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Abstract: Tryptophan (Trp) metabolism plays a vital role in cancer immunity. Indoleamine 2.3-dioxygenase 1 (IDO1), is a crucial 
enzyme in the metabolic pathway by which Trp is degraded to kynurenine (Kyn). IDO1-mediated Trp metabolites can inhibit tumor 
immunity and facilitate immune evasion by cancer cells; thus, targeting IDO1 is a potential tumor immunotherapy strategy. Recently, 
numerous IDO1 inhibitors have been introduced into clinical trials as immunotherapeutic agents for cancer treatment. However, 
drawbacks such as low oral bioavailability, slow onset of action, and high toxicity are associated with these drugs. With the continuous 
development of nanotechnology, medicine is gradually entering an era of precision healthcare. Nanodrugs carried by inorganic, lipid, 
and polymer nanoparticles (NPs) have shown great potential for tumor therapy, providing new ways to overcome tumor diversity and 
improve therapeutic efficacy. Compared to traditional drugs, nanomedicines offer numerous significant advantages, including 
a prolonged half-life, low toxicity, targeted delivery, and responsive release. Moreover, based on the physicochemical properties of 
these nanomaterials (eg, photothermal, ultrasonic response, and chemocatalytic properties), various combination therapeutic strategies 
have been developed to synergize the effects of IDO1 inhibitors and enhance their anticancer efficacy. This review is an overview of 
the mechanism by which the Trp-IDO1-Kyn pathway acts in tumor immune escape. The classification of IDO1 inhibitors, their clinical 
applications, and barriers for translational development are discussed, the use of IDO1 inhibitor-based nanodrug delivery systems as 
combination therapy strategies is summarized, and the issues faced in their clinical application are elucidated. We expect that this 
review will provide guidance for the development of IDO1 inhibitor-based nanoparticle nanomedicines that can overcome the 
limitations of current treatments, improve the efficacy of cancer immunotherapy, and lead to new breakthroughs in the field of cancer 
immunotherapy. 
Keywords: indoleamine 2, 3-dioxygenase 1, IDO1, IDO1 inhibitors, nanodrugs, nanodelivery, cancer immunotherapy, combination 
therapy

Introduction
Cancer, as a highly heterogeneous and complex systemic disease,1 has continuously increased in its global incidence and 
mortality rates in recent years. The relatively weak immunogenicity of cancer endows it with a “protective shield” during 
development, allowing it to evade recognition and attack by the immune system.2,3 The conventional treatment 
modalities for tumors; surgery, radiotherapy, and chemotherapy, are associated with several drawbacks: surgery may 
lead to trauma and the risk of recurrence, radiotherapy may induce severe toxic side effects and tolerance issues, and 
chemotherapy often results in adverse reaction events and drug resistance. In addition, these treatments have limited 
effectiveness in treating patients with advanced metastatic cancer. These factors render cancer one of the most challen
ging and difficult-to-cure diseases.

The emergence of cancer immunotherapy has brought new hope for cancer cure. This type of therapy can activate and 
train both the intrinsic and adaptive immune systems to recognize and remove cancer cells while building a longer-lasting 
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anti-tumor immune memory.4 Compared with traditional cancer treatment strategies, cancer immunotherapy not only 
shows lower toxicity and fewer side effects, but also reduces the physical burden of patients. In addition, personalized 
treatment plans can be designed based on factors such as the patient’s immune status and tumor type, especially in advanced 
cancer patients for whom conventional treatment may not achieve the expected results. Cancer immunotherapy offers new 
treatment options for such patients.5 Several immunotherapy treatments have been clinically validated as effective against 
cancer, including the immune checkpoint blockade (ICB),6,7 chimeric antigen receptor T cell therapy,8–10 adoptive cell 
therapy,11,12 monoclonal antibodies,13 and tumor vaccines.14,15 Particularly significant progress has been made in the 
development of immune checkpoint blockers, such as PD-1/PD-L1 and CTLA-4, in recent decades, initiating a wave of 
tumor immunotherapy. However, it must be recognized that the therapeutic effects of these drugs are only effective in 
patients with clinically positive immune checkpoints. Therefore, it is necessary to search for a wider range of therapeutic 
targets or combination therapy strategies to improve the clinical efficacy and applicability.

Considering the physiological functions of proteins in the body, basic amino acids units play a critical role in tumor 
progression. Elevated tryptophan (Trp) catabolism is a common hallmark of the tumor microenvironment (TME) in the 
clinical manifestation of cancer.16 Therefore, targeting the rate-limiting enzyme Indoleamine 2.3-dioxygenase 1 (IDO1) 
for Trp degradation to modulate the TME and inhibit tumor progression is a highly promising therapeutic strategy. 
Although conventional IDO1 inhibitors have demonstrated significant anti-tumor efficacy in clinical practice, disadvan
tages such as low drug availability, obvious toxicity, and drug resistance are associated with each. Nanotechnology has 
become pivotal in addressing these challenges. Ideal nanoparticles (NPs) generally possess the following characteristics: 
(1) biocompatibility and low toxicity; (2) long circulation half-life; (3) stimuli-responsive release; (4) extended circula
tion of drugs in vivo; (5) targeting of the lesion site; and (6) the ability to deliver one or more reagents.17,18 In addition, it 
is worth noting that the vast majority of NPs have unique physicochemical properties, such as photothermal, sonication, 
and chemocatalytic properties. Based on these properties, several combination therapeutic strategies have been devel
oped, including IDO1 inhibitor-based photodynamic therapy, photothermal therapy, and sonodynamic therapy. These 
therapeutic approaches have not only enhanced anti-cancer efficacy but also reduced the occurrence of drug resistance. In 
conclusion, the application of nanotechnology has led to new breakthroughs in immunotherapy for cancer. Here, we 
provide an overview of the biological function of IDO1 in tumor immunity, summarize the classification of IDO1 
inhibitors and the latest clinical trial progress, and discuss the delivery barriers of IDO1 inhibitors and the application of 
IDO1 inhibitor-based NPs in cancer immunotherapy (Figure 1). Finally, the specific challenges of nanomedicine for 
future clinical applications are briefly discussed.

Biological Function of IDO1 in Tumor Immunity
The enzyme IDO1 enzyme is a key enzyme in Trp metabolism, and is also one of the main factors triggering abnormal 
Trp metabolism at tumor sites. Its metabolites have a significant impact in regulating tumor growth and shaping the tumor 
immune microenvironment. This section focuses on the biological functions of IDO1 and its role in tumor immune 
evasion.

Tryptophan Metabolism
Trp plays a crucial role in maintaining normal physiological activities, and both Trp and its metabolites can regulate 
cellular processes and coordinate the body in response to the environment. Trp has been found widely involved in the 
development and occurrence of diseases of the nervous, digestive, and immune systems.19 Trp metabolism primarily 
exerts its effects through three pathways: (1) the serotonin (5-HT) pathway that is catalyzed by tryptophan hydroxylase 1; 
(2) The Trp-Kynurenine (Kyn) pathway that is mediated by the rate-limiting enzymes IDO1, IDO2, and tryptophan 
2.3-dioxygenase (TDO) 2; (3) the production pathway of indole-3-pyruvate(I3P), which is mediated by interleukin- 
4-induced-1.20

In the brain, Trp is primarily involved in regulating the central nervous system (CNS) through the 5-HT pathway, 
which regulates alterations in mood, anxiety, and cognition, and is an important neurotransmitter. Downstream metabo
lites of 5-HT have been shown to regulate circadian rhythmicity in animals.21 The metabolites of the Trp-IDO1-Kyn 
pathway; Kyn, anthranilic acid, and xanthurenic acid, can easily pass through the blood-brain barrier (BBB) easily and 
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play a crucial role in regulating the CNS.22 Moreover, some of these compounds are excitotoxic to neurons and can lead 
to neuropathy. For example, the accumulation of quinolinic acid (QA) from Kyn that is catalyzed by kynurenine 
monooxygenase is associated with depressive disorders, schizophrenia, and neurodegenerative diseases such as 
Alzheimer’s disease.19,23 While the product nicotinamide adenine dinucleotide is further catalyzed by QA and the end 
product of the IDO1 pathway plays an important role in intracellular energy metabolism, it can influence numerous 
crucial cellular processes such as the metabolic pathways and immune cell function.24–26 The I3P pathway plays an 
immunomodulatory role by mediating aryl hydrocarbon receptor (AHR) activity, the activation of which recruits MDSCs 
and increases the infiltration of regulatory T cells (Tregs) infiltration into tumors, thus promoting tumor progress.27,28

IDO1 Mediation of Tumor Immune Escape
The Trp-IDO1-Kyn pathway is the main pathway for Trp degradation (accounting for more than 95%).29 Most Trp that is 
ingested by the body is metabolized into bioactive compounds such as Kyn through the Trp-IDO1-Kyn pathway, which is 
involved in inflammation, the immune response, and excitation; with only a small fraction used in anabolism.30 The activation 
and proliferation of T cells for tumor immunity are dependent on the essential amino acid Trp, which acts as a key enzyme in 
the initial stages of Trp degradation, catalyzing the degradation of Trp into Kyn. The two associated isoenzymes, TDO and 
IDO2, TDO is mainly expressed in liver tissue to maintain Trp homeostasis, while IDO2 is weakly expressed in extrahepatic 

Figure 1 Outline of this review on IDO1 inhibition for cancer immunotherapy. This review focuses on the role of IDO1 inhibitor nanodelivery in tumor immunotherapy and 
is divided into two aspects: synthesis and therapy. The synthesis part first categorizes IDO1 inhibitors and introduces the types of IDO1 inhibitor-based nanocarriers as well 
as target modification strategies. In the therapeutic aspect, the biological functions of IDO1 and its regulation of immune cells are mainly described. In addition, the 
applications of IDO1 inhibitors in the treatment of different types of tumors are enumerated, and the combined therapeutic strategies of IDO1 inhibitor-based nanoparticles 
are introduced.
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tissues and some immune cells.31 Although IDO1 possesses broad substrate specificity compared to TDO and IDO2, it can 
catalyze L-Trp, D-Trp, and various indoleamine derivatives.32 IDO1 is mainly expressed in extrahepatic tissues, including the 
placenta, eye, brain, mucosa, and some immune cell subsets (eg, eosinophils, macrophage cells, and dendritic cells). In 
general, its expression in these tissues and cells is minimal. However, it can be significantly expressed in tissues and cells that 
are infected with pathogens or encounter inflammation,33 which may be related to its biological function. Early studies in mice 
demonstrated that IDO1 can regulate the maternal immune system during pregnancy and plays an important role during fetal 
development, leading to T cell dysfunction and protecting the fetus from the inflammatory response caused by 
xenoantigens.34,35 Dysfunction of the Kyn pathway, which is mediated by IDO1 and caused by inflammatory injury, can 
results in diseases of the CNS.36 Furthermore, reports have indicated high IDO1 expression in melanoma,37 triple-negative 
breast cancer,38 gastric cancer,39 and colorectal cancer.40 As shown in Figure 2, IDO1 is up-regulated by various signaling 
factors (eg, prostaglandin E2 (PGE2), IFN-γ, IL-6, and TGF-β) through one or more pathways in inflammatory and tumor 
tissues.33,41 Cyclooxygenase 2 (COX-2) and PGE2, which are dependent on MAPK signaling, can upregulate IDO1 
expression via the PKC and PI3K pathways.42 In a study into pain and depression comorbidities, Mao et al found that IL-6 
can induce IDO1 expression through the JAK/STAT pathway,43 while IL-6 can stimulate the upregulation of MDSCs via the 
STAT3/NF-κB pathway in breast cancer.44 INF-γ efficiently upregulates IDO1 by activating elements and the site within the 

