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In parallel with the genetic and epigenetic changes that accumulate in tumor

cel ls, chronic tumor-promoting inflammation establ ishes a local

microenvironment that fosters the development of malignancy. While

knowledge of the specific factors that distinguish tumor-promoting from non-

tumor-promoting inflammation remains inchoate, nevertheless, as highlighted in

this series on the ‘Hallmarks of Cancer’, it is clear that tumor-promoting

inflammation is essential to neoplasia and metastatic progression making

identification of specific factors critical. Studies of immunometabolism and

inflamometabolism have revealed a role for the tryptophan catabolizing

enzyme IDO1 as a core element in tumor-promoting inflammation. At one

level, IDO1 expression promotes immune tolerance to tumor antigens, thereby

helping tumors evade adaptive immune control. Additionally, recent findings

indicate that IDO1 also promotes tumor neovascularization by subverting local

innate immunity. This newly recognized function for IDO1 is mediated by a

unique myeloid cell population termed IDVCs (IDO1-dependent vascularizing

cells). Initially identified in metastatic lesions, IDVCs may exert broader effects on

pathologic neovascularization in various disease settings. Mechanistically,

induction of IDO1 expression in IDVCs by the inflammatory cytokine IFNg
blocks the antagonistic effect of IFNg on neovascularization by stimulating the

expression of IL6, a powerful pro-angiogenic cytokine. By contributing to

vascular access, this newly ascribed function for IDO1 aligns with its

involvement in other cancer hallmark functionalities, (tumor-promoting

inflammation, immune escape, altered cellular metabolism, metastasis), which

may stem from an underlying role in normal physiological functions such as

wound healing and pregnancy. Understanding the nuances of how IDO1

involvement in these cancer hallmark functionalities varies between different

tumor settings will be crucial to the future development of successful IDO1-

directed therapies.
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Introduction

Inflammation, which is rooted in the evolutionarily ancient process

of adaptively responding to compromised tissue integrity to restore

homeostasis, involves multi-faceted and dynamic interactions between

resident and infiltrating immune cells and stromal cells orchestrated to

eliminate the cause of an injury, clear out necrotic cells and damaged

tissue, and initiate tissue repair (1). An acute inflammatory response is

self-limiting, proceeding in phases from initiation to resolution.

However, when inflammation is not resolved and becomes chronic,

it can contribute to a variety of pathologies including the promotion of

malignancy (2). While clinical recognition of an apparent

pathophysiological link between inflammation and cancer has a long

history stretching back to the early 19th century (3), cancer genetics in

themodern era instead embraced the perception of cancer as essentially

a cell intrinsic disease driven by somatic mutations within the nascent

tumor cells, with little consideration that the extrinsic environment

might have a determinative role (4). As such, the first rendition of “The

Hallmarks of Cancer” published in 2000, focused exclusively on six

essential functional capabilities that somatic cells must acquire to

effectively form tumors, all of which described cell-intrinsic attributes

with the exception of acknowledging the importance of establishing an

external blood supply to support tumor outgrowth (5). The field shifted

rapidly within the next decade, however, so that by the subsequent

“Hallmarks of Cancer: The Next Generation”, recognition of tumor-

promoting inflammation was included as an ‘enabling characteristic’

(6). It is now firmly established in cancer biology that the TME (tumor

microenvironment), including stromal fibroblasts, vascular cells and

immune cells together with cancer cells, comprise an integrated

network that contextually define an individual tumor, and that

inflammation has a vital role in shaping the TME (7).

Due to its complex and dynamic nature, inflammation can have

pro-tumorigenic or anti-tumorigenic consequences, and interventions

that can shift this balance have already proven to be beneficial.

Specifically, an inflammatory environment is a positive prognostic

indicator for responsiveness to immune checkpoint therapy with

CTLA4 (cytotoxic T-lymphocyte-associated protein 4; CD152) or

PD1/PDL1 (programmed cell death 1/programmed cell death ligand

1; CD279/CD274) targeting antibodies because these agents remove

key components of the immune blockade that suppress tumor-directed

effector T cells frommounting an anti-tumor response (8). Conversely,

inflammation can also be modified to accentuate its tumor-promoting

capacity. This review focuses on the IDO1 enzyme as one important

determinant of a tumor-promoting inflammatory environment. In

particular, we highlight how IDO1 acts as an integrative node for

multiple ‘cancer hallmarks’, shaping a tumor-promoting inflammatory

environment through altered cellular metabolism that promotes both

immune escape and neovascularization.
IDO1 studies

IDO1 and immunologic tolerance, from
embryos to tumors

IDO1 (indoleamine 2,3-dioxygenase 1) is a heme-containing

enzyme that initiates the catabolism of tryptophan as the first step
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of the kynurenine pathway, which can lead to the de novo

production of NAD and is separate from the serotonin pathway

(9). However, it is a second, evolutionarily distinct enzyme, TDO2

(tryptophan 2,3-dioxygenase), catalyzing the same reaction as IDO1

that is responsible for maintaining tryptophan homeostasis (9–11).

TDO2 is expressed predominantly in the liver although some

biological activity has been implicated in the brain and aberrant

TDO2 upregulation has been detected in various malignancies (9,

11). In contrast, IDO1 is expressed in a variety of tissues other than

liver, exhibits a broader substrate specificity than TDO2 (including

the D-isomer of tryptophan and various indoles), and is not

responsive to circulating tryptophan levels (12). Instead, IDO1 is

principally induced by the Th1-associated, inflammatory cytokine

IFNg (interferon-gamma) (13). The discovery that targeting IDO1

could subvert the protection from maternal immunity that a

hemiallogeneic fetus requires for successful gestation (14) was

followed by demonstrations that inhibiting IDO1 could relieve T

cell-directed immunological suppression in cancer (15–17). IDO1

was thus implicated in the establishment of peripheral

immune tolerance.

IDO1 is not expressed directly in T cells, but its expression in

APCs (antigen presenting cells), particularly in certain DC

(dendritic cell) subsets, has been linked to both the direct

suppression of Teff (effector T) cells and the enhancement of

Treg (regulatory T) cell activity. The effect on Tregs is mediated

both by inducing Treg development from naïve T cells and by

increasing the suppressive activity of existing Tregs. Detailed

reviews delving into the different ways that IDO1 has been found

to exert tolerogenic suppression of Teff cell function have been

published elsewhere (18, 19). One longstanding debate, over the

course of these investigations, has been over the relative importance

of tryptophan depletion versus tryptophan catabolites as the

mechanistic basis for exerting tolerogenic control. Tryptophan

depletion has been linked to the activation of GCN2 (general

control nonderepressible 2), one of four serine kinases that

phosphorylates eIF2alpha (a-subunit of initiation factor 2) to

initiate the ISR (integrated stress response) (20). Biologically, it

was reported that ablating GCN2 expression in T cells rendered

them nonresponsive to the suppressive influence of IDO1 (21). It

has also been proposed that IDO1-mediated tryptophan depletion

may exert effects by suppressing activation of mTOR (mammalian

target of rapamycin) (22). Alternatively, while biological effects have

been ascribed to a number of catabolites in the IDO1-initiated

kynurenine pathway, most attention is currently focused on the

ability of kynurenine itself to act as an AHR (aryl hydrocarbon

receptor) ligand (23, 24). Kynurenine signaling through AHR

functions as an oncometabolite through transcriptional activation

of pro-growth genes in tumor cells and inhibition of T cell activity

(25). The complex web of pro-tolerogenic effects that have been

ascribed to IDO1 suggests that multiple mechanisms could be at

play, and some conceptual models have tried to integrate both

depletion and catabolites as contributing factors (26). Overall,

however, the preponderance of evidence favors the role of

catabolites, with the main objection to depletion being that

circulating levels of tryptophan are simply too high for IDO1-

expression by APCs to exert a physiologically relevant
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environmental impact through this mechanism of action (27).

