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Abstract

This article covers what is currently known about the role of the enzyme indoleamine 2,3-
dioxygenase (IDO) in cancer-related immunosuppression and the clinical research on IDO
inhibitors. A PUBMED search was performed using the terms IDO, indoleamine 2,3-dioxygenase,
1-MT. IDO is an inducible enzyme that catalyzes the rate-limiting first step in tryptophan
catabolism. This enzyme is overexpressed in response to IFNyin a variety of different
malignancies. IDO causes immunosuppression through breakdown of tryptophan in the tumor
microenvironment and tumor-draining lymph nodes. The depletion of tryptophan and toxic
catabolites renders effector T cells inactive and dendritic cells immunosuppressive. Preclinical
data suggest that IDO inhibition can delay tumor growth, enhance dendritic cell vaccines, and
synergize with chemotherapy through immune-mediated mechanisms. The lead IDO inhibitor,
D-1-methyl-tryptophan (D-1-MT), was selected for phase | trials and seems to have immune
modulating activity. Subsequently, another isoform of IDO, IDO2, was discovered and found to be
the target of D-1-MT. Multiple single-nucleotide polymorphisms in IDO2 affecting its catalytic
activity may serve as a pharmacogenetic predictive biomarker for D-1-MT. The IDO pathway is
an important mechanism of tumor-related immunosuppression and blocking it could improve
cancer immunotherapy outcomes. Clinical development of D-1-MT and other IDO inhibitors as
systemic immunomodulators to be combined with other immune modulators, vaccines, and
chemotherapy are ongoing.
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The complex relationship between the immune system and cancer has been the subject of
great interest for hundreds of years. Spontaneous regressions of tumors after various
infections resulting in fevers have been written about in the literature. This led Dr. William
Coley to treat cancer patients with bacterial extracts based on observations that cancer
patients who survived postoperative sepsis had lower relapse rates than those who did not.1-2
The promise of a cancer-specific immune response lies in its hypothetical ability to precisely
target transformed cells throughout the body while sparing healthy tissues. Achieving the
true therapeutic potential of cancer immunotherapy has been limited by the realization that
established tumors employ a number of immunosuppressive pathways that blunt objective
responses to cancer vaccines and cytokines. Understanding the role of these various immune
modulating pathways in influencing antitumor responses is paramount in improving cancer
immunotherapy outcomes. One such pathway that has garnered a significant amount of
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attention is an enzyme involved in the metabolism of the essential amino acid tryptophan
called indoleamine 2,3-dioxygenase (IDO, EC 1.13.11.52). This article will summarize the
pertinent data surrounding its role in cancer immunotherapy.

BACKGROUND

Kotake and Masayama described an enzyme called tryptophan oxygenase constitutively
expressed in the liver of mammals in 1936, and this enzyme was initially thought to be the
sole enzyme responsible for the breakdown of L-tryptophan to the catabolite L-kynurenine.
This enzyme was later renamed tryptophan dioxygenase (TDO, EC 1.13.11.11). It was
known that TDO was specific for the L-tryptophan stereoisomer, so scientists were puzzled
that mice fed with D-tryptophan could break it down as well.3 It was not until 1967 that
Yamamoto and Hayaishi# could explain this phenomenon by discovering another enzyme,
IDO, in rabbit intestine homogenates, which was able to break down both D- and L-
tryptophan. The observations that tryptophan metabolism was altered in certain pathologic
states such as cancer and infectious diseases were published by multiple investigators in the
1950s.5:6 Further investigation on 1DO not only found that this was the enzyme present in
various tissues but also found that its expression could be induced by certain infectious
agents (ie, influenza), lipopolysaccharides, and cytokines such as interferon gamma
(IFN7).7-9 This information led many to conclude that IDO was likely responsible for the
variations in tryptophan metabolism seen during periods of illness. The role of IDO in
regulating the immune system was elucidated in a seminal article by Munn et al.
Immunocompetent mice pregnant with allogeneic or syngenic concepti were fed an inhibitor
of IDO known as 1-methyl-tryptophan (1-MT). The mice with allogeneic concepti
spontaneously aborted their fetuses whereas those with syngenic concepti were not
affected.10 This illustrated that placental IDO was critical in preventing the maternal
immune system from mounting an attack against paternal antigens expressed in fetal tissues
during pregnancy. This discovery has led to intense research into IDO’s role in various
autoimmune diseases, transplantation medicine, and cancer-related
immunosuppression.11-14

