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Abstract Type 1 diabetes (T1D) is an autoimmune disease in
which a T-cell-mediated reaction demolishes insulin-
producing cells of pancreatic islets. Inadequacy of insulin
therapy has motivated research focused on mechanisms by
which autoimmune reactions can be suppressed. In recent
years, the role of indoleamine 2,3 dioxygenase (IDO) in
regulation of immune system has been extensively investigat-
ed. Initially, IDOwas recognized as a host defensemechanism.
However, recent studies have suggested an immunomodula-
tory role for IDO which may contribute to the induction of
immune tolerance. In this review, we concentrate on the role of
IDO in several pathologic conditions with a focus on T1D to
rationalize our hypothesis regarding the potential for inclusion
of IDO in certain therapeutic strategies aimed at early
detection, treatment or ideally cure of chronic and autoimmune
diseases such as T1D.
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Introduction

Diabetes is a group of heterogeneous diseases marked by high
levels of blood glucose, resulting from defects in insulin

production, insulin action, or both. Diabetes can lead to
serious complications and premature death, but diabetic
patients can take steps to control the disease and lower the
risk of complications. According to the World Health
Organization, over 180 million people worldwide suffer from
diabetes. Its incidence is increasing rapidly and it is estimated
that by the year 2030, this number will almost double.

Type 1 diabetes (T1D), previously called insulin-dependent
diabetes mellitus (IDDM) or juvenile-onset diabetes, accounts
for 10% of all diagnosed cases of diabetes. It develops when
the body’s immune system destroys pancreatic beta cells,
thereby causing hypoinsulinemia. To survive, people with
T1Dmust receive exogenous insulin, delivered by injection or
a pump. This form of diabetes usually strikes children and
young adults, although disease onset can occur at any age.
Risk factors for T1D may be autoimmune, genetic, or
environmental.

Despite advances in our understanding and treatment of
T1D, there is no known way to cure or prevent T1D and its
severe complications. However, it is obvious that because
of its autoimmune nature, any protocol for treatment of
T1D requires to be associated with a meticulous manipu-
lation of immune response and interactions.

In recent years, the activity of indoleamine 2,3-dioxyge-
nase (IDO), a tryptophan-degrading enzyme has attracted
significant attention. This is due to a unique dichotomy in
IDO’s function. IDO was originally recognized for its direct
role in the immune responses against pathogens and
infectious agents. However, increasing evidence imply that
IDO may have an immunoregulatory capacity enabling
IDO to contribute in creating immune tolerance and
inhibition of effective immune responses.

Our focus in this review is on recent advances and
findings about immunomodulatory features of IDO and its
interaction with the immune system. Summarizing these
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data then allows us to suggest a hypothetical novel role for
IDO as a predictive marker which may help in devising
better therapeutic strategies to treat and control chronic and
autoimmune diseases such as T1D.

Indoleamine 2,3-dioxygenase (IDO)

Indoleamine 2,3-dioxygenase (IDO) is a cytosolic heme-
containing enzyme that catalyzes the first, and rate-limiting
step of oxidative tryptophan catabolism (Figs. 1 and 2) [1].

IDO is inducible in many tissues and cell types, but most
prominently, in antigen presenting cells (APC). Two closely
linked, homologous genes (IDO1, IDO2) located in
syntenic regions of chromosome 8 in humans and mice
encode IDO proteins [2–4]. All mammalian IDO genes
studied to date possess one, or more interferon (IFN)
response elements (ISRE, GAS) in their promoter regions,
and IFNs produced at local sites of inflammation are potent
inducers of IDO in several cell types such as some dendritic
cells (DCs), macrophages, epithelial, trophoblasts and
endothelial cells [5–8]. IDO enzyme activity catabolizes
the essential amino acid tryptophan (Fig 2) [9], consumes
superoxide radicals, and produces tryptophan metabolites
known as kynurenines.

IDO activity is measured by assessing kynurenine levels in
serum, or in tissues by HPLC analysis. Functional IDO
activity depends on heme and substrate supply, redox
potentials, and the absence of heme-toxins such as nitric
oxide, as well as other poorly defined post-translational
modifications [10, 11]. Hence, it is important to measure
enzyme activity, or IDO-mediated effects on T cell responses,
as IDO gene and protein expression though necessary, may
not be sufficient to drive IDO enzyme activity.