Figure 2 Mechanism of action of IDO1 in the tumor microenvironment. ①IDO1 expression is regulated by a variety of signaling pathways, such as STAT/NF-κB, PI3K/Akt 
and JAK/STAT. These signaling pathways are in turn affected by a variety of signaling molecules such as IL-6, PGE, and IFN. ②Overexpression of IDO1 leads to tryptophan 
deficiency, which in turn increases the number of Treg cells and decreases the number of Teff cells, while inhibiting antigen presentation and DC cell maturation. In addition, 
it was able to inhibit DC cell and T cell proliferation by suppressing the mTOR pathway.
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IDO1 promoter region,33 while IFN-γ-JAK1-STAT1 signaling is activated by MUC1-C, driving the immunosuppressive IDO1 
gene and leading to the dysfunction of CD8+ T cells. Thus, MUC1-1 plays a major role in tumor immune evasion.45 Other 
cytokines such as IFNα, TNF-α, IFNβ, PAMPs/DAMPs, some carcinogens, and antigens may also stimulate IDO1 
upregulation.33

IDO1 overexpression mainly mediates immune tolerance in the TME that is induced by three downstream signaling 
effectors; the two environmental sensing proteins general control nonderepressible 2 (GCN2) and the mammalian target 
of rapamycin (mTOR), and the ligand-dependent AHR (Figure 3).29 GCN2 is an amino acid-sensitive kinase that 
comprises serine and threonine residues. The overexpression of IDO1 results in local depletion and low Trp levels, 
increasing the level of uncharged tRNA and activating GCN2 to initiate an integrated stress response (ISR). This leads to 
phosphorylation of the translation promoter eukaryotic initiation factor 2a, resulting in translation and cell cycle 
arrest.46,47 Moreover, the ISR that is triggered by GCN2 can render cancer cells resistant to hypoxia-induced apoptosis, 
helping them adapt to the hypoxic stress environment and acquire drug resistance.48 GCN2 has also been found involved 
in TAM and MDSCs activation, promoting tumor development in the TME.49 In addition to its immunosuppressive 
effects, IDO1 counteracts the anti-vascular effects of IFN γ in MDSCs via IL-6, which is produced by ISR to promote the 
development of tumors.50 Another protein kinase that belongs to the PI3K-related serine/threonine kinase family, mTOR, 
is involved in the formation of two different complexes, mTORC1 and mTORC2, which can sense and integrate different 

Figure 3 Mechanism of IDO1 in immunosuppression and immune escape in tumor environments. IDO1 mediates immune evasion of tumors mainly through downstream 
signaling effectors GCN2, mTOR and aromatic hydrocarbon receptors. This leads to an increase in Tregs and MDSCs, polarization of M1 to M2-type macrophages, and 
inhibition of DC cell maturation, as well as NK cell dysfunction.
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nutritional and environmental factors to regulate organism growth and homeostasis.51 GCN2 and mTOR are interrelated 
and work together to regulate cellular metabolism during both amino acid deficiency and abundant conditions. However, 
few studies have investigated the mechanism by which IDO1-mediated mTOR regulation occurs in the TME. The 
activation of mTORC1 generally occurs when Trp is abundant, inhibiting the binding of the eukaryotic translation 
initiation factor-binding protein 4E-BP1 to the translation initiation factor elF4E by phosphorylating the ribosomal 
protein S6K1 kinase.52 Activated S6K1 reduces cell survival, 4E-BP1 promotes angiogenesis and cell cycle progression, 
and elF4E has been shown to have anti-apoptotic and transformation effects in vitro.53 IDO1 can inhibit mTORC1 
through the BTK-IDO1-mTORC1 axis, blocking the Trp-sensitive inflammatory signaling pathway, and limiting the 
differentiation of inflammatory DCs in the monocyte line.54 Increases in the number of IDO1 pathway metabolites 
(except kynurenic acid) promotes cellular proliferation and resistance to apoptosis by rapidly activating PI3K-AKT 
signaling in the tumor epithelium.55 Additionally, IDO1 contains two tyrosine-based immunoreceptor inhibitory motifs 
(ITIMs) (Figure 4A), which can bind to the p110 and SHP-1 subunits of PI3K to trigger immunosuppressive responses.56 

AHR is a ligand-activated transcription factor that is responsive to a range of compounds, including Kyn, halogenated 
aromatic hydrocarbons, indole derivatives, and certain flavonoids, and is involved in cell cycle, cell migration, immune 
function, and other cellular processes.29,57 Downstream metabolites of the IDO1 pathway (including Kyn and its 
derivatives) are weak AHR agonists; however, IDO1 overexpression increases the concentration of Kyn in the TME, 
resulting in continuous AHR activation. In contrast, local Trp deprivation increases AHR expression, enhancing its 
sensitivity to weak agonists and effectively leading to the conversion of immunogenic DC to its tolerogenic form, 
increasing Treg cell differentiation.58,59 This leads to an increase in the ratio of M1/M2 macrophages,60 promoting cancer 
immune evasion. Furthermore, IDO1 overexpression can increase the intratumoral invasiveness and regulation of 
MDSCs, leading to T cell dysfunction and the differentiation of inhibitory Tregs,61,62 which may be associated with 
the development of tumors and poor prognoses.

Classification of IDO1 Inhibitors
As mentioned previously, IDO1 is a metabolic heme-containing enzyme that is involved in the Trp-IDO1-Kyn pathway. 
The enzyme comprises two domains; a large C-terminal domain that contains the heme-binding pocket, and a small 
N-terminal domain (NTD) that includes the ITIM site (Figure 4A). Common IDO1 inhibitors target heme-IDO1; 
however, other inhibitors have been observed (Figure 4B), including the four main types:(a) Trp-competitive (Type I; 
eg, indoximod), (b) targeting heme-IDO1, (Type II; eg, epacadostat), (c) targeting Apo-IDO1, heme-competitive (Type 
III; eg, linrodostat), and (d) others.63–65 The classification of these IDO1 inhibitors in this section allows better under
standing of their mechanisms of action.

Trp-Competitive
Trp analogs are the earliest known IDO1 inhibitors that can block the IDO1-mediated degradation of Trp. Indoximod 
(1-MT, IND) (Figure 4C) is a typical example, but differs from other IDO1 inhibitors in that it acts through the IDO 
pathway to disarm the immunosuppressive effects produced by the IDO1 enzyme,66 whereas it is invalid in the APCs that 
knock out the IDO1 gene in mice.67 Regulation of the immune function in the TME occurs via two indoximod-associated 
mechanisms: (1) imitating Trp-abundant signals and (2) regulating AHR activity.68 On the one hand, indoximod can 
deactivate the mTORC1 inhibition that is caused by IDO1 overexpression as a Trp mimic; however, it cannot inhibit the 
activation of GCN2 that is caused by Trp deficiency, which works by activating MAP4K3/GLK1 kinase to restore the 
activity of mTORC1, thus relieving T cell autophagy and resuming T cell proliferation.69 In contrast, indoximod, which 
acts as a Kyn antagonist, regulates the AHR regulatory genes and blocks the downstream inhibition of Kyn in T cells.70 

However, in cellular experiments targeting only tumors, indoximod not only induces the expression of IDO1 mRNA, but 
also leads to an increase in the Kyn content of cancer cells, inhibiting the proliferation of T cells.71 Results have 
suggested that using indoximod in combination with chemotherapeutic agents is associated with good antitumor 
activity.72 This may be due to the fact that chemotherapeutic agents induce immunogenic cell death (ICD) and enhance 
the immunogenicity of tumor cells, while IDO1 inhibitors renew the immunosuppressive effects in the tumor immune 
microenvironment that result from abnormalities in the IDO pathway. Therefore, combining indoximod with 
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chemotherapeutic agents may be the best therapeutic strategy for treating tumors. To date, 24 clinical trials have been 
registered for the use of indoximod in mitigating tumor immunity, among which 15 have been completed, three are 
recruiting, and two have been withdrawn. The status of the remaining trial is unknown. In a Phase II clinical trial 
investigating the use of the checkpoint inhibitor pembrolizumab to treat advanced melanoma, the addition of indoximod 
led to an increase in the objective response rate (ORR) of patients increased from 43 to 51%, with the disease control rate 
(DCR) reaching 70%. Moreover, the combination demonstrated good tolerability, with minimal occurrence of grade 3/4 
treatment-related adverse events, and the observed side effects were aligned with the anticipated profile of single-agent 
pembrolizumab,73 with the most common AEs including nausea, diarrhea, fatigue, and high blood pressure.74 In addition, 
D-1-MT, as a D-type stereoisomer of indoximod with IDO2 as a preferred target of action, is influenced by genetic 
polymorphisms, and is ineffective in populations lacking the IDO2 allele. This compelled us to emphasize the influence 
of SNP on the effectiveness of immunomodulators, with ethnic differences possibly impacting the therapeutic efficacy of 
DO1 inhibitors.75 Unlike D-1-MT, the L-type isoform reverses the IDO1 enzyme-mediated increase in Trp depletion and 
Kyn levels by inducing mitotic death and mitochondrial damage, inhibiting tumor proliferation, and acts as 
a chemotherapeutic agent in colon cancer. However, there are no reports of its use in clinical trials.76 In addition to 
the two isomers, the indoximod precursor NLG802 (Figure 4C) has shown robust efficacy, with widespread absorption 
and rapid conversion to indoximod in tested species, as demonstrated in preclinical trials. Notably, the oral bioavailability 

Figure 4 Structures of IDO1 and IDO1 inhibitors. (A) crystal structure of the IDO1 (PDB code: 2d0t). IDO1 contains a smaller N-terminal domain that contains the ITIM 
site and a larger C-terminal domain that compromises the heme binding pocket. (B) the binding sites of IDO1-Indoximod/Navoximod/Linrodostat/Epacadostat. Classification 
of IDO1 inhibitors, (C) type I, Trp-competitive;(D) type II, targeting heme-IDO1; (E) type III, targeting apo-IDO1; (F) type IV, others.
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of NLG802 has been shown to surpass that of indoximod more than 5-fold when equivalent molar doses were 
compared.77 The indole-based compound, PF-06840003 (Figure 4C) has also shown good potency as a Trp mimic.78 

In summary, Trp mimetic-type IDO1 inhibitors have diverse mechanisms of action, and an in-depth understanding of 
their different modes of action could help in the development of more active Trp mimetics. It is noteworthy that the 
different structures and actions of these drugs require attention in the future development and clinical application of such 
IDO1 inhibitors. Rational and effective therapeutic regimens that are tailored to the genetic polymorphisms, immune 
system characteristics, and tumor heterogeneity in patients should be designed to reduce the off-target effects and 
enhance the pharmacokinetic effects of the drugs.

Targeting Heme-IDO1
Another strategy for inhibiting IDO1 expression is to target heme, a coenzyme of IDO1. Epacadostat (Figure 4D) has 
been found to exhibit both selectivity and potency as an IDO1 inhibitor, reversing the immune system suppression of 
IDO1, promoting the growth of T and natural killer cells, and reducing Tregs transformation.79 Epacadostat has shown 
a significant IDO1 inhibition effect in human primary DC and Hela cells via IDO1 overexpression that is induced by 
IFN-γ, which combined with its effects in mice bearing IDO1-expressing Pan02 pancreatic carcinomas, syngeneic 
immunocompetent C57BL/6 mice with tumors, and CT26-tumors investigation, shows that epacadostat can affect the 
Kyn levels in tumors and tumor-draining lymph nodes (TDLNs) by inhibiting IDO1 activity, controlling tumor growth 
via lymphocyte-dependent mechanisms.80 The combination of epacadostat and pembrolizumab demonstrated consider
able promise in a Phase I/II clinical trial for advanced melanoma, with an ORR of 56%,81 while in another randomized 
trial, epacadostat demonstrated consistent IDO1 inhibition that exceeded 80–90% throughout the dosing period, with 
seven of the 52 patients exhibiting stable conditions. However, adverse events such as fatigue, nausea, vomiting, 
abdominal pain, and diarrhea were observed in more than 20% of the patients.82 Epacadostat is generally well tolerated 
as a combination therapy and effectively normalizes Kyn levels. However, in a Phase III ECHO-301/KEYNOTE-252 
study into advanced melanoma, the combination of epacadostat with pembrolizumab did not yield advancements in the 
progression-free survival for patients dealing with unresectable or metastatic melanoma.83 Additionally, the combined 
treatment strategy of epacadostat and pembrolizumab failed in a Phase II study into advanced sarcoma 
(NCT03414229).84 At present, the reason for the treatment failure of epacadostat remains unclear, with researchers 
uncertain as to whether the issue is solely attributable to inadequate dosing or the inherent characteristics of certain types 
of tumor immune microenvironments. The key to addressing the clinical application of epacadostat is therefore to 
evaluate an effective dose and identify more effective modes of action in the future.

