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Abstract
This article summarizes the molecular and cellular mechanisms that regulate the activity of
indoleamine 2,3-dioxygenase (IDO), a potent immune-suppressive enzyme, in dendritic cells
(DCs). Specific attention is given to differential up-regulation of IDO in distinct DC subsets, its
function in immune homeostasis/autoimmunity, infection and cancer; and the associated
immunological outcomes. The review will conclude with a discussion of the poorly defined
mechanisms that mediate the long-term maintenance of IDO-expression in response to
inflammatory stimuli and how selective modulation of IDO activity may be used in the treatment
of disease.
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INTRODUCTION
Dendritic Cells

The dendritic cell (DC) is a cell of the immune system that was first described by Steinman
and Cohn (1973). DCs are classified as a highly potent “professional” antigen presenting
cell (APC) subset and are 100 to 1000-times more effective than macrophages and B-cells in
priming T-cells. DCs perform many functions for the immune system such as: 1) uptake,
processing, and presentation of antigens, 2) activation of effector cells such as T-cells and
NK-cells, and 3) secretion of cytokines and other immune-modulating molecules to direct
the immune response. Due to these characteristics, DCs have been recognized as the primary
orchestrators of immune activity. Several outstanding reviews provide extensive information
about dendritic cell biology and their immunological functions (Buckwalter and Albert,
2009; Heath and Carbone, 2009; Wallet et al., 2005), therefore this section will be limited to
a brief discussion of the highlights.

Although DCs, when first discovered, were primarily thought to mediate immune-activation,
it is now appreciated that DCs play an equally important role in immune-tolerance. Indeed,
DCs that reside in the mucosa are often bombarded with innocuous foreign antigens and
therefore have a predisposition to be tolerogenic (MacDonald et al., 2011). Tolerogenic DCs
also play a role in maternal tolerance of the allogeneic fetus (Kammerer et al., 2008;
Laskarin et al., 2007).
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DCs can promote a tolerogenic environment through many mechanisms. They produce
suppressive cytokines such as IL-10, IL-13, or TGFβ, which can have effects on many cells
of the immune system. Immune-suppressive DCs also play a critical role in maintaining
effector cell quiescence in the tumor microenvironment (Fricke and Gabrilovich, 2006).
Tolerogenic DCs can expand immune-suppressive T-regulatory cells (T-regs), which
function to inhibit effector cell proliferation and activation. DCs can also express inhibitory
molecules such as programmed death ligand receptors (PDL1 and PDL2), CD103, arginase
or the immunosuppressive enzyme IDO, which is the focus of this article.

In addition to balancing immune activation and suppression, DCs can qualitatively influence
the type of immune response. DCs that produce large amounts of IL-12 can induce very
potent TH1 responses and CD8+ T-cell and NK-cell activation, important for fighting viral
infection or other intracellular pathogens. Conversely, DCs may produce cytokines such as
IL-6 and IL-23, directing the immune activity towards a TH17 response, which has been
shown to play an important role in recruitment of neutrophils and macrophages, immune
responses against fungal infections such as Candida albicans, and in autoimmune diseases
(Dong, 2008). Interestingly, DC production of tryptophan metabolites through IDO can also
alter the polarization of T-cells, as well as the direction of the immune response, which is
discussed next.

In conclusion, DCs are highly plastic in nature and regulate immune activity by presenting
antigen in an immunogenic or tolerogenic fashion via production of numerous immune-
activating or immune-inhibitory molecules. Furthermore, DCs can polarize these responses
via secretion of different cytokines. The sections below focus on dendritic cell expression of
the immunosuppressive enzyme IDO, specifically how it is induced in DCs, which subsets it
is induced in, how it is maintained, and the consequences of IDO-expression by DCs in
different biological contexts.

Indoelamine 2,3-dioxygenase
Indoelamine 2,3-dioxygenase is an enzyme that catabolizes the essential amino acid
tryptophan into the stable metabolite, kynurenine. IDO activity has been found to greatly
impact peripheral tolerance and immune regulation. The major mechanisms underlying
IDO-mediated immune suppression are outlined below. Further information on the diverse
biological activities of IDO and other tryptophan metabolizing enzymes can be found in
several excellent reviews (Johnson et al., 2009; Mellor, 2005; Soliman et al., 2010).

The immunosuppressive activity of IDO was first speculated to be solely a function of the
physical depletion of tryptophan from the environment, thus “starving” T-cells or other
effector cells. Tryptophan starvation can be sensed by cells via activation of GCN2 (general
control nonrepressed 2) kinase, which directly binds uncharged tRNAs (Munn et al., 2005).
It was found that tryptophan depletion resulted in activation of the GCN2 pathway, the
down-regulation of CD3 zeta-chain in CD8+ T-cells (Fallarino et al., 2006) and inhibition of
TH17 cell differentiation (Yan et al., 2010). GCN2 also contributes to T-regulatory cell
generation in an IDO-high environment (Fallarino et al., 2006).

The second mechanism of immune suppression elicited by IDO is due to the direct effects of
the tryptophan metabolites, such as kynurenine on target cells (Frumento et al., 2002;
Jasperson et al., 2009; Terness et al., 2002; Zhu, 2010). In addition to kynurenine, other
tryptophan metabolites produced by IDO such as 3-hydroxyanthranilic acid and 3-
hydroxykynurenine can also induce immunosuppression (Favre et al., 2010; Terness et al.,
2002; Yan et al., 2010). In the case of CD4+ T-cells, an environment high in tryptophan
metabolites favors expansion of Foxp3+ T-regulatory cells (Fallarino et al., 2006; Favre et
al., 2010; Harden et al., 2011). Thus the combined actions of IDO, i.e., direct suppression of
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effector T-cell activity and concurrent expansion of T-regulatory cells, highlights its
pleiotropic functions in immune suppression.