Immunological significance of IDO

Pfefferkorn and colleagues initially demonstrated that an
IDO dependent mechanism is responsible for growth

inhibition of intracellular parasite, Toxoplasma gondii. This
finding clearly categorized IDO as a host defense mecha-
nism of innate responses [12].

The enzymatic activity of IDO and its non-immunological
role have been clearly described, however, understanding of
mechanisms by which IDO exerts its impacts on immune
system still remain an elusive scientific goal.

It was 1998 when the discovery by Munn and his
colleagues transformed the existing knowledge about IDO
[13]. Their studies showed that IDO plays an essential role
in protecting embryo from rejection in a murine allogeneic
pregnancy model. Importantly, inhibition of IDO activity
by its pharmacologic inhibitor, 1 methyl tryptophan (1MT),
resulted in T cell mediated rejection of fetuses. These
findings not only proposed an immunological role for IDO,
but also suggested a possible novel role for IDO in
generating the immune tolerance and regulating the
immune responses. Furthermore, these findings were in
contradiction with IDO’s originally and widely accepted
function as a host defense mechanism. Therefore, IDO seems
to act in a dual manner: a) it exerts antimicrobial effects by
inhibiting the growth of microorganisms and stimulating the
immune responses, and b) several studies suggest that IDO
may be involved in activation of regulatory immune responses
and creation of immune tolerance.

In recent years, several theories have been suggested to
characterize the role of IDO in normal and disease
conditions. Müller et al. propounded a general proposal
for IDO’s interactions with the immune system [14]. In
their model, both assumed immunological roles of IDO,
stimulatory and regulatory, are concurrent and linked to
each other. In other words, they suggest that the immune
system, in an IDO mediated pathway, firstly reacts to the
infectious agent in order to inhibit the growth and
progression of the pathogen and disease. Later, in the
second phase, the IDO-mediated regulatory immune mech-
anism gets activated to protect the host from any possible
over reaction induced by the effector wing of the immune
system. Although, the exact mechanisms for this proposal
needs to be investigated much further, however, different
factors such as host microenvironment, physical and
chemical conditions are involved in triggering this concep-
tual process. Other hypotheses to explain the mechanisms
by which IDO may apply its supposedly regulatory impact
on the immune system can be consolidated into two main
groups. The first group proposes that tryptophan depletion
is the key mechanism by which IDO exerts its possible
regulatory function on the immune system while the second
group suggests that accumulation of tryptophan metabolites
in the microenvironment is responsible for IDO’s immuno-
regulatory feature.

Further detailed in vivo and in vitro studies are required
before any of these models, described above, can be

Fig. 1 Ribbon representation of the overall structure of human IDO
(Protein Data Bank)
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referred to as the main pathway for the presumed IDO-
mediated regulation of the immune system. However,
taken together, these theories along with increasing
supporting data are indicators of the possible significant
impact of IDO on the immune system. Furthermore, these
hypotheses are offering a rationale for more extended
investigation on possible IDO’s role as an immunomodu-
latory agent with potential applications in experimental and
clinical studies.

Pathological and prognostic significance of IDO

IDO and its correlation with initiation, progression and
clinical manifestation of diseases, have recently become the
focus of several studies. In fact, increasing evidence suggests a
critical immunoregulatory function for IDO and supports the
notion that IDOmay have the capacity to affect the course of a
variety of pathological conditions such as autoimmunity,
infections, cancer and transplantation.