Evidence that direct depletion of kynurenine in vivo using

PEGylated kynurenase recapitulates the anti-tumor effects of

targeting IDO1, also bolsters the argument in favor of catabolites,

and kynurenine in particular, as the mechanism of action through

which IDO1 imposes T cell tolerance (28).
IDO1 is a tumor-promoting modifier
of inflammation

The enhanced anti-tumor immune responses achieved with

IDO1 inhibitor treatment suggested that induction of IDO1

activity may be selected for as a means for tumors to escape

immune surveillance (29). To explore this hypothesis, studies

were performed using the classic, two-stage skin carcinogenesis

model in which mice are exposed to a single application of the

carcinogen DMBA (7,12-Dimethylbenz[a]anthracene) followed by

successive applications of the tumor-promoting agent TPA (12-O-

Tetradecanoylphorbol 13-acetate; aka PMA, Phorbol 12-myristate

13-acetate). TPA is a tumor-promoting compound that, following

initiation with the mutagen DMBA, accentuates tumorigenesis as

assessed by the formation of premalignant lesions, referred to as

papillomas, on the skin. Without an initiating insult, TPA does not

elicit tumor outgrowth but rather produces a localized

inflammatory response at the site of exposure (30). Notably, TPA

treatment was found to stimulate IDO1 induction within dendritic

cells in the regional lymph nodes, and genetic ablation of IDO1

substantially reduced the number of papillomas that formed in

DMBA/TPA treated mice relative to their WT (wild type)

counterparts (31). While papilloma development was significantly

impaired by IDO1 gene deletion, this effect was unrelated to any

discernable reduction in the degree of inflammation elicited by TPA

treatment (32). Furthermore, when TPA was eliminated from the

carcinogenesis process by instead eliciting tumors though multiple

rounds of DMBA application, IDO1 gene deletion had no

demonstrable impact on the incidence of papilloma formation.

Thus, rather than acting as a fundamental driver of either

inflammation or tumorigenesis, IDO1 acted as a modifier of the

inflammatory milieu, changing its metabolic character and

rendering it more supportive of tumor development (33).

Of note, the administration of TPA alone was sufficient to

induce IDO1 in DCs within the regional lymph nodes (31). In

previous work, it was determined that loss of the BIN1 (bridging

integrator 1) tumor suppressor resulted in dysregulated induction

of IDO1 in oncogenically transformed skin fibroblasts thereby

facilitating immune escape when the cells were grafted into

immune competent hosts (16). These results were consistent with

IDO1 induction in tumor cells being a later immune escape event

acquired during malignant progression (34). However, the DMBA/

TPA carcinogenesis data suggest that local inflammatory conditions

can result in the induction of IDO1 in immune cells even in the

absence of any pre-existing carcinogenic insult, as DMBA

administration is not required for IDO1 induction in the DMBA/

TPA model. In this case, rather than being acquired under selective

pressure, IDO1 induction precedes tumor initiation, priming the
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inflammatory TME to enable nascent tumors to bypass the

elimination and equilibrium phases of immune surveillance and

proceed directly to the escape phase. Taken together, these data

offered genetic evidence defining IDO1 as a pro-tumorigenic

modifier of the inflammatory milieu.
IDO1 is coupled to pathogenic
inflammatory neovascularization

To expand on the role of IDO1 in tumor progression, it was of

interest to explore how IDO1 might contribute to spontaneous

tumorigenesis that was not elicited by chemically-driven tumor

initiation/promotion. For these studies, lung cancer and metastases

models were selected because IDO1 was known to be highly

inducible in lung tissue (35). An autochthonous lung cancer

model has been developed in which tumor development is

initiated by infecting the lungs of transgenic mice harboring

latent oncogenic Kras (Kirsten rat sarcoma viral oncogene

homolog) with an activating adenovirus vector-expressing Cre

recombinase. This system affords control over the timing and

breadth of oncogenic initiation in lung tissue, based on when and

at what MOI (multiplicity of infection) the Kras-activating

adenovirus is administered. Tumors that develop in these mice

exhibit many characteristics of human NSCLC (non-small cell lung

carcinoma) (36). In this model system, genetic loss of IDO1 caused

a substantial delay in tumor outgrowth (37). Similarly, in a

pulmonary metastasis model in which orthotopically engrafted

4T1 breast adenocarcinoma cells metastasize spontaneously to the

lungs, Ido1-/- (Ido1-nullyzygous) animals exhibited significantly

delayed pulmonary tumor outgrowth relative to WT animals. In

this model, the engrafted 4T1 tumor cells have wild type Ido1 alleles,

indicating that metastasis resistance is caused by loss of IDO1 in

host cells rather than in tumor cells. Attenuated elevation of the

inflammatory cytokine IL6 was observed in both the autochthonous

and metastatic tumor models, suggesting a manner by which IDO1

might orches t ra te a pro- tumorigen ic , inflammatory

microenvironment. Consistent with this interpretation, ectopic

expression of IL6 in engrafted 4T1 cells overcame the impairment

in lung metastasis outgrowth educed in Ido1-/- mice.

One striking finding during the course of this work arose from

observations from CT (computed tomography) scans employed to

monitor the impact of IDO1 loss on lung tumor development.

Specifically, these scans revealed that Ido1-/- mice had a baseline

reduction in lung vascularization (37). In like manner, 4T1 lung

metastases that formed in Ido1-/- mice also exhibited reduced blood

vessel density relative to metastases formed in WT animals (38).

Together these observations suggested that impaired

neovascularization might contribute to the delayed lung

metastasis outgrowth observed in Ido1-/- mice. One reported

attribute of IFNg, the principal inducer of IDO1 expression, is its

ability to curtail neovascularization in tumors (39–41). In mice in

which both IFNg and IDO1 were genetically deleted, the levels of

4T1 lung metastasis neovascularization were restored to WT levels,

confirming that the observed reduction in blood vessel density in

Ido1-/- mice was attributable to IFNg. Correspondingly, the delay in
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tumor outgrowth associated with IDO1 loss was likewise overcome

by the concomitant loss of IFNg. Together, these findings

established a novel aspect of IDO1’s function in cancer, namely,

its ability to contravene an anti-tumorigenic, IFNg-mediated

inflammatory environment that restricts new blood vessel

formation in tumors.

An essential mediator of this pro-tumorigenic effect of IDO1

was found to be IL6. In contrast to IFNg, which is generally

considered to be anti-tumorigenic (42), IL6 is an inflammatory

cytokine with pro-tumorigenic properties including the ability to

support angiogenesis (43). Consistent with data that ectopic IL6

expression could restore 4T1 lung metastasis growth in Ido1-/- mice,

genetic loss of IL6 resulted in impaired 4T1 metastasis outgrowth

and reduced neovascularization; moreover, both of these effects

were obviated by concomitant loss of IFNg in double knockout Il6-/-

Ifng-/- mice (38). Together, these results yielded a conceptual model

whereby IDO1 acts as a regulatory node at the interface between

IFNg and IL6, shifting the inflammatory microenvironment to a

tumor-promoting state by preventing the ability of IFNg to pare

back the tumor neovasculature (Figure 1). This differentiates IDO1

from pro-angiogenic factors such as VEGF (vascular endothelial

growth factor) that directly drive blood vessel formation. Instead,

IDO1 acts as a regulatory node between overarching inflammatory

cytokines to support the maintenance of neovasculature already

established within the tumor by limiting blood vessel regression.

