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Indoleamine 2,3-Dioxygenase 2 (IDO2) 
and Tryptophan Catabolism
Higher organisms have multiple enzymes that can catabolize 
tryptophan (Trp, see Table  1 for list of abbreviations), 
namely, IDO1, IDO2, and tryptophan 2,3-dioxygenase 
(TDO). Both TDO and IDO enzymes, while unrelated 
evolutionarily, catabolize the oxidative cleavage of l-Trp to 
N-formylkynurenine.1 TDO generally has a narrower expres-
sion and substrate specificity, with the majority of its activity 
in the liver and its substrate constrained to l-Trp alone. In 
contrast, IDO enzymes are expressed in various tissues and 
can catabolize a wider range of indole-containing substrates. 
It is unclear why so many Trp-catabolizing enzymes are 
necessary or how the convergent evolution of TDO and IDOs 
occurred, though the wider catalytic range of IDO enzymes 
and their important link to immunity underscores the differ-
ing functions of enzymes that can fundamentally catabolize 
the same reaction.

There are two closely related IDO enzymes, IDO1 and 
IDO2, the product of an ancient gene duplication event that 
occurred prior to the evolution of vertebrates.2 The two enzymes 
are closely linked on chromosome 8  in humans (as well as 
mice) and oriented head to tail. While IDO1 and IDO2 share 
a high level of sequence identity, they have important kinetic 

and functional differences. Expression pattern of the two 
enzymes differs dramatically. IDO1 is expressed in various 
tissues, whereas IDO2 is expressed in only a subset of these, 
namely, liver, kidney, and antigen-presenting cells (APCs) 
of the immune system, including dendritic cells (DCs) and 
B cells.3,4 Functionally, IDO1 is better able to catabolize Trp 
to its primary product, N-formylkynurenine, which is sub-
sequently converted to kynurenine. Enzymatic studies dem-
onstrate that IDO2 is significantly less active, particularly 
human IDO2, though it remains to be seen if the proper 
substrate and/or enzymatic assay conditions have been cor-
rectly identified, as IDO2 activity toward l-Trp and various 
Trp derivatives is both highly pH and buffer dependent.5–7 
Unlike IDO1, which efficiently catabolizes l-Trp, there are 
several Trp derivatives, particularly 5-methoxytryptophan, 
that are more efficiently catabolized by IDO2 than Trp itself.5 
Underscoring the murky relationship between IDO2 and Trp 
catabolism, deletion of IDO2 in mouse models does not alter 
serum kynurenine levels, even under chronic inflammatory 
conditions.3,4 Given the nonenzymatic signaling functions 
defined for IDO1,8–12 it is also plausible that IDO2 has a 
nonenzymatic function yet to be elucidated, a possibility that 
must certainly be considered given the generally sluggish cat-
alytic activity of IDO2.

IDO2: A Pathogenic Mediator of Inflammatory  
Autoimmunity

Lauren M.F. Merlo and Laura Mandik-Nayak
Lankenau Institute for Medical Research, Wynnewood, PA, USA.

Supplementary Issue: Host Factors that Influence the Outcome of Pathological Diseases

Abstract: Indoleamine 2,3-dioxygenase 2 (IDO2), a homolog of the better-studied tryptophan-catabolizing enzyme IDO1, is an immunomodulatory 
molecule with potential effects on various diseases including cancer and autoimmunity. Here, we review what is known about the direct connections 
between IDO2 and immune function, particularly in relationship to autoimmune inflammatory disorders such as rheumatoid arthritis and lupus. Accu-
mulating evidence indicates that IDO2 acts as a pro-inflammatory mediator of autoimmunity, with a functional phenotype distinct from IDO1. IDO2 is 
expressed in antigen-presenting cells, including B cells and dendritic cells, but affects inflammatory responses in the autoimmune context specifically by 
acting in B cells to modulate T cell help in multiple model systems. Given that expression of IDO2 can lead to exacerbation of inflammatory responses, 
IDO2 should be considered a potential therapeutic target for autoimmune disorders.