IDO and infection

Preliminary evidence to show the effects of IDO on
infections was that growth of certain intracellular pathogens
such as Toxoplasma gondii was inhibited in an IDO
dependent manner. A recent study by Spekker and
colleagues suggested that IDO is responsible for the
suppression of Neospora caninum growth [15]. Other
studies on Toxoplasma gondii suggested that its growth
could be contained when certain immune cells including
dendritic cells were actively expressing IDO. Further
studies have proposed that enhanced IDO expression
resulted in resolving of bacterial infections. Same results

were obtained in models when infections were caused
by Mycobacterium tuberculosis and Bartonella henselae
[16, 17]. Mackler and his colleagues demonstrated that
higher expression of IDO was associated with remission of
bacterial infection, Listeria monocytogenes, in the murine
placenta [16, 18–21]. Their findings suggested that IDO
contributed to the lessening of the bacterial infection
progression while at the same time maintaining a barrier to
T cells whose presence might result in fetal rejection.
These results clearly indicated a paradox in IDO function
which propose that IDO acts in a way to regulate a fine
balance between inflammatory responses, required for
protection and immune privilege which is pivotal to
contain the excessive inflammatory responses. Further-
more, other recent studies have reported similar findings
of higher expression level along with a dichotomy in
function for IDO in fungal infection models [22, 23].

IDO and cancer

The possibility of a pathologic relation between IDO and
cancer was initially proposed by Uyttenhove et al. when
they showed that IDO could lessen the T cell responses
against tumor in a murine model [24]. Furthermore, Munn
et al. were able to detect IDO in tumor draining lymph
nodes where tumor antigens first drain and tumor-derived
DCs first migrate; IDO was expressed by both tumor cells
and dendritic cells [25]. Some reports have shown that
tumor cells express IDO, and moreover, transfection of IDO
into tumor cells was able to block anti-tumor responses by
immune cells. The exact mechanisms by which IDO can
prevent tumor rejection is not fully characterized, however,
several studies have hypothesized different theories
attempting to characterize the mechanism(s) by which
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IDO may protect tumor from rejection by effector immune
responses. One of the recent proposals is considering a
genetic pathway to explain the interaction between cancer
and assumed IDO immunosuppressive feature. Based on
this theory, IDO is contained by cancer suppression gene
Bin1, which is attenuated in many human malignancies.
Data from this particular study showed that loss of Bin1 in
knockout mouse resulted in elevation of IDO expression,
driving escape of oncogenically transformed cells from T
cell-dependent antitumor immunity which could be re-
versed by using IDO inhibitor [26]. Therefore, these data
suggest that deficiency in Bin1 boosts cancer’s ability of
ignoring the immune system by deregulating IDO and that
IDO inhibitors may improve responses to cancer chemo-
therapy. However, data from another study demonstrated no
relation between IDO and Bin1 [27]. Moreover, the same
study showed that neither IDO nor Bin1 had any correlation
with survival rate. Therefore, in a very paradoxical pattern
compared with observations from previous studies, these new
data suggested that it is very unlikely to establish any relation
between IDO activity and progression of certain types of
cancer. These disagreements may relate to differences in
experimental design and research protocols. More investiga-
tions are required before any mechanism(s) for IDO and its
impact on immune system could be determined.

Several studies have suggested that IDO is expressed
and dictates its supposedly tolerogenic effect on immune
system during cancer development at two sites [16]. The
first is at the tumor site where hypothetically tryptophan
depletion and induction of anti-proliferatory metabolites
suppress T cell responses against tumor, creates a microen-
vironment in which tumor progression and development of
cancer occurs. The second site of IDO expression is at the
level of tumor draining lymph nodes where a specific
subset of dendritic cells, plasmacytoid dendritic cells
(PDCs), are expressing IDO; it is suggested that at this
level, IDO exerts its immunosuppressive impacts on T cells
which results in tumor growth. Interestingly, it was shown
that higher number of IDO expressing dendritic cells in
draining lymph nodes of melanoma patients is directly
correlated with adverse development of the disease [25].
Similar results were observed by Lee et al. in an
independent study [28]. In fact, results from several cancer
studies suggest a direct correlation between the level of
IDO activity and tumor progression and poor prognosis in
patients with certain types of cancer. Urakawa and
colleagues [29] have demonstrated that higher level of
IDO expression is directly correlated with metastasis and a
poorer clinical outcome and survival rate in osteosarcoma. In
another report, Brandacher et al. [30] have suggested that
IDO significantly contributes to disease progression, signif-
icant reduction in intratumoral effector T cells and overall
survival in patients with colorectal cancer. Okamoto and

colleagues have reported that higher expression of IDO
results in poorer prognosis and progression of serous type of
ovarian cancer [31]. Very similar results were obtained in a
later study by Takao et al. [32]. Finally, lower survival rate
for patients with hepatocellular carcinoma was reported to
have direct relation with higher level of IDO expression
based on data reported by Pan and colleagues [33]. Thus,
increasing evidence supports the hypothesis that enhance-
ment of IDO activity may create a microenvironment in
which effector immune response has been suppressed and
tolerance mode towards tumor is increasing, thereby result-
ing in tumor growth and disease progression.