Beyond cancer, inflammatory neovascularization is a

consequential aspect of many other diseases (44). This raises the

question of whether IDO1 might have a broader role supporting

neovascularization in inflammatory pathologies that do not involve

cancer. To begin to explore this possibility, we looked at the impact

of IDO1 loss in OIR (oxygen-induced retinopathy), which is a

mouse model for ROP (retinopathy of prematurity), a complication

that can develop in premature infants receiving neonatal intensive

care. Retinopathies are diseases of the small retinal blood vessels in

which progression manifests as elevated neovascularization,

(proliferative phase), and which have long been known to involve

inflammatory mediators (45). OIR is a well-established model for

studying the development of neovascularization as a component of

eye disease (46). In the OIR model, loss of IDO1 activity, either

genetically or pharmacologically, was demonstrated to significantly

reduce neovascularization in a IFNg-dependent manner.
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Furthermore, as observed in the lung metastasis model, loss of

IL6 recapitulated the effects that IDO1 loss produced on

neovascularization (38). Therefore, while the ability of IDO1 to

support inflammatory neovascularization can contribute to the

establishment of a tumor-promoting inflammation, it can also

underpin the vascular pathophysiology of non-malignant diseases

as well.
IDO1 signals through intracellular
tryptophan depletion to
support neovascularization

The potential for IDO1 to enzymatically signal through both

tryptophan depletion as well as production of downstream

catabolites has been explored in the context of T cell tolerance.

As noted earlier, while there is evidence on both sides, current

opinion skews towards favoring the role of catabolites, particularly

the role of kynurenine as an AHR ligand, as the principal

mechanism for promoting T cell tolerance. In contrast,

investigation into the underlying basis for IDO1-mediated

support of neovascularization has identified activation of GCN2

and consequent triggering of the ISR in response to IDO1-mediated

tryptophan depletion as the relevant underlying signaling

mechanism. Gcn2-/- mice phenocopy the effects of both IDO1 and

IL6 loss on neovascularization in both the 4T1 lung metastasis and

OIR models (47). Furthermore, GCN2 signaling through the ISR is

required, both in vitro and in vivo, for the IDO1 elicited induction

of IL6, even while the induction IDO1 itself is unaffected by GCN2’s

absence, consistent with GCN2 functioning as a downstream

effector (47). The concern that IDO1 activity cannot sufficiently

modify the availability of environmental tryptophan to signal

through a depletion mechanism appears not to be germane in

this case, as the activation of the ISR and consequent production of

IL6 occur intracellularly so that IDO1 only needs to deplete internal

stores of tryptophan to produce its effect. The possibility that

distinct signaling mechanisms are at play, involving either

tryptophan depletion or catabolites, in mediating the different

biological effects of IDO1 may present opportunities for

employing selective agents that can preferentially elicit a

particular response.
IDO1 expression in a discrete myeloid cell
population supports neovascularization

MDSCs (myeloid-derived suppressor cells), a heterogeneous

population of immature myeloid cells functionally defined by

their ability to cause T cell suppression, are implicated in

promoting cancer and other diseases (48). In addition to their

immunosuppressive activity, MDSCs have been proposed to be pro-

angiogenic (49). Initial staining for IDO1 in 4T1 metastases

identified a subset of cells staining positive for the Gr1 cell

surface marker, a characteristic identifier of MDSCs. However,

CD11b, another defining MDSC marker, was very low or absent

on the IDO1-expressing cells, intimating that these cells represent a
FIGURE 1

IDO1-Dependent Vascularizing Cells contravene the ability of IFNg to
regress neovascularization through IDO1-mediated induction of IL6.
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discrete population (47). IDO1-expressing Gr1+ CD11blo cells were

identified in both 4T1 metastases and OIR retinas in close

association with endothelial cells of the neovasculature. Depleting

Gr1+ cells in OIR neonates suppressed neovascularization,

phenocopying the impact of IDO1 loss. Incorporation of IDO1-

expressing Gr1+ CD11blo cells isolated from 4T1 metastases into a

Matrigel plug engrafted under the skin demonstrated that these cells

were capable of eliciting neovascularization in the plug, whereas

conventional Gr1+ CD11b+ MDSCs did not exhibit any similar

capability (47). The Gr1+ CD11blo population isolated from Ido1-/- ,

in contrast , was not able to promote Matr igel plug

neovascular izat ion when engraf ted into a WT host ,

demonstrating that IDO1 not only identifies the subset of

myeloid cells that promotes neovascularization but is required for

these cells to manifest this ability. Furthermore, when an IDO1

inhibitor was administered to WT mice with Matrigel plugs

incorporated with WT Gr1+ CD11blo cells during the final 72

hours of the experiment, neovascularization in the plug was also

markedly reduced, consistent with the need for IDO1 activity to

sustain neovascularization even after it has been established.

Supporting the inflammatory crosstalk model, Gr1+ CD11blo cells

isolated from either Il6-/- or Gcn2-/- mice behaved like Ido1-/- cells in

the Matrigel assay, with diminished neovascularization relative to

WT. Also in line with expectations, using Ifng-/- mice as hosts in the

Matrigel assay restored the ability of Gr1+ CD11blo cells isolated

from Ido1-/- to promote neovascularization, consistent with the

induction of IDO1 by IFNg acting as a negative feedback attenuator
of IFNg’s ability to promote neovascular regression (Figure 1).

MDSCs have been defined traditionally by their T cell

suppressive function. Given the distinct biological capability

exhib i ted by IDO1+ Gr1+ CD11b lo ce l l s to support

neovascularization, which functionally distinguishes them from

MDSCs, these cells have been designated with the moniker

IDVCs (IDO1-dependent vascularizing cells, Figure 1) (47).

Further refinement of this IDVC population revealed that

neovascularizing cells were restricted to a highly autofluorescent

subpopulation within which IDO1 expression was associated with

strong surface staining for CD11c (associated with dendritic cells)

and asialo-GM1 (associated with NK cells). These two markers

divided the Gr1+ CD11blo AF+ cell population into roughly

equivalent groups of (i.) CD11c- asialo-GM1- cells that lacked

IDO1 expression and (ii.) CD11c+ asialo-GM1+ cells that

appeared to uniformly express IDO1, indicating that these

additional markers were sufficient to isolate the IDVC population

to near homogeneity (47). This analysis also added an additional

wrinkle into interpretation of the cell biology underlying IDO1’s

role in inflammatory neovascularization, because all of the

autofluorescent cells exhibited neovascularizing functionality,

dissociating for the first time in these experiments a direct

association between IDO1 and the capacity to promote

neovascularization. Consistent with previous observations, when

Ido1 was genetically ablated in the IDO1-expressing CD11b+ asialo-

GM1+ cells, neovascularization of Matrigel plugs was not elicited in

WT mice, but only in Ifng-/- mice. However, IDO1-nonexpressing

CD11c- asialo-GM1- cells isolated from Ido1-/- mice were equally

effective at eliciting neovascularization of Matrigel plugs in WT as
Frontiers in Oncology 05
much as in Ifng-/- mice. These results drive home the conclusion

that the underlying process responsible for neovascular formation is

IDO1-independent. Nonetheless, IDO1-expressing IDVCs

controlled the neovascularization process by engaging the IFNg-
mediated elimination mechanism, while also counterregulating this

effect through IDO1-mediated induction of IL6. Furthermore, the

mechanism through which IDVCs exert control over

neovascularization appears to be dominant because the CD11c-

asialo-GM1- cells from Ido1-/- mice were capable of sustaining

Matrigel plug neovascularization in WT mice only when they

were separated from the CD11c+ asialo-GM1+ cells (47).
Discussion

Over the past 35 years following the groundbreaking

proposition that tryptophan catabolism by IDO1 acts as a

mechanism of T cell suppression involved in protecting the

developing fetus from rejection by the maternal immune system

(14), numerous studies have been directed towards elucidating the

underlying basis for this immune regulatory effect and how it might

be relevant to the realm of cancer therapy (50). The more recent

discovery that IDO1 is also involved in maintaining inflammatory

neovascularization now adds a new dimension to our

understanding of how IDO1 can function as a modifier of the

inflammatory milieu to render it pro-tumorigenic. Through its

capacity to act as an immunometabolic enzyme that propagates a

state of tumor-promoting inflammation both by enabling tumoral

immune escape and sustaining tumor neovascularization, IDO1

epitomizes a quintessential, non-oncogenic tumor promoter,

integrating nearly all the cancer ‘hallmarks’ that involve

interfacing with the TME rather than being tumor cell-

intrinsic (51).