The molecular pathways involved in kynurenine sensing and subsequent development of the
immune-suppressive phenotype are not well-understood. Recently, it was discovered that
kynurenine can bind to a ligand-activated transcription factor, the aryl-hydrocarbon receptor
(AhR) and cause phenotypic changes in immune cells (Mezrich et al., 2010). Specifically, it
was found that kynurenine interaction with the AhR in CD4+ T-cells resulted in their
polarization to a T-regulatory cell phenotype, thus explaining how this IDO metabolite can
directly mediate an immunosuppressive environment (Mezrich et al., 2010).

The above mechanisms are not mutually exclusive, and it is likely that both the physical
depletion of tryptophan and the direct action of the metabolites are responsible for the broad
immunosuppressive actions of IDO (Fallarino et al., 2006).

Finally, the inhibitory effects of IDO appear to be largely confined to the immune
compartment (Habibi et al., 2010; Forouzandeh et al., 2008). In these studies, the resistance
of non-hematopoietic cells to IDO was linked to expression of the protein IMPACT
(imprinted and ancient), which inhibits GCN2 activation and sensitivity to tryptophan
starvation. However, additional unknown mechanism(s) may also be involved in IDO-
resistance as forced expression of IMPACT in Jurkat cells (T-cells) rendered them resistant
to tryptophan starvation, but did not endow resistance to the tryptophan metabolites (Habibi
et al., 2010).

IDO EXPRESSION IN DCs
In the physiological setting, IDO expression by antigen presenting cells is essential to fetal
tolerance (Munn et al., 1998; Zhu, 2010); to oral tolerance and maintenance of the
immunosuppressive environment in the gut (Matteoli et al., 2010; Onodera et al., 2009); and
to suppression of harmful autoimmune activity in general (Grohmann et al., 2003a; Yan et
al., 2010). Additionally, IDO-knockout mice experience acute rejection of transplanted
MHC-mismatched grafts, and wild-type mice with high tryptophan catabolism experienced
longterm survival of the graft (Sucher et al., 2012) demonstrating a critical function for IDO
in transplant tolerance.

Expression of this enzyme in other settings however, may not be as beneficial to the
individual. For example, IDO activity can be detrimental to mounting an effective immune
response against certain pathogens or tumors. In fact, IDO-deficient mice have a tumor-
resistant phenotype in a carcinogenesis model of skin papilloma formation (Muller et al.,
2008).

IDO Production by Different DC-Subsets
Dendritic cells are a highly heterogeneous cell type, and specialized subsets of DCs allow
delegation of different APC functions. Similarly, the ability of DCs to produce IDO does not
seem to be equally distributed among the various subsets. CD8α positive DCs express
higher amounts of IDO compared to CD8α-negative DCs (Fallarino et al., 2002, 2003). In
response to IFNγ, CD8α-positive DCs rapidly express IDO and establish immunological
tolerance (Grohmann et al., 2003b). These findings are intriguing in that the CD8α positive
DCs have also been identified as the most effective antigen cross-presenters and producers
of IL-12 (den Haan et al., 2000; Maldonado-Lopez et al., 1999). CD8α-positive DCs
therefore seem to have an inherent dichotomous nature, and may just be the most potent
APC, in both tolerogenic and immunogenic settings. As mentioned above, CD8α-negative
conventional myeloid DCs, which comprise the majority of the DC found in secondary
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lymphoid organs, can also express IDO in response to stimuli including IFNγ, CTLA-4-Ig
(Fallarino et al., 2003) or ligation with endogenous CTLA-4 on T-regs (Onodera et al.,
2009). In this context, whether the CD8α-negative DCs perform a distinct function or
simply act as secondary responders that further enhance IDO-mediated tolerogenicity in the
peripheral lymphoid tissue is not known.

CD103 expression on DCs has been associated with an immunosuppressive phenotype, and
CD103-positive DCs play a central role in the maintenance of gut homeostasis and oral
tolerance via production of TGFβ and retinoic acid (Coombes et al., 2007; Sun et al., 2007).
However, it was also found in the gut that CD103-positive DCs express higher levels of IDO
compared to CD103-negative DCs, and that IDO was very important to the tolerogenic
properties of CD103-expressing DCs (Matteoli et al., 2010). Additionally, most of the
CD103-positive DCs were also CD8α- and B220-negative, demonstrating again that
conventional, myeloid DCs (cDCs) can express IDO.

Plasmacytoid DCs (pDC) have also been described as having high capacity to produce IDO
(Daissormont et al., 2011; Lu et al., 2012). Classically known as a critical source of type 1
interferons, pDCs modulate the immune response primarily via cytokines. Sharma et al.
(2009) demonstrated that IDO+ pDC could control CD4+ T-cell plasticity. However, pDCs
have been described as rather poor at antigen uptake, presentation, and priming compared to
cDCs (Reizis et al., 2011) and therefore their expression of IDO, and subsequent production
of kynurenine may modulate the immune response at effector sites, rather than modulating
T-cell dynamics during priming (where cDC-derived IDO may play a larger role). Indeed,
pDCs in the actual physical lesions and plaques of atherosclerosis produce IDO, and
depletion of these IDO expressing pDCs resulted in increased T-cell proliferation and
pronounced inflammation at the site of the lesion (Daissormont et al., 2011).

Recently, a very specific DC subset has been coined as the true IDO competent DC subset
(Baban et al., 2009; Johnson et al., 2010). Phenotypically, these DCs are identified as being
CD19+, B220−, CD11c+ and are positive for the B-cell lineage transcription factor Pax5
(Johnson et al., 2010). Additionally, CD19+ DCs coexpress CD8α, which might account for
others’ observations that theCD8α expressing DCs are the most potent expressers of IDO.
Whereas CD19+ DCs appear to be the primary splenic DC subset that up-regulate IDO in
response to CTLA-4 ligation and TLR9 signaling (Baban et al., 2005; Mellor et al., 2005),
whether this property extends to all IDO-inducers is not clear. Therefore, not all potential
IDO-eliciting agents may work on just any DC subset, but rather specific DC subsets may
respond to discrete sets of stimuli for induction of tryptophan catabolism.