IDO and transplantation

The alleged IDO’s capacity in induction of immune tolerance
has provided a rationale to investigate the hypothesis that IDO
plays an essential role in preventing graft rejection by creating
an immune tolerance status. In fact, several studies have
already demonstrated that enhancement of IDO activity in
grafted tissue have protected the tissue against rejection.
Recent findings suggested that upregulation of IDO in colon
through an IFNγ pathway resulted in Tcells anergy (inactivity
and lack of energy), suppression of immune responses and
importantly, less injury in the colon and ameliorated lethality
[34]. Studies by Ingelsten and her team suggest that IDO
activity is partly contributing to long term acceptance of liver
and kidney transplantation [35]. The precise mechanism(s) of
this interaction has not been fully understood. However, two
possible scenarios have been proposed. Based on the first
scenario, induction of IDO metabolite, Kynurenine, is
responsible for T cell anergy and suppressing Graft-Versus-
Host disease (GVHD), the main cause of mortality in certain
transplantations. The second theory hypothesizes that induc-
tion of IDO by utilizing a TLR7/8 agonist minimized GVHD
tissue injury and lethality. Another study offers the possibil-
ity that acute GVHD lethality may be blocked by myeloid
cells in an IDO dependent fashion. All together, these
observations are supporting the notion that proposed IDO
tolerogenic feature has to be considered as a potential target
to be included in a cell therapy protocol for treatment of
GVHD.

IDO and autoimmune diseases

Increasing evidence supports the theory that IDO may delay
the onset and progression of autoimmune diseases. A recent
study showed that IDO-expressing natural killer (NK) cells
contribute and promotes rat liver allograft acceptance [36].
Data from a study of a murine model of autoimmunity,
experimental autoimmune encephalomyelitis (EAE), sug-
gest that IDO may suppress T cell activity associated with
the different phases of this model and use of IDO inhibitor,
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1MT, resulted in increased inflammation, tissue damage
and progression of disease [37]. Furthermore, recent study
implies that IDO contributes to the immunomodulatory
function of certain mesenchymal stem cells derived from
human gingival tissue which seems to ameliorate
inflammation-related tissue damage in experimental colitis
[38]. Expression of IDO by synovial dendritic cells have
been reported in patients with autoimmune rheumatoid
arthritis (RA). From one viewpoint, IDO expression in RA
patients is in agreement with the theory that IDO possesses
immunosuppressive capacity and its presence is to control
and contain the excessive T cell responses in RA patients.
Therefore, inhibiting IDO activity will probably result in
progression of disease [39, 40]. However, from another
perspective, IDO paradoxically drives autoimmunity by
stimulating B cells and surprisingly, using IDO inhibitor,
1MT, was able to reduce autoreactive B cell reaction [41].
The mechanism(s) of B cell activation through an IDO
dependent pathway has not been fully understood; however,
one assumption to explain this discrepancy in IDO function
might be just because B cells are basically different cells
from other APCs such as DCs, PDCs and macrophages.
Therefore, it is possible that IDO interaction with B cells
results in a different outcome compared with its interaction
with non B cells. Other factors such as variation in genetic
background of animal models, involvement of IDO2 or
practical design of research protocol may be also respon-
sible for varying observations.

IDO and diabetes: Can IDO be a predictive marker
for diabetes?

Although, the role of IDO in autoimmune diseases
including T1D has not been fully described yet, however,
mounting evidence supports the assumption that IDO may
contribute to a set of mechanisms and interactions which
delays progression of autoimmune diseases and restores the
static and tolerance barrier.