Keywords: indoleamine 2,3-dioxygenase 2, IDO2, autoimmunity, arthritis

SUPPLEMENT: Host Factors that Influence the Outcome of Pathological Diseases

Citation: Merlo and Mandik-Nayak. IDO2: A Pathogenic Mediator of Inflammatory 
Autoimmunity. Clinical Medicine Insights: Pathology 2016:9(S1) 21–28  
doi: 10.4137/CPath.S39930.

TYPE: Review

Received: July 28, 2016. ReSubmitted: September 01, 2016. Accepted for 
publication: September 04, 2016.

Academic editor: Dama Laxminarayana, Editor in Chief

Peer Review: Six peer reviewers contributed to the peer review report. Reviewers’ 
reports totaled 556 words, excluding any confidential comments to the academic editor.

Funding: This work was supported in part by a grant from the Lupus Research Institute 
(to LM-N), National Institutes of Health Grant R01 AR057847 (to LM-N), and by support 
from the Zuckerman Family Autoimmune Disorder Research Fund at Lankenau Medical 
Center, the Lankenau Medical Center Foundation, and Main Line Health. The authors 
confirm that the funder had no influence over the study design, content of the article, or 
selection of this journal.

Competing Interests: Authors disclose no potential conflicts of interest.

Correspondence: Mandik-NayakL@mlhs.org

Copyright: © the authors, publisher and licensee Libertas Academica Limited. This is 
an open-access article distributed under the terms of the Creative Commons CC-BY-NC 
3.0 License.

�Paper subject to independent expert blind peer review. All editorial decisions made 
by independent academic editor. Upon submission manuscript was subject to anti-
plagiarism scanning. Prior to publication all authors have given signed confirmation of 
agreement to article publication and compliance with all applicable ethical and legal 
requirements, including the accuracy of author and contributor information, disclosure of 
competing interests and funding sources, compliance with ethical requirements relating 
to human and animal study participants, and compliance with any copyright requirements 
of third parties. This journal is a member of the Committee on Publication Ethics (COPE).

�Published by Libertas Academica. Learn more about this journal.

http://www.la-press.com/journal-clinical-medicine-insights-pathology-j54
http://www.la-press.com
http://dx.doi.org/10.4137/CPath.S39930
mailto:Mandik-NayakL@mlhs.org
http://www.la-press.com
http://www.la-press.com/journal-clinical-medicine-insights-pathology-j54


Merlo and Mandik-Nayak

22 Clinical Medicine Insights: Pathology 2016:9(S1)

our understanding of the immunoregulatory role IDO1 plays  
in modulating regulatory T-cell populations and mediating 
immune escape in cancer.14–16 Because of this long-standing 
awareness of the connection between IDO1 and immunity, 
this connection is significantly better characterized for IDO1 
than it is for IDO2. In this review, we focus on the relation-
ship between IDO2 and immune modulation, highlighting 
key mechanistic differences from those defined for IDO1.

IDO2 has also been implicated in regulatory T-cell dif-
ferentiation in vitro.3 Several groups have reported that IDO2 
is expressed in DCs and may serve as an immunomodulatory 
function in this cell type.3,9,17 In human DCs, IDO2 has an 
expression pattern distinct from IDO1, which is also expressed 
in DC populations.17 Similar to IDO1, IDO2 may contribute to 
immune tolerance by acting in monocyte-derived DCs to control 
regulatory T-cell (Treg) populations, suggesting an immunosup-
pressive role, although upregulation of IDO2 was also reported 
in peripheral blood mononuclear cells (PBMCs) of patients with 
inflammatory disorders, suggesting that IDO2 may contribute 
positively to inflammatory processes.17 Together, these data 
characterize IDO2 as a complex immunomodulatory enzyme 
that acts through APCs to affect T-cell populations.