Immune Suppressive Agonists of IDO
A number of molecules that induce immune suppression or tolerance have been shown to
mediate their activity via IDO. For example, ligation of B7 molecules on the DC with
CTLA-4, a co-inhibitory molecule expressed on T-regulatory cells, can induce IDO
expression in DCs (Fallarino et al., 2003; Mellor et al., 2004). Administration of CTLA-4-Ig
to mice prone to spontaneous abortions enhanced IDO expression with concomitant
induction of T-regulatory cells resulting in improved pregnancy outcome (Li et al., 2009).
Interactions between PD-1 on T-cells with programmed death-ligands on the DC can also
promote the up-regulation of IDO (Baban et al., 2005, 2011; Grohmann et al., 2002).
Additionally, the immune suppressive cytokine TGFβ can elicit and maintain IDO
expression in plasmacytoid DCs, as well as in conventional CD8α negative and CD8α
positive splenic DCs (Belladonna et al., 2008, 2009; Chen, 2011; Pallotta et al., 2011).

STAT-3 is a well known negative regulator of immunogenic DC function, and activated,
acetylated STAT-3 was found to induce expression of IDO in bone marrow derived DCs
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(BMDCs) (Sun et al., 2009). Others demonstrated that a classical immune-suppressive
transcription factor, Foxp3, which is normally only expressed by regulatory T-cells, can also
confer tolerogenicity when ectopically expressed in DCs (Lipscomb et al., 2010; Munn,
2010). Specifically, Foxp3 expression in DCs induced IDO, resulting in a loss of T-cell
priming ability (Lipscomb et al., 2010; Munn, 2010). The true biological significance of
these experiments remains to be determined, but the data point to a novel mechanism of
creating tolerogenic DC in vitro. A related transcription factor, Foxo3, was shown to be up-
regulated in tumor-associated dendritic cells and correlated with their tolerogenic phenotype
(Watkins et al., 2011). Silencing of Foxo3 in tumor-associated DCs resulted in decreased
expression of several tolerogenic mediators including IDO, confirming the link between
Foxo3 and the tolerogenic phenotype (Watkins et al., 2011).

In regards to tolerance induction in the female reproductive tract, an undefined soluble
tolerogenic mediator produced by human uterine epithelial cells was able to condition DCs
to express IDO, and resulted in decreased T-cell priming abilities (Ochiel et al., 2010). One
of the earliest signaling molecules produced by an embryo is human chorionic gonadotropin
(hCG), which was also found to induce IDO expression in DCs (Tsampalas et al., 2010;
Wan et al., 2008). Interestingly, some tumors can also produce hCG, which may be a
mechanism to induce tryptophan catabolism and facilitate tumor-immune escape (Tsampalas
et al., 2010).

“Two-Signal” Requirement for IDO-induction
In addition to the qualitative effects mediated by the signaling molecules, the quantity of the
signal can affect IDO expression. TLR ligands, which are often used as adjuvants in various
experimental settings, can also induce the expression of IDO. Indeed, systemic high-dose
administration of the TLR9 agonist CpG, induced IDO expression in DCs, whereas lower
concentrations did not (Baban et al., 2011). However, the majority of data point to a “co-
stimulation” or “two-signal” requirement for IDO-induction, rather than a simple signaling
threshold requirement for inducing its expression in DCs.

IFNγ alone can induce up-regulation of IDO message in DCs (Hwu et al., 2000; Lu et al.,
2012); however, addition of a second stimulus, such as CD40L or LPS, results in
significantly higher amounts of IDO-induction and tryptophan degradation (Favre et al.,
2010; Hwu et al., 2000; Jurgens et al., 2009). Therefore, similar to the requirement for
MHC-TCR interaction and co-stimulation in T-cell activation, DCs may also require “two
signals” to express physiologically relevant levels of IDO.

Several other studies have demonstrated a role for T-cells and T-cell derived mediators in
eliciting IDO from DCs (Hwu et al., 2000; Lu et al., 2012). Although high-dose CpG can
induce IDO expression in CD19+ DCs (through activation of the TLR9), this signal alone
was not sufficient in RAG1-KO mice, suggesting a necessary role for additional T-cell
interactions with DCs (Baban et al., 2011). To this end, 4-1BB/4-1BB-ligand triggered IDO
expression in DCs was found to require T-cell production of IFNγ (Choi et al., 2011).
Similarly, after allogeneic bone marrow transplant, IFNγ secretion from donor T-cells was
essential for induction of IDO and subsequent protection from graft versus host disease
(Jasperson et al., 2009). Finally, IFNγ receptor KO mice succumbed to GVHD very rapidly,
due to the failure of IDO expression in APCs (Jasperson et al., 2009).

Certain IDO signaling molecules, such as CD28 on T-cells and B7-molecules on DC are
present in steady-state conditions, yet these DCs do not express IDO, consistent with a
“multiple signaling” requirement for true induction of tryptophan degradation. Further
support for this hypothesis is provided by the observation that DC interactions with T-cells
can recondition the dendritic cell to switch from an immunogenic to a regulatory phenotype.
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For example, Grohmann et al. (2003b) found that an immunogenic DC could become
tolerogenic (express IDO) after ligation with CTLA-4. It is thus likely that in this setting
immunogenic activation constitutes “signal one,” and ligation of CTLA-4 provides “signal
two” for induction of tryptophan catabolism. Conversely though, tolerogenic IDO+ DC can
become immunogenic after CD40 ligation (Grohmann et al., 2003b).