Recent studies have demonstrated the long term survival
and viability of syngeneic islets exposed to IDO-expressing
fibroblasts within the composite grafts in a diabetic animal
model [42]. Data from other studies have provided
encouraging evidence for treatment of T1D using IDO
expressing encapsulated Sertoli cells [43]. Importantly, it
has been shown that treatment with IDO inhibitor, 1MT,
accelerated disease progression in T1D [44]. It has been
also reported that a defect in tryptophan catabolism impairs
tolerance in nonobese diabetic mice (NOD) [45]. Moreover,
daily human chorionic gonadotropin injections significantly
inhibited T1D onset in NOD female mice in an IDO
dependent fashion [45]. Also, functional IDO was induced
when human islets were treated with IFNγ. These findings
suggest that IDO has the potential to be considered for

assessment in any new therapeutic strategy for prognostic
and therapeutic purposes.

Several reports have already examined the possibility of
using IDO activity as a potential marker in predicting
clinical outcomes as well as treatment efficiency. IDO
activity is measured by the level of serum Kynurenin to
Tryptophan (K/T) ratio. Kynurenin is the metabolite
produced as a result of degradation of the essential amino
acid L-tryptophan to N-formylkynurenine. Several reports
have noted a poor predicted survival rate in cancer patients
with remarkable increase in the level of tryptophan
degradation, higher level of kynurenine and elevated K/T
ratio. It is also observed that patients with acute kidney
rejection have elevated K/T ratio as early as one day after
the graft. This suggests an anti-inflammatory role for IDO
activity, although it might have been too late to overcome
the T cell responses against the graft [46].

Taken together, these data clearly suggest that IDO and
its activity in different tissues may be correlated with
conditions and clinical outcomes of certain diseases. This is
potentially a fascinating opportunity for a possible novel
prognostic and therapeutic application; however, before
reaching any comprehensive conclusion, numerous factors
and variables in relation to each condition need to be
investigated and clarified.

Can IDO be used as a therapeutic target for diabetes?

Different therapeutic strategies have been proposed in order to
induce IDO expression in human DCs. Cellular therapies with
human DCs, induced to express IDO ex vivo, offer a potential
alternative approach that has the potential advantage of
allowing defined antigens to be introduced into patients with
heightened T cell responsiveness that drives autoimmune and
allergic disease progression, and allograft rejection. However,
technical difficulties in preparing clinical grade ‘tolerogenic’
DCs uniformly expressing IDO is one of the main practical
problem with this protocol before being applied in practice or
even at any clinical trials.

To have a successful IDO-dependent therapeutic proto-
col for autoimmune diseases, Penberthy suggests that
pharmacological doses of NAD precursors (nicotinic acid/
niacin, nicotinamide/niacinamide, or nicotinamide riboside,
with no tryptophan) have to be included in therapeutic
regimens. This is because of evidence implying that
autoimmune disease may partially be regarded as localized
pellagra at the site of inflammation [47].

Another intriguing approach for IDO therapy is to
develop genetic methods to express IDO ectopically in
long-lived stromal (non-DC) cell types, or by introducing
vectors into undifferentiated progenitor cells that continu-
ously replenish DC populations, or other cell types that can
suppress T cell mediated immunity when induced to

50 EPMA Journal (2010) 1:46–55



express IDO. Some promising results have already emerged
from this type of approach. Adenovirus and transposon based
vectors engineered to express IDO ectopically protected donor
lung allografts from T cell mediated rejection in rodent
models, even in the complete absence of global immunosup-
pression [48, 49]. Recently, Liu et al. introduced naked DNA
encoding human IDO into rats prior to transferring their
lungs into recipient mice, and showed that this genetic
manipulation increased donor lung allograft survival signif-
icantly due to enhanced IDO activity in donor lungs [50].
Furthermore, IDO activity reduced, but did not completely
prevent, the generation of allo-specific effector T cells that
homed to donor lungs, and also impaired the cytotoxic
functions of T cells in lung tissues [50].

IDO and immune system: a hypothetical mechanistic
approach

The assumed immunoregulatory function of IDO on the
one hand, and the autoimmune nature of T1D on the other
hand, motivated us to hypothesize that IDO may be
considered not only as a predictive marker, but also as a
therapeutic target, which can be used in certain applications
for restoring the immune tolerance and treatment of
autoimmune diseases including T1D. To support our
proposal, we suggest a mechanistic model to provide a
preliminary platform for further investigations.

