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Summary

Enhanced amino acid catabolism is a common response to inflammation, but the immunologic
significance of altered amino acid consumption remains unclear. The finding that tryptophan
catabolism helped maintain fetal tolerance during pregnancy provided novel insights into the
significance of amino acid metabolism in controlling immunity. Recent advances in identifying
molecular pathways that enhance amino acid catabolism and downstream mechanisms that affect
immune cells in response to inflammatory cues support the notion that amino acid catabolism
regulates innate and adaptive immune cells in pathologic settings. Cells expressing enzymes that
degrade amino acids modulate antigen-presenting cell and lymphocyte functions and reveal
critical roles for amino acid- and catabolite-sensing pathways in controlling gene expression,
functions, and survival of immune cells. Basal amino acid catabolism may contribute to immune
homeostasis that prevents autoimmunity, whereas elevated amino acid catalytic activity may
reinforce immune suppression to promote tumorigenesis and persistence of some pathogens that
cause chronic infections. For these reasons, there is considerable interest in generating novel drugs
that inhibit or induce amino acid consumption and target downstream molecular pathways that
control immunity. In this review, we summarize recent developments and highlight novel concepts
and key outstanding questions in this active research field.
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Introduction

Nutrient availability is a major determinant of cell behavior that can override other
environmental stimuli when nutrients are in short supply. Free-living microorganisms
acquire nutrients (e.g. amino acids, carbohydrates, salts, co-factors, etc.) directly from their
microenvironments, and they can sense and respond rapidly to changes in nutrient
availability. In multicellular organisms the situation is more complicated involving direct
sensing of nutrient levels in tissues and blood, distal influences (e.g. hormonal) that
modulate cell metabolism, and centralized control of dietary intake (e.g. in liver) that affects
systemic nutrient pools. In each setting, cells must respond rapidly to changes in
environmental and intracellular nutrient availability by fine tuning cellular metabolism and
to avoid cell death caused by energy deficits and reduced ability to make new
macromolecules when cells prepare to divide or differentiate. Cells can synthesize some of
the 20 amino acids required to make proteins from other compounds. Higher vertebrates
cannot make nine ‘essential’ amino acids (ILKMFTWVH), and dietary intake or protein
salvage pathways are the only sources of these amino acids. Tryptophan (Trp) synthesis
requires more energy than any other amino acid; this may explain why some
microorganisms that can make Trp only do so using a set of inducible genes (e.g. the Trp
operon) when Trp is unavailable in local microenvironments and why Trp is the least
frequent amino acid found in proteins. Trp is also the substrate for serotonin synthesis in
higher vertebrates, providing a rationale for research on neurologic and behavioral effects of
altered Trp metabolism. Enhanced Trp catabolism in settings of chronic inflammation
correlates with neurologic dysfunction and aberrant behaviors suggesting that altered Trp
metabolism may be a common underlying cause of immunologic and neurologic dysfunction
in some chronic inflammatory disease syndromes.

Like all cells, immune cells must have continuous access to amino acids to maintain basal
metabolism and remain viable. When immune cells are activated by inflammatory and
antigenic cues, their demand for amino acids increases rapidly. Limited access to amino
acids during immune cell activation may compromise immune responses by inhibiting
immune cell division, differentiation, maturation, migration, and acquisition of new effector
functions. Although amino acid deprivation per se may attenuate immune responses under
some conditions, cells also possess amino acid-sensing pathways that trigger profound
changes in cell metabolism when activated by reduced levels of amino acids. Such ‘stress
response’ pathways provide sensitive mechanisms to control how immune cells respond
under conditions of amino acid depletion. This rationale may explain how amino acid-
sensing pathways present in all cell types provide operational specificity as increased
demand for amino acids occurs only when immune cells respond to inflammatory and
antigenic signals. Altered amino acid metabolism can also influence immunologic responses
to inflammatory and antigenic cues by generating new compounds, amino acid catabolites,
with immune modulatory properties.

In this review, we focus on pathways that sense and catabolize amino acids and affect
immunologic outcomes relevant to clinical syndromes. Initially, we describe key pathways
and how these pathways alter cellular functions. Subsequently, we discuss how these
pathways modulate immune cell functions in response to inflammatory and antigenic cues
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and in distinct settings of clinical relevance. Finally, we consider how therapeutic
manipulations that target amino acid catabolism may be used to influence immunologic
outcomes for clinical benefit. More is known about the control of immunity by Trp
catabolism than for any other amino acid and this article reflects this bias. Our primary goal
is to examine the effects of altered amino acid metabolism on immune responses using Trp
catabolism as a well-documented example of this phenomenon. Control of access to other
amino acids may also be relevant to immune regulation, particularly with regard to
microorganisms that possess a range of enzymes that higher vertebrates do not possess to
synthesize and catabolize amino acids. These aspects of amino acid metabolism are beyond
the scope of this article.

Pathways of amino acid catabolism

Although all amino acids can be catabolized into simpler compounds or serve as substrates
to make other molecules, not all cell types express enzymes that catalyze such changes,
especially in response to inflammation. Higher vertebrates possess three distinct
hemoprotein enzymes that catabolize Trp, two isoforms of indoleamine 2,3-dioxygenase
(IDO1, IDO2) and tryptophan 2,3-dioxygenase (TDO), and three enzymes that catabolise
Arg, inducible nitric oxide synthase (iNOS) and two arginase isoforms (ARG1, ARG2).
Genes encoding IDO, iNOS, and ARG are induced by inflammatory cues such as cytokines,
a key feature that distinguishes them from enzymes that catabolize other amino acids.
Largely for this reason, we focus on the immunologic effects of enhanced Trp and Arg
metabolism. Although reduced access to other amino acids may also impact immunologic
responses, perhaps via downstream pathways in common with or distinct from Trp and Arg
catabolism, our goal is to use the specific examples of Trp and Arg metabolism to illustrate
key concepts that relate to the general paradigm that enhanced amino acid catabolism
regulates immune responses.

Oxidative Trp catabolism by IDO

IDO catalyzes oxidative catabolism of Trp into N-formylkynurenine, the rate-limiting step
of oxidative Trp degradation. Two closely linked, homologous genes encoding two isoforms
of IDO enzyme (IDO1, IDO?2) are located in syntenic regions of chromosome 8 in humans
and mice (1, 2). There is little overlap in IDO1 and IDO2 gene expression patterns and,
unlike IDO1 (see below), IDO2 gene expression is not induced by interferons (IFNs)
suggesting distinct functional roles (3). Moreover, studies using IDO1 deficient (IDO17/")
mice suggest that IDO2 has a limited role (if any) in regulating immunity. The IDO1 gene
contains 10 exons in humans and mice, and IDO genes are highly conserved in both
sequence and genome organization over approximately 600 million years (4). As this period
predates the development of adaptive immunity, IDO may have evolved as a component of
the primitive mononuclear phagocyte system in invertebrates. IDO is expressed as an
intracellular heme-containing enzyme and is not secreted, although Trp consumption
mediated by IDO affects both intracellular and microenvironmental Trp stores through Trp
transporter systems active in all cells (Fig. 1). IDO degrades L-Trp by catalyzing oxidative
cleavage of the indole ring generating N-formylkynurenine (5). Structural studies (X-ray
analyses) on IDO enzymes have revealed precise details about the juxta-position of oxygen
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radicals, hemetetrapyrrole groups, and Trp substrate during catalysis (6). IDO is not
expressed under basal conditions by most cell types, and constitutive IDO enzyme activity
following gene transduction may be cytotoxic (T. L. McGaha, unpublished data). However,
in monocytic lineages and certain stromal cell types, IFNy strongly induces IDO expression
via a signal transducer and activator of transcription-1 (STAT-1) and an IFN-regulatory
factor (IRF-1)-dependent mechanism (7, 8). Lipopolysaccharide (LPS) or tumor necrosis
factor-a (TNFa) augment IDO induction providing a rationale for the observation that
strong IDO induction at sites of inflammation is caused by many infectious pathogens (9-
11). Soluble cytotoxic T-lymphocyte antigen 4-immunoglobulin fusion protein (CTLA41g)
and CpG oligonucleotides that ligate B7 (CD80/86) and Toll-like receptor 9 (TLR9)
molecules, respectively, both upregulate IDO in certain dendritic cell (DC) subsets but via
IFN a-dependent pathways (12, 13). Thus, IFNyand IFN«a may induce IDO enzyme activity
in cell type and context-specific fashion at sites of inflammation. Another complication is
that transforming growth factor £ (TGF/) can induce IDO expression directly in some DCs
via non-canonical nuclear factor-#B activity (14). Moreover, IDO expression patterns
differed profoundly in IFN versus TGF#-induced cultures, underscoring the point that
inflammatory conditions may determine how IDO shapes immune outcomes.

Strictly speaking, the IDO pathway comprises all proteins that directly or indirectly
contribute to immunosuppressive functions dependent on IDO activity, including proteins
that mediate induction of IDO expression (7, 15-17), activation of enzymatic activity by
reductases (18-20), post-translational modifications that regulate activity (21), protein
degradation (22), and the interpretation and transmission of the signals elicited by low
concentrations of Trp and the presence of Trp catabolites [collectively known as
kynurenines (Kyns)] including catabolic stress sensors integrated into the general control
nonrepressed-2 (GCN2), the aryl hydrocarbon receptor (AhR), and possibly the mammalian
target of rapamycin (mTOR) pathways (Fig. 1). This concept of integrated downstream
regulatory pathways with IDO at the center has emerged from studies on multiple model
systems by many groups; this notion may be critically important for understanding how the
IDO pathway is induced, how IDO exerts downstream effects, and the mechanism of action
of IDO pathway inhibitors that target IDO directly or target other components of the IDO
pathway.