The latter observation is puzzling considering that CD40L can act synergistically with IFNγ
to induce IDO expression in DCs (Hwu et al., 2000). These somewhat contradictory findings
raise the possibility that different subsets of DCs may have differential requirements for IDO
induction. Specifically, DCs that express IDO in naïve mice during steady-state conditions
(Grohmann et al., 2003b) may have different requirements for their induction and
maintenance of IDO (or conversion to an immunogenic profile) compared to DCs, which
express IDO in response to pro-inflammatory stimuli, such as IFNγ and CD40L.

IDO-eliciting “signal two” may also be supplied by DC in an autonomous manner. Both
autocrine IFNα (Manlapat et al., 2007) or TGFβ production (Belladonna et al., 2008),
elicited after a “first” IDO signal, were shown to be required for acquisition of a tolerogenic
phenotype in CD19+ and CD8α+ DCs, respectively. Moreover, autocrine TNFα production
after infection of DCs with Chlamydia pneumoniae was found to be necessary for post-
infection up-regulation of IDO in DC (Njau et al., 2009). These observations of autocrine
signaling might explain the reports of IDO induction by a single inducer. Furthermore, the
previously observed signaling threshold requirement for IDO induction may not just pertain
directly to the quantity of the “single IDO-inducer” that is required, but rather may represent
the necessity for a certain level of “signal one” to elicit an autocrine “signal two.”

Support for the “two signal” requirement for IDO-expression has also been obtained in
human samples (Favre et al., 2010; Hwu et al., 2000; Njau et al., 2009). For example, human
monocytes expressed IDO in lepromatous leprosy due to the synergistic actions of IFNγ and
the bacterium (likely through pattern recognition receptor signaling) (de Souze et al., 2011).
Human-monocyte derived DCs also express IDO and tryptophan metabolizing activity after
exposure to IFNγ, however stimulation with IFNγ and a second agonist significantly
enhanced IDO levels (Favre et al., 2010).

Not all potential IDO signals can work together as “signal one” and “signal two” to
ultimately elicit a tolerogenic phenotype. For example, whereas CD40L and LPS can work
synergistically with IFNγ to up-regulate IDO expression (Hwu et al., 2000), CD40L and
LPS together are rather weak inducers of IDO. This suggests that a potent “signal one” (such
as IFNγ) is required before “signal two” can impart full tryptophan metabolizing ability.
Additionally, during an immune response both the “immunogenic IDO agonists” such as B7
molecules and pro-inflammatory cytokines, as well as the “tolerogenic IDO agonists” such
as CTLA-4 and PD-1 are up-regulated, thus allowing heightened potential for DCs to
receive both “signal one” and “signal two” for the induction of IDO.

In contrast, certain primary signals may actually program a distinct phenotype within the DC
to actively inhibit the IDO-eliciting effects of a “signal two”. Orabona et al. (2004)
demonstrated that CD28 ligation of DCs resulted in autocrine production of IFNγ, but failed
to induce IDO. Further analysis demonstrated that this was due to co-induction of autocrine
IL-6 and p38 mitogen-activated protein kinase that inhibited the induction of IDO.
Therefore, the order and timing of distinct “signal ones” and “signal twos” may play an
important role in the final elicitation of tryptophan catabolism in DCs. Collectively, these
data support the idea that IDO is an important homeostatic regulatory molecule that is up-
regulated in response to multiple yet specific signals, and is not elicited unless a bona fide
immune response is induced.
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Positive Feedback Loops – Autocrine Kynurenine
Basal levels of tryptophan degradation in particular dendritic cell subsets may also influence
the ability to respond to IDO agonists, either by direct actions of the metabolites or sensing
of tryptophan depletion. Manlapat et al. found that in regards to the CD19+DC cell subset,
pharmacological inhibition of basal IDO levels before stimulation by B7 ligation resulted in
loss of autocrine IFNα, which can feed-forward to elicit more IDO (Manlapat et al., 2007).
Conversely, basal tryptophan catabolism did not affect autocrine IFNα induction after
TLR9-ligation and the subsequent IDO up-regulation, again demonstrating differential
requirements and ordering of “signal one” and “signal two.” Plasmacytoid DCs from GCN2-
KO mice (which can not sense tryptophan depletion), fail to up-regulate IDO in response to
PMA (Muller et al., 2008). Therefore, DC sensing of tryptophan degradation may function
as one of the “signals,” and may play a role in the maintenance of IDO.

The aryl-hydrocarbon receptor, a transcription factor that has been extensively studied in the
toxicology field, is well known for binding to the environmental toxin 2,3,7,8-
tetrachlorodibenzo-p-dixoin (TCDD/dioxin) and mediating an array of suppressive effects
on the immune system (Stockinger et al., 2011; Veldhoen and Duarte, 2010). AhR activation
in dendritic cells supports a tolerogenic DC phenotype which promotes T-regulatory cell
expansion (Quintana et al., 2010). Dioxin activation of the AhR in DCs induces their
expression of IDO, providing one mechanism of the immunosuppressive ability of dioxin
(Mezrich et al., 2010; Simones and Shelpherd, 2011). Recently, the IDO metabolite
kynurenine was found to be an endogenous ligand for the AhR (Mezrich et al., 2010). Thus,
since the AhR is important for IDO induction (Nguyen et al., 2010), and is activated by
kynurenine, this mechanism may in part explain how basal levels of tryptophan metabolites
are directly sensed by DCs, identifying the kynurenine-AhR axis as an autocrine signal
necessary for IDO induction.