MECHANISMS OF ACTION FOR IDO

Indoleamine 2,3-dioxygenase is coded by the INDO (or IDO-1) gene located on
chromosome 8p12 in humans. The enzyme is a 407 amino acid heme-containing
cytoplasmic protein responsible for the first step in the catabolism of tryptophan into N-
formyl-kynurenine via cleavage of tryptophan’s pyrrole ring and addition of an oxygen
molecule (Fig. 1). From an evolutionary perspective, the current form of IDO predominates
in placental and marsupial mammals, whereas only less active prototypical IDO variants
have been identified in chicken and fish genomes.1® This observation would bolster the
importance of IDO in the maintenance of placental pregnancy. The gene is regulated by
upstream IFNy-responsive elements that bind activated STAT1, interferon regulatory
factor-1 (IRF-1), and NF-k/316 IDO expression can be induced in the brain, lungs, gut,
kidneys, multiple malignancies, and plasmacytoid dendritic cells (pDCs) within draining
lymph nodes and the spleen.1-22 In its normal physiologic role, IDO is important in
modulating immune activation to antigenic challenges at mucosal surfaces in the digestive
tract and lungs.23-2% The induction of 1DO and the subsequent depletion of tryptophan in the
tissue microenvironment exerts an antiproliferative effect on cancer cells and infectious
pathogens such as toxoplasmosis, trypanosomes, and Chlamydia.26 28 It does not seem to
be essential in maintaining self-tolerance because IDO-knockout mice did not develop
fulminant autoimmunity.2® IDO may be protective in the cornea of the eye because
kynurenine also functions as a natural ultraviolet filter.30
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IDO activation leads to many complex changes within the affected cells resulting in
suppression of tumor-specific immune response (Fig. 2). Many malignancies can
overexpress IDO-1 when exposed to IFN y through mutation of the tumor suppressor gene
Bin1, which leads to increased intracellular levels of STAT1 and NF-k/.31 The downstream
effects of IDO activity are primarily due to depletion of tryptophan and the direct effects of
its catabolites in the tissues. Tryptophan depletion retards proliferation of susceptible
pathogens and transformed cells and also does the same to tumor-infiltrating lymphocytes
(TILs). Low tryptophan in TILs and dendritic cells causes uncharged tryptophan tRNA
levels to rise and triggers an integrated stress response pathway mediated through GCN2
signaling and phosphorylation of the transcription factor EIF2a.32 As a result, there is
increased expression of NF-ks, CHOP, and IFNy receptor and decreased production of 1L-6
through up-regulation of the transcription factor LIP.33 IDO also suppresses the activation of
Vavl, a guanine nucleotide exchange factor, required for the downstream signaling of the
activated T-cell receptor through the MAPK/ERK pathways.34 Effector T cells starved of
tryptophan are unable to proliferate and go into G1 cell cycle arrest.32 These cells are more
sensitive to Fas-mediated apoptosis as well.3% IDO causes naive T cells to differentiate into
CD4+CD25+FoxP3+ T regulatory cells (Treg cells) that propagate systemic anergy toward
the presented antigens.2? Metabolites of tryptophan including kynurenine, quinolinic acid,
and picolinic acid are directly toxic to CD8* TILs and CD4* Tw1 cells.3® These catabolites
do not have the same effect on T2 cells, so increased IDO activity seems to skew helper T-
cell polarization toward a T2 phenotype.2537 Two negative feedback loops that may
partially counteract IDO activity include kynurenine increasing IL-6 expression through the
Ah receptor and EIF2« leading to increased B-lymphocyte-induced maturation protein 1
(BLIMP-1) levels, which repress the INDO promoter region.38:39 This allows for fine tuning
of IDO activity to maintain a balance between immune activation and suppression as
necessary.