Oxidative Trp catabolism by tryptophan dioxygenase

TDO is a Trp-catabolizing hemoprotein enzyme expressed in the liver (23, 24). Although
structurally unrelated to IDO, TDO also catalyzes oxidative cleavage of the indole ring in L-
Trp. Unlike IDO genes, the TDO gene does not respond to inflammatory signals but is
induced by stress-related glucocorticoids. TDO serves a critical housekeeping function by
catabolizing Trp from dietary intake to limit systemic Trp levels in serum. Increased
systemic Trp levels in mice lacking intact TDO genes resulted in neurologic dysfunction and
anxiety-related behavior suggesting that excess Trp availability compromises neurologic
functions in the central nervous system (CNS), possibly by accentuating serotonin
production as Trp is the substrate for serotonin synthesis (25). The immunologic
significance of TDO was extended by a recent study showing that TDO expressed by tumor
cells created a potent barrier to anti-tumor immunity (26, 27).
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Arginine catabolism

Arg catabolism is mediated by iNOS and ARG1/2, which are induced by inflammatory
cytokines. Arg catabolism has many parallels with Trp catabolism mediated by the IDO
pathway and is involved in similar biological processes. Myeloid-derived suppressor cells
(MDSCs) often found in tumor microenvironments express high levels of ARG1 activity. In
these settings, Arg catabolism induces anergy in tumor-specific effector T cells by a
mechanism involving reduced half-life of MRNA encoding the T-cell receptor (TCR) CD3¢
chain (28-30). Arg depletion is sensed in T cells by a GCN2-dependent mechanism, similar
to sensing Trp depletion mediated by IDO (31, 32). Suppression of ARG enzyme activity by
direct or indirect pharmacologic inhibitors has immune-mediated anti-tumor effects that
inhibit regulatory T-cell (Treg) proliferation and promote tumor antigen-specific T-cell
tolerance (33-37). Like IDO, ARG activity also plays a critical role in immune suppression
that maintains allogeneic pregnancies (38).

Expression and function of enzymes that catabolize Trp or Arg promote different
immunologic effects in some inflammatory settings suggesting that these enzymes may have
context specific, non-overlapping roles. For example, macrophages (M®s) and endothelial
cells express iNOS in response to pro-inflammatory cytokines such as IFNs (IFNa, IFNy),
TNFa, and microbial ligands such as LPS, whereas ARGL1 is induced in the same cell types
in response to anti-inflammatory mediators that suppress iNOS expression such as TGFf
and interleukin-4 (1L-4). Similarly, nitric oxide released by cells expressing iNOS binds to
hemetetrapyrrole groups at the active sites of IDO (and iNOS) in a reversible fashion to
form a ferrous iron adduct that blocks oxidative catalysis needed for enzyme functions (5).
Thus, co-induction of iNOS and IDO at sites of inflammation may lead to loss of enzyme
functions that can be misleading unless enzyme activity is measured. Indeed, post-
transcriptional (as well as post-translational) control of enzyme expression and functions
may also complicate experimental analysis of links between inflammation, amino acid
catabolism, and effects on immune cells that attenuate immune responses.

Effects of amino acid catabolism on immune cells

Cells sense amino acids via at least two distinct pathways involving the serine/threonine
kinases mTOR and GCNZ2 (Fig. 1). Both pathways are associated with control of protein
translation and trigger profound changes in cellular metabolism, particularly translational
activity, in response to changes in amino acid levels detected at the cell surface or in the
cytoplasm. Cells can also sense amino acid catabolites that modulate innate and adaptive
immune responses. For example, cells expressing IDO release Kyns into local tissue
environments and into general circulation. Some Kyns possess immune regulatory properties
that inhibit T-cell responses to mitogenic and antigenic stimuli. The Trp catabolite 3-
hydroxyanthranilic acid (3-HAA) modulated T-cell responses in several settings (see
below). Moreover, 3-HAA inhibited activation of the master kinase PDPK1 (3-
phosphoinositide-dependent protein kinase-1) in activated T cells and suppressed
experimental asthma in a mouse model by inducing T-cell apoptosis (39). More recently,
Kyn itself was shown to be a natural ligand for the AhR, a member of the basic helix-loop-
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helix (bHLH) family of transcription factors (see below). In this section, we discuss
downstream mechanisms that detect and respond to amino acid catabolism.

The mTOR pathway

mTOR is an evolutionarily conserved member of the phosphatidylinositol kinase-related
kinase family (40). mTOR exists in the cell associated with two large, distinct multi-protein
complexes, mMTOR complex 1 (MTORC1) and mTORC2. mTOR is expressed by all cells
and is a central control node downstream of phosphatidylinositol 3-kinase (PI3K)-AKT,
WNT-GSK3 (glycogen synthase kinase 3), and adenosine monophosphate-activated protein
kinase (AMPK) signaling governing multiple functions of cellular biogenesis including
proliferation, adhesion, cytokine production, antigen presentation, and maturation. Not
surprisingly, mTOR is critical for immune reactivity. As there have several recent
comprehensive reviews on the function of mTOR in immunity (41, 42), our discussion is
limited to mTOR regulation by amino acid availability.

mTOR is an important sensor of intracellular nutrient availability and lack of essential
amino acids inactivates mTOR resulting in a translational block due to reduced activity of
the mTOR target p70 S6 kinase (PS6K) and increased activity of the translational inhibitor
4E-EBP1. Multiple proteins and mechanisms sense the sufficiency and deficiency of
particular amino acids, and transmit signals to mTOR: the energy-sensing AMPK pathway,
the amino acid-sensing GCN2 pathway (see next section), and mTOR itself. Each pathway
recognizes nutritional deficiencies and alters gene expression to allow cells to adapt to
extrinsic conditions controlling overlapping as well as distinct sets of genes in response to
different nutritional stresses.

It is not known precisely how amino acid availability is sensed by mTOR. However,
emerging evidence suggests that mTOR detects amino acid levels via transfer RNA (tRNA)
synethase-dependent sensing of intracellular amino acid stores. Essential amino acids are
transported from the extracellular microenvironment by membrane transporters that are
functionally modulated by internal amino acid availability. Thus, it has been proposed that
amino acid transporters may transmit signals regulating mTOR activity. Miotto and
colleagues (43-45) demonstrated that the treatment of rat hepatocytes with Leug-MAP, a
non-transportable leucine peptide, inhibited autophagy (an mTOR-regulated function) and
induced phosphorylation of S6K. However, other reports suggested that mTOR is not
responsive to Leug-MAP in rat adipocytes (46). A concern with this hypothesis is the
relative promiscuity of most amino acid transporters (17, 47, 48). Thus, it is difficult to
envision how mTOR sensitivity to depletion of particular amino acids could manifest via
transporter-dependent mechanisms. Recent data suggest a more likely scenario in which
mTOR senses amino acid levels in cells by interaction with specific cytoplasmic sensors.
RAG GTPases, a family of small Ras-related GTPase enzymes, physically interact with
mTORC1 and are mechanistically responsible for amino acid-mediated control of mMTORC1
activity (49, 50). Recently, Han et al. (51) reported that enzymatic sensing of intracellular
leucine by leucine tRNA synthetase (LRS) is critical in regulation of mTORC1 function,
suggesting that leucine-charged LRS binds to the C-terminal domain of the RAG GTPase
RagD functioning as a GTPase-activating protein culminating in the activation of mMTORC1.
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This function requires amino acid charging as mutation of the amino acid binding domain of
LRS-abrogated leucine-induced mTORC1 activity (51). It is important to note that this is not
a function of all tRNA synthetases as isoleucine tRNA synthetase did not mediate mMTORC1
activation after charging (51). However, as isoleucine can bind to LRS, promiscuity in
charging may allow a limited set of tRNA synthetases to generate the full mTOR response to
amino acid availability.

Inhibition of mMTOR (i.e. by depleting amino acids) stops protein synthesis and promotes cell
autophagy under certain conditions. In preliminary studies, cell lines cultured in Trp-free
media underwent autophagy and treatment with the reversible IDO pathway inhibitor 1-
methyl-[D]-tryptophan (D-1MT) was sufficient to prevent this effect by activating mTOR;
similar results were obtained when cells lines were treated with IFNy to induce IDO1 and
deplete Trp (R. Metz and G. C. Prendergast, unpublished data). mTOR activation by D-1MT
was specific to Trp withdrawal and did not affect GCN2 activity. These findings are
somewhat counterintuitive, as GCN2 is thought to be essential for the IDO-mediated effects
of Trp withdrawal to manifest; however, the degree of crosstalk between these pathways has
yet to be fully understood. Though D-1IMT may activate the mTOR amino acid-sensing
pathway directly (in a GCN2-independent fashion), there is reason to think that the GCN2
and mTOR pathways are inter-connected, cooperating with each other to assess nutrient
‘deficiency’ (GCN2) and “sufficiency’ (mTOR) to navigate conditions of nutritional stress
that would be needed to fine tune the control of cell growth and effector functions
appropriately. In the case of D-1MT treatment, mTOR may detect the signal for amino acid
‘sufficiency’ when Trp-starved cells are exposed to D-1MT. Thus, a present working
hypothesis is that GCN2 activation acts as a molecular switch to inform the mTOR pathway
of ‘insufficient levels’ of a particular amino acid. If so, then GCN2 activation may be
required to inhibit the mTOR pathway, and thus both pathways may play a role in
establishing an immunosuppressive environment.

The IDO-GCN2 pathway

Studies linking IDO activity with modified immunologic outcomes (see below) prompted a
search for molecular pathways that explained these observations. mTOR and GCN2 were
potential candidates for biochemical pathways that linked increased IDO activity to
suppression of T-cell proliferation in response to mitogenic or antigenic stimulation. The
first indication that IDO regulated T-cell responses by activating the GCN2 pathway
emerged in 2005 from studies showing that C/EBP homologous protein-10 (CHOP), a
GCNZ2-responsive gene, expression was elevated significantly when T cells were activated
in cultures lacking Trp in media (52). Moreover, DCs from lymph nodes (LNs) of tumor-
bearing mice and expressing functional IDO enzyme activity inhibited antigen-specific
CD8™* T-cell proliferation ex vivo by a GCN2-dependent mechanism, and T cells from mice
lacking intact GCN2 genes were completely refractory to the T-cell inhibitory effects of
IDO-expressing DCs ex vivo and following cell transfers in vivo (52). These findings
suggested that Trp withdrawal due to local IDO activity in cultures or in tumor-draining LNs
leading to GCN2 kinase activation in T cells was both necessary and sufficient to explain
how IDO blocked T-cell proliferation following antigenic stimulation. Subsequently,
Rodriguez et al. (31) used analogous approaches to demonstrate that T cells were also
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susceptible to Arg withdrawal. Thus, Trp and Arg withdrawal had similar inhibitory effects
on T-cell proliferation via a common downstream pathway involving GCN2 activation. The
report by Rodriguez et al. (31) also provided a potential rationale for the known links
between increased ARG1 activity in MDSCs and regulation of T-cell-mediated anti-tumor
immunity by MDSCs, which are commonly associated with tumor progression. It is still
unclear if ARG activity is essential for the tumor-promoting effects of MDSCs. However, a
recent report showed that ARG1 activity induced by IL-13 in MDSCs was essential for
inhibition of graft-versus-host disease (GvHD) in a murine bone marrow engraftment model,
although requirements for intact GCN2 pathways were not tested in this study (53).