Recently, our laboratory has found that IFNγ can directly induce the up-regulation of AhR
expression (in addition to IDO mRNA) in splenic DCs in vitro, and in lymph node DCs in
vivo as determined by quantitative RT-PCR, after IL-12 and GM-CSF microsphere
immunotherapy (Harden JL and Egilmez NK, unpublished observations). This finding, in
conjunction with the above findings that kynurenine promotes IDO via AhR, provides an
explanation as to how IDO expression can be maintained even after IFNγ signaling
subsides. Specifically, the data are consistent with the notion that the initial “spark”
provided by the IFNγ-IDO-kynurenine axis results in continuous AhR signaling by
autocrine kynurenine, which maintains IDO activity even in the absence of further IFNγ
signaling.

PHYSIOLOGICAL CONSEQUENCES OF IDO EXPRESSION IN DCs
IDO as a Component of Homeostatic Immune Regulation

In numerous settings, DCs express IDO as part of a “feedback” process to limit chronic or
hyper-activation of the immune system. For example, Dendritic cells that produce IDO can
suppress effector T-cell proliferation (Harden et al., 2011; Hwu et al., 2000; Terness et al.,
2002), induce down-regulation of the CD3ζ-chain in T-cells, and promote expansion of
Foxp3+ regulatory T-cells (Fallarino et al., 2006; Harden et al., 2011). Expression of IDO
can also skew CD4+ T-helper cell phenotype from one of TH1 or TH17, to that of a Foxp3+
T-regulatory cell (Baban et al., 2009; Liu et al., 2010; Matteoli et al., 2010; Sharma et al.,
2009).

Many molecules that induce IDO expression in DCs have also been found to be involved in
the initiation of the immune response. To this end, Muller et al. (2008) demonstrated that
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plasmacytoid DCs (pDCs) failed to have IDO mediated immunosuppressive abilities if the
DCs came from IFNα receptor KO, IFNγ receptor KO, or MyD88 KO mice.

Reagents often used to mature DCs, and in fact, just the process of DC maturation itself
often leads to IDO-up-regulation. Indeed, mature DCs express higher levels of IDO and
catabolize tryptophan more effectively compared to immature DCs (Chung et al., 2009). For
example, human DC matured in vitro by IL-1γ, TNFα, IL-6, and Prostaglandin E2 (PGE2)
up-regulated expression of IDO resulting in enhanced tryptophan degradation (Wobser et al.,
2007). Dendritic cells matured with LPS or CpG also increased expression of the aryl
hydrocarbon receptor (AhR) (Nguyen et al., 2010), which as discussed later in this review,
may be critical to the induction and maintenance of IDO in DCs. Additionally, B7 family
co-stimulatory molecules (CD80 and CD86), which are up-regulated on mature DCs, can
transduce signals that elicit IDO (Fallarino et al., 2003; Grohmann et al., 2003b; Mellor et
al., 2004; Nair et al., 2011). Consistent with these findings, DC that lack costimulatory
molecules were found to be inferior in attenuating established autoimmune disease
compared to costimulatory-sufficient DCs (O’Sullivan et al., 2011).

IFNγ is a crucial cytokine for TH1 responses, including responses to intracellular pathogens
and cancer. Conversely, IFNγ can induce IDO in DCs thus limiting the extent of the
immune response (Favre et al., 2010; Gu et al., 2010; Harden et al., 2011; Jurgens et al.,
2009). Our laboratory has shown that a single, intra-tumoral injection of slow-release IL-12
and GM-CSF microspheres results in the induction of potent anti-tumor immunity (Egilmez
et al., 2007; Gu et al., 2010; Kilinc et al., 2006, 2009a, 2009b; Nair et al., 2006). The
beneficial effects elicited after IL-12 and GM-CSF treatment were found to be critically
dependent upon host production of IFNγ (Harden et al., 2011; Kilinc et al., 2006 2009a,
2009b). However, in this model, IFNγ also induced the expression of IDO in DC, which in
turn promoted the expansion of T-regulatory cells resulting in premature termination of
effector cell activity (Gu et al., 2010; Harden et al., 2011). Post-treatment IDO expression in
myeloid DCs was independent of tumor-produced factors and was likely part of homeostatic
immune regulation.

Another cytokine, IL-32, known to be elevated in inflammatory conditions, was recently
found to induce IDO in human DCs (Smith et al., 2011). Therefore, pro-inflammatory
cytokines, such as IFNγ and IL-32 that are critical to the development of effector responses,
may have dichotomous properties, driving not only the initial effector reponse but also the
subsequent regulatory activity. In instances of acute infection, such a mechanism would be
beneficial by allowing the resolution of inflammation. However, in the tumor setting, where
a more prolonged and sustained anti-tumor response is desired, IDO may short-circuit the
effectiveness of immunotherapies.

T-cell co-stimulatory molecules can also elicit DC production of IDO. For example, binding
of CD28 (Nair et al., 2011) and 4-1BB (Choi et al., 2011) to their ligands on DCs (B7 and
4-1BBL, respectively) resulted in the up-regulation of IDO. However, the functional
involvement of T-cell accessory molecules in IDO activity can be complex. For example,
two molecules with opposing functions in T-cell physiology, i.e., CD28 and CTLA-4, can
both induce IDO expression in DC via interactions with B7-molecules. Separately, in a
model of murine cardiac allograft rejection, administration of a CD28 blocking antibody,
promoted overall allograft survival, yet resulted in decreased IDO (Zhang et al., 2011). In
contrast, the administration of a CTLA-4 blocking antibody resulted in complete allograph
rejection and a severe reduction in the IDO levels (Zhang et al., 2011). In this study the
CD28 and CTLA-4 blocking reagents were used in combination with a CD154 (CD40L)
blocking antibody and/or calcineurin inhibitors, and the effect of blocking CD28 or CTLA-4
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in the absence of CD40L on IDO expression was not determined making interpretation
difficult.