Understanding IDO1 in this light raises the question of why

such a powerful tumor-promoting metabolic enzyme, disconnected

from the basic housekeeping function of maintaining tryptophan

homeostasis, exists in the first place. One source of insight may

come from investigations into the role of IDO1 in normal

physiological inflammatory processes such as pregnancy and

wound healing. Embryogenesis is an inflammatory process,

which, like cancer, involves establishment of immune tolerance as

well as neovascularization and vascular remodeling. The

immunosuppressive role of IDO1 in protecting the hemiallogenic

fetus was recognized even before its relevance to cancer was

established (14). The role of IDO1 in decidual vasculaization and

spiral artery remodeling has yet to be explored, however, both IFNg
and IL6 have been noted to play important roles in this process,

strongly suggesting an intermediary role for IDO1. Furthermore,

IDO1 deficiency can lead to symptoms associated with

preeclampsia, both in mice and humans (52–54), suggesting a

resultant impairment in embryonic blood vessel development. In

the inflammatory process of wound healing, signaling by IL6 and

IFNg are implicated in blood vessel establishment and regression,

respectively (55, 56); this again points to a possible intermediary

role for IDO1 in orchestrating the phased progression of

this process.
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Studies focused on elucidating the observed association between

IDO1 and neovascularization, have thus far led to the

determination that IDO1 exerts this effect through its ability to

respond to and alter the local inflammatory profile. Specifically, it

has been shown that IDO1 is induced in IDVCs, a discrete

population of myeloid cells, in response local IFNg, resulting in

GCN2-dependent production of IL6. Having delineated the

molecular and cellular processes that are involved, questions

remain regarding how this inflammatory network controls

neovascularization. While IDVCs may be implicated in eliciting

the IFNg that drives this inflammatory process (47), it is clear that

IDVCs are not the source of the IFNg. Several different immune cell

types have the capacity to produce IFNg, but which specific host

cells are involved in this inflammatory network remains to be

determined. The Matrigel assay may provide a reductive setting

in which to address this question, since only IDVCs are present in

the matrix at the start which may facilitate the identification and

validation of the IFNg-producing cells that are recruited to the local

environment. Additionally, there remains uncertainty regarding

how IFNg exerts its anti-neovascular effect and how IL6 functions

to counteract this effect. Genetic mouse studies have concluded that

IFNGR (IFNg receptor) must be expressed on the surface of

endothelial cells, (but not on hematopoietic or other stromal

cells), for regression to occur (57). Downregulation of DLL4

(delta like canonical Notch ligand 4) activation of the NOTCH

pathway as a consequence of engagement of IFNGR on endothelial

cells has been proposed as a mechanism through which IFNg exerts
its anti-neovascular effect (58). In contrast, IFNGR signaling in

non-endothelial cells had the opposite effect of promoting tumor

growth, consistent with the counter-regulatory production of IL6

elicited by IFNg-mediated induction of IDO1. How IL6 interferes

with the anti-neovascular effect of IFNg has yet to be investigated.

Published work offers clues of regulatory crosstalk between IL6-

activated STAT3 signaling and NOTCH signaling that may be

relevant, namely that knocking down STAT3 expression

abrogated MDSC-mediated activation of NOTCH (59). However,

rather than a focus on neovascularization, this study focused on

how IL6 and NOTCH signaling cooperate to promote cancer cell

stemness, suggesting yet another possible intersectional mechanism

by which IDO1 contributes to fostering a tumor-promoting

inflammatory TME.

Defined functionally, IDVCs were isolated based on expression

of IDO1 and the ability to elicit neovascularization in an IDO1-

dependent manner within a subcutaneous Matrigel plug. MDSCs,

and predominantly PMN-MDSCs comprise the vast majority of

TILs (tumor infiltrating lymphocytes) present in 4T1 lung

metastases (60). Iterative rounds of flow cytometry-based

enrichment of IDVCs from dissociated 4T1 lung metastases

established these cells as a discrete myeloid cell population

separable from MDSCs by an eclectic marker profile. While

IDVCs share some similarities with MDSCs, particularly the

surface expression of Gr1, they are clearly distinguishable both by

flow cytometry and functionality. The identification of this distinct

IDVC population calls into question the entrenched concept that, in

addition to their suppressive activity, MDSCs are also capable of
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promoting angiogenesis (49). Matrigel studies in which IDVCs were

separated from MDSCs found that MDSCs exhibited no

demonstrable capacity to independently elicit neovascularization

(47). One caveat is that the PMN-MDSC subtype represents >80%

of all immune cells in this model, so it cannot be completely ruled

out that the ability of alternative MDSC subtypes, (M-MDSCs or

Eo-MDSCs), to elicit neovascularization may have been missed.

However, it seems more likely that MDSCs were mistakenly

ascribed pro-angiogenic act ivi ty through inadvertent

contamination with IDVCs. Studies establishing this angiogenic

functionality have sometimes relied on the Gr1 marker alone for

isolation (61), in which case IDVC contamination would be

unavoidable. Even in instances in which both CD11b and Gr1

markers were both used for MDSC isolation (62), IDVC

contamination appears likely given that IDVCs do express a low

level of CD11b that would likely fall within the lower gating cutoff

for this marker (47).

Likewise, despite reports to the contrary (63), no evidence of

IDO1 expression directly in endothelial cells was detected (47).

However, since IDVCs were found to be intimately associated with

the endothelial neovasculature, it is conceivable this may have

previously been misconstrued as endothelial expression. The

IDVCs isolated from 4T1 metastases appear to be a homogeneous

population with a clearly defined cell surface marker

profile. Likewise, in the OIR model, IDO1-expressing cells

with a corresponding marker profile have been detected

immunohistochemically in the retina. Why IDVCs associate with

neovascularization in these experimental models and where they

originate from, either as tissue resident cells or from the circulation,

are questions that have yet to be addressed. Clearly these cells are

not present in all tumors, since the primary 4T1 tumors established

orthotopically in the mammary fatpad exhibited no evidence of

IDVC infiltration, suggesting that the local tissue environment may

be a critical factor for determining whether IDVCs are involved in

the TME. Also, since IDVCs are defined functionally, it has not yet

been exhaustively explored whether IDVCs are restricted to the cell

surface marker profile identified in these models or whether

divergent cell types also exhibit IDO-dependent neovascularizing

capability in other contexts.

Characterization of IDVCs thus far has been restricted to

murine cells and a human equivalent has not yet been identified.

Experiments with established myeloid cell lines has indicated that

the signaling connection between IDO1 and IL6 operates similarly

between species (47). With MDSCs, there appears to be little

correspondence between the markers on human and murine cells,

and if IDVCs follow this precedent, identification of a human IDVC

may be challenging, requiring the development of a biological assay

that can, like the mouse Matrigel assay, assess human cells for

neovascularizing activity.

In different tumor settings, IDO1 expression has been detected

in a variety of cell types, including tumor cells as well as in various

stromal cells, (DCs, macrophages, and monocytes) (18). The

determination that there are at least two distinct mechanisms,

(tryptophan depletion and kynurenine production), through

which IDO1 can contribute to tumor-promoting inflammation
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increases the likelihood that IDO1 induction within a tumor may

not always have the same biological consequences. This added

complexity means that therapeutic approaches should be guided

by an informed analysis of the particular relevance of IDO1

expression within the tumor type being targeted because defeating

immune tolerance will have different treatment implications than

eliminating neovasculature. Tumors in which IDO1 is driving

inflammatory neovascularization would be expected to have a

vasculature that is acutely sensitive to IDO1 inhibitor treatment,

with the initial response likely to be a spike in hypoxia/nutrient

deprivation stress as a consequence of the rapid vascular regression

media ted by IFNg (57) . Such a response might be

counterproductive in the context of conventional cancer therapy

since poorly vascularized, hypoxic tumors are known to be resistant

to radiation and chemotherapy (64). However, several agents have

been developed with the goal of specifically targeting hypoxic/

nutrient deprived tumors (64), and administering an IDO1

inhibitor in conjunction with this sort of agent might elicit an

enhanced combinatorial benefit.

