancer 
therapy.110 In addition, an in-depth understanding of IDOs/TDO function, the mechanisms of immune escape, and the 
crosstalk between IDOs/TDO and related signal transduction is of utmost importance to discover precise biomarkers for 
IDO1 and TDO inhibitors.

Furthermore, combination therapy is still a potent regimen to boost the efficacy of IDOs and TDO inhibitors. Although 
there is a rational mechanism for the combination of IDO1 inhibitors with immune checkpoint therapy, the clinical data are 
not satisfactory in some malignancies, such as the failure of ECHO-301 trial.111 Nevertheless, many effective combination 
therapies related to IDO1 or TDO inhibitors have been observed in preclinical studies, including the combination therapy 
with DNA-damaging agents, molecular targeted drugs, radiotherapy and chemoradiotherapy, etc.112–114 Evidence continues 
to grow to support these combinations, and some of them are undergoing clinical evaluation (Tables 1–3). Moreover, IDO1/ 
TDO dual-target inhibitor combined with anti-PD-1 or anti-PD-L1 antibody is also an attractive combination that is worthy 
to be further explored. Finally, some novel technologies, such as proteolysis targeting chimeras (PROTAC) and engineered 
kynureninase (PEGylated kynureninase), have been adopted for the immunotherapy targeting IDOs/TDO-Trp-Kyn pathway, 
but much work remains to be done to advance them to the clinic.115,116

In conclusion, all of the clinically available IDOs and TDO antagonists have shown good tolerability either alone 
or in combination therapies. Although they are currently challenged by the efficacy of some tumors, apparent 
regulation mechanism and aggregated evidence still strongly support IDO1 and TDO as promising targets for cancer 
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immunotherapy, and there are also many related clinical studies in progress. With an in-depth understanding of tumor 
immune evasion and the technological innovation of drug research and development, more potent and specific IDOs/ 
TDO inhibitors, more accurate and reliable predictors, and better rationalized therapeutic combinations and trial 
designs will be discovered or applied, which can substantially boost the development of IDOs and TDO inhibitors.
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