Navoximod (NLG919) (Figure 4D) is also a heme-binding IDO1 inhibitor,85 PK/PD studies have shown that it has 
the potential to cross the BBB and inhibit Kyn levels in the brain in preclinical glioma models. Although no anti-tumor 
effects were observed for navoximod in a subcutaneous and in situ tumor model.86 When combined with ICBs, it has 
shown anti-tumor efficacy in B16F10 mouse models, enhanced the efficacy of the HGP100 anti-tumor vaccine in vivo, 
and may decrease the Treg-mediated inhibited immunity in the tumor host, enhancing the activity of DCs in tumors and 
TDLNs. When combined with chemotherapy, navoximod has been found to enable Teff to elicit an immune response to 
endogenous tumor antigens released via chemotherapy.87 The considerable challenges involved in the development of 
heme-targeted IDO1 inhibitors is evident, and navoximod is only used as an immune adjuvant at present. However, there 
is an urgent need to develop high affinity and potency drugs that target different heme sites. In addition, considering that 
heme also serves as a cofactor for hemoglobin, myoglobin, and peroxidase, the development of such IDO1 inhibitors 
must take into full consideration the impact of off-target effects. In addition to 4-phenyl imidazole (4PI) (Figure 4D), 
despite its weak activity, navoximod can also bind to ferric heme IDO1, hindering reductive enzymes reactivation, and 
inhibiting IDO1 functioning. The fact that chemical derivatives of this inhibitor have been shown able to bind to different 
active sites within heme63 indicates that different chemical modifications have a huge impact on the activity of the drug, 
and that probing the activity of the derivatives of heme-targeting drugs may render it possible to discover more affinity 
for this inhibitor.
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Targeting Apo-IDO1
Linrodostat (BMS-986205) (Figure 4E) is a typical inhibitor of targeting Apo-IDO1, which competes with heme for 
IDO1 binding sites. Linrodostat has been positioned a best-in-class drug (IC50 ~1.1 nM), with better efficacy and 
selection specificity than both epacadostat (IC50 ~10 nM) and indoximod (IC50 ~7.7 μM). Linrodostat works primarily 
by occupying the binding sites of heme cofactors, irreversibly inhibiting IDO1 activity.88 Linrodostat has demonstrated 
significant in vivo pharmacokinetic properties in preclinical trials, inhibiting the production of Kyn when IDO1 is 
overexpressed in HEK293 and Hela cells as a result of IFN-γ stimulation, and restoring the proliferation of IDO1- 
overexpressed T cells. Linrodostat has been shown to decrease the Kyn levels in xenotransplantation human tumor 
models.89 In a Phase 1/2a clinical trial (NCT02658890) for advanced bladder cancer the combined linrodostat with 
nivolumab, 57% of 516 patients experienced treatment-related adverse events (grades 3‒4, 12%), primarily fatigue (15%) 
and nausea (12%). Treatment-related adverse events led to discontinuation in 19 patients (4%), and three patients (<1%) 
died due to treatment-related adverse events (myocarditis, Stevens‒Johnson syndrome, and hepatic failure). BMS-986242 
is structurally similar to this drug, and although it also has good anticancer effects, both drugs contain easily oxidized and 
metabolized quinolines, which decrease the usability of the drug. Improving the chemical structure of this drug may 
therefore make it a highly promising IDO1 inhibitor.90 LY3381916 (Figure 4E) has the same mechanism of action as 
linrodostat can bind to apo-IDO1 but not heme-containing IDO1. In a Phase I a/b study (NCT03343613), pharmacody
namic assessment showed decreased Kyn levels in the tumor tissues of 68% of patients; this effect was more pronounced 
in extrahepatic than live tissues. However, this did not systematically translate into antitumor activity,91 and the use of 
this drug as an anticancer immune adjuvant in combination with chemotherapeutic agents may be a good therapeutic 
strategy.

Others
In addition to the above mentioned IDO1 inhibitors, several other inhibitors are available with other forms of action. 
For example, the 2-propanol analogue (Figure 4F) regulates the ITIM site in the NTD of IDO1, inhibiting its activity. 
Norharman (Figure 4F) is a naturally occurring quinone that weakly inhibits IDO1, and actually acts more as 
a substrate for NDQ1, which mediates intracellular redox reactions. Its main role is to exert an antitumor effect by 
generating reactive oxygen species (ROS) toxicity.63 Furthermore, other biological agents such as siRNA 
(Figure 4F),92 and shRNA (Figure 4F)93 also possess great potential for clinical transformation. Wang et al delivered 
IDO1 siRNA to both TDLNs and tumor tissues using nanotechnology, with results showing remarkable IDO1 
downregulation in both TDLNs and tumor tissues.94 Although this approach is highly targeted and contributes to 
precision therapy, the delivery efficiency and stability may be slightly less efficient and the duration of its efficacy may 
be shorter than that of normal drugs, and there is potential for impact on normal cell functioning. Enhancing the 
efficacy of genetic engineering with nanocarriers may improve the delivery efficiency and target specific gene 
fragments.95,96

In summary, a wide variety of IDO1 inhibitors is available, and by understanding their chemical structures and 
different mechanisms of action, we can gain a deeper understanding of the role that IDO1 plays in cancer immunother
apy, reveal the multifaceted factors of disease development, and provide reference for the development of new drugs. At 
the same time, this understanding can also reduce the drug resistance that results from repeated treatment of the same 
target, prolonging the therapeutic effect and improving the likelihood of success. In addition, considering the limitations 
of the current monotherapy and individual differences, the combination of chemotherapeutic agents with immune 
checkpoint inhibitors may be an effective therapeutic option.

Development of IDO1 Inhibitors in Clinical Trials
IDO1 has become an important therapeutic target in tumor immunity owing to its immunosuppressive effect in the TME, 
and its inhibitors have been proven to induce anti-tumor immunity. Over the past decade, many IDO1 inhibitors and 
peptide vaccines have been developed for clinical trials (Table 1).
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Table 1 IDO1 Inhibitors in Clinical Trials

Drugs Phase Combination Therapy 
Strategies

Target Cancer types Drugs Phase

Epacadostat 

(INCB024360)

Phase I/II Biological: DEC-205/NY 

ESO-1 Fusion Protein CDX- 

1401 
Drug: Epacadostat 

Other: Laboratory 

Biomarker Analysis 
Other: Pharmacological 

Study 

Drug: Poly ICLC

IDO1/TLR3 Fallopian Tube Carcinoma 

Ovarian Carcinoma 

Primary Peritoneal Carcinoma

NCT02166905 Completed

Phase II Drug: Epacadostat 

Drug: Pembrolizumab

IDO1/PD-1 Sarcoma NCT03414229 Active, not 

recruiting

Phase I/II Drug: Epacadostat 
Drug: Placebo 

Drug: ipilimumab

IDO1/CTLA-4 Melanoma NCT01604889 Terminated

Phase I/II Other: DPX-Survivac 
Drug: Cyclophosphamide 

Drug: Epacadostat 
(INCB024360)

IDO1 Recurrent Epithelial Ovarian 
Cancer 

Recurrent Fallopian Tube 
Cancer Recurrent Peritoneal 

Cancer

NCT02785250 Active, not 
recruiting

Phase I Drug: SHR9146+SHR-1210 
Drug: SHR9146+SHR-1210 

+Apatinib

IDO1 Tumor, Solid 
Cancer, Metastatic 

Neoplasm Malignant

NCT03491631 Active, not 
recruiting

Phase I Drug: Itacitinib 
Drug: Epacadostat 

Drug: INCB050465

IDO1/JAK1 Solid Tumors NCT02559492 Terminated

Phase I Biological: Nivolumab 
Biological: Relatlimab 

Biological: Cabiralizumab 

Biological: Ipilimumab 
Drug: IDO1 Inhibitor 

Radiation: Radiation Therapy

IDO1/PD-1/ 
LAG-3/CSF1R/ 

CTLA-4

Advanced Cancer NCT03335540 Completed

Phase II Drug: retifanlimab 
Drug: epacadostat 

Drug: pemigatinib 

Drug: INCAGN02385 
Drug: INCAGN02390

IDO1/PD-1/ 
FGFR/TIM-3

Endometrial Cancer NCT04463771 Recruiting

Indoximod Phase II Biological: Indoximod 

Biological: Sipuleucel-T 
Other: Placebo

IDO1 Metastatic Prostate Cancer NCT01560923 Completed

Phase I Drug: Idarubicin 

Drug: Cytarabine 
Drug: Indoximod Freebase 

Drug: Indoximod HCL F1 

Drug: Indoximod HCL F2

IDO1 Acute Myeloid Leukemia NCT02835729 Completed

(Continued)
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Table 1 (Continued). 

Drugs Phase Combination Therapy 
Strategies

Target Cancer types Drugs Phase

Phase I/II Drug: Nab-Paclitaxel 
Drug: Gemcitabine 

Drug: Indoximod

IDO1 Metastatic Pancreatic 
Adenocarcinoma 

Metastatic Pancreatic Cancer

NCT02077881 Completed

Phase I Drug: Indoximod 
Drug: Temozolomide 

Radiation: Conformal 

Radiation 
Drug: Cyclophosphamide 

Drug: Etoposide

IDO1 Glioblastoma Multiforme 
Glioma 

Gliosarcoma 

Malignant Brain Tumor 
Ependymoma 

Medulloblastoma 

Diffuse Intrinsic Pontine 
Glioma 

Primary CNS Tumor

NCT02502708 Completed

Phase II Drug: Pembrolizumab 
Drug: Nivolumab 

Drug: Indoximod

IDO1/PD-1 Melanoma NCT03301636 Terminated

Phase I/II Drug: Nab-Paclitaxel 
Drug: Gemcitabine 

Drug: Indoximod

IDO1 Metastatic Pancreatic 
Adenocarcinoma 

Metastatic Pancreatic Cancer

NCT02077881 Completed

Phase I Drug: 1-methyl- 
D-tryptophan

IDO1 Breast Cancer 
Lung Cancer 

Melanoma 

Pancreatic Cancer 
Solid Tumors

NCT00739609 Terminated

Phase I/II Drug: Indoximod 

Drug: Ipilimumab 
Drug: Nivolumab 

Drug: Pembrolizumab

IDO1/PD-1/ 

CTLA-4

Metastatic Melanoma 

Stage III Melanoma 
Stage IV Melanoma

NCT02073123 Completed

Phase I Drug: 1-methyl- 
d-tryptophan 

Other: pharmacological 

study 
Other: laboratory 

biomarker analysis

IDO1 Unspecified Adult Solid Tumor NCT00567931 Completed

Phase I Drug: Ibrutinib 
Drug: Indoximod 

Drug: Cyclophosphamide 

Drug: Etoposide

IDO1 Metastatic Melanoma 
Stage III Melanoma 

Stage IV Melanoma

NCT05106296 Recruiting

Phase II Drug: Docetaxel 

Other: Placebo 
Drug: Indoximod 

Drug: Paclitaxel

IDO1 Metastatic Breast Cancer NCT01792050 Completed

Phase II Drug: Indoximod 
Radiation: Partial Radiation 

Radiation: Full-dose 

Radiation 
Drug: Temozolomide 

Drug: Cyclophosphamide 

Drug: Etoposide 
Drug: Lomustine

IDO1 Glioblastoma 
Medulloblastoma 

Ependymoma 

Diffuse Intrinsic Pontine 
Glioma

NCT04049669 Recruiting

(Continued)
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Table 1 (Continued). 