Like mTOR, GCN2 is a serine/threonine kinase that senses reduced cellular access to amino
acids. GCN2 is one of four known kinases that phosphorylate the a subunit of the eukaryotic
translation initiation factor 2 (elF2) (54). These kinases respond to a diverse range of
environmental stresses including endoplasmic reticulum (ER) stress (e.g. the unfolded
protein response) resulting in activation of the double-stranded RNA (dsRNA) activated
protein kinase-like ER kinase (PERK), dsRNA-activated protein kinase (PKR), and heme-
regulated inhibitor kinase (HRI). As all four stress-activated kinases converge on elF2q, the
downstream pathway is often called the integrated stress response (ISR) (Fig. 2). GCN2-
mediated activation of elF2« suppresses protein synthesis generally but allows translation of
select mRNASs involved in autophagy, amino acid uptake, and bio-synthesis and amino acid
tRNA re-charging such as Trp-tRNA synthetase (WARS). Phosphorylation of elF2a delays
regeneration of the active form of elF2 by inhibiting guanosine diphosphate (GDP)/
guanosine triphosphate (GTP) exchange, which reduces the efficiency of ribosomal
assembly on nascent mRNA (55). This delay, coupled with ribosomal scanning, results in
bypassing of initial translational start sites to reduce translational efficiency and global
protein synthesis dramatically. However, translation of some mRNA species such as
activating transcription factor-4 (ATF4) are selectively increased due to recognition of
alternative open-translational reading frames downstream of the initial translational
initiation site (55). In particular, ATF4 functions as a master transcription factor regulating
cellular responses under conditions of limited amino acid availability. ATF4 forms homo- or
heterodimers with several members of the AP-1 and C/EBP families (56), and as the DNA
binding site recognized by ATF4 dimers is determined by the binding partner, ATF4
regulates expression of a large number of genes (57).

As depicted in Fig. 2, GCN2 kinase activates ATF4-mediated CHOP expression in cells that
have restricted access to amino acids, especially when immune cells are activated by
exogenous insults such as inflammatory and antigenic stimuli. Unlike mTOR complexes that
likely detect amino acids indirectly by GTPases, GCN2 senses reduced amino acids levels
directly as uncharged tRNA molecules bind to a regulatory region in GCN2 homologous to
HisRS (histidyl-tRNA synthetase) (54, 58). Moreover, unlike mTOR, which primarily
senses the nine essential amino acids, GCN2 appears responsive to depletion of any amino
acid suggesting a broader role for GCN2 in regulating cellular responses under conditions of
limited access to amino acids (17, 48, 59, 60). However, T cells activated ex vivo by
mitogens in medium lacking both isoleucine and leucine entered S-phase (defined by
thymidine incorporation) prior to complete metabolic arrest due to amino acid starvation; in
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striking contrast, T cells activated in medium lacking Trp did not enter S-phase (61),
suggesting that access to particular amino acids such as Trp may be an essential checkpoint
for entry into S-phase, at least in T cells. Hence, the GCN2 pathway may be selectively
responsive to withdrawal of particular amino acids in specific cell types, and further studies
will be necessary to clarify this point.

Regulation of immune cell behavior by the IDO-GCN2 pathway

Intact GCN2 genes in CD4* T cells are essential for naive CD4* T cells to undergo
conversion into forkhead box protein 3 (Foxp3)-lineage Tregs through the combined effects
of Trp withdrawal and Trp catabolites (62). The GCN2 pathway has also been shown to
have a pivotal role in activating pre-formed, functionally quiescent (resting) CD4* FoxP3-
lineage Tregs, which exhibit little, if any, suppressor activity and must be activated by
mitogenic signals via the TCR to acquire potent suppressor function (63). Sharma et al. (64)
showed that resting (splenic) Tregs acquired potent regulatory phenotypes when cultured
with DCs from tumor draining LNs expressing IDO. This regulatory response by Tregs was
abrogated completely when Tregs were obtained from mice lacking intact GCN2 genes,
indicating a critical requirement for the GCN2 pathway in Tregs for them to acquire
regulatory phenotypes in response to IDO-mediated Trp withdrawal. This finding was
corroborated in a model of rapid Treg activation in response to high doses of TLR9 ligands
(CpGs), which stimulate a small cohort of DCs in mouse spleen to express IDO (65); in this
model, Tregs in mice lacking intact GCN2 genes not only failed to acquire regulatory
phenotypes but instead underwent functional re-programming to acquire helper/effector
functions as indicated by rapid expression of the pro-inflammatory cytokines IFNy, TNFq,
IL-17, and IL-2 following TLR9 ligation (67, A. L. Mellor, unpublished data). Moreover,
activation of the IDO-GCN2 pathway in tumor bearing and CpG-treated mice suppressed
IL-6 production by plasmacytoid DCs (pDCs) (65, 66). Presumably, locally induced IDO
activity triggered GCNZ2 activation in pDCs that blocked translation of IL-6 mRNA in these
settings, although other explanations for IDO-mediated suppression of IL-6 expression have
not been excluded. In another study, the ability of DCs to express IDO in response to
treatment with CTLA4Ig, which ligates B7 (CD80/CD86) molecules on DCs, was shown to
be GCN2-dependent as DCs from GCN2-deficient mice failed to produce IFNg, the obligate
IDO inducer in DCs (67). In striking contrast, DCs from GCN2-deficient mice displayed no
detectable defect in IFN« production or IDO induction in response to CpG stimulation
(TLR9 ligation), suggesting that GCN2 is downstream of B7 ligation but not TLR9 ligation.
It is not known whether GCNZ2 activation in DCs after B7 ligation was mediated by IDO
activity. Following UV exposure in HeLa cells, GCN2 kinase was activated by methionyl-
tRNA synthetase, suggesting that B7 ligands can also trigger GCN2 activation in DCs via
stress pathways independent of upstream IDO induction to deplete Trp (60).

Further supporting a role for stress in the regulation of T-cell immunity, Scheu et al. (68)
demonstrated an uncoupling of cytokine mRNA production from protein synthesis in primed
T-helper 2 (Th2) cells, an effect that was mediated by the ISR, raising the possibility that
stress responses influence T-cell differentiation and effector functions. However, while
elF2a phosphorylation was observed, it is unlikely that GCN2 activation was responsible for
the functional block in cytokine protein synthesis. In view of this finding, it seems likely that
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‘stress’ from disparate sources modulates lymphocyte behavior in distinctive ways.
Moreover, T-cell sensitivity to IDO-induced GCN2 kinase activation is likely lineage and
developmental stage dependent as naive CD8* T cells exhibited more robust GCN2 kinase
activity relative to CD4* T cells in co-cultures with DCs expressing 1DO (69). Thus, Trp and
perhaps Arg withdrawal induce cell cycle arrest in naive T cells, and a divergent, more
complex effect on fully differentiated T cells, reflecting the differing nutritional
requirements of naive and differentiated effector T cells. Although naive T cells must
undergo rapid and extensive clonal expansion before differentiating, fully differentiated T
cells must manifest effector functions only. However, the effect of GCN2 activation on the
behavior of fully differentiated T cells has not been studied beyond its critical role in IDO-
dependent Treg activation and will need further clarification.

Although GCN2 activation has been linked to immune regulatory responses in several
model systems, evidence suggests that GCN2 activation leading to expression of CHOP may
also promote pro-inflammatory responses in some settings. For example, CHOP can form
dimers with either the full length or splice variants of the transcription factor CCAAT/
enhancer binding protein 5 (C/EBPJ), and studies on human melanoma cells revealed that
CHOP enhanced IL-6 gene promoter activity by sequestering the inhibitory C/EBP/ isoform
away from the IL-6 promoter (70). In contrast, CHOP was reported to suppress IL-6 gene
transcription in B-cell lines (71), suggesting that cell-type specific factors may influence the
direction of GCN2-mediated effects that lead to pro-inflammatory or anti-inflammatory
outcomes. In our hands, IL-6 expression in response to LPS, zymosan, or CpG stimulation
was enhanced significantly in primary macrophages and DCs expressing IDO (or in
macrophages and DCs cultured in the absence of exogenous Trp), but increased I1L-6
expression did not occur when macrophages were from mice lacking intact CHOP genes (T.
L. McGaha, unpublished data). Although elevated IL-6 mRNA levels were compensated to
some extent by reduced mRNA translational efficiency, the overall effect was a significant
increase in IL-6 protein synthesis and release. These outcomes imply that induced IDO
activity in myeloid cells can amplify pro-inflammatory cytokine responses to microbial
stimuli, a rather counterintuitive outcome in view of the overwhelming volume of evidence
showing that IDO activity regulates immunity in other settings. One potential explanation is
that GCNZ2 activation is just one of several signals that antigen-presenting cells (APCs)
integrate to determine appropriate responses to inflammatory stimuli, and other pathways
may cause the GCN2-mediated ISR to trigger distinct immunologic responses appropriate to
prevailing conditions. Thus under some conditions (e.g. B7 ligation), the GCN2 pathway
may dominantly suppress cytokine gene expression, whereas, under other conditions (e.g.
TLR ligation), GCN2 may enhance cytokine production. It should be kept in mind that a
positive role for GCN2 likely applies to a subset of cytokines as the global function of
GCN2-mediated ISR signaling is to suppress protein translation. In this context, cytokine
expression positively regulated by stress-induced transcription factors such as ATF4, CHOP,
or C/EBPS may be increased, whereas others would be reduced due to translational
blockade.