The exact nature of the mechanisms underlying the seemingly contradictory observations
above, that is both immunogenic and tolerogenic agonists can induce IDO expression in DC;
and that an immunogenic agonist can also mediate dichotomous effects (i.e. eliciting both
DC activation as well as the subsequent tolerogenic phenotype), are yet to be defined. The
answer may lie within the timing of the immunogenic versus IDO+ tolerogenic phenotypes,
as elicited by the agonist. Quantitative analysis of the transcriptional kinetics of
proinflammatory cytokines and IDO in splenic DCs stimulated in vitro with IFNγ showed
that up-regulation of immunogenic cytokine mRNAs (such as TNFα) preceded IDO
(occurring within 2 hours post-stimulation versus 5 hours after stimulation, respectively;
Harden JL and Egilmez NK, unpublished observations). It might also be possible that a
particular DC subset becomes immunogenic whereas another DC subset becomes
tolerogenic in response to the agonist or its downstream effectors. The plasticity of different
DC subsets is still not fully understood, however certain DC subsets are described to
produce higher amounts of IDO compared to others as discussed above. Finally, the “two-
signal” requirement may also play a role in the switch from an immunogenic to a tolerogenic
phenotype.

IDO in Infectious Disease
IDO expression by DCs can modulate immunity to infection. Hoshi et al. (2010) found that
IDO−/− mice, or WT mice treated with 1-MT, had a greater survival rate in response to
murine retrovirus infection along with increased production of type-1 interferons suggesting
a detrimental role for IDO in retroviral infection. In other infectious settings however, a
robust immune response can have deleterious effects on the host, such as during influenza
infection. Mice infected with influenza virus experienced improved survival in a setting
where IDO expression was induced by 4-1BB triggering (Choi et al., 2011).

On the other hand, in parallel experiments by the same group, 4-1BB-mediated elicitation of
IDO resulted in increased disease incidence and increased disease severity in mice infected
with herpes simplex virus 1 (HSV-1). The tryptophan catabolism elicited in these two
different disease models resulted in the same immunosuppressive effects, i.e., loss of CD4+
T-cells, and apoptosis of newly activated effector T-cells and effector-memory T-cells. The
contrasting outcomes observed in influenza versus retroviral/HSV-1 infection are likely a
reflection of the important role of IDO in maintaining the fine balance between over and
under-activation of effector responses in acute infection.

In chronic viral infections, such as HIV, prolonged activation of IDO+ pDC can result in the
inhibition of antiviral T-cell responses (Boasso et al., 2011). In the gut of HIV-infected
individuals, IDO expression by DCs also results in induction of regulatory T-cells and a
subsequent detrimental shift in the TH17/T-reg ratio (Favre et al., 2010). HIV infected
individuals also have increased levels of the pro-inflammatory cytokine IL-32, which
strongly correlated with increased levels of IDO, permitting both viral replication and major
susceptibility to secondary infections (Smith et al., 2011). Enhanced tryptophan catabolism
has also been associated with poor prognosis in HIV patients (Favre et al., 2010). These
findings correspond to the fact that mortality from HIV is due to excessive immune
suppression (in part mediated by IDO), rather than over-activity of the immune system or
direct action of the virus on the host.

Several investigators have reported that IDO induction after bacterial infection could be
beneficial to the host, resulting in tryptophan depletion and starvation of the bacteria (Muller
et al., 2009; Njau et al., 2009). Based on such observations, it has been proposed that IDO

Harden and Egilmez Page 9

Immunol Invest. Author manuscript; available in PMC 2013 May 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



may have been originally acquired by mammalian cells as a defense mechanism to starve
pathogens of tryptophan, but was subsequently incorporated into the homeostatic immune
regulatory processes of the host. Therefore, the role of IDO in bacterial infections is
complex.

For example, Mycobacteriumleprae was found to increase IDO expression in human
monocytes; and skin biopsies of leprosy patients demonstrated that IDO levels were highest
in those patients with the more severe lepromatous disease, compared to less severe
tuberculoid and reversal reaction patients (de Souze Sales et al., 2011). Conversely,
Rhodococcus equi infection in IDO−/− mice compared to WT mice demonstrated no
difference in bacterial growth; however, IDO−/− mice experienced pronounced
inflammation and increased immune pathology (Heller et al., 2010). Recently, it has been
described that IDO is antimicrobial solely via depletion of tryptophan, whereas immune
cells can be influenced by both the loss of tryptophan, as well as the metabolites (Muller et
al., 2009).

Additionally, bacteria require significantly higher amounts of tryptophan for growth
compared to T-cells (Muller et al., 2009). Therefore, IDO expression may initially limit
bacterial growth but could subsequently affect host immunity when tryptophan depletion
reaches a critical threshold. In this context, the proper balance between IDO-mediated
antimicrobial function versus inhibition of host immunity may determine the ultimate
outcome for the host.

IDO in Cancer
In the context of the tumor microenvironment, expression of IDO by DCs can inhibit an
effective anti-tumor response in both murine tumor models (Huang et al., 2011; Muller et
al., 2008; Munn et al., 2004) and patients (Kuales et al., 2011; Lee et al., 2011; Wobser et
al., 2007). Dendritic cells from melanoma patients show expression of IDO mRNA (Wobser
et al., 2007). Human studies involving squamous cell carcinoma and melanoma patients also
demonstrated a correlation between tumor burden and IDO expression by DCs (Kuales et
al., 2011; Lee et al., 2011). Separately, aberrant expression of CD28 on myeloma cells
allowed their interaction with stromal DCs in the bone marrow microenvironment, resulting
in DC expression of IDO and prolonged survival of the myeloma cells (Nair et al., 2011).