Drugs Phase Combination Therapy 
Strategies

Target Cancer types Drugs Phase

Phase I/II Drug: Indoximod 
Drug: Temozolomide 

Drug: Bevacizumab 

Radiation: Stereotactic 
Radiation

IDO1/VEGF Glioblastoma Multiforme 
Glioma 

Gliosarcoma 

Malignant Brain Tumor

NCT02052648 Completed

Phase I Drug: 1-methyl- 

d-tryptophan 
Drug: docetaxel 

Other: diagnostic laboratory 

biomarker analysis 
Other: pharmacological 

study

IDO1 Unspecified Adult Solid Tumor NCT01191216 Completed

NLG802 Phase I Drug: NLG802 (indoximod 
prodrug)

IDO1 Solid Tumor NCT03164603 Completed

Linrodostat 

(BMS-986205)

Phase I Biological: Relatlimab 

Biological: Nivolumab 
Drug: BMS-986205 

Biological: Ipilimumab

IDO1/LAG-3/ 

CTLA-4

Advanced Cancer NCT03459222 Active, not 

recruiting

Phase II Drug: BMS-986205 IDO1 Cancer NCT03247283 Completed
Phase I/II Drug: Nivolumab 

Drug: BMS- 986205

IDO1/PD-1 Endometrial Adenocarcinoma 

Endometrial Carcinosarcoma

NCT04106414 Active, not 

recruiting

Phase II Biological: Nivolumab 
Biological: IDO1 Inhibitor 

BMS-986205 

Procedure: Therapeutic 
Conventional Surgery 

Other: Questionnaire 

Administration

IDO1/PD-1 Oral Cavity Squamous Cell 
Carcinoma 

Squamous Cell Carcinoma

NCT03854032 Active, not 
recruiting

Phase I/II Drug: BMS-986205 

Biological: Nivolumab

IDO1/PD-1 Advanced Cancer NCT03792750 Completed

Phase II Biological: Nivolumab 
Biological: BCG 

Drug: BMS-986205

IDO1/PD-1 Urinary Bladder Neoplasms NCT03519256 Terminated

Phase III Drug: BMS-986205 
Biological: Nivolumab 

Drug: Chemotherapy

IDO1/PD-1 Lung Cancer 
Non-Small Cell Lung Cancer

NCT03417037 Withdrawn

Phase III Drug: BMS-986205 

Biological: Nivolumab 

Drug: Placebo

IDO1/PD-1 Melanoma 

Skin Cancer

NCT03329846 Completed

Phase I Drug: BMS-986205 

Biological: Nivolumab

IDO1/PD-1 Advanced Cancer NCT03192943 Completed

Phase I Biological: IDO1 Inhibitor 
BMS-986205 

Biological: Nivolumab 

Radiation: Radiation Therapy 
Drug: Temozolomide

IDO1/PD-1 Glioblastoma NCT04047706 Active, not 
recruiting

Phase II Drug: Nivolumab 

Drug: BMS-986205 
Drug: Ipilimumab

IDO1/PD-1/ 

CTLA-4

Melanoma Stage III 

Melanoma Stage IV

NCT04007588 Withdrawn

(Continued)
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Table 1 (Continued). 

Drugs Phase Combination Therapy 
Strategies

Target Cancer types Drugs Phase

Phase I Drug: BMS-986205 
Drug: Itraconazole 

Drug: Rifampin

IDO1 Malignancies Multiple NCT03346837 Completed

Phase I/II Drug: BMS-986205 
Drug: Nivolumab 

Drug: Ipilimumab

IDO1/PD-1/ 
CTLA-4

Advanced Cancer 
Melanoma 

Non-Small Cell Lung Cancer

NCT02658890 Completed

Phase I Biological: Nivolumab 
Biological: Relatlimab 

Biological: Cabiralizumab 

Biological: Ipilimumab 
Drug: IDO1 Inhibitor BMS- 

986205 

Radiation: Radiation Therapy

IDO1/PD-1/ 
LAG-3/CTLA-4

Advanced Cancer NCT03335540 Completed

Phase II Biological: Nivolumab 

Biological: Ipilimumab 

Biological: Relatlimab 
Drug: BMS-986205 

Drug: BMS-813160

IDO1/PD-1/ 

LAG-3/CTLA-4

Advanced Cancer NCT02996110 Completed

Phase III Biological: Nivolumab, 
Cetuximab 

Drug: BMS-986205 

Drug: Cisplatin 
Drug: Carboplatin 

Drug: Fluorouracil

IDO1/PD-1/ 
IgG1

Head and Neck Cancer NCT03386838 Withdrawn

Phase II Biological: Nivolumab 
Biological: Ipilimumab 

Biological: Relatlimab 

Biological: BMS-986205 
Drug: Rucaparib

IDO1/PD-1/ 
LAG-3/CTLA-4

Advanced Gastric Cancer NCT02935634 Completed

Phase II Biological: Nivolumab 

Drug: Dasatinib 
Biological: Relatlimab 

Biological: Ipilimumab 

Drug: BMS-986205

IDO1/PD-1/ 

LAG-3/CTLA-4

Advanced Cancer NCT02750514 Terminated

Navoximod Phase I Radiation: Stereotactic Body 

Radiotherapy (SBRT) 

Drug: navoximod 
Drug: NLG802 (indoximod 

prodrug)

IDO1 Advanced Solid Tumors NCT05469490 Withdrawn

Phase I Drug: navoximod IDO1 Recurrent Advanced Solid 
Tumors

NCT20248709 Completed

DN1406131 Phase I Drug: DN1406131 

Drug: Placebo

IDO1/TDO Advanced Solid Tumors NCT03641794 Unknown

HTI-1090 

(SHR-9146)

Phase I Drug: HTI-1090 IDO1/TDO Advanced Solid Tumors NCT03208959 Completed

IO102-IO103 Phase III Drug: IO102-IO103 

Drug: Pembrolizumab

IDO1/PD-1 Metastatic Melanoma 

Unresectable Melanoma

NCT05155254 Recruiting

(Continued)
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Overcoming Delivery Barriers for IDO1 Inhibitors Using Nanocarriers
At present, many IDO1 inhibitors are entering the stage of development and clinical trials; however, the toxicity, adverse 
effects, and low oral availability of IDO1 act as barriers to the clinical application of the IDO1 inhibitors. It is important 
to solve these problems if we are to achieve safe, efficient, and targeted delivery of these drugs. In this section, we 
explore how nanotechnology can be utilized to address the challenges of IDO1 inhibitor delivery, including aspects such 
as nanocarrier design, drug loading, half-life and drug release.

Nanocarrier Design
Although nanomaterials have been widely used in the delivery of anticancer drugs, many challenges remain in terms of 
design, including factors such as size, shape, and surface charge.97 To avoid the removal of nanomaterials by the renal 
filtration system, their hydrodynamic diameter is usually required to be greater than 6 nm, while, considering the 
enhanced permeability and retention (EPR) effect of tumors, NPs with a particle size of less than 200 nm are considered 
optimal for penetration into tumor tissue.98 It has been shown that shape also affects the accumulation of nanomaterials at 
the tumor site. For example, rod- and worm-shaped NPs are generally more likely to accumulate at the tumor site, mainly 
because their high aspect ratio and low surface curvature reduce the possibility of phagocytosis.97 Surface charge is also 
a key determinant in drug metabolism kinetics. In general, positively charged NPs are more likely to be recognized and 
phagocytosed by macrophages, whereas negatively charged NPs are more likely to be absorbed and cleared by organs 
such as the spleen and blood vessels. Therefore, NPs with neutral or slight negative charge may be the best choice for 
targeting tumor cells.99,100 In conclusion, the complex biological environment of the human body must be comprehen
sively considered and the physicochemical properties of nanodelivery systems understood when designing and selecting 
nanocarriers.

Table 1 (Continued). 

Drugs Phase Combination Therapy 
Strategies

Target Cancer types Drugs Phase

KHK-2455 Phase I Drug: KHK2455 
Drug: Mogamulizumab

IDO1/CCR4 Solid Tumor 
Cancer 

Carcinoma

NCT02867007 Completed

Phase I Drug: KHK2455 
Drug: Avelumab

IDO1/PD-L1 Urothelial carcinoma NCT03915405 Terminated

PF-06840003 Phase I Drug: PF-06840003 IDO1 Oligodendroglioma 

Astrocytoma 
Malignant Glioma

NCT02764151 Terminated

LPM-3480226 Phase I Drug: LPM-3480226 IDO1 Solid Tumor NCT03844438 Unknown

LY3381916 Phase I Drug: LY3381916 
Drug: LY3300054

IDO1 Solid Tumor 
Non-Small Cell Lung Cancer 

Renal Cell Carcinoma 

Triple Negative Breast Cancer

NCT03343613 Terminated

Drugs Phase Combination Therapy 

Strategies

Target Cancer types Drugs Phase

INCB024360 Phase I Drug: Nivolumab 
Drug: Anti-GITR 

Monoclonal Antibody MK- 

4166 
Drug: IDO1 inhibitor 

INCB024360 

Drug: Ipilimumab

IDO1/PD-1 
GITR/CTLA-4

Glioblastoma 
Glioblastoma Multiforme

NCT03707457 Terminated
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Drug Loading
Although nanomedicines can overcome many of the drawbacks of free drugs, such as poor solubility, high required dose 
and a short half-life, most currently-used NPs have low drug loading rates (<10%), and the excessive use of nanomater
ials may lead to systemic toxicity during intravenous drug delivery.101,102 It is therefore necessary to select appropriate 
nanomaterial formulations based on the physicochemical properties of a drug. The vast majority of IDO1 inhibitors (eg, 
epacadostat, and navoximod) are lipid-soluble drugs, meaning that amphiphilic NPs,103–105 such as liposomes, copoly
mers, Janus particles, and lipid-polymer complexes are good choices for the delivery of these drugs. Lipidic drugs can be 
encapsulated within hydrophobic cores, while hydrophilic drugs can be attached to hydrophilic bilayers, increasing the 
solubility and bioavailability of the drugs without altering their molecular structures or pharmacological effects.106,107 In 
addition, inorganic NPs and metal-organic frameworks (MOFs) can also be used as drugs carriers that work by 
adsorption, encapsulation, or covalent modification; however, to enhance the adsorption and drug loading rate, the 
size, shape, and functional groups of the drug need to match the surface properties of the NPs when using this 
method.108,109 Solvent selection also has a significant impact on the drug loading rate, and it is important to ensure 
that the force between the NPs and the drug are effective for the extraction of drug from solvent. Such physicochemical 
properties must be carefully considered and evaluated when designing and selecting inorganic NPs and organometallic 
frameworks for use as drug delivery systems.