Considerable evidence supports the hypothesis that Trp withdrawal, and consequent GCN2
pathway activation have profound effects on T cells and DCs belonging to the adaptive and
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innate immune systems, respectively. It is likely that Arg withdrawal also stimulates similar
downstream responses via the GCN2 pathway in T cells, Tregs, and DCs that promote
immune regulation and tolerance. In principle, withdrawal of other amino acids may incite
similar immunologic responses, although lack of evidence linking elevated amino acid
catabolism with inflammatory signals makes it unlikely that such effects occur in
physiologic settings on inflammation relevant to clinical disease syndromes.

Exterznal versus cell autonomous effects of IDO on immune cell behavior

The biochemical effects of IDO on T cells and Tregs are indirect because lymphocytes do
not express IDO themselves. Thus, other cells expressing IDO regulate T-cell and Treg
behavior by restricting their local access to external pools of Trp (Fig. 1). Cells expressing
IDO may create regions of reduced Trp concentration in their immediate local tissue
microenvironments (Fig. 3). Consequently, target T cells and Tregs experience reduced
access to Trp, which manifests as increased levels of uncharged tRNAT'™ that triggers
GCNZ2 activation and potentially inhibits mTOR stimulatory functions. It is not clear if cell-
cell contact between cells expressing IDO and target T cells (or Tregs) is essential to trigger
this effect. Studies performed with T cells/Tregs activated in conditioned media lacking
defined amino acids show that cell contact is not critical to trigger T-cell cycle arrest and
other behaviors attributable to amino acid withdrawal; however, these studies do not exclude
the possibility that cell-cell contact is essential for more subtle ‘threshold” effects on T-cell/
Treg behavior to manifest under physiologic conditions. Even though the initiating events
may be subtle in such settings, their consequences may have profound effects on immune
cell behavior and mediate pivotal effects on immunologic outcomes. Another idea to emerge
from this model is that amino acid transporters and tRNA synthetases that charge tRNA
molecules with aminoacyl moieties may be critical for effective control of T-cell behavior in
response to amino acid withdrawal. In this regard, it may be significant that human
macrophages that mediated T-cell suppression by expressing IDO also co-expressed a high-
affinity Trp transporter activity (72), and that Trp-tRNA synthetase (WARS) is the only
tRNA synthetase upregulated by IFNy (73). These findings suggest that increased Trp
transporter activity may facilitate Trp removal from local tissues and that some cells types
may become more resistant to reduced Trp levels by enhancing WRS expression.

The model described above implies that the cells most likely to be affected by IDO activity
are the cells expressing IDO themselves. A range of stromal and hematopoietic cell types
can express functional IDO in response to IFN type | (IFNap) or IFN type 1l (IFNy), which
are both potent IDO inducers, generated at sites of inflammation. Stromal cells such as
epithelial and endothelial cells expressing IDO may inhibit T-cell proliferation in LNs where
naive T cells first encounter new antigens and may also impede T-cell effector functions at
inflammatory lesions where effector T cells accumulate following T-cell differentiation and
circulation. However, APCs expressing IDO that present cognate antigens to naive T cells
(or Tregs) in LNs are likely to have more profound regulatory effects on T-cell responses
than stromal cells. Among APCs, discrete subsets of DCs and macrophages are specialized
to express IDO in response to IFNs, while B cells, like T cells, have not been reported to
express IDO. It is not clear if IDO expression by APCs alters their ability to function as
effective APCs to present antigens and activate T cells. As mentioned above, some evidence
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suggests that induced IDO expression in DCs compromises their ability to produce pro-
inflammatory cytokines such as IL-6 (65, 66), which may adversely affect the maturation
status of DCs and their ability to process and present antigens to T cells efficiently. The
finding that GCN2 gene ablation blocked the ability of B7 ligands to induce DCs to
upregulate IFN« and IDO also suggested that GCN2 activation may be a pivotal factor
controlling APC functions (67). Nevertheless, it is still not clear if coordinated antigen
presentation and IDO activity by the same APCs is essential for efficient T-cell regulatory
effects in physiologic settings of inflammation, as opposed to ex vivo studies with cultured
cells.

Like T cells that respond in a bystander fashion to IDO activity in other cells to activate
GCNZ2, IDO-mediated bystander effects may affect APC functions, even if they do not
express IDO themselves. In a recent study, we showed that DCs not expressing IDO
themselves nevertheless exhibited evidence of ISR activation when IDO was induced in
neighboring cells after in vivo challenge with apoptotic cells; this bystander response in
APCs upregulated TGFg expression in spleen, and this response did not manifest when mice
lacked intact IDO1 and CHOP genes (74). These data suggest that cell-intrinsic and -
extrinsic activation of the ISR by cells expressing IDO may be critical to create local
immune-suppressive microenvironments.

A related issue that created some confusion in the literature is the precise identity of
physiologic DC and macrophage subsets in humans and mice that can be induced to express
functional IDO. For our studies identifying DCs that mediated IDO-dependent T-cell
suppression, we used a flow cytometer to selectively sort defined subsets of DCs to high
degrees of purity (usually >95%) not achievable using other methods to enrich specific cell
types such as monoclonal antibody-mediated affinity selection methods (at least in our
experience). By sorting DC subsets from lymphoid tissues in mice such as spleen and
inflamed LNs draining sites of tumor growth or skin exposed to tumor-promoters, we
identified rare but highly distinctive populations of cells with attributes of DCs and B cells
(CD19* DCs) from these sources (13, 75-78). However, in a recent study to identify splenic
cells expressing IDO after mice were exposed to apoptotic thymocytes, we found that
CD169* marginal zone (MZ) macrophages, not splenic DCs, were induced to express
functional IDO in this setting (74). Previous studies by Grohmann, Puccetti, and colleagues
(22, 79) revealed that IDO expression in most murine DCs was blocked by factors such as
the SOCS3 (suppressor of cytokine signaling-3) and DAP12 (DNAX-activating protein-12)
that interfere with cytokine signaling and promoted proteosomal degradation of IDO, and
ablating these inhibitory pathways led to IDO expression in a wider range of DC subsets.
Thus, under normal physiologic conditions, only a few DC and macrophage subsets are
specialized to express IDO in response to inflammatory stimuli due to the effects of
inhibitory pathways that restrain IDO expression in most DC and macrophage subsets.

DCs expressing functional IDO were identified by their ability to suppress T-cell responses
elicited ex vivo in the absence of IDO inhibitor but not when IDO inhibitor was present in
cultures. These assays were essential to identify rare cells in lymphoid tissues that possessed
the relevant functional properties. In some experiments, we showed that large excesses of T-
cell stimulatory DCs failed to stimulate T-cell responses ex vivo when mixed with small
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cohorts of cells expressing IDO (76, 77). As small cohorts of cells expressing IDO are
unlikely to directly suppress the T-cell stimulatory functions of a large excess of DCs that do
not express IDO, bystander effects of IDO on other DCs and Tregs may explain why
regulatory outcomes were dominant. Small cohorts of cells expressing IDO may be
sufficient to create ‘immune privileged’ regions in lymphoid tissues by reducing Trp levels
significantly relative to normal (basal) levels. As CD19" DCs are consistently found
dispersed in the perifollicular/MZ regions adjacent to lymphoid follicles, it is possible that
when these cells are induced to express IDO they reduce Trp levels in lymphoid follicles
below thresholds required (i) for mTOR signaling to stimulate T-cell responses, and (ii) to
trigger GCN2 kinase activation in T cells and Tregs located in follicles (Fig. 3). However as
discussed above, an alternative model is that direct cell-cell contact may be essential for
regulatory effects to manifest due to IDO expression in CD19* DCs that suppress naive T-
cell clonal expansion, effector T-cell differentiation and functions, and activate Tregs in
response to inflammatory and antigenic stimuli.

Kyn sensing via the AhR pathway

In inactive form, AhR is located in the cell cytoplasm bound to chaperone molecules. On
ligand binding, AhR dissociates from cytoplasmic chaperones, associates with the AhR
nuclear translocator, and migrates to the cell nucleus where the dimeric complex modulates
gene expression. Several exogenous ligands including dioxins trigger AhR signaling to
provoke highly toxic effects in eukaryotic cells. AhR signaling is a pivotal factor that shapes
immune cell responses in a number of settings (80), although the large number of potential
exogenous AhR ligands and, until recently, the lack of known physiologic ligands made it
difficult to evaluate the biologic significance of AhR signaling. The recent discovery that
Kyn is a natural physiologic AhR ligand provides a completely novel insight into potential
roles for AhR signaling at sites of inflammation where 1DO activity is co-induced (see next
section). For example, Kyn released by IDO-expressing stromal cells and innate immune
cells such as macrophages and DCs may dictate how T cells differentiate in response to
antigenic signals received at the same time in such settings. The emerging paradigm that
IDO provokes downstream AhR signaling in immune cells via Kyn release is given further
complexity by the finding that some AhR ligands also stimulate DCs to express IDO and
acquire immune regulatory phenotypes as a consequence (81). Thus, IDO is both
downstream and upstream of the AhR pathway, although it is not yet clear if the same AhR
ligands induce IDO and mediate responses to IDO; if so, positive feedback loops that induce
and amplify IDO activity may manifest in some settings of inflammation (Fig. 1). It is not
yet clear if distinct AhR ligands provoke differential effects on innate and adaptive immune
cells to stimulate or suppress immunity. This point notwithstanding, Kyn mediates immune
regulation by promoting Treg differentiation, possibly by inducing DCs to acquire
regulatory phenotypes dependent on IDO (82, 83). AhR signaling downstream of Kyn
release may influence innate and adaptive immunity.

Immune regulation by amino acid catabolism in inflammatory settings

In this section, we discuss evidence supporting the paradigm that amino acid catabolism
regulates immune responses in inflammatory settings relevant to clinical disease syndromes.
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As above, we focus on the role of enhanced Trp catabolism in regulating immunity in such
settings.

Trp catabolism and regulation of adaptive immunity

Our colleague David Munn was the first to discover that cultured human macrophages
inhibited T-cell proliferation by expressing IDO and that IDO-mediated T-cell suppression
was mediated by Trp withdrawal as adding excess Trp to media rescued T-cell proliferation
(84). The biological significance of this initial finding was not fully appreciated until the
subsequent discovery that IDO activity was essential to protect developing fetal tissues from
destruction by maternal T cells during pregnancy in mice (85). Since this initial report,
numerous studies, in most cases employing IDO inhibitors in murine models of
inflammatory syndromes, have shown that IDO mediates immune regulation in diverse
settings relevant to a range of clinical syndromes, including infectious, allergic, and
autoimmune diseases, cancer, and transplantation.