Unlike the hemorrhagic necrosis induced by TNFa, intravital
microscopy has revealed that IFNg-mediated blood vessel

regression is characterized by controlled remodeling in which first

small and then progressively larger vessels disappear through a

process that involves lumen collapse and vessel occlusion (57). In

this manner, IFNg-driven regression resembles non-apoptotic

processes that occur during development, wound healing, and

remodeling of uterine arteries during pregnancy (57). Consistent

with the precise remodeling associated with these normal biological

processes , IDO1 inhibitors only destroyed abnormal

neovasculature, leaving established vasculature intact (38).

Additionally, unlike VEGF-targeting antibodies, IDO1 inhibition

did not interfere with normal revascularization. Thus, it is

possible that IDO1 inhibitor treatment may ultimately lead to

tumor vessel normalization, possibly providing an environment

that is more amenable to conventional cancer therapy (65).

Through its capacity to support neovascularization, IDO1

contributes to an inflammatory state that not only is tumor

promoting, but also more broadly pathogenic. In the OIR

model, IDO1 is induced by IFNg during the inflammatory

response to ischemic stress, and signals to IL6 to maintain the

pathologic neovascularization that underlies disease complications,

in line with inflammation being the underlying driver of the

transition from a benign, non-proliferative disease state to a

harmful, proliferative disease state. In human diabetic retinopathy

patients, an association between IDO1 expression and disease

progression has been noted (66), which coincides with an

upregulation of IL6 (67) consistent with the possibility that

inflammatory misalignment by IDO1 may be a contributing

factor to this disease.

When first proposed, the concept that a catabolic enzyme like

IDO1 could be involved in the regulation of the higher order

process of immune function was considered a rather fringe idea.

Now myriad such regulatory interfaces are recognized, with the

emerging field of metabolomics driving the large-scale study of

small-molecules and their interactions with biological systems. Still,

the role that IDO1 plays in shaping tumor-promoting inflammation
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appears to be uniquely consequential, raising the question Why

IDO1? In particular, the ISR is responsive to a wide range of inputs,

and the ability of IDO1 to signal through this pathway is not

unique. Perhaps a contributing factor is IDO1’s functional

redundancy among tryptophan catabolizing enzymes, freeing

IDO1 to assume these broader regulatory functions. TDO2 and

TPH (tryptophan hydroxylase) are responsible for the basic

biochemical processes of initiating tryptophan catabolism down

the kynurenine and serotonin pathways, respectively. There is also a

third enzyme, IDO2, which is related to IDO1 through gene

duplication and which phylogenetic analysis has identified as

being more aligned with the ancestral gene (68). While the

biological function of IDO2 is not yet entirely clear, and may not

even fully involve tryptophan catabolism (69), IDO1, as the

duplicate, would again be superfluous to this function.

Accordingly, it is less a unique aspect of IDO1 function that

dictates its ability to foster tumor-promoting inflammation so

much as a unique set of regulatory controls that has been

superimposed because IDO1’s activity is not otherwise needed.

This line of reasoning may inform expectations regarding the

involvement of IDO1 in different tumor contexts. For a tumor

that develops in the absence of IDO1-associated inflammation, the

selective pressure exerted by immunoediting would still select for

elevated tryptophan catabolism as a component of the escape

process. However, this would not necessarily lead to the

upregulation of IDO1, as TDO2 or the broader amino acid

catabolizing enzyme IL4I1 (interleukin 4 induced 1) (70) might

be engaged. Such an outcome is consistent with the involvement

that has been reported for these alternative enzymes in some tumor

types (71). Conversely, in the context of an IDO1-inducing,

inflammatory environment, it is likely that the tumor will become

specifically reliant on IDO1 in a manner analogous to the concept of

‘oncogene addiction’ (72, 73). Understanding the involvement of

IDO1-orchestrated tumor promoting inflammation in specific

tumor types may thus be consequential for predicting whether

they will be more amenable to IDO1-specific inhibitors or whether

more broad-based pan-inhibitors will be required for successful

intervention. The lack of an increased survival benefit obtained with

the small molecule IDO1 inhibitor epacadostat when combined

with the PD1 blocking antibody pembrolizumab in a Phase 3 trial

for unresectable or metastatic melanoma (74) was a stark reminder

that successful clinical development of an effective cancer drug is

hardly a sure thing (75). Continued preclinical investigation into

how IDO1, and tryptophan catabolism more generally, contribute

to tumor development in different settings will be critical to

developing the more sophisticated contextual framework essential

to informing future development of IDO1 inhibitors for

cancer treatment.
Author contributions

AJM wrote the first draft of the manuscript. GP wrote sections

of the manuscript. AM and SD performed the bulk of the

experimental work reviewed in the manuscript. All authors

contributed to the article and approved the submitted version.
frontiersin.org

https://doi.org/10.3389/fonc.2023.1165298
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Muller et al. 10.3389/fonc.2023.1165298
Acknowledgments

The authors would like to thank Shih-Chun Shen and Dema

Ghaban for helpful discussions and critical evaluation of the

manuscript. AJM and GCP receive funding support through the

Lankenau Medical Center Foundation and Main Line Health. AJM

also receives support through a sponsored research agreement with

IO Biotech, Inc. GCP holds the Havens Chair in Biomedical

Research at the Lankenau Institute for Medical Research. The

funding bodies had no role in the decision to publish or the

preparation of the manuscript.
Conflict of interest

Author AJM is the recipient offinancial support through sponsored

research and consulting agreements with IO Biotech, Inc. Author AJM

is also a co-inventor in the discovery and development of IDO1
Frontiers in Oncology 08
inhibitor technologies patented by the Lankenau Institute for Medical

Research and licensed to Duet Therapeutics, Inc., a private company for

which he serves as a scientific advisor. Author AM is employed by

Arbutus Biopharma. Author SD is employed by Wuxi Advanced

Therapeutics, Inc. Author GP is a co-inventor in the discovery and

development of IDO1 inhibitor technologies patented by the Lankenau

Institute for Medical Research and licensed to Duet Therapeutics, Inc., a

private company for which he serves as a scientific advisor.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Medzhitov R. Origin and physiological roles of inflammation. Nature (2008) 454
(7203):428–35. doi: 10.1038/nature07201

2. Coussens LM, Werb Z. Inflammation and cancer. Nature (2002) 420(6917):860–
7. doi: 10.1038/nature01322

3. Korniluk A, Koper O, Kemona H, Dymicka-Piekarska V. From inflammation to
cancer. Ir J Med Sci (2017) 186(1):57–62. doi: 10.1007/s11845-016-1464-0

4. Prendergast GC, Jaffee EM. Cancer immunologists and cancer biologists: why we
didn't talk then but need to now. Cancer Res (2007) 67(8):3500–4. doi: 10.1158/0008-
5472.CAN-06-4626

5. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell (2000) 100(1):57–70.
doi: 10.1016/s0092-8674(00)81683-9

6. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell (2011)
144(5):646–74. doi: 10.1016/j.cell.2011.02.013

7. Greten FR, Grivennikov SI. Inflammation and cancer: triggers, mechanisms, and
consequences. Immunity (2019) 51(1):27–41. doi: 10.1016/j.immuni.2019.06.025

8. Trujillo JA, Sweis RF, Bao R, Luke JJ. T Cell-inflamed versus non-T cell-inflamed
tumors: a conceptual framework for cancer immunotherapy drug development and
combination therapy selection. Cancer Immunol Res (2018) 6(9):990–1000.
doi: 10.1158/2326-6066.CIR-18-0277

9. Badawy AA. Kynurenine pathway of tryptophan metabolism: regulatory and
functional aspects. Int J Tryptophan Res (2017) 10:1178646917691938. doi: 10.1177/
1178646917691938

10. Ball HJ, Jusof FF, Bakmiwewa SM, Hunt NH, Yuasa HJ. Tryptophan-
catabolizing enzymes - party of three. Front Immunol (2014) 5:485. doi: 10.3389/
fimmu.2014.00485