Half-Life
Nanoparticle stability is another factor that must be considered to ensure that IDO1 inhibitors are able to accumulate in 
sufficient quantities at the tumor site. After intravenous administration, particles need to avoid clearance by the liver, 
spleen, and macrophages, while remaining stable in the complex in vivo environment.98,110 Several modification 
strategies are commonly employed to extend the half-life of NPs, with examples including the addition of 
polysaccharides,111 polyethylene glycol (PEG) or polylactic acid-PEG copolymers,112 all of which can help NPs shield 
serum proteins from adsorption and thus avoid clearance by the body. Biomimetic nanotechnology is a widely used 
modification strategy that allows the host to mistake the NPs for its own components via camouflage with various 
biological structures such as erythrocyte membranes, macrophage membranes, and platelets.113,114 These biofilms can be 
extracted and wrapped around the surface of the NPs in a self-assembling manner, allowing them not only to evade 
recognition, but also to utilize the targeting or homing functions of the biofilms to reach the tumor site.115

Drug Release
The final step in the therapeutic phase, drug release, occurs when the NPs reach the tumor site or are taken up by tumor cells. 
Achieving controlled drug release is a necessary means of enhancing the efficacy of a drug, with pH-responsive (eg, 
polyethylene glycol-acrylic acid copolymer, 2-methyl imidazole),116 ROS-responsive (eg, cinnamaldehyde-thioacetal poly
mer, thioether-based polymer),117,118 and photosensitive materials (eg, polydopamine, Ce6, metal NPs)119 typically incorpo
rated. Drugs that function at the subcellular level and supramolecular structures often require specific modifications to avoid 
degradation by lysosomes, with modifications including cationic polymers (eg, polyethyleneimine, poly-L-lysine) and 
membrane destabilizing peptides (eg, INF7, GALA).97 In addition, nucleic acid analogs require site-specific modification 
or binding to protein ligands to prevent degradation by nucleases.120

In summary, when designing nanodelivery systems for IDO1 inhibitors, due consideration should be given to 
designing formulations that can overcome delivery barriers. To provide a more detailed guidance strategy, the current 
recent advances in IDO1 inhibitor nanodelivery systems are summarized and the classification of nanodelivery systems, 
targeted modification strategies, and combination therapy strategies discussed in the following sections.

Recent Advances of IDO1 Inhibitor-Based Nanoparticles for Tumor 
Immunotherapy
Research on the design of nanodelivery systems can help advance the development of nanomedicines. As a guideline, the 
application of IDO1 inhibitor-based NPs in tumor immunotherapy is summarized (Table 2) and an in-depth analysis and 
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Table 2 Nanodelivery Based on IDO1 Inhibitors in Immunotherapy

NPs type Size IDO1 inhibitors 
and Combination 
reagent

Targeted 
strategies

Stimuli- 
responsiveness

Combination 
Therapy 
Strategies

Immune cell Cancer type Refs

Liposomes

L-MTO/IND liposomes 98 ± 1 nm D-1MT and MTO EPR effect N/A Chemotherapy CD8+ T cells↑, Tregs↓ Colon cancer 
Breast cancer 

Renal cancer

[121]

aNLG/Oxa(IV)-Lip ~150 nm NLG919 & OXA EPR effect N/A Chemotherapy CD8+ T cells↑, DC↑, Tregs↓ Colon cancer [122]

Polymeric

Dox/PEG-Fmoc-NLG 

micelles

~120 nm NLG919 & DOX EPR effect N/A Chemotherapy CD4+ T cells↑, CD8+ T cells↑, 

MDSCs↓, Tregs↓
Lymphoma [123]

NLG919/PTX co-loaded 
PGEM micelles

6 ~20 nm NLG919 & PTX, GEM EPR effect Redox- 
responsive

Chemotherapy CD8+ T cells↑, CD4+ T cells↑, 
Tregs↓

Pancreatic cancer [124]

RBCm/PAAV-SNO/1-MT 

+ IR1061 NPs

243.97± 37.7 nm 1-MT & IR1016 Red blood 

cell 
membrane

NIR laser PTT CD8+ T cells↑, M1↑, M2↓, Tregs↓ Breast cancer [125]

Cinnamaldehyde (CA)- 

based poly-(thioacetal) 
polymer

96.2 ± 3.4 nm 1-MT & CA EPR effect ROS Chemotherapy DC↑, Tregs↓, CD8+ T cells↑ Colon cancer [118]

PEGylated light-inducible 

nano-cargo (LINC)

111 ± 4.8 nm NLG919 & OXA EPR effect NIR laser Chemotherapy 

PDT

DC↑, Tregs↓, CD8+ T cells↑, Tem ↑, 

Tcm ↑
Breast cancer [126]

DOX/IND@NPs 104 ± 3.21 nm IND & DOX EPR effect N/A Chemotherapy CD8+ T cells↑ Tregs↓, MDSCs↓ M1↑, 

M2↓
Breast cancer [127]

Binary cooperative 
prodrug nanoparticle 

(BCPN)

125.2 ± 1.2 nm NLG919 & OXA EPR effect pH Chemotherapy CD8+ T cells↑, DC↑, Tregs↓ Colon cancer 
Breast cancer

[128]

CPIM NPs 135 nm 1-MT & IR780 EPR effect NIR laser, ROS PDT PTT Ths↑, Tregs↓, CD8+ T cells↑ Melanoma cancer [129]
NLG919/IR780 micelles 43 ± 3.2 nm NLG919 & IR780 EPR effect NIR laser PTT Tregs↓, CD8+ T cells↑ Breast cancer [130]

NLG-RGD NI ~50 nm NLG919& aPD-L1 EPR effect pH, esterase ICB CD4+ T cells↑, CD8+ T cells↑, 

Tregs↓, NK cells↑
Pancreas cancer [131]

Inorganic

OX/IND-MSNP ~83 nm IND& OX EPR effect N/A Chemotherapy CD8+ T cells↑ DC↑, Tregs↓ Pancreas cancer [132]

DOX@GMTMSNs ~70 nm 1-MT& DOX Ge1MT ROS, pH, 

enzyme

Chemotherapy CD8+ T cells↑ DC ↑, Tregs↓ Colon cancer 

Breast cancer

[133]

AIM NPs 168.2 nm 4PI EPR effect pH Radiotherapy CD3+ T cells↑ CD8+ T cells↑, NK 

cells↑, Tregs↓ M1↑, M2↓, Tem↑, Tcm↑, 

MDSCs↓

Colon cancer 

Breast cancer

[134]
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MOF

HA/ZIF-8@ Gem/D-1MT 
NPs

195.19 ± 1.84 nm D-1-MT & Gem HA N/A Chemotherapy Th cells ↑, MDSCs↓, CD8+ T cells↑ Osteosarcoma [135]

Protein

MP NPs ~115 nm D-1MT and PTX EPR effect Enzyme Chemotherapy CD4+ T cells↑ CD8+ T cells↑ M1↑, 

M2↓ MDSCs↓, Tregs↓
Melanoma cancer [136]

HA coated cationic 

albumin nanoparticles 

(HNPs)

~300 nm 1-MT & celastrol HA Hyaluronidase N/A CD4+ Tcells↑, CD8+ Tcells↑ Pancreas cancer [137]

FPBC@SN 182.2 ± 7.9 nm NLG919 & SRF EPR effect pH Chemotherapy CD4+ T cells↑ CD8+ T cells↑, Tregs↓ Breast cancer [138]

Cell membrane

HB-NLG8189 @MPCM 232.46 ± 6.52 nm NLG8189& HB 

(photosensitizer)

Macrophage 

cell 
membrane

Ultrasound SDT CD4+ T cells↑, CD8+ T cells↑, DC↑, 

Tregs↓
Breast cancer [139]
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discussion of different nanodelivery systems and targeted delivery strategies provided with the aim of comprehensively 
evaluating their potential in clinical applications.

Classification of IDO1 Inhibitor-Based Nanoparticles
Lipidic NPs (LNPs)
Lipid NPs (LNPs) are tiny 10‒1000 nm phospholipid vesicles that are formed from a lipid bilayer and are usually composed 
of amphiphilic phospholipids such as phosphatidylcholine, phosphatidylethanolamine, and phosphatidylglycerol, with 
cholesterol as a stabilizer. LNPs can transport both hydrophobic and hydrophilic molecules; hydrophobic drugs are supported 
in hydrocarbon chains within the bilayer of liposomes, and hydrophilic drugs are encapsulated in the hydrophilic nucleus of 
liposomes.106,140 LNPs have many advantages as drug nanocarriers including (1) preventing degradation in vivo, (2) 
controlled drug release, (3) targeted drug delivery at the disease site, and (4) improved bioavailability. In addition, the 
liposome delivery system also acts as an effective vaccine adjuvant, delivering antigens (polypeptides, proteins, and nucleic 
acids) to antigen-presenting cells and activating the immune system. As nanocarriers, LNPs play a crucial role in the clinical 
treatment of human cardiovascular diseases, diabetes, and cancer.141,142 An increasing number of experiments have indicated 
the considerable potential of LNPs as delivery platforms for anti-tumor drugs. Nel et al developed a double-delivery 
liposome for tumor chemo-immunotherapy by injecting the anthraquinones mitoxantrone (MTO) into liposomes, and 
coupling the indoximod (IND) prodrug with the lipid bilayer (Figure 5). The results indicated that the MTO/IND vector is 
a robust ICD inducer that can stimulate the CT26 mouse model to develop a powerful immune response. Co-delivered IND 
prodrugs, as Trp mimics, can interfere with the immune metabolism by indirectly inhibiting the IDO1 pathway, enhancing 
the ICD response to MTO, reducing the number of Foxp3+ Tregs, producing sufficient cytotoxicity to kill cancer cells, and 
prolonging survival. In follow-up experiments, the efficacy of the NPs in EMT6, 4T1, and renal cancer models was also 
evaluated, in addition to the production of ICD markers, with results showing that the liposome delivery system can also 
generate a “hot” TME that intervenes in the tumor immune escape mechanism and inhibits the growth of tumors.121 Notably, 
in this study, liposomes were endowed with pH-dependent and reversible charge characteristics, which enabled better 
aggregation of the nanomedicine at the tumor site, enhancing the pharmacokinetics. However, adverse reactions to the 
chemotherapeutic agents occurred during the treatment, and adjustment of both dose and dosing interval of the drug may be 
required to improve the toxic side effects of the nanomedicine. Similarly, Liu et al constructed bifunctional liposomes using 
amphiphilic oxaliplatin (OXA) prodrug-coupled phospholipids, hydrophobic alkylated NLG919, and commercial liposomes 
as raw materials, which could release cytotoxic OXA into the reducing cytoplasm, induce ICD in cancer cells, and effectively 
delay Trp degradation to reversing the immunosuppressive nature of the TME through the NLG919-mediated inhibition of 
IDO1. Liposomes were found to significantly increase the intratumoral infiltration of CD8+ T cells and downregulate the 
immunosuppressive effect of Tregs in subcutaneous and orthotopic CT26 tumors, with significant anti-tumor effects. The 
results showed good biocompatibility and powerful therapeutic effects with great clinical transformation prospects.122 The 
properties of liposomes indicates that their full potential can be realized in the form of multidrug combination therapy 
strategies. In addition, optimizing intra-tumor drug release and ensuring the high-quality production of liposomes, as well as 
selecting the appropriate drug design based on the patient’s tumor type and immune status, are key issues that require urgent 
consideration in the clinical translation process.