Although the paradigm that IDO regulates T-cell-mediated immunity is now supported by
multiple studies from a number of groups using a variety of models, several key questions
regarding the mechanism of IDO-mediated regulation of adaptive immunity remain
unresolved. First, the relative contributions of Trp withdrawal and Trp catabolite production
in physiologic settings are not fully understood. Second, the critical cell types that are
induced to express IDO and mediate Trp catabolism at sites on inflammation have been
defined in only a few physiologic settings. Third, the upstream pathways that stimulate IDO
induction in specific cell types, and fourth, the downstream pathways that inhibit innate and
adaptive immunity have not been fully defined. Resolving these key questions has been
complicated by technical difficulties in identifying cells that express IDO (a highly
conserved intracellular protein) and cells that exhibit functional IDO enzyme activity in
physiologic settings; these cell types are not necessarily equivalent, as posttranscriptional
and post-translational factors that promote or inhibit IDO enzyme activity mean that some
cells expressing IDO genes and protein may not exhibit IDO enzyme activity. For example,
the only methods available to assess IDO enzyme activity are indirect methods to detect Kyn
levels in serum or tissues and by measuring IDO enzyme activity mediated by cell-free
tissue homogenates (also assessed by detecting Kyn production); both methods are relatively
insensitive and are likely to underestimate IDO enzyme activity in small cohorts of
physiologic cells that may nevertheless have profound effects on immune cell behavior in
response to inflammatory and antigenic stimulation that occurs in local tissue
microenvironments. Another complication is that mice lacking intact IDO1 genes exhibited
no spontaneous phenotypic abnormalities consistent with the loss of a critical immune
regulatory mechanism, including the ability to carry allogeneic pregnancies to term as
normal (86). However, the abortifacient effects of the IDO pathway inhibitor 1-methyl
tryptophan (1MT) used to demonstrate the role of IDO enzyme activity in maintaining that
murine allogeneic pregnancies did not manifest in IDO1-deficient mice, confirming the
critical importance of IDO activity during allogeneic pregnancy in wildtype mice (86).
Presumably, other immune regulatory mechanisms that are normally redundant (or sub-
dominant) in wildtype mice became dominant in IDO1-deficient mice to compensate for
developmental loss of the IDO pathway. If so, it is not known what alternative and normally
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redundant mechanisms compensated for loss of IDO1 gene function in mice. This point
notwithstanding, several studies have revealed that IDO1-deficient mice failed to
compensate for loss of IDO1 gene function when subjected to specific inflammatory insults
that elicited defined responses in wildtype mice. Some examples that illustrate this key point
are that IDO1-deficient mice exhibited (i) increased resistance to tumor progression in a
murine model of inflammation-dependent skin carcinogenesis (77), (ii) inability to activate
Tregs or suppress Thl responses to immunizing antigens when co-treated with high doses of
TLR9 ligands (65, 87), (iii) resistance to development of neurologic depressive-like
behavior in response to mycobacterial Bacillus Calmette-Guerin (BCG) infection (88), and
(iv) increased susceptibility to lethal T. gondii infection (89).

Trp catabolism and host defense against microbial infection

Trp catabolism by cells expressing IDO is increased at sites of many infections due to
release of IFNs during the inflammatory response. The notion that IDO activity in innate
immune cells such as macrophages has a role in host defense emerged soon after IDO was
discovered based on experiments showing that IDO activity inhibited certain microbial
infections. For example, IFN j-treated human cells expressed IDO and were resistant to
Staphylococcus aureus, Toxoplasma gondii, Herpes Simplex virus, and Vaccinia virus
infections (90-93). Similarly, control of Chlamydia infection was dependent on IFN -
mediated Trp depletion (94). Inhibition of IDO or addition of excess Trp abrogated the
protective effects of IDO, suggesting that anti-microbial functions of IDO were mediated by
Trp withdrawal restricting microbial replication in infected cells. In cultured cells infected
with West Nile virus (WNV), IDO was induced in infected and adjacent non-infected cells,
but IDO activity did not inhibit WNYV vyields from infected cells but protected non-infected
cells from subsequent infection limiting viral replication in culture (95). The inhibitory
effects of IDO on microbial infections in vivo may depend on contributions from Trp
withdrawal and Trp catabolite production. For example, the Trp catabolites 3-hydroxy-
kynurenine (3-HKyn) and 3-HAA were toxic to Trypanosoma cruzi amastigotes, and 3-
HKyn affected the trypomastigote stage and treating acutely T. cruzi-infected mice with 3-
HKyn led to effective control of parasite burdens and improved the survival rates of infected
mice (96). 3-HKyn and another Trp catabolite, a-picolinic acid, also mediated inhibitory
effects on growth of methicillin-resistant Staphylococcus aureus, E. coli, and vancomycin-
resistant Enterococcus faecalis (97). Thus, Trp depletion and production of Trp catabolites
by infected cells induced to express IDO may work synergistically to limit microbial growth
in inflamed tissues.

Trp catabolism and regulation of host immunity to pathogen infections

Diametrically opposed to a role in host defense, IDO activity attenuates host immunity in
response to some microbial infections. For example, IDO1-deficient mice were less
susceptible to cutaneous Leishmania major infection, indicating a counterregulatory role for
IDO; that is, reduced host immunity and parasite clearance when IDO was active (89, 98).
Moreover, IDO ablation promoted the generation of Th17 cells in L. major-infected mice,
and reduced local inflammation and parasite burdens, as did pharmacologic inhibition of
IDO (98). Induced IDO activity may also promote the persistence of lentiviral infections
such as human immunodeficiency virus-1 (HIV-1), the cause of AIDS (acquired immune-
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deficiency syndrome). IDO induced in human DCs following HIV-1 infection attenuated
effector T-cell responses, and IDO induction may be induced by IFN type I released by
chronically activated pDCs during HIV-1 infection (99-101). Moreover, treating
humanized, HIV-infected mice with D-1MT or SIV-infected rhesus macaques with
combined anti-retroviral therapy and D-1MT led to significant reduction in viral burdens,
suggesting that IDO facilitated viral infection and persistence in these animal models of
HIV-1 infection (102, 103). This finding suggested that D-1MT, which is currently being
tested as a potential anticancer adjuvant in early-phase clinical trials, may interfere with
HIV-1/host interactions to offer potentially novel opportunities to treat HIV-1 infections.
These outcomes and data from other similar studies suggest that IDO not only plays key
roles in host responses to diverse pathogen infections but also suggest that the dominant
nature of these roles is likely to be pathogen-specific.

Although IDO activity may attenuate host immunity to microbial infection to the benefit of
pathogens, attenuating host immunity may also limit collateral damage to infected tissues
triggered by infections to benefit infected hosts. Treatment with the Trp catabolite 3-HAA
suppressed lung pathology mediated by effector Th17 cells in mice with mTB
(mycobacterium tuberculosis) infections (104). Moreover in mice lacking M2 macrophages
(due to ablation of IL-4-receptor genes) IDO induction in macrophages protected mice from
lethal Schistosoma mansoni infection, and inhibiting IDO in infected mice led to enhanced
liver pathology and mortality (105). In Candida albicans-infected mice, IDO was induced at
primary lesions and in DCs and neutrophils via IFNyand CTLA-4-dependent mechanisms,
and IDO inhibition exacerbated infection and local pathology in this fungal infection model
(106). A more recent study using human peripheral blood mononuclear cells suggested that
C. albicans modulated Trp metabolism away from the Kyn pathway by inhibiting IDO
expression and enhancing the production of 5-hydroxytryptophan metabolites that inhibit
IL-17 production and dampen host defense to infection (107). Another example of the tissue
protective role of IDO activity in response to infections emerged from a seminal study using
mice that develop a chronic inflammatory disorder related to chronic granulomatous disease
(CGD); these mice cannot generate superoxide substrate required for IDO enzyme activity,
and consequent lack of IDO activity led to failure to suppress generation of pathogenic
effector T cells that caused acute inflammatory lung injury in response to pulmonary
aspergillosis (108).

Infections that enhance and sustain local Trp catabolism create conditions where protective
immunologic responses are dysfunctional, leading to increased risk of clinical disease
following primary infections. Sustained elevation of IDO activity in lungs may be a reason
why higher susceptibility to secondary respiratory infections such as lethal pneumonia
manifests following primary influenza infection. Influenza A virus infection induces
substantial increases in IDO enzyme activity in lungs, and pharmacologic inhibition of IDO
after virus clearance protected mice from lethal secondary pneumococcal infections,
resulting in significantly reduced pneumococcal outgrowth and much lower levels of 1L-10
and TNFa in infected lungs (109). In a similar vein, systemic CpG treatment after sublethal
Rickettsia infection caused mice to die, and this lethal response to TLR9 ligands was IDO-
dependent, as IDO1 gene ablation protected mice from lethality and led to substantial
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reduction in serum cytokine levels induced by CpG treatment (110). The ability of MuLV
(murine leukemia virus) to establish stable, chronic infections in mice was abolished by
genetic and pharmacologic IDO ablation, and protective responses in the absence of IDO
activity correlated with heightened production of IFN type 1 (111). Similarly, increased
protection against persistent encephalomyocarditis virus (EMCV) infection leading to lethal
myocarditis was observed in mice after IDO gene ablation or treatment with IDO inhibitors;
increased protection also correlated with enhanced IFN type 1 production in this infection
model, suggesting that IDO compromises the anti-microbial effects of IFN type | (112).
Suppressed IFN type 1 production in response to ECMV infection was mediated, at least in
part, by Trp catabolites made by IDO-expressing cells, as administering Kyn to IDO1-
deficient mice reversed the protective effect of ablating IDO1 and lowered levels of IFN
type 1 induced by ECMV infection (112). Interplay between IDO and IFN type | has also
been proposed as a critical factor driving the chronic immune activation syndrome
underlying persistent HIV-1 infection that causes fundamental immune dysfunction over
extended periods in HIV-1-infected patients (101). A recent report highlights another effect
of sustained IDO activity in chronic infections that may be important clinically. IDO
induced by IFNyand TNFa in mice chronically infected with BCG caused neuronal
pathology and incited neurologic dysfunction manifesting as depression-like behavior (88,
113, 114). Indeed, increased risk of neurologic dysfunction is a common feature of some
infections, particularly when pathogens persist and incite chronically elevated Trp
catabolism that sustains increased levels of Trp catabolites in circulation, several of which
have toxic neurologic activity. Thus persistent malarial, WNV, and HIV-1 infections incite
dementia in a proportion of patients, and sustained exposure of the CNS to neurotoxic Trp
catabolites may in part explain this important aspect of microbial pathogenesis. These
diverse examples of the immunologic effects of IDO induced in response to microbial
infections, and the findings reported in the previous section, demonstrate the complex and
potentially confusing roles played by the IDO pathway in (i) promoting innate host
immunity, (ii) regulating adaptive immunity that may facilitate pathogen persistence in
immunocompetent hosts, (iii) limiting collateral damage of inflamed tissues at sites of
infection mediated by immune effector cells, and (iv) driving immunologic and (v)
neurologic dysfunction. Further studies are needed to understand how these various effects
contribute to microbial persistence, regulation of host immunity, and pathology in response
to infections. Another key point is that immunotherapies that target the IDO pathway may
have unanticipated potentially detrimental consequences in clinical settings of chronic
infectious disease syndromes. Clearly, IDO is a common feature of host—pathogen that may
benefit one or both parties. Although targeting the IDO pathway for clinical benefit holds
considerable promise for improving treatment of chronic infectious diseases, it is worth
bearing in mind that interfering with host—pathogen interactions that evolved over extended
periods may have unintended and undesirable consequences in some cases.