11. van Baren N, Van den Eynde BJ. Tryptophan-degrading enzymes in tumoral
immune resistance. Front Immunol (2015) 6:34. doi: 10.3389/fimmu.2015.00034

12. Hayaishi O. My life with tryptophan–never a dull moment. Protein Sci (1993) 2
(3):472–5. doi: 10.1002/pro.5560020320

13. Yoshida R, Imanishi J, Oku T, Kishida T, Hayaishi O. Induction of pulmonary
indoleamine 2,3-dioxygenase by interferon. Proc Natl Acad Sci USA (1981) 78(1):129–
32. doi: 10.1073/pnas.78.1.129

14. Munn DH, Zhou M, Attwood JT, Bondarev I, Conway SJ, Marshall B, et al.
Prevention of allogeneic fetal rejection by tryptophan catabolism. Science (1998) 281
(5380):1191–3. doi: 10.1126/science.281.5380.1191

15. Friberg M, Jennings R, Alsarraj M, Dessureault S, Cantor A, Extermann M, et al.
Indoleamine 2,3-dioxygenase contributes to tumor cell evasion of T cell-mediated
rejection. Int J Cancer (2002) 101(2):151–5. doi: 10.1002/ijc.10645

16. Muller AJ, DuHadaway JB, Donover PS, Sutanto-Ward E, Prendergast GC.
Inhibition of indoleamine 2,3-dioxygenase, an immunoregulatory target of the cancer
suppression gene Bin1, potentiates cancer chemotherapy. Nat Med (2005) 11(3):312–9.
doi: 10.1038/nm1196

17. Uyttenhove C, Pilotte L, Theate I, Stroobant V, Colau D, Parmentier N, et al.
Evidence for a tumoral immune resistance mechanism based on tryptophan
degradation by indoleamine 2,3-dioxygenase. Nat Med (2003) 9(10):1269–74.
doi: 10.1038/nm934

18. Munn DH, Mellor AL. IDO in the tumor microenvironment: inflammation,
counter-regulation, and tolerance. Trends Immunol (2016) 37(3):193–207.
doi: 10.1016/j.it.2016.01.002

19. Prendergast GC, Smith C, Thomas S, Mandik-Nayak L, Laury-Kleintop L, Metz
R, et al. Indoleamine 2,3-dioxygenase pathways of pathogenic inflammation and
immune escape in cancer. Cancer Immunol Immunother (2014) 63(7):721–35.
doi: 10.1007/s00262-014-1549-4

20. Ron D. Translational control in the endoplasmic reticulum stress response. J
Clin Invest (2002) 110(10):1383–8. doi: 10.1172/JCI200216784

21. Munn DH, Sharma MD, Baban B, Harding HP, Zhang Y, Ron D, et al. GCN2
kinase in T cells mediates proliferative arrest and anergy induction in response to
indoleamine 2,3-dioxygenase. Immunity (2005) 22(5):633–42. doi: 10.1016/
j.immuni.2005.03.013

22. Metz R, Rust S, Duhadaway JB, Mautino MR, Munn DH, Vahanian NN, et al.
IDO inhibits a tryptophan sufficiency signal that stimulates mTOR: a novel IDO
effector pathway targeted by d-1-methyl-tryptophan. Oncoimmunology (2012) 1
(9):1460–8. doi: 10.4161/onci.21716

23. Mezrich JD, Fechner JH, Zhang X, Johnson BP, Burlingham WJ, Bradfield CA.
An interaction between kynurenine and the aryl hydrocarbon receptor can generate
regulatory T cells. J Immunol (2010) 185(6):3190–8. doi: 10.4049/jimmunol.0903670

24. Opitz CA, Litzenburger UM, Sahm F, Ott M, Tritschler I, Trump S, et al. An
endogenous tumour-promoting ligand of the human aryl hydrocarbon receptor.
Nature (2011) 478(7368):197–203. doi: 10.1038/nature10491

25. Perez-Castro L, Garcia R, Venkateswaran N, Barnes S, Conacci-Sorrell M.
Tryptophan and its metabolites in normal physiology and cancer etiology. FEBS J
(2023) 290(1):7–27. doi: 10.1111/febs.16245

26. Belladonna ML, Orabona C, Grohmann U, Puccetti P. TGF-beta and
kynurenines as the key to infectious tolerance. Trends Mol Med (2009) 15(2):41–9.
doi: 10.1016/j.molmed.2008.11.006

27. Badawy AA, Namboodiri AM, Moffett JR. The end of the road for the
tryptophan depletion concept in pregnancy and infection. Clin Sci (Lond) (2016) 130
(15):1327–33. doi: 10.1042/CS20160153

28. Triplett TA, Garrison KC, Marshall N, Donkor M, Blazeck J, Lamb C, et al.
Reversal of indoleamine 2,3-dioxygenase-mediated cancer immune suppression by
systemic kynurenine depletion with a therapeutic enzyme. Nat Biotechnol (2018) 36
(8):758–64. doi: 10.1038/nbt.4180

29. Muller AJ, Baker JF, DuHadaway JB, Ge K, Farmer G, Donover PS, et al.
Targeted disruption of the murine Bin1/Amphiphysin II gene does not disable
endocytosis but results in embryonic cardiomyopathy with aberrant myofibril
formation. Mol Cell Biol (2003) 23(12):4295–306. doi: 10.1128/MCB.23.12.4295-
4306.2003

30. DiGiovanni J. Multistage carcinogenesis in mouse skin. Pharmacol Ther (1992)
54(1):63–128. doi: 10.1016/0163-7258(92)90051-z
frontiersin.org

https://doi.org/10.1038/nature07201
https://doi.org/10.1038/nature01322
https://doi.org/10.1007/s11845-016-1464-0
https://doi.org/10.1158/0008-5472.CAN-06-4626
https://doi.org/10.1158/0008-5472.CAN-06-4626
https://doi.org/10.1016/s0092-8674(00)81683-9
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.immuni.2019.06.025
https://doi.org/10.1158/2326-6066.CIR-18-0277
https://doi.org/10.1177/1178646917691938
https://doi.org/10.1177/1178646917691938
https://doi.org/10.3389/fimmu.2014.00485
https://doi.org/10.3389/fimmu.2014.00485
https://doi.org/10.3389/fimmu.2015.00034
https://doi.org/10.1002/pro.5560020320
https://doi.org/10.1073/pnas.78.1.129
https://doi.org/10.1126/science.281.5380.1191
https://doi.org/10.1002/ijc.10645
https://doi.org/10.1038/nm1196
https://doi.org/10.1038/nm934
https://doi.org/10.1016/j.it.2016.01.002
https://doi.org/10.1007/s00262-014-1549-4
https://doi.org/10.1172/JCI200216784
https://doi.org/10.1016/j.immuni.2005.03.013
https://doi.org/10.1016/j.immuni.2005.03.013
https://doi.org/10.4161/onci.21716
https://doi.org/10.4049/jimmunol.0903670
https://doi.org/10.1038/nature10491
https://doi.org/10.1111/febs.16245
https://doi.org/10.1016/j.molmed.2008.11.006
https://doi.org/10.1042/CS20160153
https://doi.org/10.1038/nbt.4180
https://doi.org/10.1128/MCB.23.12.4295-4306.2003
https://doi.org/10.1128/MCB.23.12.4295-4306.2003
https://doi.org/10.1016/0163-7258(92)90051-z
https://doi.org/10.3389/fonc.2023.1165298
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Muller et al. 10.3389/fonc.2023.1165298
31. Muller AJ, Sharma MD, Chandler PR, Duhadaway JB, Everhart ME, Johnson
BA3rd, et al. Chronic inflammation that facilitates tumor progression creates local
immune suppression by inducing indoleamine 2,3 dioxygenase. Proc Natl Acad Sci USA
(2008) 105(44):17073–8. doi: 10.1073/pnas.0806173105