Polymeric NPs
Polymeric NPs, which are formed by the self-assembly of amphiphilic block copolymers and feature a hydrophilic outer 
layer and a hydrophobic inner core, are another promising nanomedicine delivery platform, with many types entering clinical 
trials.143,144 Polymeric NPs are typically prepared by emulsification, nano-precipitation and ionic gel methods. Therapeutic 
drugs are either encapsulated in the nanoparticle core or chemically coupled to the nanoparticle’s surface.109 Raw materials 
include polylactic acid,145 polysaccharides (cellulose, glucan, and hyaluronic acid),146 and cyclodextrin (CD).147 Polymeric 
NPs are mainly administered orally due to their structure and can be divided into polymers, micelles, and dendrimers.148 

Compared with liposomes, the surface of polymeric NPs is more easily modified for the targeted delivery of anticancer drugs. 
Polymeric NPs possess good stability and drug loading rate, as well as improved PK characteristics, and drugs are released in 
a controlled manner,149 prolonging the circulation time of the drugs in vivo. Moreover, polymeric NPs can deliver plasmid 
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DNA, small interfering RNA, proteins and vaccines, rendering them ideal drug delivery platforms.109 The copolymer PEG is 
a commonly used in applications, in which it serves as a delivery platform. Tang et al used a thin-film hydration method to 
prepare the DOX-supported polymeric micelle, Dox/PEG-Fmoc-NLG, and found that the PEG-Fmoc-NLG micellar 
administration of Dox may improve the immunity of the TME, significantly enhancing its anti-tumor activity. The delivery 

Figure 5 Design of liposomes for mitoxantrone and cholesterol indoximod prodrugs and efficacy in multiple solid tumors. (A) MTO/IND dual-delivery liposome reprogram 
the tumor microenvironment. (B) Schematic to outline the liposome synthesis steps. (C–E) Live-animal tumor growth curves, photographs of tumors (upper-right panel), 
and the quantitative IHC analysis of CRT, perforin, and NKp46 (lower right panel) from tumors harvested on day 23 in EMT6, RENCA, and 4T1 cancer models, respectively. 
*: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001. Reprinted with permission from Mei KC, Liao YP, Jiang J et al. Liposomal Delivery of Mitoxantrone and a Cholesteryl 
Indoximod Prodrug Provides Effective Chemo-immunotherapy in Multiple Solid Tumors. ACS Nano. 2020;14(10):13,343–13,366. Copyright 2020. American Chemical 
Society.121
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system was found to accumulate at the tumor site through passive targeting, with durable release characteristics, and showed 
significant anticancer effects, reversing the immunosuppression of the TME in A20 lymphoma cancer models via mediation 
by IDO1, and observably augmenting the ratio of CD4+ /CD8+ T cells, while also reducing the number of MDSCs and Tregs 
was also reduced.123 Similarly, Li et al developed a small particle sized PGEM micelle (~ 15 nm), which was co-loaded with 
the chemotherapy drug paclitaxel (PTX) and an IDO1 inhibitor; the micelle used copolymeric PGEM as a tumor penetration 
carrier and the redox-responsive GEM was coupled with POEG-co-PVD polymer (Figure 6). In contrast to the combination 
of traditional drugs, the vector was found able to improve the PK and biological distribution characteristics. The PGEM 
vector can also carry other anti-cancer drugs, such as curcumin and doxorubicin. The smaller particle size results in a longer 
cycle time, enhancing the permeability and retention, and contributing to effective tumor penetration. In vivo studies have 
shown that PGEM and PTX have synergistic chemotherapeutic effects, inducing the toxic death of cancer cells, and NLG919 
has been used to enhance the immune activity of the TME. The inclusion of NLG919 has notably reduced the percentage of 
Tregs and increased the percentage of CD4+ T and CD8+ T cells. The PGEM copolymer has also demonstrated substantial 
anti-tumor potency in the PANC202 pancreatic cancer mouse models and the 4T1 and CT26 cancer mouse models, extending 
the survival rate of the mice.124 Nevertheless, the development of polymer NPs faces many challenges, including the 
complex formulation design and adequate characterization assays, and the need to address the impact of the complex human 
biological environment on the efficacy of nanomedicines in clinical applications. In addition, the micelle preparation process 
is relatively complex and requires the strict control of various parameters to ensure product quality, thus increasing the 
production cost and technical difficulty.

Inorganic NPs
Inorganic NPs typically comprise metals, metal oxides, semiconductors, and magnetic materials. Compared to organic 
NPs, inorganic NPs have high quantum yields, low toxicities, long lifetimes, and high storage stabilities.150 Moreover, 
some metal-based NPs have characteristics such as photothermal effects, the Fenton reaction, an acid stimulation 
response, and easy surface modifications. The most common inorganic NPs include CeO2 NPs, selenium NPs, quantum 
dots, mesoporous silica, hollow carbon nanotubes, and mesoporous silica NPs (MSNPs).109,150 MSNPs are in particular, 
have been commonly used materials in biomedicine due to their excellent biodegradability, high porosity, and high 
surface area.151–153 Lu et al developed MSNPs that were encapsulated in a lipid bilayer with oxaliplatin (OX)+indoximod 
(IND) dual delivery capability (Figure 7). The OX was loaded with the pore-sized of MSNPs and the IND was 
encapsulated in a phospholipid bilayer. In the Kras-derived PDAC model, nano-carriers stimulate and interfere with 
immunosuppression by inducing the ICD to enhance innate and adaptive antitumor immunity and achieve synergistic 
immune effects. In this nanoparticle, OX induces ICD and increases the ratio of CD8+/Foxp3+ T cells at the tumor site to 
generate a systemic immune response, and its cooperation with IDO1 inhibitors not only improves efficacy but also 
promotes autophagy by activating the mTOR1 pathway. The antitumor effects of different dosing strategies were also 
examined, and comparison made to subcutaneous anti-tumor vaccination, local OX+IND-PL injection, and intravenous 
OX+IND-MSNP injection into orthotopic tumor-bearing B6/129 mice for delivery to an orthotopic PDAC site via 
intravenous biodistribution. Due to the formulation design of the NPs, the retention time and PK characteristics of the 
two drugs in the body were improved, which markedly elevated the concentration of the drug within the tumor and 
substantially enhanced its availability, showing a more significant anti-tumor effect.132 It is worth noting that the toxicity 
of metal NPs must be considered when using as carriers. Such NPs typically cause oxidative stress damage, cytotoxicity, 
and cellular dysfunction. Solubility, oxidation state, and soft and hard properties also have an impact on the cellular 
environment, which may result in difficulties with metabolism and lasting damage to the organism.120 Although the 
effectiveness of metal NPs in antitumor therapy is unquestionable, rigorous testing is required to ensure their safety 
profile before entering clinical trials. In addition, additional surface packaging and targeted modifications may be an 
effective means of attenuating their toxic side effects.

Metal Organic Frameworks (MOFs)
MOFs represent a growing category of porous hybrid materials that form via coordination bonds linking ions or clusters 
to organic ligands. They have been widely used in cancer therapy because of their high agent loading, tunable porosity, 

https://doi.org/10.2147/IJN.S458086                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2024:19 8866

Jiang et al                                                                                                                                                              Dovepress

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

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


diverse compositions, controllable morphologies, and easy surface modifications.154 MOFs deliver drugs with prolonged 
circulation time in vivo, reducing the side effects.155 Moreover, certain NPs can respond to singular or multiple stimuli, 
both endogenous (eg, pH, ROS, and GSH) and exogenous (eg, ultrasonic, light, and magnetic fields), enabling controlled 
drug delivery.156 Zeolitic imidazolate framework-8 (ZIF-8) is a commonly used MOF for delivering anti-tumor drugs 
with excellent pH response.157 Kong et al prepared hyaluronic acid (HA)-modified ZIF-8 using one-pot synthesis for the 

Figure 6 Study of the mechanism of action of multifunctional PGEM NPs and therapeutic efficacy in vitro. (A) Schematic illustration of multi-functional PGEM NPs for co- 
delivery and intracellular GSH-responsive release of PTX, GEM and NLG919. Relative tumor volume changes (B), body weight (C), and survival rate (D) of the mice treated 
with various formulations. (E) CD4+T cells and CD8+T cells, as well as (F) regulatory T (Treg) cells. **: p < 0.01. Reprinted from Sun J, Wan Z, Chen Y et al. Triple drugs co- 
delivered by a small gemcitabine-based carrier for pancreatic cancer immunochemotherapy. Acta Biomater. 2020;106:289–300, Copyright 2020, with permission from 
Elsevier.124

International Journal of Nanomedicine 2024:19                                                                                   https://doi.org/10.2147/IJN.S458086                                                                                                                                                                                                                       

DovePress                                                                                                                       
8867

Dovepress                                                                                                                                                             Jiang et al

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

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


co-delivery of Gem and D-1MT (Figure 8). The HA modifications helped target tumor sites in which CD44 was 
upregulated and they were easily taken up by OS cells, responding to the acidic TME to release the Gem and D-1MT. 
Gem has the ability to trigger apoptosis in OS cells and directly inhibits the energy of MDSCs by blocking DNA 
replication, whereas D-1MT reverses the immunosuppressive effect of the IDO1 pathway. The HA/ZIF-8@Gem/D-1-MT 

Figure 7 Mechanism of anti-tumor immune action and anti-tumor efficacy of OX/IND-MSNP. (A) Schematic to illustrate how dual delivery of OX and IND may impact the 
anti-PDAC immune response. (B) KPC tumor growth curve after a single IT injection of the various drugs at a tumor size of 60–80 mm3. (C) Representative tumor images 
from each group after euthanizing the animal on day 31. (D) IHC depicting CD8 and Foxp3 biomarkers in the collected tumor tissue. (E) Flow cytometry determination of 
CD8/Tregs ratio, as described in D. (F) Flow cytometry analysis to determine CD91 expression in the population of CD45+/CD11b+/CD11c+ cells in the tumor tissue. (G) 
IHC to depict CRT and HMGB-1 expression in the collected tumor tissues. *: p<0.05; **: p<0.01. Reprinted from Lu J, Liu X, Liao YP et al. Nano-enabled pancreas cancer 
immunotherapy using immunogenic cell death and reversing immunosuppression. Nat Commun. 2017;8(1):1811. Creative Commons.132
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NPs decreased the toxicity of the combination drugs, with remarkable anti-tumor efficacy, and reactivated the immune 
system to eliminate the tumors. The design strategy for these NPs resulted in excellent application potential and 
flexibility.135 However, the clinical translation of MOF-based multifunctional nanoplatforms still faces many technical 
challenges, such as the complex preparation processes, difficulties in ligand selection, circulation stability and aggrega
tion issues, long-term and acute toxicity assessment, and metabolism and degradation pathways. Only by solving these 
problems can comprehensive theoretical support be obtained.154,155,157 Nevertheless, MOF multifunctional 

Figure 8 Preparation, Mechanism, and Immune Cell Regulation by HA/ZIF-8@Gem/D-1-MT NPs. (A) Illustration of the preparation of HA/ZIF-8@Gem/D-1-MT NPs and 
the mechanisms of the synergistic OS chemo-immunotherapy. The body weight (B) and tumor volumes (C) of K7M2 OS-bearing mice with different treatments. (D) OS 
tissues were obtained with BALB/c mice on day 21 after receiving different treatments. (E) Weights of isolated tumors and tumor inhibition ratio of K7M2 OS-bearing mice 
in different groups. (F-H) The percentage of M-MDSCs and G-MDSCs in tumor tissue. (I-K) The percentage of Th cells and CTLs in tumor tissue. Control, C; D-1-MT, M; 
Gem, G; ZIF-8@Gem/D-1-MT NPs, Z (GM); HA/ZIF-8@Gem/D-1-MT NPs, HZ (GM). ZIF-8@Gem/D-1-MT/Ce6 NPs, Z (GMC); HA/ZIF-8@Gem/D-1-MT/Ce6 NPs: HZ 
(GMC). *: p<0.05; ***: p<0.001. Reprinted from Fan Q, Zuo J, Tian H et al. Nanoengineering a metal-organic framework for osteosarcoma chemo-immunotherapy by 
modulating indoleamine-2,3-dioxygenase and myeloid-derived suppressor cells. J Exp Clin Cancer Res. 2022;41(1):162. Creative Commons.135
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nanoplatforms have a broad application prospect, and may promote the development of monotherapy to combination 
therapy, improving the anti-cancer effect.