Trp catabolism and cancer

Amino acid catabolism is one of several regulatory pathways that attenuate natural and
vaccine-induced anti-tumor immunity following immunotherapy. Local immunosuppression
is mediated in part by enhanced Trp (or Arg) degradation in response to tumor-induced
inflammation that creates potent barriers to anti-tumor immunity. Trp catabolism in such
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settings is mediated by IDO1 in APCs and/or by IDO1 or TDO in tumor or stromal
(parenchymal) cells. Transfection of immunogenic tumor cell lines with recombinant IDO1
or TDO rendered them immunosuppressive and lethally progressive in murine tumor models
(27, 115). In humans, expression of IDO1 in numerous types of tumor cells is a significant
predictor of poor prognosis. For example, high IDO1 mRNA levels in patients with acute
myeloid leukemia correlated negatively with survival (116). Histochemical analysis of
colorectal cancer samples indicated that tumors expressing high levels of IDO showed lower
levels of infiltrating T cells and enhanced liver metastases that correlated with lower overall
patient survival (117). Similarly, biopsies from ovarian carcinomas with abnormally high
IDO expression levels were also associated with lower CD8* T-cell infiltrates (118). In a
study on non-small cell lung cancer, enzymatically active IDO was expressed by normal
eosinophil granulocytes in the peritumoral stroma, and levels of IDO expression and
numbers of local IDO* cells correlated negatively with overall patient survival (119).
Similarly, increased Kyn:Trp ratios in plasma of lung cancer patients (indicative of higher
IDO activity somewhere in the body) correlated negatively with tumor progression and
cancer stage (120). Enhanced expression of IDO is also seen commonly in prostate cancer
but not in benign prostate hyperplasia (121). Poor prognosis correlated with increased levels
of IDO expression in serous ovarian carcinoma cells but not in other types of ovarian
carcinoma (122, 123). Patients with endometrial cancer or esophageal cancer displaying
abnormally high IDO expression also had reduced progression-free and overall survival
(124, 125). In contrast to these findings, abnormally high IDO expression levels by tumor
endothelial cells in renal cell carcinoma patients correlated positively with survival,
suggesting that Trp catabolism may mediate anti-tumor effects in this particular setting,
possibly by limiting Trp availability to tumor cells or by generation of toxic Trp metabolites
(126). Similarly, hepatocellular carcinoma is another example where elevated that IDO
expression was a favorable prognostic indicator (127, 128). As with microbial infections, the
complexity of potential roles for cells expressing IDO in tumor microenvironments and the
potential for diametric effects on regulation of anti-tumor immunity versus direct inhibitory
effects on tumor progression complicate interpretation of the effects of Trp catabolism at
sites of tumor growth, and more research is needed to further address these critical issues.

IDO1 is also expressed by some APC subsets at tumor lesions and in inflamed draining LNs
affected by local tumor growth. In transplantable murine tumor models, cohorts of IDO*
DCs with plasmacytoid morphology and exhibiting phenotypes attributes of both pDCs and
B cells (CD11c*B220*CD19*) were present in tumor-draining LNs (76). These DCs
suppressed T-cell responses ex vivo and created antigen-specific T-cell anergy following in
vivo DC transfer (52, 76). In humans, IDO* cells with phenotypic attributes of pDCs were
identified in draining LNs of patients with melanoma, breast cancer, and other tumors (76,
129, 130). In patients with malignant melanoma, the presence of IDO-expressing DCs in
sentinel LN biopsies correlated with significantly worse clinical prognosis. Similarly,
immunohistochemical analysis of sentinel LNs in breast cancer and metastatic pancreatic
ductal adenocarcinoma patients showed positive correlations between elevated IDO
expression and the number of FoxP3* Tregs in LNs, suggesting that IDO activity in DCs
may promote Treg accumulation and regulatory functions that protect developing tumors
from anti-tumor immunity at local tumor lesions (131, 132). Thus, enhanced Trp catabolism

Immunol Rev. Author manuscript; available in PMC 2015 April 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McGabha et al.

Page 19

mediated by immune cells and/or tumor cells expressing IDO is strongly associated with
poor outcome in a number of animal models and clinical settings and may constitute a key
target for pharmacological intervention to enhance anti-tumor immunity and promote tumor
destruction. As discussed previously, similar processes may also occur in settings of tumor
progression where elevated Trp or Arg catabolism by tumor cells expressing TDO and
MDSCs expressing ARG1 are found (26).

Trp catabolism and regulation of hyper-immune syndromes

Failure to regulate adaptive immunity leads damage or complete destruction of healthy
tissues and specialized cell types in autoimmune and allergic syndromes, and following life-
saving transplantation of healthy donor organs, tissues, and cells. The finding that IDO
activity during mouse pregnancy protected developing fetal tissues from lethal maternal
immunity mediated by T cells and complement prompted considerable interest in examining
potential roles for the IDO pathway in suppressing the destruction of healthy tissues in
clinically significant hyper-immune syndromes (85, 133). Consistent with the paradigm that
elevated Trp catabolism suppresses T-cell-mediated immunity at sites of inflammation,
studies performed in a range of animal models of hyper-immune syndromes reveal that IDO
is often induced at inflammatory lesions, and genetic or pharmacologic IDO ablation
frequently accelerates disease progression and exacerbates disease severity in these models
(134). In experimental autoimmune encephalitis (EAE), a murine model of multiple
sclerosis, IDO expression increased substantially in the late ‘disease remission’ phase, and
estrogen and bone marrow stem cells ameliorated EAE severity by a mechanism dependent
on IDO expression in DCs (135-137). Increased IDO activity, detected as abnormally high
Kyn:Trp ratios in serum, also correlated positively with stages of rheumatoid arthritis (RA),
suggesting that IDO activity increases as disease progresses (138). Increased WARS levels
were also detected in T cells extracted from synovial fluid of RA patients; this response may
confer increased resistance to IDO-mediated regulation in effector T cells that incite joint
pathology (139). Additionally, human umbilical cord mesenchymal stem cells suppressed
the inflammatory effects of fibroblast-like synoviocytes and T cells from RA patients ex vivo
and attenuated the development of collagen-induced arthritis in mice in an IDO-dependent
manner (140). In contrast to these studies, IDO activity promoted differentiation of
autoreactive B cells into antibody-secreting cells and promoted arthritis progression in the
K/BxN mouse model of RA (141); it is not clear why IDO had diametrically opposing
effects on RA disease progression in this model, but the involvement of autoreactive B cells
rather than, or as well as, T cells may be significant and may also help explain, at least in
part, the role of IDO in promoting allergic airway inflammation, a Th2/B cell-mediated
inflammatory disease (142). Glucocorticoids, the most commonly prescribed drug used to
treat allergic and autoimmune syndromes, may act, at least in part, by stimulating increased
Trp catabolism in DCs by upregulating IDO activity via a ‘reverse signaling” mechanism
involving interactions between the glucocorticoid-induced tumor necrosis factor receptor
(GITR) and its ligand (GITRL) on T cells and DCs, respectively (143). Recently, we
reported that IDO restrains spontaneous progression of autoimmunity that resembles
systemic lupus erythematosus in MRL!P" mice prone to this syndrome (74). Collectively,
most studies support the hypothesis that increased Trp catabolism protects tissues from
damage caused by dysregulated immunity. However, it is important to emphasize that
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increased IDO activity, although commonly detected at inflamed sites where pathology
manifests in hyper-immune syndromes, rarely (if ever) prevents autoimmune disease
progression but often attenuates progression in these syndromes. A potentially useful
analogy to bear in mind is that firefighters are always found near burning buildings,
irrespective of whether they succeed in bringing fires under control before the building is
completely destroyed.