32. Muller AJ, DuHadaway JB, Chang MY, Ramalingam A, Sutanto-Ward E,
Boulden J, et al. Non-hematopoietic expression of IDO is integrally required for
inflammatory tumor promotion. Cancer Immunol Immunother (2010) 59(11):1655–63.
doi: 10.1007/s00262-010-0891-4

33. Muller AJ, Mandik-Nayak L, Prendergast GC. Beyond immunosuppression:
reconsidering indoleamine 2,3-dioxygenase as a pathogenic element of chronic
inflammation. Immunotherapy (2010) 2(3):293–7. doi: 10.2217/imt.10.22

34. Dunn GP, Old LJ, Schreiber RD. The immunobiology of cancer
immunosurveillance and immunoediting. Immunity (2004) 21(2):137–48. doi: 10.1016/
j.immuni.2004.07.017

35. Yoshida R, Urade Y, Tokuda M, Hayaishi O. Induction of indoleamine 2,3-
dioxygenase in mouse lung during virus infection. Proc Natl Acad Sci USA (1979) 76
(8):4084–6. doi: 10.1073/pnas.76.8.4084

36. Jackson EL, Willis N, Mercer K, Bronson RT, Crowley D, Montoya R, et al.
Analysis of lung tumor initiation and progression using conditional expression of
oncogenic K-ras. Genes Dev (2001) 15(24):3243–8. doi: 10.1101/gad.943001

37. Smith C, Chang MY, Parker KH, Beury DW, DuHadaway JB, Flick HE, et al.
IDO is a nodal pathogenic driver of lung cancer and metastasis development. Cancer
Discovery (2012) 2(8):722–35. doi: 10.1158/2159-8290.CD-12-0014

38. Mondal A, Smith C, DuHadaway JB, Sutanto-Ward E, Prendergast GC, Bravo-
Nuevo A, et al. IDO1 is an integral mediator of inflammatory neovascularization.
EBioMedicine (2016) 14:74–82. doi: 10.1016/j.ebiom.2016.11.013

39. Ibe S, Qin Z, Schuler T, Preiss S, Blankenstein T. Tumor rejection by disturbing
tumor stroma cell interactions. J Exp Med (2001) 194(11):1549–59. doi: 10.1084/
jem.194.11.1549

40. Qin Z, Blankenstein T. CD4+ T cell–mediated tumor rejection involves inhibition of
angiogenesis that is dependent on IFN gamma receptor expression by nonhematopoietic
cells. Immunity (2000) 12(6):677–86. doi: 10.1016/s1074-7613(00)80218-6

41. Qin Z, Schwartzkopff J, Pradera F, Kammertoens T, Seliger B, Pircher H, et al. A
critical requirement of interferon gamma-mediated angiostasis for tumor rejection by
CD8+ T cells. Cancer Res (2003) 63(14):4095–100.

42. Dunn GP, Koebel CM, Schreiber RD. Interferons, immunity and cancer
immunoediting. Nat Rev Immunol (2006) 6(11):836–48. doi: 10.1038/nri1961

43. Guo Y, Xu F, Lu T, Duan Z, Zhang Z. Interleukin-6 signaling pathway in
targeted therapy for cancer. Cancer Treat Rev (2012) 38(7):904–10. doi: 10.1016/
j.ctrv.2012.04.007

44. Folkman J. Angiogenesis: an organizing principle for drug discovery? Nat Rev
Drug Discovery (2007) 6(4):273–86. doi: 10.1038/nrd2115

45. Mesquida M, Drawnel F, Fauser S. The role of inflammation in diabetic eye
disease. Semin Immunopathol (2019) 41(4):427–45. doi: 10.1007/s00281-019-00750-7

46. Connor KM, Krah NM, Dennison RJ, Aderman CM, Chen J, Guerin KI, et al.
Quantification of oxygen-induced retinopathy in the mouse: a model of vessel loss,
vessel regrowth and pathological angiogenesis. Nat Protoc (2009) 4(11):1565–73.
doi: 10.1038/nprot.2009.187

47. Dey S, Mondal A, DuHadaway JB, Sutanto-Ward E, Laury-Kleintop LD,
Thomas S, et al. IDO1 signaling through GCN2 in a subpopulation of gr-1(+) cells
shifts the IFNgamma/IL6 balance to promote neovascularization. Cancer Immunol Res
(2021) 9(5):514–28. doi: 10.1158/2326-6066.CIR-20-0226

48. Veglia F, Perego M, Gabrilovich D. Myeloid-derived suppressor cells coming of
age. Nat Immunol (2018) 19(2):108–19. doi: 10.1038/s41590-017-0022-x

49. Johnson BW, Achyut BR, Fulzele S, Mondal AK, Kolhe R, Arbab AS. Delineating
pro-angiogenic myeloid cells in cancer therapy. Int J Mol Sci (2018) 19(9). doi: 10.3390/
ijms19092565

50. Prendergast GC, Malachowski WP, DuHadaway JB, Muller AJ. Discovery of
IDO1 inhibitors: from bench to bedside. Cancer Res (2017) 77(24):6795–811.
doi: 10.1158/0008-5472.CAN-17-2285

51. Prendergast GC. Immune escape as a fundamental trait of cancer: focus on IDO.
Oncogene (2008) 27(28):3889–900. doi: 10.1038/onc.2008.35

52. Nishizawa H, Hasegawa K, Suzuki M, Achiwa Y, Kato T, Saito K, et al. Mouse
model for allogeneic immune reaction against fetus recapitulates human pre-eclampsia.
J Obstet Gynaecol Res (2008) 34(1):1–6. doi: 10.1111/j.1447-0756.2007.00679.x

53. Santillan MK, Pelham CJ, Ketsawatsomkron P, Santillan DA, Davis DR, Devor
EJ, et al. Pregnant mice lacking indoleamine 2,3-dioxygenase exhibit preeclampsia
phenotypes. Physiol Rep (2015) 3(1). doi: 10.14814/phy2.12257

54. Zardoya-Laguardia P, Blaschitz A, Hirschmugl B, Lang I, Herzog SA, Nikitina L,
et al. Endothelial indoleamine 2,3-dioxygenase-1 regulates the placental vascular tone
Frontiers in Oncology 09
and is deficient in intrauterine growth restriction and pre-eclampsia. Sci Rep (2018) 8
(1):5488. doi: 10.1038/s41598-018-23896-0

55. Bodnar RJ, Yates CC, Rodgers ME, Du X, Wells A. IP-10 induces dissociation of
newly formed blood vessels. J Cell Sci (2009) 122(Pt 12):2064–77. doi: 10.1242/
jcs.048793

56. Johnson BZ, Stevenson AW, Prele CM, Fear MW,Wood FM. The role of IL-6 in
skin fibrosis and cutaneous wound healing. Biomedicines (2020) 8(5). doi: 10.3390/
biomedicines8050101

57. Kammertoens T, Friese C, Arina A, Idel C, Briesemeister D, Rothe M, et al.
Tumour ischaemia by interferon-gamma resembles physiological blood vessel
regression. Nature (2017) 545(7652):98–102. doi: 10.1038/nature22311

58. Deng J, Liu X, Rong L, Ni C, Li X, Yang W, et al. IFNgamma-responsiveness of
endothelial cells leads to efficient angiostasis in tumours involving down-regulation of
Dll4. J Pathol (2014) 233(2):170–82. doi: 10.1002/path.4340

59. Peng D, Tanikawa T, Li W, Zhao L, Vatan L, Szeliga W, et al. Myeloid-derived
suppressor cells endow stem-like qualities to breast cancer cells through IL6/STAT3
and NO/NOTCH cross-talk signaling. Cancer Res (2016) 76(11):3156–65. doi: 10.1158/
0008-5472.CAN-15-2528

60. Bosiljcic M, Cederberg RA, Hamilton MJ, LePard NE, Harbourne BT, Collier JL,
et al. Targeting myeloid-derived suppressor cells in combination with primary
mammary tumor resection reduces metastatic growth in the lungs. Breast Cancer Res
(2019) 21(1):103. doi: 10.1186/s13058-019-1189-x