MAINTENANCE OF THE IDO-MEDIATED TOLEROGENIC ENVIRONMENT
IDO is expressed constitutively in physiological settings where maintenance of immune
tolerance is critical to the survival of the organism, i.e., fetal tolerance and gut homeostasis
(Matteoli et al., 2010; Munn et al., 1998; Onodera et al., 2009; Zhu, 2010). This observation
has been extended to other non-physiological settings as well. For example, in a model of
murine renal allograft acceptance, it was found that although the immune suppressive
markers TGFβ and Foxp3 transiently increased after transplant acceptance, the expression of
IDO in intragraft DCs was persistent and continued to increase beyond 150 days post-
transplant (O’Sullivan et al., 2011). In the acute inflammatory setting, on the other hand,
IDO is induced by transient signals such as IFNγ yet expression of IDO can remain high
long after this initial signaling fades (Gu et al., 2010). Therefore, a clinically relevant
question regarding IDO is how it is maintained in the long-term.

Several studies suggest that positive feedback pathways may be involved in maintaining a
tolerogenic environment. A recent paper by Pallotta et al. described a mechanism for chronic
expression of IDO in pDCs (Pallotta et al., 2011). This study revealed a novel function for
IDO independent of its enzymatic activity. Specifically, the authors reported that in pDCs
IDO can function as a signaling molecule via phosphylation of ITIMs found at sites distant
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from the catalytic domain. They demonstrated that binding of SHP to phosphorylated ITIMs
on IDO initiated a signaling cascade that resulted in autocrine production of TGFβ by pDCs.
In contrast to IFNγ, which only promotes a robust, but transient activation of the Ido1
promoter, autocrine TGFβ induced Ido1 promoter activity in pDCs in a prolonged fashion
(Chen et al., 2011; Pallotta et al., 2011), thus providing a mechanism of IDO maintenance in
pDCs.

Alternatively, the IDO metabolite, kynurenine, can bind to and activate the aryl-hydrocarbon
receptor (Mezrich et al., 2010), and AhR activation in DCs can result in the induction of
IDO (Benson et al., 2011; Mezrich et al., 2010). Therefore, it will be important to determine
if those reagents that are potent inducers of IDO, might also induce increased AhR
expression in DCs, thus maintaining IDO at high levels using this positive feed forward
mechanism. Consistent with this notion, Nguyen et al. (2010) demonstrated that LPS or CpG
can result in increased AhR expression in bone marrow derived DCs, along with increased
IDO expression. Importantly, recent preliminary data from our laboratory revealed that
IFNγ, a potent inducer of IDO, increased AhR expression in DCs and allowed these DCs to
maintain high levels of IDO even after IFNγ signaling ceased (Harden JL and Egilmez NK,
unpublished observations). Therefore, initial induction of IDO may be IFNγ mediated, but
maintenance of IDO after IFNγ signaling has ceased may be through the kynurenine-AhR
positive feedback loop.

In a murine model of GVHD, survival of mice was 100% when treated daily with
tryptophan metabolites (Jasperson et al., 2009). However, when injections ceased, the mice
rapidly succumbed to GVHD. In this study, the mechanism of action may have involved the
direct inhibitory effects of the metabolites on T-cells and/or the maintenance of IDO via the
kynurenine-AhR pathway as discussed above. Separately, another IDO-produced tryptophan
metabolite, 3-hydroxyanthranilllic acid (3-HAA) has been found to induce TGFβ in DCs
(Yan et al., 2010). Because TGFβ can also induce IDO-expression in DCs (Chen et al.,
2011; Pallotta et al., 2011), it is possible that a TGFβ-IDO-tryptophan metabolite axis may
also play a role in the maintenance of an immunosuppressive environment. In CD4+ T-cells,
TGFβ has been found to increase AhR expression, allowing these T-cells to be more
responsive to kynurenine via the AhR, and polarize to a T-regulatory cell phenotype
(Mezrich et al., 2010). Whether TGFβ can similarly enhance AhR expression in DCs and
thus potentially aid in IDO maintenance is not yet known.

TGFβ also promotes regulatory T cell differentiation, and therefore continual DC:T-
regulatory cell interactions, possibly via binding of CTLA-4 to B7, might also help maintain
the tolerogenicity of DCs. Indeed, it was found that IDO expressing DCs in accepted renal
allografts were found in close proximity to T-regulatory cells, suggesting that mutual
interactions between these cells resulting in a persistent immunosuppressive environment.
Similarly, constitutive IDO expression by DCs in the mesenteric lymph nodes (MLN) was
maintained by continual T-regulatory cell: DC interactions via CTLA-4 and B7 (Onodera et
al., 2009). IDO expressing DCs in the MLN also produced CCL22, which recruited CCR4
expressing T-regulatory cells. MLN DCs expressed much lower amounts of IDO in CCR4−/
− mice, and in mice with T-reg specific loss of CTLA-4 (Onodera et al., 2009). Therefore, in
anatomical locations of natural IDO production, such as in the gastrointestinal tract, positive
feedback interactions between T-regulatory cells and tryptophan metabolizing DCs may
help maintain IDO expression.

Spreading of tolerance (also known as “infectious tolerance”) from one small subset of DCs
to another or multiple subsets of DCs, may also play a role in DC acquisition of IDO-
positivity and maintenance of IDO-mediated tolerogenicity over the long term. Expression
of the AhR by different DC subsets may allow for infectious tolerance. Specifically,
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kynurenine produced by a unique DC subset could potentially bind to the AhR in non-IDO-
producing DCs, and initiate tryptophan catabolism. Additionally, low tryptophan
environments can influence DC differentiation, resulting in acquisition of an
immunosuppressive phenotype characterized by expression of inhibitory receptors and
reduced up-regulation of co-stimulatory molecules (Brenk et al., 2009). Tryptophan
metabolites can also induce cell death of T-cells, B-cells, and NK cells, but not DCs
(Terness et al., 2002), explaining how DCs can remain in the IDO-high environment and
could perpetuate continued expression of IDO.