Antigen-presenting cells (APCs) such as dendritic cells take up tumor antigens and present
portions of them on MHC Il to naive T cells in adjacent tumor-draining lymph nodes.
Dendritic cells respond to low tryptophan by increasing expression of the inhibitory
receptors ILT3 and ILT4 and TGF-f1 rendering them immunosuppressive antigen-
presenting cells.4? Tolerogenic CD19+ IDO expressing pDCs were detected in murine and
human tumor-draining lymph nodes that induced T-cell anergy toward specific tumor
antigens. The B7 receptors on these pDCs bind to CTLA-4 on Treg cells causing them to
proliferate and induce antigen-specific anergy throughout the host.#! There are more data
that IDO activity is a key mediator in dendritic cell immune regulation through other
pathways. Sun et al*2 linked the immunosuppressive effects of histone deacetylase inhibitors
on dendritic cells through acetylation and activation of STAT3, which in turn increases IDO
expression. Reversal of the immunosuppressive phenotype in dendritic cells by IL-6 and
CD28 Ig is mediated through IDO binding with suppressor of cytokine signaling 3 (SOCS3)
followed by proteosomal degredation of the IDO/SOCS3 complexes.*3

Data from animal and human experiments demonstrate that IDO induction postvaccination
serves as a negative feedback that dampens the immune response to dendritic cell-based
cancer vaccines.**4° Increased IDO expression has been linked to inferior outcomes in
multiple malignancies such as endometrial, ovarian, cervical, leukemia, and colorectal
carcinomas.*6 =51 In summary, tumors upregulate IDO in response to the IFN y secreted by
the first wave of attacking TILs. The subsequent tryptophan depletion and toxic tryptophan
catabolites provide an effective immunosuppressive cloak that renders APCs and cytotoxic
T cells impotent against established tumors.>2 Based on the available data, a recent National
Cancer Institute immunotherapy workshop ranked clinical development of IDO inhibitors
very high on its priority list.53
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CLINICAL DEVELOPMENT OF IDO INHIBITORS

The indole-containing compound 1-methyl-DL-tryptophan (1-MT) was identified as a
competitive inhibitor of IDO in 1991 by Cady et al.>* Qian et al showed that L-1-MT
reversed the IDO-mediated arrest on T-cell proliferation in various in vitro models. In
addition, higher efficiency was observed when L-1-MT or D/L-1-MT was used in restoring
T-cell proliferation arrest by abrogating tryptophan depletion. Furthermore, they showed
that D-1-MT was less efficient in inhibiting kynurenine production and was not able to
restore tryptophan levels.>> Even though this provides information, evidence of L-1-MT
being more efficient than D-1-MT, published articles from 2007 till now show an opposing
view. Hou et al showed that even though L-1-MT inhibited kynurenine more efficiently than
D-1-MT in vitro, D-1-MT was as effective in the presence of human monocytes-derived
dendritic cell when they were expressing IDO. In addition, higher T-cell proliferation and
activation was observed in human and murine assays using D-1-MT. In vivo studies, using
the melanoma cell line B16F10, showed that the combination of D-1-MT with
cyclophosphamide induced a growth delay, having higher efficacy than L-1-MT or D/L-1-
MT. In combination with B78H1-GM-CSF, a more immunologic tumor, D-1-MT alone
produces a modest but significant effect on growth delay. In addition, only D-1-MT
prolonged the survival of mice in the orthotopic 41-luc tumor model in the presence of
cyclophosphamide. Finally, in the autochthonous MMTV-Neu breast tumor model, the
combination of D-1-MT and paclitaxel illustrated a decrease in tumor volume when
compared with L-1-MT and paclitaxel.>® The exact mechanism of this synergy is not clear,
but there is evidence that chemotherapy triggers multiple changes in cancer cells that renders
them immunogenic.>” Combining 1-MT with chemotherapy likely enhances this cytotoxic
immune reaction, and this hypothesis was bolstered by a lack of this synergy in nude
athymic mice. It was on the basis of superior antitumor activity that D-1-MT was selected as
the lead IDO inhibitor compound, and the phase | CTEP-sponsored trial for D-1-MT was
activated in the fall of 2007.