Biomimetic NPs
In addition to the NPs mentioned above, some biomimetic NPs such as cell membranes (ie, erythrocyte membranes, 
macrophage cell membranes, and neutrocyte membranes), biomacromolecules (ie, polysaccharides and proteins), and 
vesicles can be used as drug carriers. Proteins, a class of natural biomacromolecules, have recently been used as drug 
carriers to deliver anti-tumor pharmaceutical or diagnostic agents owing to the structural characteristics of their interior 
or surface.158 Compared to artificial NPs, they have superior biocompatibility, biodegradability, enhanced targeting 
capacity, and inherent non-immunogenicity. Albumin is an abundant protein that is found in human blood plasma and 
requires no additional modifications to achieve enhanced blood circulation and low immunogenicity.159 The potential of 
such molecules as nanocarriers has been fully explored as demonstrated by successful cancer models.136 Cell membrane- 
camouflaged NPs are a burgeoning category of nanocarriers that consist of synthetic NPs cloaked by a natural cell 
membrane and exhibit enhanced biocompatibility, immune evasion, and tumor-targeting capabilities. These particles 
excel at navigating intricate biological milieus,113,114,134 and have considerable potential for biomedical applications 
based on these characteristics. Tian et al developed a versatile biomimetic nanobullet comprising an erythrocyte 
membrane-coated thermally sensitive S-nitrosothiol (SNO) donor-pendant copolymer (PAAV-SNO) that was loaded 
with the IDO1 inhibitor 1-MT (Figure 9), integrating photothermal therapy (PTT) with immune activation to enhance 
the intratumoral infiltration of CD8+ cytotoxic T lymphocytes (CTLs), normalize tumor vessels, and alleviate tumor 
hypoxia. The immunosuppressive TME is thus comprehensively reprogrammed when using the method. The formulation 
demonstrated prolonged in vivo circulation, targeted delivery, improved biocompatibility, enhanced intratumoral accu
mulation, and controllable therapeutic release when facilitated by NIR-II laser irradiation. These characteristics indicate 
great potential for these NPs in clinical medicine.125 However, several translational hurdles still need to be overcome 
before clinical application, including the selection of cell sources, large-scale cell culture and quality control, and 
ensuring that cells are immunocompatible with the patient to avoid immunogenicity. Batch consistency and quality also 
needs to be ensured if genetically engineered modified or phenotypically differentiated cells are involved.113

Targeted Delivery Strategies
Although nanocarriers have significantly improved the pharmacokinetics of conventional drugs, they are still lacking in 
terms of precise delivery. Passive targeting that relies only on the EPR effect cannot achieve the desired therapeutic 
effect. Moreover, the EPR effect varies for different tumor types as well as different staging stages of the same tumor; 
therefore, more effective modification strategies are needed to improve targeting.100 Several targeted delivery strategies 
have been designed to address the characteristics of the TME, such as targeting high levels of ROS, receptor-mediated 
stimulus responsiveness, and redox responses.160 In addition, exogenous stimulus-activated drug delivery systems (such 
as magnetic fields, light, and ultrasound)161 improve the stability of drugs during blood circulation, allowing the drug to 
accumulate effectively at the lesion site, improving the efficacy, reducing the toxic side effects, and achieving highly 
controllable drug release in time and space.

Hyaluronic Acid (HA) Receptor-Mediated Targeting
HA is a natural anionic polysaccharide with good biocompatibility, non-immunogenicity, biodegradability, and active 
tumor-targeting ability.162–164 The targeting ability of HA-modified NPs is mainly due to interaction between HA and the 
CD44 receptor, which is a non-kinase transmembrane glycoprotein and is the most widely studied HA receptor.165 This 
important medium is highly expressed in breast cancer,166,167 gastric cancer,168 and colon cancer,169 among others. The 
CD44 receptor can regulate cell proliferation, migration, and adhesion by binding to HA, which is associated with tumor 
metastasis and anti-apoptosis.165,170 Based on the characteristics of HA, Fu et al developed HA-coated cationic albumin 
NPs (HNPs), which were loaded with hydrophobic celastrol and hydrophilic 1-MT to treat pancreatic cancer. Loading 
with HA helps HNPs to target tumor sites, and they are hydrolyzed into small drug molecules by hyaluronidase before 
penetrating deep tumor tissues via CD44 receptor-mediated accumulation and internalization. The results indicated that 
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Figure 9 Drug release from erythrocyte membrane-camouflaged nanospheres and reprogramming of immunosuppressive TME for enhanced antitumor efficacy. (A) Schematic 
showing the structure and therapeutics releasing process of erythrocyte membrane-camouflaged nanobullets and (B) their capacities of reprogramming tumor immunosuppressive 
microenvironment. (C) Immunofluorescence images of pericyte coverage and Pimonidazole positive (as a marker for hypoxia, green) areas in 4T1 tumors after treatment as indicated. 
CD31+ endothelial cells are stained green, nucleuses are stained blue, and NG2+ pericytes are stained red. The cytokines of (D) INF-γ, (E) TNF-α, and (F) IL-6 in plasma and (G) the 
CD8+ T cells/Tregs ratio in tumor tissue in balb/c mice bearing 4T1 tumors following the indicated treatments. (H) Immunofluorescence staining for CD86 (hallmark of M1 phenotype, 
red), CD206 (hallmark of M2 phenotype, green), and nucleuses (blue), and IHC staining for PD-L1 of tumor tissue. *: p<0.05; **: p<0.01. Reprinted with permission from Yang Z, Gao D, 
Guo X et al. Fighting Immune Cold and Reprogramming Immunosuppressive Tumor Microenvironment with Red Blood Cell Membrane-Camouflaged Nanobullets. ACS Nano. 
2020;14(12):17,442–17,457. Copyright 2020 American Chemical Society.125
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HNPs increase the ratio of CD4+/CD8+ T cells reversing TME immunosuppression and exhibiting remarkable antitumor 
efficacy in pancreatic cancer mouse models.137 Notably, the hyaluronic acid-targeted CD44 receptor is also highly 
expressed in inflammatory diseases, and a competitive adsorption effect may occur for tumor patients that also suffer 
from inflammatory diseases. Therefore, additional modifications or improved HA modifications are required to increase 
the drug delivery efficiency and reduce unwanted toxic side effects when using these NPs.

pH-Responsive Targeting Strategies
Acidic pH is an important characteristic of the TME. Compared to other tissues and organs, tumors demonstrate 
significantly lower pH values ranging from 6.0 to 7.0, whereas the pH of normal tissues is 7.4.171 Targeting this feature, 
pH-sensitive NPs play a crucial role in enhancing the therapeutic effects against cancer. This delivery strategy improves 
the drug release conditions and significantly reduces the toxicity of anticancer reagents in normal organs. CD is one 
building block that is used in stimulus-responsive NPs, and because of the dynamics and reversibility of its noncovalent 
interactions, it exhibits good shape-matching ability when binding with guest molecules.172 Zuo et al developed a tumor- 
targeting ferritin nanoparticle (FPBS@SN) with a pH-sensitive molecular switch by loading the chemotherapeutic drug 
sorafenib (SRF) and the IDO1 inhibitor NLG919 into a polymeric carrier that contained a benzimidazole (BM)-CD 
switch. Dissociation of the polymeric molecule allowed release of the SRF and NLG919 in a weakly acidic tumor 
environment. SRF can promote the expression of nuclear receptor coactivator 4, induce the degradation of ferritin and 
endogenous ferritin in NPs to release iron ions and promote tumor cell ferroptosis. NLG919 is responsible for blocking 
the Trp-Kyn pathway, inhibiting IDO1 enzyme activity, increasing Trp levels, and promoting T cell activation and 
proliferation. The NPs showed excellent antitumor and immune-activating effects by inducing ferroptosis and IDO1 
inhibition in 4T1 mouse models, which is a potential strategy for cancer therapy.138

ROS-Responsive Targeting
Excessive ROS is a marker of tumors, and a double-edged sword. On the one hand, it can decrease the sensitivity of 
cancer to radiotherapy, lead to resistance against chemotherapy, and impact the potency of ROS-related therapies, such as 
PDT and SDT. However, the characteristics of excessive ROS can help researchers design targeted NPs for the TME. 
Moreover, enhanced ROS levels can induce cancer cell death via oxidative stress.173–175 Zong et al reported an ROS- 
responsive cinnamaldehyde (CA)-based poly(thioacetal) polymer (SANP1-MT) coupled with the IDO1 inhibitor 1-MT. 
This nanoparticle, combined with cancer immunotherapy, was found to reverse immunosuppression in the TME. 
Polythioacetals can be triggered by endogenous ROS, and CA lysis releases large amounts of ROS enhancing oxidative 
stress and inducing ICD. Simultaneously, 1-MT reduces Kyn levels. The results showed that SANP1-MT promoted DC 
maturation, induced cytotoxic T cell responses and CD8+CTL and NK cell intratumoral infiltration, and reduced the 
number of intratumoral MDSCs in the CT26 mouse models. This nanodelivery strategy demonstrated significant 
antitumor effects.118 However, this therapeutic strategy may be limited where inflammation and tumors coexist, and 
may even lead to further damage at the inflammation site. Therefore, careful evaluation of a patient’s medical condition is 
required when using these types of NPs.

Laser Stimuli-responsive Targeting
In recent decades, photosensitizer-based photoactivation therapy has become a safe modality for tumor therapy for tumor 
therapy and has achieved broad clinical applications, with dermatologic indications the only issues observed. Favorable 
feedback and fewer adverse events have been observed when combined with chemotherapy or immunotherapy that 
targets and locally activates photosensitizers to treat tumors have been observed.176 Near-infrared (NIR) light is one of 
the most commonly used sources for phototherapy. Li et al reported a light-inducible nanocargo (LINC) that was co- 
assembled using the photosensitizer pheophidea, IDO1 inhibitor NLG919, and an OXA prodrug. Upon initial NIR light 
irradiation, ROS are produced, initiating the degradation of PEG and improving its permeability within the tumor tissues. 
The subsequent exposure to NIR light led to LINC demonstrating potent anti-immunogenic properties and an increase in 
the number of CTLs in the tumor. NLG919 improves the immune response effect of the TME by inhibiting IDO1 
activity.126
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Multistimulus Responsive Targeting
Ordinary NPs usually have only a single stimulus response or single tumor targeting; they cannot respond quickly to 
endogenous or exogenous stimuli in a complex internal environment to release anti-tumor drugs. As nanotechnology 
matures, the development of intelligent NPs with multiple responses that can deliver therapeutic drugs more accurately 
and quickly and thus possess considerable clinical transformation in receiving increasing attention.177 Wang et al 
reported a multi-responsive system that used MSNPs as the core for load PTX loading, with the IDO1 inhibitor 1-MT 
encapsulated in polymers as immune activators in the forms of a shell (β-CD-PEI/Ge1MT). This nanosystem 
(DOX@GMTMSNs) accumulated at the tumor site, where the NPs responded to the matrix metalloproteinase rich 
TME by releasing 1-MT extracellularly, followed by intracellular DOX release that was triggered by the highly acidic 
and redox lysosomal environment. In terms of mechanism, DOX-induced ICD promotes Teff cell infiltration and the 
maturation of DCs. However, 1-MT suppresses IDO1 activity, reducing the number of Tregs and reversing the 
immunosuppression of the TME. In short, the nanodrug delivery systems delivered drugs to their target cells precisely 
and exhibited a significant ability to inhibit primary tumor growth, increase the metastatic foci, and prolong animal 
survival.133 Of course, it is also possible to combine the combination design with other tumor characteristics for targeted 
modification. Despite the complexity of the development process, there is no doubt that these designs can effectively 
improve the anticancer efficacy of nanomedicines.

Combination Therapy Based on IDO1 Inhibitor Nanoparticles
Currently, the efficacy of IDO1 monotherapy is limited, and it is impossible to prevent tumor immune escape by blocking 
the Trp-IDO1-Kyn pathway alone. In clinical trials, IDO1 inhibitors are often used in combination with radiotherapy, 
chemotherapy, sonodynamic therapy (SDT), phototherapy, and ICB to exert significant anti-tumor effects.