Infectious tolerance and transfer of IDO positivity from one DC to another may be very
important in long-term maintenance of IDO in a particular microenvironment over a period
of several months, considering the normal life span of an immature DC ranges from a few
days to weeks, and even shorter once it is matured (Granucci and Zanoni, 2009; Kamath et
al., 2002). To this end, exposure of newly infiltrated DCs to previously deposited tryptophan
metabolites, or interaction with pre-existing “IDO-induced” T-regulatory cells could
perpetuate and sustain an IDO-high environment.

UTILITY OF CONTROLLING IDO EXPRESSION BY DCs
Due to the capacity of an IDO-rich environment to promote tumor growth through several
mechanisms (such as expansion of T-regs or inhibition of effector T-cells), the benefits of
inhibiting IDO in order to promote an effective immune response are well-justified.
Inhibition of IDO in both human and murine DCs can be achieved via use of small molecule
inhibitors, such as 1-MT (1-methyl tryptophan) (Hwu et al., 2000), or shRNA/siRNA
(Flatekval and Sioud, 2009; Huang et al., 2011; Yen et al., 2009). To this end, Phase II
clinical trials utilizing D-1MT are currently underway in cancer patients (NCT00567931).
At the same time, the ongoing controversy regarding the relative efficacy and specificity of
isomers of 1MT (D-1MT versus that of L-1MT) in targeting of IDO1 versus IDO2 has led to
the design of new and more specific small molecule inhibitors that are being developed for
clinical testing (Liu et al., 2010).

Although several groups have demonstrated modulation of tumor growth via inhibition of
IDO alone (Huang et al., 2011, Liu et al., 2010), the use of IDO inhibition in combination
with other immune-modulations has produced the most impressive results (Gu et al., 2010;
Sharma et al., 2009). For example, combining 1-MT with a dendritic cell/tumor cell fusion
vaccine improved antitumor responses by blocking steady-state IDO activity (Ou et al.,
2008). Similarly, we recently demonstrated that IDO-inhibition can effectively diminish
treatment-induced homeostatic counter-regulation that follows IL-12 therapy (Gu et al.,
2010). In these studies, administration of D-1MT during IL-12 therapy blocked the post-
treatment T-regulatory cell rebound that was driven by the IL-12-IFNg-IDO axis, enhanced
the cytotoxic CD8+ T-cell activity window and resulted in the complete cure of established
tumors in 45% of the mice (Gu et al., 2010).

Separately, the efficacy of traditional anti-cancer chemotherapeutics, such as
cyclophosphamide, paclitaxel, and gemcitabine, were greatly improved when combined with
IDO inhibition, resulting in suppression of tumor growth in several models (Hou et al.,
2007). IDO inhibition was also found to improve the efficacy of a non-immunotherapy (a
nicotinamide phosphoribosyl transferase enzyme inhibitor which targets cancer cells
directly), and the additive effect of 1-MT with this small molecule inhibitor required an
immune-competent recipient (Yang et al., 2010).
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CONCLUSIONS
Dendritic cells are the master regulators of immune activity, and not only can induce an
active immune response, but can also promote tolerogenicity. A major mechanism that DCs
utilize to elicit immune tolerance involves the expression of the tryptophan metabolizing
enzyme IDO. Dendritic cells can be induced to express IDO in multiple physiological
settings, and both classical “tolerogenic” molecules and classical “immunogenic” molecules
can elicit IDO (Figure 1 and Supplemental Table 1). The fact that such a multitude of
cellular membrane ligands, soluble molecules and reagents can induce IDO expression in
DCs highlights the importance of this enzyme in mediating immune tolerance. Additionally,
induction of full tryptophan catabolism in DCs appears to often require multiple signals,
similar to the co-stimulation requirement for T-cells. This mechanism may ensure that IDO
expression is tightly controlled and is only elicited if it is truly required to dampen immune
activity. Finally, dendritic cells are a heterogeneous population of cells, and the ability of
DCs to express IDO appears to differ between distinct subsets.

In many physiological settings, DC expression of IDO is beneficial to the organism, such as
acceptance of the allogeneic fetus or in the maintenance of gut homeostasis. However, IDO
also appears to be a critical feedback mediator in the termination of an immune response,
which can be detrimental in some settings such as chronic infection and cancer. Moreover,
once induced, IDO expression can be maintained long-term despite the typically short-lived
signals provided by its agonists during the induction phase. The mechanisms underlying the
sustained nature of IDO-mediated immune suppression are currently being elucidated, and
several positive feedback loops have been identified.

Use of IDO inhibitors in the treatment of chronic infections or cancer may benefit patients
by enhancing the intensity as well as the duration of cytotoxic immune effector activity.
Conversely, the chronic nature of IDO expression may be an optimal target to purposely
elicit long-term tolerogenicity, such as during transplant acceptance. In conclusion, further
delineation of the mechanisms that regulate the induction and maintenance of IDO in DCs is
likely to lead to the development of novel clinical interventions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Induction and maintenance of IDO in dendritic cells. DCs can express the
immunosuppressive enzyme, indoleamine 2,3-dioxygenase (IDO) in response to many
immunogenic and tolerogenic molecules. Agonists for IDO induction in DCs include
cytokines, Toll-like Receptor (TLR) ligands, co-stimulatory/co-inhibitory molecules and
tryptophan catabolites. DCs may also secrete factors that work in an autocrine fashion to
elicit IDO; conversely, other cells of the immune system, such as T-cells, can also influence
the induction of tryptophan catabolism in DCs. Although IDO can be induced through short-
lived signals, expression of IDO in DCs is often maintained long term. Plausible
mechanisms involved in IDO maintenance include persistent T-regulatory cell:DC
interactions, TGFβ signaling and/or the kynurenine-aryl-hydrocarbon receptor (AhR)
pathway.
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