61. Zhao T, Ding X, Du H, Yan C. Myeloid-derived suppressor cells are involved in
lysosomal acid lipase deficiency-induced endothelial cell dysfunctions. J Immunol
(2014) 193(4):1942–53. doi: 10.4049/jimmunol.1301941

62. Fainaru O, Hantisteanu S, Hallak M. Immature myeloid cells accumulate in
mouse placenta and promote angiogenesis. Am J Obstet Gynecol (2011) 204(6):544 e18–
23. doi: 10.1016/j.ajog.2011.01.060

63. Theate I, van Baren N, Pilotte L, Moulin P, Larrieu P, Renauld JC, et al. Extensive
profiling of the expression of the indoleamine 2,3-dioxygenase 1 protein in normal and
tumoral human tissues. Cancer Immunol Res (2015) 3(2):161–72. doi: 10.1158/2326-
6066.CIR-14-0137

64. Manoochehri Khoshinani H, Afshar S, Najafi R. Hypoxia: a double-edged sword
in cancer therapy. Cancer Invest (2016) 34(10):536–45. doi: 10.1080/
07357907.2016.1245317

65. Jain RK. Normalization of tumor vasculature: an emerging concept in
antiangiogenic therapy. Science (2005) 307(5706):58–62. doi: 10.1126/science.1104819

66. Hu P, Hunt NH, Arfuso F, Shaw LC, Uddin MN, Zhu M, et al. Increased
indoleamine 2,3-dioxygenase and quinolinic acid expression in microglia and Muller
cells of diabetic human and rodent retina. Invest Ophthalmol Vis Sci (2017) 58
(12):5043–55. doi: 10.1167/iovs.17-21654

67. Dong N, Xu B, Wang B, Chu L. Study of 27 aqueous humor cytokines in patients
with type 2 diabetes with or without retinopathy. Mol Vis (2013) 19:1734–46.

68. Yuasa HJ, Ball HJ, Ho YF, Austin CJ, Whittington CM, Belov K, et al.
Characterization and evolution of vertebrate indoleamine 2, 3-dioxygenases IDOs
from monotremes and marsupials. Comp Biochem Physiol B Biochem Mol Biol (2009)
153(2):137–44. doi: 10.1016/j.cbpb.2009.02.002

69. Merlo LMF, Peng W, DuHadaway JB, Montgomery JD, Prendergast GC, Muller
AJ, et al. The immunomodulatory enzyme IDO2 mediates autoimmune arthritis
through a nonenzymatic mechanism. J Immunol (2022) 208(3):571–81. doi: 10.4049/
jimmunol.2100705

70. Sadik A, Somarribas Patterson LF, Ozturk S, Mohapatra SR, Panitz V, Secker PF,
et al. IL4I1 is a metabolic immune checkpoint that activates the AHR and promotes
tumor progression. Cell (2020) 182(5):1252–70 e34. doi: 10.1016/j.cell.2020.07.038

71. Rohatgi N, Ghoshdastider U, Baruah P, Kulshrestha T, Skanderup AJ. A pan-
cancer metabolic atlas of the tumor microenvironment. Cell Rep (2022) 39(6):110800.
doi: 10.1016/j.celrep.2022.110800

72. Banerjee T, Duhadaway JB, Gaspari P, Sutanto-Ward E, Munn DH, Mellor AL,
et al. A key in vivo antitumor mechanism of action of natural product-based brassinins
is inhibition of indoleamine 2,3-dioxygenase. Oncogene (2008) 27(20):2851–7.
doi: 10.1038/sj.onc.1210939

73. Weinstein IB. Cancer. addiction to oncogenes–the Achilles heal of cancer.
Science (2002) 297(5578):63–4. doi: 10.1126/science.1073096

74. Long GV, Dummer R, Hamid O, Gajewski TF, Caglevic C, Dalle S, et al.
Epacadostat plus pembrolizumab versus placebo plus pembrolizumab in patients with
unresectable or metastatic melanoma (ECHO-301/KEYNOTE-252): a phase 3,
randomised, double-blind study. Lancet Oncol (2019) 20(8):1083–97. doi: 10.1016/
S1470-2045(19)30274-8

75. Muller AJ, Manfredi MG, Zakharia Y, Prendergast GC. Inhibiting IDO
pathways to treat cancer: lessons from the ECHO-301 trial and beyond. Semin
Immunopathol (2019) 41(1):41–8. doi: 10.1007/s00281-018-0702-0
frontiersin.org

https://doi.org/10.1073/pnas.0806173105
https://doi.org/10.1007/s00262-010-0891-4
https://doi.org/10.2217/imt.10.22
https://doi.org/10.1016/j.immuni.2004.07.017
https://doi.org/10.1016/j.immuni.2004.07.017
https://doi.org/10.1073/pnas.76.8.4084
https://doi.org/10.1101/gad.943001
https://doi.org/10.1158/2159-8290.CD-12-0014
https://doi.org/10.1016/j.ebiom.2016.11.013
https://doi.org/10.1084/jem.194.11.1549
https://doi.org/10.1084/jem.194.11.1549
https://doi.org/10.1016/s1074-7613(00)80218-6
https://doi.org/10.1038/nri1961
https://doi.org/10.1016/j.ctrv.2012.04.007
https://doi.org/10.1016/j.ctrv.2012.04.007
https://doi.org/10.1038/nrd2115
https://doi.org/10.1007/s00281-019-00750-7
https://doi.org/10.1038/nprot.2009.187
https://doi.org/10.1158/2326-6066.CIR-20-0226
https://doi.org/10.1038/s41590-017-0022-x
https://doi.org/10.3390/ijms19092565
https://doi.org/10.3390/ijms19092565
https://doi.org/10.1158/0008-5472.CAN-17-2285
https://doi.org/10.1038/onc.2008.35
https://doi.org/10.1111/j.1447-0756.2007.00679.x
https://doi.org/10.14814/phy2.12257
https://doi.org/10.1038/s41598-018-23896-0
https://doi.org/10.1242/jcs.048793
https://doi.org/10.1242/jcs.048793
https://doi.org/10.3390/biomedicines8050101
https://doi.org/10.3390/biomedicines8050101
https://doi.org/10.1038/nature22311
https://doi.org/10.1002/path.4340
https://doi.org/10.1158/0008-5472.CAN-15-2528
https://doi.org/10.1158/0008-5472.CAN-15-2528
https://doi.org/10.1186/s13058-019-1189-x
https://doi.org/10.4049/jimmunol.1301941
https://doi.org/10.1016/j.ajog.2011.01.060
https://doi.org/10.1158/2326-6066.CIR-14-0137
https://doi.org/10.1158/2326-6066.CIR-14-0137
https://doi.org/10.1080/07357907.2016.1245317
https://doi.org/10.1080/07357907.2016.1245317
https://doi.org/10.1126/science.1104819
https://doi.org/10.1167/iovs.17-21654
https://doi.org/10.1016/j.cbpb.2009.02.002
https://doi.org/10.4049/jimmunol.2100705
https://doi.org/10.4049/jimmunol.2100705
https://doi.org/10.1016/j.cell.2020.07.038
https://doi.org/10.1016/j.celrep.2022.110800
https://doi.org/10.1038/sj.onc.1210939
https://doi.org/10.1126/science.1073096
https://doi.org/10.1016/S1470-2045(19)30274-8
https://doi.org/10.1016/S1470-2045(19)30274-8
https://doi.org/10.1007/s00281-018-0702-0
https://doi.org/10.3389/fonc.2023.1165298
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	IDO1 and inflammatory neovascularization: bringing new blood to tumor-promoting inflammation
	Introduction
	IDO1 studies
	IDO1 and immunologic tolerance, from embryos to tumors
	IDO1 is a tumor-promoting modifier of inflammation
	IDO1 is coupled to pathogenic inflammatory neovascularization
	IDO1 signals through intracellular tryptophan depletion to support neovascularization
	IDO1 expression in a discrete myeloid cell population supports neovascularization

	Discussion
	Author contributions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