Radiotherapy
Radiotherapy is one of the most important methods for the treatment of malignant tumors. Although breakthroughs have 
been made in recent decades, the therapeutic effect of this method still depends on immunosuppression of the TME. 
Therefore, combining radiotherapy with immunotherapy has become the most promising therapeutic approach for 
clinical applications, as it can reduce drug toxicity while ensuring a therapeutic effect.178,179 Wang et al reported 
a class of pH-responsive acidic IDO-modulated NPs (AIM NPs), which were based on calcium carbonate (CaCO3) 
NPs as delivery carriers, with IDO1 inhibitor 4PI was coated onto the surface of the CaCO3, and enhanced the 
radiotherapy efficacy. The AIM NPs effectively altered the intratumoral acidic environment, overcoming the radio 
resistance of the tumor. The NPs further enhanced X-ray-induced cell death by inducing an increase in the intracellular 
ROS levels. Moreover, the rapid release of 4PI in response to the acidic conditions suppressed the Kyn pathway, 
activating the anti-tumor immunity, and enhancing the effectiveness of radiotherapy for irradiating metastatic and highly 
immunogenic tumors in CT26 and 4T1 tumor models.180 Despite the efficacy of this combination strategy, several 
limitations were associated with this study. The retention and metabolism of NPs were not monitored in vivo, and long- 
term safety was not assessed. In addition, only a small animal model was used as the study subject, and it is unclear 
whether the same efficacy will occur in the complex biological environment of the human body. Perhaps large animals or 
patient tumor cells could be considered as study subjects to further validate the clinical translational value of the NPs.

Chemotherapy
Chemotherapy aims to destroy tumor cells by interfering with the normal metabolism and destroying the DNA structures 
and functions of cancer cells. Regardless of the route of administration, it is a systemic treatment that can eradicate 
tumors and limit antitumor proliferation and metastasis effects via the blood circulation. However, it also causes 
irreversible damage to normal organs, and an increase in the use of chemotherapy drugs is often accompanied by 
tumor drug resistance.181 The emergence of nanotechnology has rendered the combination of chemotherapy and 
immunotherapy effective. Jiang et al created NPs (DOX/IND@NPs) based on prodrugs to co-deliver immune activators 
and chemotherapeutic agents. DOX contributes to the augmentation of tumor immunogenicity by initiating damage- 
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associated molecular pattern development and enhancing the number of CD8+ T cells in the TME. The IDO1 inhibitor 
IND has been found to decrease the number of Tregs, MDSCs, TAM, and other immunosuppressive cells, further 
enhancing the DOX efficacy and CD8+/Treg ratio and exhibiting significant antitumor efficacy in 4T1-cell-implanted 
BALB/c mice.127 Another study reported a binary cooperative prodrug nanoparticle with activation triggered specifically 
by the tumor microenvironment, which is a reduction-activated homodimer that co-delivers the OXA prodrug with the 
immunosuppressive TME regulator IDO1 inhibitor NLG919. OXA can trigger ICD to promote the intratumoral 
accumulation of CTLs and elicit antitumor immunity; meanwhile, NLG919 reverses IDO1-mediated immunosuppression 
and inhibits the intratumoral infiltration of Tregs, synergistically modulating the immune TME and regressing tumor 
development in 4T1 and CT26 cancer models.128 In summary, the co-delivery of IDO1 inhibitors with chemotherapeutic 
drugs is a therapeutic strategy with high potential and application value. Optimal dose ratios of chemotherapeutic agents 
and IDO1 inhibitors need to be determined in subsequent experiments to further minimize toxic side effects and improve 
the anticancer efficacy.

Phototherapy (PDT/PTT)
Phototherapy has rapidly developed into a cancer therapy in recent decades. Two main available approaches are considered: 
photodynamic therapy (PDT) and photothermal therapy (PTT). Lasers can be employed to accurately target and remove 
cancer cells with spatiotemporal precision, either through the generation of ROS or by increasing the temperature. These 
approaches not only overcome chemotherapy resistance and reduce off-target toxicity but also increase tumor permeability 
and intratumoral drug delivery.182 A novel nanoplatform, a cluster-bomb-like nanoplatform (CPIM) that employs 
a combination of size-transforming and transcytosis strategies has recently been reported. This nanoplatform is responsive 
to elevated ROS levels in the TME and is designed to release drug-loaded “bomblets” that contain IR780 and indoximod 
within a cc structure, enhancing the EPR effect in tumors. Notably, when exposed to NIR irradiation, IR780 induces ROS 
generation, further augmenting the ROS responsiveness, CPIM can be used for PDT, PTT, and the IDO1 inhibition effect of 
1-MT, inducing ICD to enhance tumor immunogenicity and remodel the TME and exhibiting significant tumor-killing effect 
and tumor penetration in B16F10-tumor bearing mice.129 Similarly, Qin et al developed a nanosystem (NLG919/ IR780 
micelles) that was triggered by a NIR laser, with in vivo antitumor studies revealing that when combined with PTT, it could 
effectively suppress primary tumors and tumor margin growth in a 4T1 cancer model.130 However, the complex preparation of 
phototherapy NPs needs to be noted, as well as the availability, cost, temperature, and dosimetry requirements of the light 
source equipment. The choice between PDT and PTT depends on several factors: for example, the easy activation of 
photosensitizers that is associated with PDT renders it more effective for well-vascularized superficial site lesions, such as 
the skin, esophagus, and bladder, while PTT is more suitable for deeper tumors, especially when using NIR light sources. In 
addition, systemic photosensitization and lack of thermal limitation are safety issues that must be considered when using 
phototherapy. These safety concerns may be mitigated by choosing an appropriate treatment that is based on the condition and 
tumor characteristics of a patient. Nonetheless, phototherapy has important clinical translational value and, in combination 
with other treatment modalities, may provide patients with a more personalized and effective treatment plan.

Sonodynamic Therapy (SDT)
SDT has emerged in the last decade and is relatively safe. Compared to phototherapy, SDT can enact deeper tissue 
penetration, excellent spatiotemporal selectivity, no phototoxicity, and fewer side effects.183,184 In particular, the 
application of nanoparticle-based sonosensitizers enhances the SDT efficacy and targeting specificity, and extends the 
internal circulation.185,186 SDT plays a role in cancer therapy by generating ROS and singlet oxygen (1O2), leading to 
tumor cell death.184 Luo et al developed a small-molecule self-assembling nanoparticle (HB-NLG8189@MPCM) that 
was coated with macrophage cell membranes (MPCMs) to combine SDT with the IDO1 inhibitor NLG8189. It 
preferentially accumulates within tumors to reduce systemic toxicity via the surface membrane proteins of macrophages. 
In addition, hemoglobin (HB), a natural metal porphyrin, is utilized as the acoustic sensitizer to efficiently induce ICD by 
generating ROS upon the application of ultrasound, enhancing the immunogenicity in the tumor. NLG8189 activates the 
immune response by inhibiting IDO1 activation and reversing the immunosuppression in the TME.139 Overall, the NPs 
are formulated to be biocompatible and safe; however, their effectiveness in the complex environment of the human body 
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has not been established and in vivo therapeutic effects cannot be monitored in real time. It is recommended that large 
animal or patient-derived tumor cell effects are tested prior to clinical translation. In addition, SDT is still in its infancy, 
with unclear mechanisms of action other than inducing ROS cytotoxic death, and the few applications of acoustic- 
sensitive materials with complex design and synthesis processes may hinder its clinical translation.186,187 Therefore, SDT 
still requires continuous exploration and optimization before application.

Immune Checkpoint Blockade (ICB)
ICB is a potential therapeutic strategy. Immune checkpoints can maintain self-tolerance and prevent autoimmune damage to 
normal tissues by binding receptors to ligands; however, tumor cells can harness this mechanism to achieve immune escape 
and resist immune attacks. Under the dysfunction of the immune system that is caused by tumor cells, ICB can activate not 
only T cells, but also innate and adaptive immunity, and its emergence has revolutionized the field of cancer treatment.6,188 In 
contrast to chemotherapy, ICI monotherapy exhibits superior clinical efficacy; however, most patients still cannot get good 
feedback and the efficacy is limited.189,190 Therefore, the use of ICI in combination with other therapies may be a good 
strategy. Li et al developed a self-assembled nickel-doped IDO1 peptide drug (NLG-RGD NI) that contained a polypeptide 
with targeting properties, and released NLG919 and aPD-L1 in an environment of acidic pH and ester catalysis. These NPs 
have a long-lasting inhibitory effect on IDO1 inhibitors in intratumoral cells, with fewer systemic side effects. The results 
showed that the IDO1 inhibitors led to a significant increase in the proportion of CD4+ and CD8+T cells when combined with 
aPD-L1, enhancing the NK cell response, reducing the accumulation of immunosuppressive Treg cells, and exhibiting 
effective anti-tumor efficacy in the subcutaneous Pan02 and orthotopic Pan02 tumor models.131 Therefore, IDO1 inhibitors 
are expected to play a crucial role in cancer therapy as excellent partners for immune checkpoint inhibitors. However, for 
clinical translational development, appropriate checkpoint inhibitors should be selected based on the immunologic character
istics of the patient and the expression levels of tumor immune checkpoints, and any adverse reactions and tolerance to specific 
inhibitors should be assessed to ensure safe and effective treatment.

Conclusion and Future Perspectives
Immunotherapy has become a popular target for research in the field of tumor treatment, and numerous immune checkpoint 
inhibitors and immunomodulators have been put into clinical trials, including IDO1 inhibitors. The failure of the Phase III 
clinical trial of the IDO1 inhibitor epacadostat in the treatment of malignant melanoma had a negative impact on the 
development of IDO1 inhibitors. However, its therapeutic value in some types of cancers cannot be denied. At present, the 
successful clinical application of IDO1 inhibitors is facing several problems: (1) The existing IDO1 inhibitors have numerous 
mechanisms of action; however, the effect is slightly insufficient, and researchers need to continue to improve and discover 
more effective action sites for targeting IDO1 enzymes. (2) From the biological function of IDO1 and the mechanism of action 
of existing IDO1 inhibitors, there may be other metabolic compensation mechanisms in tumors that weaken the effect of IDO1 
inhibitors. Therefore, combination with chemotherapy, radiotherapy, phototherapy and other therapies should be considered, 
and the selection of an appropriate combination therapy strategy evaluated based on the patient’s physical condition as well as 
tumor characteristics and other conditions. (3) Current studies are limited to small animal models and animal-derived cell 
lines, and it is unclear whether they are effective in the complex biological environment of the human body. Therefore, it is 
recommended that IDO1 inhibitor-based therapeutic strategies are transferred to large animal or patient-derived tumor cell 
lines or xenografts. In addition, there are many issues associated with the development and treatment with IDO1 inhibitor- 
based NPs, including possible long-term toxicity and unmonitored in vivo anti-cancer efficacy. Multifunctional modification 
of NPs that are currently in clinical use (eg, liposomal NPs, polymeric NPs, albumin) may be able to address these issues. 
However, at the technical level, the complicated nanoparticle preparation process, high production cost, and difficulty in large- 
scale production still exist. These issues need to be coordinated and solved by research institutions, enterprises and 
governmental departments to accelerate the development of nanotechnology and products.

In summary, the research and development of IDO1 inhibitors and IDO1 inhibitor-based nanomedicines still face 
many challenges; however, the deepening scientific research and continuous progress of science and technology means 
that this direction is expected to play an important role in the field of tumor therapy in the future. We anticipate that this 
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review will help in the development and clinical translation of nanomedicines, ultimately resulting in precision medicine 
that can better benefit society.
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