Shortly afterward, data from Peter Terness’s group demonstrated that L-1-MT inhibited IDO
in various human cancer tissue and dendritic cells whereas D-1-MT did not.8 The lack of
IDO inhibition by D-1-MT was difficult to explain in light of preclinical experiments
showing that the immunomodulating effect of D-1-MT was abrogated in IDO-knockout
mice.>® Also, some of the initial patients on the phase | D-1-MT trial presented at the 2009
American Society of Clinical Oncology immunotherapy session experienced autoimmune
hypophysitis, surges in C-reactive protein levels, and declines in circulating Treg cells.>?
The patients who developed de novo hypophysitis on the phase | study received prior
experimental immunotherapy treatments months before enrolling on the 1-MT study with
anti-CTLA-4 monoclonal antibodies or CD-40L agents. It seems that these patients were
primed with the prior treatment and then experienced hypophysitis once they were treated
with D-1-MT. It was not clear what the mechanism of action of D-1-MT was until the
discovery of another IDO isoform with tryptophan catabolizing activity, which was dubbed
IDO2. This larger sized protein coded by the INDOL1 gene upstream of the INDO gene that
codes IDO (later termed IDOL1 to distinguish it from IDO?2) is expressed in dendritic cells
and tumor cells.0 ~ 62 Further studies showed that IDO2 was the target of D-1-MT.52 Lob et
al also found that D-1-MT did not inhibit tryptophan metabolism in the tumor specimens
they tested, leading them to conclude while IDO2 was expressed in tumors only IDO1 was
responsible for tryptophan breakdown. Their assertion was that D-1-MT must be acting
through other mechanisms, but that would not explain the IDO1 mouse knockout data.

A possible explanation is that IDO1 activation is an upstream prerequisite event for IDO2
activity. An interesting difference between the 2 enzymes that may serve an important
physiologic role is that IDO1 activity is decreased by increased tryptophan levels whereas
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IDO2 is not. A possible reason for this is dendritic cells and tumor cells would switch on
both IDO1 and IDO2 in response to IFNy while in the tryptophan-poor tumor
microenvironment. However, when dendritic cells migrate out of the tumor into the tumor-
draining lymph nodes with higher tryptophan levels, they can use IDO2 to maintain and
propagate the tumor-induced immunosuppression. What further complicates this model is
the identification of low-activity IDO2 allele single-nuclear polymorphisms (SNPs) in
approximately 40% of pancreatic cancer samples tested.53 Another public SNP database
search revealed these low-activity polymorphisms were found in 50% of whites, 50% of
Asians, and 25% in those of African descent may mean that those with low-activity IDO2
alleles may not derive the same benefit from D-1-MT.62 This could explain the lack of
tryptophan metabolism inhibition in some tumor samples tested with D-1-MT by Lob et al.
This is being evaluated on the current phase | trial to see whether IDO2 SNP analysis is a
possible pharmacogenetic marker for D-1-MT. Other polymorphisms in related genes such
as IFNy may also impact the therapeutic benefit of IDO1 and IDO2 inhibition requiring a
multigene signature to create an effective predictive biomarker.64 The analysis of
kynurenine and tryptophan levels in serum samples by mass spectroscopy is being explored
as a means to measure IDO activity in vivo during treatment with IDO inhibitors. This is
desirable because IDO enzymes undergo post-translational changes that affect their activity,
so measurement of IDO in tumors by immunohistochemistry or mMRNA may not completely
reflect the ability of the sampled tumors to break down tryptophan.8°:66 Although measuring
kynurenine/tryptophan ratios in the serum or urine has been used to measure IDO activity in
certain settings,19°1.67 it is unclear whether this approach can be used to reliably measure
changes in tryptophan metabolism in cancer patients treated with IDO inhibitors. A third
approach is using C11-a-methyl-tryptophan (AMT) positron emission tomography as a
functional imaging modality to study tryptophan metabolism in tumors.17:68 A trial is
underway to see whether changes in AMT localization can be seen when tumors are treated
with D-1-MT.