A new subset of effector T cells, Th17, are CD4+ T cells
which are able to express pro-inflammatory cytokines
including IL-17, IL-21 and IL-22. These cytokines are
involved not only in host defense mechanisms against
pathogens, but also, they are naturally contributing to
pathogenesis of autoimmune diseases including T1D. The
data from our recent study clearly suggested that IDO is a
key regulator of Th17 cells. Inhibition of IDO by using
IDO’s pharmacologic inhibitor, 1MT, or utilizing IDO
deficient mice was the key factor in conversion of
stimulatory effector Th-17 like T cells to regulatory T cells
(CD4+CD25+FOXP3+ T cells) [51]. These data along with

pro-inflammatory capacity of IL-17 and its role in tissue
damage, support the hypothesis that IDO may be used in
certain therapeutic applications in treating T1D or other
autoimmune diseases. Moreover, given the IL-17 potency
in pathogenesis of autoimmunity, and the level of IL-17
expression may represent a biomarker to predict the clinical
outcomes of autoimmune diabetes.

IDO can be induced by inflammatory stimuli such as
Th1 cytokines or certain reagents such as soluble CTLA-4
(CTLA4-Ig) and TLR ligands. It has been shown that IDO
can be expressed by a variety of cells including Antigen
Presenting Cells (APC), such as dendritic cells (DCs),
macrophages, and B cells as well as endothelial and
epithelial cells [49–52]. A rare and specialized type of
DCs in the peripheral blood and secondary lymphoid
organs with an exclusive surface phenotype is called
Plasmacytoid Dendritic Cells (PDCs), so named because
of their plasma cell-like morphology [49, 53–55]. In
human, PDCs are allegedly expressing CD123 and CCR6
while in mouse, they are characterized by expressing B220.
Recent studies on murine model suggest that certain PDCs
in bone marrow, blood, inflamed lymph nodes and
secondary lymphoid organs express CD8, CD19 and IDO
[56–58]. Several studies propose a dichotomy in PDCs
function. It is assumed that they may be tolerogenic as well
as immunologic [59]. That is why PDCs are allegedly
referred to as key effectors in the innate immunity and a
powerful potential target for immunotherapy of a variety of
diseases including autoimmune diseases, cancer, ischemic
reperfusion injury and transplantation [11, 49, 54, 60–63].
Recently, IDO expressing PDCs (Fig. 3) have become the
center of many different studies focusing on treatment of
autoimmune diseases including T1D. Saxena et al. [44]
showed that depleting IDO expressing PDCs in NOD mice
accelerated T1D progression while the onset of the disease
and its severity were prevented by restoring IDO induction
and PDCs function. Earlier studies by Grohmann and
Fallarino also suggested that splenic DCs from prediabetic,
T1D-prone female NOD mice have a defect in IDO

Fig. 3 Murine IDO expressing
PDCs: A, In spleen, B, In
culture, (100X)
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mediated T cell suppressor function which was reversed by
a treatment which caused IDO induction [64, 65]. It is also
important to mention that not all studies on PDCs have
concluded a positive role for these cells in limiting the
development of diseases and restoring the normal status.
The study by Li et al. demonstrated an increase of IFNα
expression in PDCs in the pancreatic lymph nodes showing
the destructive impact of IFNα in the onset of T1D [66].
However, as Nikolic et al. have stated the diversity of IFNα
producers may down play and minimize the role of PDCs in
this necrotic reaction [52]. Importantly, data from another
study by the same group, suggest that mice with elevated
PDC/CDC ratio (CDC: Conventional Dendritic Cell) were
significantly protected from diabetes. Therefore, this
observation not only emphasizes the crucial role of PDCs
in restoring immune tolerance and suppression of tissue
damage, but also, it suggests that PDC/CDC ratio may be
used as an indicator factor to predict the clinical progres-
sion of diabetes as treatment goes on. As Nikolic et al.
report [52], this finding is very similar to the results
obtained by Ueda and colleagues, in which they showed
an increased PDC/MDC ratio (MDC: Myeloid Dendritic
Cells) was associated with intact immune tolerance during
pregnancy [67].