The relationship between IDO2 and immune responses 
to cancer is less clear. IDO2, which normally has a very 
restricted range of expression, has been found to be expressed 
in several cancers, including pancreatic,18 gastric, colon, 
and renal tumors.19 However, not all cancers express IDO2, 
and some cancers (eg, cervical cancer) actually show down-
regulated IDO2 expression compared to normal tissue.20 
Mechanistically, CD8+ T-cell responses against IDO2 have 
been identified in PBMCs from normal and cancer patient 
samples, with these cells showing antitumor activity against 
some, but not all, cancer cell lines.21 Although IDO2 expres-
sion has been identified in several human cancers, preclini-
cal carcinogenesis models have yet to show a conclusive direct 
link between IDO2 and cancer.3

Connecting IDO and Autoimmunity
Long-standing evidence of reduced tryptophan levels and 
increased tryptophan catabolites in the serum and urine of 
patients with autoimmune disease has suggested a role for 
tryptophan catabolism by IDO.22–26 These initial observa-
tions led several groups to examine the contribution of IDO 
enzymes to autoimmunity, with conflicting results. Several 
studies have demonstrated an immunosuppressive role for 
IDO in inducible models of autoimmunity, including models 
of colitis, collagen-induced arthritis, and experimental auto-
immune encephalomyelitis.27–29 Other models, including 
allergy, contact hypersensitivity (CHS), and inflammatory 
airway disease, have provided evidence that IDO positively 
influences inflammatory responses.30–32 Even within a single 
model, the contribution of IDO can be controversial and 
dependent on whether small molecule inhibitors or genetic 
knockouts are used to study its effects.29,33,34

Table 1. Abbreviations used.

Abbreviation Definition

Ag Antigen

AhR Aryl hydrocarbon receptor

APC Antigen presenting cell

ASC Antibody secreting cell

CHS Contact hypersensitivity

CpG Oligonucleotides with C and G based linked with 
a phosphodiester bond (CpG)

DC Dendritic Cell

dsDNA Double-stranded DNA

GCN2 General control nonderepressible 2

G-CSF Granulocyte-colony stimulating factor

GM-CSF Granulocyte-macrophage-colony stimulating factor

ICOSL Inducible T-cell costimulator ligand

IDO Indoleamine 2,3-dioxygenase

IDO1 Indoleamine 2,3-dioxygenase 1

IDO2 Indoleamine 2,3-dioxygenase 2

IL (eg, IL-4, IL-21) Interleukin

IFNγ Interferon gamma

ITIM Immunoreceptor tyrosine-based inhibitory motif

ko Knockout

KRN T-cell receptor transgene required for arthritis devel-
opment in a mouse model of autoimmune arthritis.

LPS Lipopolysaccharide

MCP-1 Monocyte chemoattractant protein 1, also known 
as CCL2

MHC Class II Major histocompatibility complex, Class II

1MT 1-Methyltryptophan

mTOR Mammalian target of rapamycin

MTX Methotrexate

NP 4-hydroxy-3-nitrophenyl acetyl

PBMC Peripheral blood mononuclear cell

PDL1 Programmed death-ligand 1

RA Rheumatoid arthritis

SOCS3 Suppressor of cytokine signaling 3

SLE Systemic lupus erythematosus

TCR T-cell receptor

TDO Tryptophan 2,3-dioxygenase

Th T helper cell

TLR Toll-like receptor

TNFα Tumor necrosis factor alpha

Treg Regulatory T cell

Trp Tryptophan

wt Wild-type
 

IDO Pathway and Immune Modulation
The IDO pathway was first linked to immunity in a study 
demonstrating that it is essential in the maintenance of 
maternal–fetal tolerance.13 Subsequent work has expanded 
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The IDO pathway has been most strongly linked as a 
positive mediator of autoimmunity through a series of studies 
conducted using the KRN preclinical model of rheumatoid 
arthritis (RA). Initial tests of the relationship between IDO 
and RA used a small molecule inhibitor of the IDO path-
way, 1-methyltryptophan (1MT).30 The widely held belief that 
IDO1, and by extension IDO2, should suppress effector T-cell 
functions fostered the expectation that inhibiting IDO activ-
ity should exacerbate RA. Surprisingly, the results revealed the 
opposite to be the case. Administration of 1MT in fact ame-
liorated disease, with mice demonstrating both delayed onset 
and reduced severity of disease.30 This effect of 1MT appears 
to be mediated not through a reduction in Tregs or altered Th 
cytokines, but rather from a diminished autoreactive B-cell 
response, with reduced numbers of antibody-secreting cells 
and a concomitant decrease in serum autoantibody levels.30