Naturally and artificially induced tolerogenic processes that protect transplanted tissues from
immune-mediated rejection are complex and involve many different regulatory mechanisms
that may predominate in distinct settings of transplantation and methods to promote
transplant tolerance (144). However, Cobbold et al. (145) identified multiple biochemical
pathways involving amino acid catabolism and synthesis that were upregulated in a well-
documented murine model of ‘infectious tolerance’ that protects skin allografts from T-cell-
mediated rejection. In this model, Tregs that mediated allograft protection (tolerance)
induced and maintained elevated activities of enzymes that catabolize at least five essential
amino acids to create robust T-cell tolerance associated with reduced mTOR signaling.
Moreover, inhibition of the mTOR pathway led to increased Foxp3 expression via a
mechanism dependent on TCR-signaling activation and TGF/. Because constitutive Treg-
mediated suppression was essential to maintain infectious tolerance to skin allografts in this
model, these finding suggest that amino acid sensing and signaling via mTOR fine-tunes the
delicate balance between sustained suppression and persistent potential to activate graft-
specific effector T cells that allows long-term allograft acceptance. Use of
immunosuppressant drugs also revealed critical roles for amino acid metabolism in
regulating hyper-immunity. For example, Rodriguez-Hernandez et al. (146) showed that use
of the immunosuppressant drug tacrolimus (FK506) to enhance organ transplantation
survival correlated with induction of sustained Trp depletion that activated GCN2 kinase
activity and inhibited protein synthesis by elF2a phosphorylation. The authors of this study
suggested that GCN2 activation was an undesirable toxicity peripheral to the desired
inhibitory effects of tacrolimus on calcineurin, a protein phosphatase; however in light of
recent data, GCN2 activation likely promotes allograft survival. Enhanced Trp catabolism
mediated by IDO in DCs has also been linked to increased Treg numbers and activity that
improved allograft survival, attenuated acute rejection, and suppressed GvHD lethality (145,
147-150). The mechanisms that explain these links have not been fully defined but it is
likely that Trp withdrawal to activate the GCN2 pathway and/or release of Trp metabolites
with immune modulatory properties are involved (also see next section).

Immunotherapies that target amino acid metabolism to treat immunologic

diseases

In this concluding section, we discuss emerging opportunities to target biochemical
pathways that regulate amino acid metabolism as potential strategies to treat inflammatory
and immunologic disease syndromes. We recently reviewed this general topic (134), but the
field is developing rapidly, and we discuss novel, controversial, and outstanding topical
issues relating to immunotherapies that target pathways of amino acid metabolism.
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Inhibiting amino acid catabolism to enhance immunity

Because amino acid catabolism drives immune regulation that contributes to tumor
progression and pathogen persistence blocking amino acid catabolism may be an effective
strategy to break established tolerance in patients with cancer and chronic infections. Based
on this rationale, the D-1MT is under scrutiny as a potential anti-tumor adjuvant in ongoing
clinical trials, and ‘second class’ IDO-specific enzymatic inhibitors are currently under
development. Selection of the D-isomer of 1MT for clinical trials excited some controversy
because D-1MT does not inhibit IDO enzyme activity in many cell lines and tumor cells,
whereas L-1MT is an effective IDO inhibitor in these models (151). For example, D-1MT
did not and L-1MT did inhibit Kyn production by cell extracts from primary colorectal
tumors expressing IDO1 and an inactive form of IDO2 (152). These findings suggested that
L-1MT would be the preferred isomer to rescue T-cell-proliferative responses suppressed by
cells expressing IDO. However against expectation, D-1MT was substantially more potent
than L-1MT (or D,L-1MT) in rescuing proliferation of T cells cultured with human
monocyte-derived DCs or murine physiologic DCs from tumor-draining LNs that expressed
IDO (129, 151). Moreover, D-1MT also rescued primary CD4* and CD8* T-cell
proliferation blocked by bystander IDO* fibroblast cells (69). Consistent with these findings,
D-1MT was more efficacious than L-1MT as an anti-cancer agent in chemo-immunotherapy
regimens using cyclophosphamide, paclitaxel, or gemcitabine, when tested in mouse models
of transplantable melanoma and breast tumor (4T1), and autochthonous (mmTV-neu) breast
tumor formation (151). Additionally, D-1MT (and excess Trp) inhibited de novo Treg
generation, prevented IDO-mediated activation of pre-formed Tregs by pDCs, and enhanced
functional reprogramming of suppressive (activated) Tregs into effector Th17 cells (64, 66,
153). As a component of anti-tumor vaccination protocols, D-1MT also synergized with
vaccines to enhance Th17 generation and consequent anti-tumor effects (67). The beneficial
effects of D-1MT treatment in tumor-bearing mice were lost in mice lacking intact IDO1
genes (151). In addition, other well documented IDO pathway inhibitors, including 5-Br-
brassinin, menadione, methyl-thiohydantoin-tryptophan, phenylimidazole analogs, and new
classes of IDOL1 inhibitors (some of which block the enzymatic activity of IDO1), all
phenocopied the anti-tumor and T-cell stimulatory effects of D-1MT therapy, validating
D-1MT as a drug that effectively targets the IDO pathway to block tumor-induced T-cell
suppression (154-161). Taken together, these observations suggest that under experimental
co-reductant conditions, D-1MT may not inhibit IDO1 enzymatic activity directly but it is
nevertheless an effective drug to block IDO effector signaling activity that suppresses
antigen-specific T-cell responses in physiologic settings. In other words, D-1MT treatment
phenocopies biological effects resulting from inhibition of IDO1 enzyme activity at lower
effective concentrations than predicted from estimates based on direct inhibition of
enzymatic activity by D-1MT; as such, D-1MT can be considered to be an effective inhibitor
of the IDO pathway. Greater understanding of physiological reductants used by IDO that
can affect inhibitor profiles along with elucidation of the mechanism of action of D-1MT by
targeted disruption of genes suspected to be part of the IDO pathway will help unmask the
components in the IDO pathway targeted by D-1MT.

Some potential targets that may account for the activity of D-1IMT as an inhibitor of the IDO
pathway are as follows. (i) D-1IMT may target a Trp transporter. Monocyte-derived
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macrophages readily deplete Trp from culture medium to nanomolar levels via IDO1
activity. Trp transport is mediated by two different systems: one consistent with the known
system for L-amino acid transporter and a second system with 100-fold higher affinity for L-
Trp (K <300 nM) (72). One possible mechanism of action of D-1MT could be to block the
transport of L-Trp into the cell, thereby mimicking the effects of IDO1 or IDO2 enzyme
inhibition. Competition studies showed that L-1MT, DL-1MT, 5-OH-D-Trp, and D-Trp
blocked the high-affinity Trp transport system or the L-aminoacid transporter at
concentrations in the same range (10-100 mM) at which D-1IMT promotes
immunostimulatory effects (162). Thus, it is a possibility that D-1MT inhibits the high-
affinity Trp transporter to phenocopy the effects of direct IDO enzyme inhibitors. (ii)
D-1MT may inhibit unique IDO isoforms expressed by physiologic cells. Distinct IDO1
isoforms may be expressed by physiologic human and murine DCs but not by tumor cells or
IDO1-transfected (non-DC) cell types. It is important to note that there remains little
knowledge of the physiological reductants used by IDO in cells, which can affect inhibitor
profiles and may vary in different tissues (R. Metz and G. C. Prendergast, unpublished
observations). Some evidence suggests that IDO1 protein does undergo enzymatic activation
in immature DCs after IFN y stimulation (129). Also, IDO1 gene transcripts are subject to
alternative splicing in macrophagess after IFN y stimulation to encode IDO proteins of
different lengths, perhaps also due to post-translational modifications (151). (iii) D-IMT
may inhibit IDO-2. D-1MT blocked IDO enzyme activity (EC50 approximately 40 pM)
encoded by human IDO2 genes in transfected human HEK cells suggesting that IDO2 is a
target of D-1MT (2). DCs co-express IDO1 and IDO2 but the much lower enzyme activity
of IDO2 is unlikely to explain how D-1MT blocks Trp degradation just by inhibiting IDO2
activity in DCs. Also, IDO2 may be functionally inactive in DCs, whereas L-1MT blocked
IDO1 expression in human DCs (152, 163); however, these studies evaluated IDO1 and
IDO2 expression solely based on the analysis of RNA levels not active IDO enzyme.
Moreover, D-1MT did not inhibit enzymatic activity of recombinant IDO2 in vitro whereas
L-1MT did, and IDO1 enzyme may accept L-1MT but not D-1MT as a substrate based on
metabolite analyses (R. Metz and M. Mautino, unpublished data). Here again, understanding
of the physiological co-reductants required for IDO2 activity in vivo may affect inhibitor
profiles and interpretation of their effects. Finally, as D-1MT treatment phenocopied the
effects of selective IDO1 gene ablation in mice in several models (see above), it is unlikely
that selective inhibition of IDO2 enzyme activity by D-1IMT explains the observed effects of
D-1MT treatment as a T-cell stimulant. (iv) D-1IMT may undergo racemization. D-1mT may
be a chiral prodrug of L-1MT. Administering D-Trp increased L-Trp and serotonin levels in
animals, probably via enzymatic conversion of D-Trp into L-Trp (164-166). Racemization
of D-1MT did occur in mice and humans but at low levels (<10% and <1%, respectively);
these low levels make it unlikely that D-1MT racemization explains the observed inhibitory
effects of D-1MT on the IDO pathway. (v) D-1IMT may block GCN2 activation. Blocking
GCNZ2 activity or other proteins that activate GCN2 downstream of IDO would phenocopy
the effects of IDO1 inhibition. For example, tRNAT™ synthetases (WARS) may charge
tRNATP with D-1MT to prevent the activation of GCN2. However, we found no evidence
that D-1MT is charged onto tRNAT™ by WARS1, nor competed with Trp charging onto
tRNAT'P (R. Metz and M. Mautino, unpublished). Other WARS isoforms exist that retain
Trp-binding specificity, even in the absence of tRNAT'P charging activity. Short interfering
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RNA (siRNA)-mediated knockdown of one of these isoforms in Trp-starved cells abolished
the stimulatory effects of D-1MT on the phosphorylation status of S6K (R. Metz and M.
Mautino, unpublished), suggesting that a WARS variant of may provide amino acid-sensing
activity that could be a functional component of the IDO pathway targeted by D-1MT.

These putative mechanisms are not mutually exclusive, and they are all potential points of
interest for future pharmacological intervention. Several studies have focused on developing
alternative strategies to attenuate IDO-mediated suppression in tumor microenvironments
using genetic methods to knockdown DO activity (167, 168).

Enhancing amino acid catabolism to suppress hyperimmunity

Reagents that enhance amino acid catabolism or activate downstream pathways triggered as
a consequence of increased amino acid catabolism are two potential strategies to suppress
immune-mediated pathology in autoimmune, allergic, and transplant settings where clinical
goals are to ameliorate the tissue destructive effects of hyper-immunity. Hence, transducing
IDO genes, use of pharmacologic reagents that induce IDO (IDO inducers) or that mimic the
downstream effects of enhanced Trp catabolism are promising strategies to treat a range of
hyper-immune syndromes.