It is not known to what extent each isoform contributes to tumor-related immunosuppression
and how much clinical benefit (or autoimmune toxicity) targeting one isoform over another
confers. Another unknown is whether IDO inhibitors influence other pathways not directly
linked to IDO. These questions will be answered by looking at the results of the proposed
clinical trials using D-1-MT with vaccines and chemotherapy agents versus the newer
IDO1-specific inhibitors being developed for clinical use. These agents include
INCB024360 (a hydroxyamidine), ebselen, and 1-methyl-tryptophan (1-MT)-tira-
pazamine.89 =72 At least in preclinical models, compounds that can effectively inhibit both
isoforms such as methyl-thiohydantoin or racemic 1-MT exhibit greater antitumor effect.3!
It remains to be seen whether a combination of IDO1 and IDO?2 inhibitors individually
titrated for maximal clinical benefit or a single novel agent that inhibits both isoforms is the
best way to move forward. Equally important is the development of effective predictive and
therapeutic monitoring biomarkers to maximize the clinical benefit of these agents in cancer
immunotherapy.

DISCUSSION

It seems that tryptophan metabolism by IDO acts as a negative feedback mechanism to
prevent a cytotoxic immune response from amplifying out of control causing excessive
tissue damage. Another effect of IDO is to deprive certain pathogens and parasites of the
tryptophan they require to proliferate. The ability of IDO to provide tumors with an
immunosuppressive cloak is another example of tumors hijacking physiologic processes to
provide them with a survival advantage. So although low tryptophan levels may retard the
growth of cancer cells initially, they are able to cope with this better than TILs. This
immunosuppressive tumor microenvironment ultimately allows transformed cells to seek
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shelter from the host immune response until systemic anergy toward tumor antigens is
established. Rendering the immune response impotent is an important step in facilitating
metastasis and is considered by many to be another hallmark of cancer in addition to the 6
processes initially described by Hanahan and Weinberg.”2 Restoring the ability of cytotoxic
T cells to attack tumor cells may help curb the metastatic process and improve the
eradication of residual disease after curative treatments.

The recent discovery of the 2 different IDO isoforms has further complicated the clinical
development of IDO inhibitors. The lead compound, D-1-MT, seems to target IDO2
primarily. As other IDO inhibitors are developed, the importance of IDO1 and IDO2 in
mediating tumor immunosuppression will be better characterized. Equally important will be
discovering the possible autoimmune toxicities and risk of latent infection reactivations with
IDO1-specific inhibitors. There is also much work that remains in understanding the various
pathways affected by IDO activation, and the ongoing correlative science will hopefully
generate useful in vivo biomarkers for studying the effects of these agents. It is likely that
other immune modulators such as anti-CTLA-4 monoclonal antibodies will eventually be
combined with IDO inhibitors to simultaneously block multiple immunosuppressive
pathways. Current trials are exploring combining D-1-MT with a p53 dendritic cell vaccine
and chemotherapy agents such as docetaxel.

The field of cancer immunotherapy has changed significantly over the past few decades, but
the clinical benefit for patients has been modest at best. Many investigators in the field
recognize that we must overcome the various immunosuppressive mechanisms used by
established cancers to make any progress. Our understanding of these mechanisms provides
us with an opportunity to better use the immune system either alone or in combination with
other standard cytotoxic treatments to improve cancer patient outcomes with less toxicity.
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FIGURE 1.
Metabolism of tryptophan. The catabolites in red are directly toxic to T lymphocytes.
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FIGURE 2.
The mechanism of action of IDO. IDO causes decreased cytotoxic T-cell activity and

systemic anergy via tryptophan depletion and toxic tryptophan catabolites. Treg indicates T
regulatory cell; Trp, tryptophan; pDCs, plasmacytoid dendritic cells.
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