IDO2 as a Pro-Inflammatory Mediator 
of Autoimmune Responses
While this work connected IDO to autoimmunity, 1MT likely 
acts indirectly on the IDO pathway and these experiments 
could not determine whether IDO1 or IDO2 was responsible 
for the B-cell-mediated effect on arthritis. To directly examine 
the relative contributions of IDO1 and IDO2 to the arthritic 
response, genetic knockouts of each of these genes were 
bred onto the KRN model of arthritis. Comparison of wild- 
type (wt), IDO1 knockout (ko), and IDO2 ko KRN.g7 mice  
(Fig. 1A) revealed that IDO2, but not IDO1, was necessary 
for robust arthritis development. IDO2 ko mice had a delayed 

onset and reduced arthritis severity compared to wt or IDO1 
ko KRN.g7 mice, which were indistinguishable. The attenu-
ated arthritis was due to a reduction in antibody-secreting 
cells and corresponding decrease in pathogenic autoantibod-
ies in IDO2 ko arthritic mice relative to their wt or IDO1 ko 
counterparts.4 Importantly, the reduced autoimmune response 
seen in the IDO2 ko mice phenocopies the effect seen with 
1MT, suggesting that 1MT can be used as an effective proxy 
for IDO2 deletion in this system.30

The arthritic response in KRN mice can be separated into 
two stages, the B- and T-cell-dependent initiation stage and 
the downstream effector stage that occurs once autoantibodies 
trigger activation of neutrophils, macrophages, and mast cells 
(Fig. 2).35 To distinguish whether IDO2 was required for the 
initiation and/or effector phase of the autoimmune response, 
the B- and T-cell-dependent initiation stage was bypassed 
by transferring serum-containing pathogenic autoantibodies 
into wt and IDO2 ko mice (Fig. 1B). IDO2 ko mice devel-
oped robust arthritis that was indistinguishable from wt mice, 
demonstrating that the downstream effector response in IDO2 
ko mice is able to mount an arthritic response once pathogenic 
autoantibodies are supplied.4 Therefore, IDO2 functions prior 
to the generation of autoantibodies in the initiation stage of 
the response.

Interestingly, IDO2  seems to specifically mediate 
the autoimmune response but does not affect total B-cell 
responses. While there is a reduction in autoantibodies in 
IDO2 ko arthritic mice, total Ig levels remain unchanged 
between IDO2 wt and ko. Additionally, IDO2 ko mice are 
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Figure 1. Arthritis can be induced in the KRN model in three different ways: (A) spontaneously by breeding the KRN TCR transgene onto a genetic 
background carrying the MHC Class II molecule I-Ag7 52; (B) by serum transfer of autoantibodies from arthritic mice, either on a pure C57BL/6 background 
(KRN.g7) or a C57BL/6xNOD background (K/BxN) into a naïve mouse35; or (C) by adoptive transfer of KRN T cells into a T-cell-deficient (TCRα ko) host 
expressing I-Ag7.53

http://www.la-press.com
http://www.la-press.com/journal-clinical-medicine-insights-pathology-j54


Merlo and Mandik-Nayak

24 Clinical Medicine Insights: Pathology 2016:9(S1)

able to mount high-affinity isotype-switched B-cell responses 
after immunization with the model antigen NP (4-hydroxy- 
3-nitrophenyl acetyl).4 These genetic studies in mice revealed a 
specific pathogenic role for IDO2, challenging the general par-
adigm of IDO function as solely immunosuppressive by sug-
gesting that IDO2 function is distinct from IDO1, operating 
as a pro-inflammatory mediator in an autoimmune context.

The pro-inflammatory role of IDO2 identified in the 
KRN model of RA is not confined to this single system. 
IDO2 has also been shown to be a critical player in CHS 
responses.3 In this model, IDO2 ko mice mount a reduced 
inflammatory response, as defined by ear swelling follow-
ing a secondary challenge with the hapten oxazolone. While 
IDO1 ko mice also show a difference in CHS response, the 
mechanism for the reduction in ear swelling following hap-
ten challenge differs between the IDO1 and IDO2 ko strains. 
Unlike IDO1-deficient mice, IDO2-deficient mice have 
reduced inflammatory cytokines IL-6, IFN-γ, and TNF-α, 
hematopoietic cytokines GM-CSF and G-CSF, and reduced 
MCP-1 relative to wt mice. These data again point to the 
pro-inflammatory function of IDO2 and identify IDO1 and 
IDO2 as nonredundant players in inflammatory responses.