Several studies have attempted to propose a mechanistic
model by which PDCs may apply their assumed tolerogenic
effects to result in induction of regulatory T cells [68–70].

One of these mechanisms is the alleged cross-talk between
T regs and PDCs mediated by IDO. Based on this
hypothetical model (Fig. 4), IDO expressing PDCs would
be functioning in one of the 3 states of Reposing,
Stimulating and Regulating thus they may reduce, in part,
T cell mediated pathology in autoimmune diabetes.

In reposing state, immature PDCs take up and present self-
antigens to T cells in a tolerogenic fashion, and regulatory
cytokines such as TGFβ and IL-10 help maintain default
counter-regulatory state.

Also, PDCs suppress standard DCs function and hold
them in an immature status. In stimulating state, exposure
to antigens (in case of T1D, self antigens) matures the
PDCs, resulting in production of pro-inflammatory cyto-
kines such as IL-6 which initiate the conversion of resting
regulatory T cells into effector Th17-like T cells expressing
IL-17, a powerful inflammatory cytokine. In the regulating
state, mature PDCs present antigen in a fashion which
stimulate the generation of regulatory T cells with suppres-
sor functions and in the meantime block the induction of
pro-inflammatory cytokines and as a result ongoing onset
of autoimmune diabetes will be abrogated and reversed. In
regulatory state, IDO production by PDCs alters the stimula-
tory signals to anti-inflammatory pathways, suppressing
inflammation and activate T regs to restore the tolerance
which leads to control and ideally cure of the disease, in this
case T1D.

Fig. 4 A hypothetical mechanistic model for PDCs’ function in the
homeostasis, stimulatory and regulatory mode. Reposing State: In
this state, immature PDCs introduce antigens in a tolerogenic manner
and regulatory cytokines and factors such as TGFβ and IL10 help
maintain tolerance. Stimulating State: In this state, mature PDCs and
stimulatory T cells defeating tolerance barrier and pro-inflammatory

cytokines such as IL6 promoting conversion of regulatory T cells into
effector Th17-like Tcells expressing IL-17 and T1D develops.
Regulating State : Mature PDCs provoke abortive T cell responses,
activate T regs and suppress inflammatory cytokine production,
mediated by IDO
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Concluding remarks and future directions

The theoretic ability of IDO to induce immune tolerance
presents an extensive and promising horizon in treatment of
autoimmune diseases such as T1D and conditions where
tolerance barrier is overcome. It is clear that IDO
production is not the only pathway by which PDCs exert
their tolerogenic function in diabetes. However, the
assumptive tolerogenic capacity of IDO indicates that IDO
may serve as a potential and reliable prognostic indicator
for early detection of diseases including autoimmune
diabetes. The proposed crucial role of IDO in conversion
of regulatory T cells into stimulatory Th-17 like cells and
production of pro-inflammatory cytokines such as IL-6 and
IL-17 offer added advantage as predictive for early
detection of diseases such as T1D.

It is important to emphasize the fact that in some studies,
IDO has generated very paradoxical results. In other words,
any application of IDO may be associated with limitations.
In fact, the dichotomy in IDO’s function is a major potential
limiting factor. This means that IDO’s impact on a
biological system could be variable based on several factors
such as conditions of the microenvironment, target cells,
IDO’s capacity and pathologic status of the disease.
Another important limiting factor for IDO application is
IDO-2. This novel gene with homology to IDO has the
capacity to encode an enzyme to catabolism tryptophan.
Despite similarities, IDO-2 may act differently from IDO-1
in reaction to both stimuli and inhibitors.

Taken together, data presented in this article offers a
rationalized platform to investigate the hypothesis that IDO
may have the capacity of acting as a prognostic and
therapeutic factor in prediction and treatment of autoim-
mune diseases, particularly T1D. Current and future studies
on IDO should consider both proposed capabilities and
limitations of IDO. Given the encouraging preliminary
findings in restoring immune tolerance and inhibition of
pathologic progression of autoimmune disease, IDO has the
potential to represent a fundamental mechanism in main-
taining tolerance and suppression of tissue damage as a
result of immune hyperactivity.
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