Genetic manipulation of IDO expression

Several studies have shown that IDO gene transduction into cells and tissues to enhance
IDO activity is an effective strategy to inhibit T-cell-mediated pathology. For example,
transducing IDO genes into rats prior to transplanting lungs across histocompatibility
barriers led to significantly extended lung allograft survival with minimal indications of
immune-mediated pathology in the absence of any immunosuppressant drugs (169, 170).
Increased IDO activity in transplanted lungs inhibited clonal expansion of allograft-specific
T cells substantially; moreover, the few cytotoxic CD8* T cells that still infiltrated lung
tissues were profoundly anergized due to selective inhibition of the mitochondrial electron
transfer pathway (171). This anergizing effect of enhanced IDO activity on graft-infiltrating
T cells in reminiscent of the effect of tumor microenvironments on tumor-infiltrating T cells
and may represent a hitherto unknown biochemical attribute of IDO-expressing cells.
Similarly, several studies have shown that DCs and other cell types transduced to
overexpress IDO-attenuated hyper-immunity and decreased disease severity in a range of
hyper-immune syndromes of clinical significance. In principle, these approaches may lead to
undesirable complications such as increased risk of tumor formation, chronic infection, or
altered cellular functions due to constitutively enhanced IDO activity in transplanted tissues
or transduced cell types. It remains to be seen if such complications will manifest and
whether they can be minimized to facilitate clinical application of IDO gene transduction
methods in clinical settings.

Reagents that induce IDO

Reagents that selectively induce IDO offer alternative strategies to enhance IDO activity that
are potentially more flexible than IDO gene transduction, because the timing and potency of
induced IDO activity can be manipulated by varying dosing regimens and IDO inducers can
be combined easily with treatments such as antigen delivery, vaccines, and transplantation.
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As IDO induction in DCs promotes and sustains robust and stable regulatory phenotypes in
Foxp3-lineage Tregs, IDO inducers that stimulate IDO activity in DCs are also likely to be
effective drugs to selectively activate Tregs. Enhancing Treg functions to alleviate or
prevent progression and onset of autoimmune syndromes such as type | diabetes and
inflammatory bowel disease and GvHD syndromes is a major focus of current research
(172). IDO inducers may offer better approaches for clinical application than (i) ex vivo Treg
generation and transfer or (ii) the use of relatively unselective reagents such as anti-CD3
monoclonal antibodies to activate Tregs, which risks inciting instead of suppressing
immunity by activating effector T cells (173). Several known inducers of IDO activity are
unsuited for clinical application due to potential toxicities and immune stimulatory
properties that may incite rather suppress hyper-immunity (174). For example, CpGs
administered systemically (intravenously) at relatively high doses to mice induce rapid and
potent IDO activity via TLR9 ligation in DCs that subsequently active Tregs, but CpGs elicit
diametrically opposite pro-inflammatory, immune stimulatory, and anti-tumor effects when
administered at lower doses via different routes. Similarly, type | and type Il IFNs that
stimulate increased IDO activity in many cell types (via STAT-signaling pathways) elicit
potentially toxic collateral immune stimulatory responses that likely preclude the use of
these reagents to induce IDO and activate Tregs in clinical settings of hyper-immune
disease. Nevertheless, several IDO-inducing reagents that may be more acceptable for
clinical use have been described, including the biological reagents soluble CTLA4
(CTLA4Ig, Abatacept™) and soluble CD83, sCD83 (174). By ligating B7 molecules
CTLAA4Ig treatment stimulates IDO induction in selected subsets of APCs in humans and
mice; additionally, type | diabetes-prone non-obese diabetic female mice were protected
from diabetes onset by CTLAA4Ig treatment in the pre-diabetic period (175, 176), suggesting
that enhanced IDO activity may contribute to the immunesuppressive properties of
CTLAAIg to supplement the regulatory effects of costimulatory blockade. However, the
ability of CTLAA4Ig preparations to stimulate IDO activity in selected APC subsets depends
critically on poorly defined modalities in the Fc (Ig) domain (177), and modifications
introduced into CTLAA4Ig isoforms currently available for clinical use may have removed
IDO-inducing functionalities. SCD83 is a potent immune suppressant that prevented EAE
onset and ameliorated established EAE (178), The mode of action of sSCD83 has not been
defined, but this reagent may bind to certain APCs and promote immune regulation, as some
mature APCs express surface CD83. Recently, Lan et al. (179) reported that sSCD83-
mediated induction of kidney allograft tolerance was IDO-dependent and that DCs from
mice that accepted renal allografts due to sCD83 treatment transferred donor antigen-
specific tolerance to naive mice in an IDO-dependent fashion. Some histone deacetylase
inhibitors possessing anti-tumor activities also induce IDO and have been used to suppress
tissue pathology in murine models of GvHD and arthritis (180, 181). Recently, we
discovered that systemic administration of nanoparticles containing DNA complexed with
the polycationic polymer polyethylenimine (PEI) stimulated rapid upregulation of IDO
enzyme activity in lymphoid and mucosal (lung, colon) tissues of mice (182). Administering
DNA or PEI polymer alone did not induce IDO, and IDO induction in DCs following DNA
nanoparticle treatment was completely dependent on upstream IFN type I signaling but was
not dependent on TLR9 or IFNy signaling. Moreover, DNA nanoparticle treatment blocked
vaccine-induced responses to defined antigens by CD8" and CD4™" T cells in vivo, and
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ameliorated immune-mediated pathology in inflamed limb joints in a murine model of
arthritis. These findings and several other similar studies in the literature demonstrate
emphatically that engineering biologic reagents to induce IDO, especially in DCs, in a viable
and efficacious approach to treat clinically relevant models of autoimmune disease
syndromes, and to slow or prevent rejection of transplanted tissues.

GCN2 pathway inhibitors

Several immune modulatory reagents mimic the effects of increased amino acid catabolism
by triggering downstream responses caused by amino acid withdrawal or catabolite
production. Thus, Sundrud et al. (183) reported that halofuginone (HF), a derivative of the
bioactive ingredient extracted from a Chinese herbal medicine with immunesuppressive
properties, triggered GCN2 pathway activation, which inhibited differentiation of pathologic
Th17 effector T cells and suppressed inflammation associated with induction of EAE. More
recently, Keller et al. (184) identified glutamyl-prolyl-tRNA synthetase (EPRS) as the
molecular target of HF and showed that adding exogenous proline or EPRS reversed the
inhibitor effects of HF on the GCN2 pathway. These findings demonstrate that HF acts by
mimicking the effects of amino acid withdrawal by blocking tRNA charging to trigger the
ISR response in immune cells and indicate that activation of the amino acid withdrawal
pathway response is beneficial in restraining Th17-driven immune-pathologies.

Immune-suppressive Trp catabolites

Immune modulatory effects of some Trp catabolites or derivatives that resemble such
compounds have also been described in several studies, some of which were mentioned
above. Thus, PDKP1 was identified as a molecular target of 3-HAA in activated T cells that
drove experimental asthma in mice, and 3-HAA treatment suppressed asthma in this model
(39). Treatment with the downstream Trp catabolite 3-HAA also ameliorated the severity of
EAE significantly, inhibited effector Thl and Th17 cell generation, and promoted Treg
accumulation in diseased mice (185). Kyn administration also phenocopied the therapeutic
effects of increasing IDO activity by suppressing inflammation and accumulation of
arthritogenic T cells in joints and draining LNs in rodent models of arthritis (140, 186, 187).
On the other hand, administering Trp or Trp catabolites potentiated the therapeutic effects of
suboptimal tolerogenic immunotherapy to suppress airway eosinophilia, while ablating IDO
activity during immunotherapy but not during inhalation challenge, partially reversed the
suppressive effects of immunotherapy on some (but not all) disease parameters in a Th2-
driven model of allergic asthma (188, 189). Thus, IDO may promote allergen tolerance but
exacerbate effector responses when tolerance was absent and active airway allergic
inflammation occurs. However, the effects of increased Trp catabolism may vary in different
models as studies on allergic responses to Aspergillus fumigatus revealed that IDO activity
in DCs led to Treg expansion and activation to produce IL-10 and TGFfand inhibited
pathologic Th2 effector cells to suppress allergy to the fungus. This findings nicely
complement the study by Romani et al. (discussed above) (108) in which failure to provide
IDO substrate led to effective ‘biochemical’ ablation of IDO activity to confer increased
susceptibility to aspergillosis driven Th17-mediated pathology in lungs of mice with a CGD-
like genetic defect.
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Future perspectives

The last decade has seen an explosion in our knowledge of the role amino acid sensing and
catabolism plays in regulation of virtually every aspect of immunity. These novel insights
into the biochemical pathways underpinning immune regulation raise the exciting prospect
that these mechanisms can be manipulated for therapeutic benefit. As amino acid
consumption affects immunity in varied and often diametrically opposed ways, the current
challenge is to elucidate the diverse mechanisms by which amino acid catabolizing
pathways influence immune responses. This is no small task, for as highlighted above,
amino acid catabolism influences cell behavior in a myriad of ways. However, the
identification of major response elements in the system (i.e. mTOR, GCN2, AhR, amino
acid catabolites) provides targets for focused research.
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4 Drugs that affect Amino Acid
* GCN2 Pathways to Enhance or Suppress
Immunity

IDO pathway inhibitors (D-1MT)
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Fig. 1. Amino acid catabolism and altered immune cell functions
Cells expressing enzymes that catablize amino acids (top) create local conditions where

immune cells (bottom) experience reduced access to amino acids triggering effects on
mTOR and GCB2 pathways that sense levels of amino acids inside cells. Trp depletion and
Kyn production trigger cellular responses via GCN2- and AhR-signaling pathways,
respectively, to promote regulatory responses by immune cells as indicated.
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Trp depletion and Kyn production trigger cellular responses via GCN2- and AhR-signaling

pathways, respectively, to promote regulatory responses by immune cells. See text for

details.
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Fig. 3. Potential physiologic effects of IDO-expressing DCson Trp levelsin lymphoid follicles
The model posits how small cohorts of splenic MZ DCs expressing IDO may create regions

of low Trp reserves in lymphoid follicles effecting T cells, B cells, and macrophages and
DCs inside the follicle to generate immune suppression and tolerance.
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