In addition to the CHS model, we have recently 
discovered that IDO2 also contributes to autoantibody pro-
duction in a mouse model of systemic lupus erythematosus 
(SLE). Since deletion of IDO2 phenocopies the effect seen 
with the inhibitor 1MT in the KRN model, we used 1MT as 
a proxy inhibitor for IDO2 on the MRL/lpr mouse model of 
SLE, a complex genetic background not amenable to breed-
ing to genetic knockouts. We find that 1MT dramatically 
inhibits production of anti-dsDNA autoantibodies in this 
system (Fig. 3). Importantly, this reduction is seen if 1MT 
is given either before the onset of disease (3 weeks, Fig. 3A), 
or after (8 weeks, Fig. 3B), demonstrating that 1MT is able 
to inhibit the secretion of high titers of autoantibodies in 
MRL/lpr mice in both preventative and therapeutic set-
tings. Of note, this reduction in autoantibodies with 1MT 
is in contrast to a previous report in the literature.36 It is not 
clear why our findings differ, although variances in MRL/lpr  
mouse colonies may explain this discrepancy; control mice 
in the study by Ravishankar et  al.36 did not increase their 
autoantibodies significantly between 8 and 14 weeks of 
age, a strong difference compared to other MRL/lpr mouse 
studies, including our own.37–39 Together, these data from 
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Figure 2. Model of IDO2 in autoimmune arthritis development. IDO2 acts in B cells to promote the cross talk between B and T cells and the 
number of antibody-secreting cells. IDO2 is required for robust autoantibody production. Adapted from Ref. 48 with permission from Taylor & 
Francis Ltd, http://www.tandfonline.com.
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SLE, RA, and CHS models provide strong evidence for 
IDO2 as a mediator of inflammatory autoimmunity in 
multiple systems.

IDO2 Acts in B-Cells to Affect T-Cell Function
Further studies identified the cellular underpinnings of the 
reduced autoantibody load, resulting from IDO2 deletion in 
mouse models of autoimmunity. IDO2 ko KRN.g7 arthritic 
mice have reduced numbers of differentiated CD4+ T-helper 
cells and reduced levels of the cytokines IL-4, IL-6, and 
IL-21, which are involved in the cross talk between B and 
T cells (Fig. 2).4 Inflammatory cytokines themselves such as 
IFNγ and TNFα are not different between IDO2 wt and ko 
mice. To determine if IDO2 is acting intrinsically or extrinsi-
cally to the T cell itself to affect B-cell function, particularly 
development of antibody-secreting cells, a series of adop-
tive transfers were performed (Fig.  1C). Here, IDO2 wt or 
ko KRN T cells were transferred to IDO2 wt or ko T-cell-
deficient hosts. These studies revealed that the presence or 
absence of IDO2 in the host mouse, but not the T cell itself, 
determines the course of arthritis.3 IDO2 ko hosts show an 
attenuated arthritic response, regardless of the genotype of 
the transferred T cell. This demonstrates that while the func-
tional effect of IDO2 may be mediated through T cells, IDO2 
is acting in a cell type extrinsic to the T  cell to modulate 
this response.

To determine which cell type is critical for this IDO2 
function, further, more complex reciprocal adoptive transfers 
were performed. First, to distinguish whether IDO2 is act-
ing in the innate or adaptive immune system, IDO2 wt or 
ko B and T cells were transferred to Rag-deficient hosts. The 
host mice have an intact, IDO2 wt innate immune system, 
but are lacking both B and T cells. We find that only mice  
that receive wt B  cells develop arthritis (irrespective of the 

genotype of transferred T  cells), demonstrating that B  cells 
are necessary for the arthritic response.40

To determine if IDO2 wt B  cells are sufficient for the 
response, or if IDO2 is needed in other cell types in addition 
to B cells, a second set of adoptive transfers were performed in 
which wt or IDO2 ko B cells were added to IDO2 ko T-cell 
deficient hosts along with IDO2 ko KRN T  cells. Thus, all 
immune components of this mouse, including the endogenous 
B cells, are IDO2 ko except for the transferred B cells. Here, only 
the mice with transferred IDO2 wt B cells were able to recapitu-
late the wt arthritic response.40 This result was confirmed in the 
CHS model, where the addition of IDO2 wt B cells was again 
able to restore the inflammatory response in an IDO2 ko host 
to levels seen in IDO2 wt mice.40 Overall, these results offer a 
new understanding of the contributions of the IDO pathway to 
chronic inflammation by distinguishing functions of IDO2 and 
IDO1 as distinct modifiers of immune responses and defining a 
novel B-cell-specific pro-inflammatory role for IDO2 (Fig. 2).

Given the clear functional role of IDO2 in B cells, fur-
ther study is needed to define the mechanism by which IDO2 
is acting in a B cell to affect differentiated T-cell populations. 
On a cellular level, adoptive transfer experiments clearly 
demonstrated that the IDO2-expressing B cell must be cog-
nate and antigen-specific in order to modulate arthritis, sug-
gesting that IDO2 is acting at the direct interface between  
B and T  cells (Fig.  2).40 Given the observed difference in 
cytokines mediating B:T-cell cross talk, particularly IL-4 and 
IL-21, obvious candidates for downstream effectors of the 
IDO2 pathway are the multitude of co-stimulatory molecules 
needed for this interaction. Despite examination of a large 
panel of these markers, including CD80, CD86, ICOSL,  
IL-21R, OX40L, PDL1, and the MHC Class II molecule 
itself, the only difference noted is in CD40, which is down-
regulated on IDO2 ko B cells. Although an important hint 
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Figure 3. Treatment of lupus-prone mice with 1MT reduces autoantibody production. MRL/lpr mice were treated with (A) 400 mg/kg D-1MT (n = 20) or 
control (carrier alone,30 n = 18) by oral gavage starting at 3 weeks of age, prior to disease onset, or (B) 2 g/L D-1MT in water supply compared with control 
(water alone, n = 14/group) after the onset of disease starting at 8 weeks of age. Anti-dsDNA antibodies were measured from serum by enzyme-linked 
immunosorbent assay (ELISA). MRL/lpr mice show reduced autoantibodies at 14 weeks when treated with 1MT, regardless of the method of dosage or 
the time that treatment is started. 
Note: **P , 0.01.
Abbreviation: ns, not significant.
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that IDO2  may be affecting co-stimulation, the pathway  
potentially linking CD40 and IDO2 is not known and remains 
the subject of active investigation.

Molecular Mediators of IDO2 Function
The molecular mechanism linking IDO2 (as well as IDO1) 
to immunity remains an area of active research. Because 
many studies of IDO1 have used the small molecule inhibitor 
1MT, which also affects IDO2, it is difficult to clearly inter-
pret the relative contribution of the two enzymes. To specifi-
cally define IDO2 function, it is important to determine what 
regulates IDO2 expression, the downstream mediators of 
IDO2 activity, and whether, like IDO1, the role of IDO2 in 
immunity relates directly to catabolic function and amino acid 
sufficiency/deficiency signals.

IDO2 can be induced in several different ways. In 
B cells, in vitro assays with purified primary cells demonstrate 
that IDO2 is upregulated following induction by either a 
T-independent toll-like receptor (TLR) agonist (lipopolysaccha-
ride [LPS] or CpG) or a T-dependent mimic (anti-CD40) when 
in conjunction with a corresponding cytokine signal, particularly 
IL-4 or IL−21.40 The upregulation of IDO2 with LPS + IL-4 
has also been reported in macrophages and B cells by others.3,8 
While we did not find upregulation of IDO2 by interferon γ 
(IFNγ) in B  cells, IDO2 does appear to be induced by IFNγ 
in DCs in other systems.19,41 In bone marrow-derived DCs, 
IDO2 is also upregulated by aryl hydrocarbon receptor (AhR) 
stimulation.42 Interestingly, the stabilization of IDO1 and IDO2 
transcripts following expression may differ. Unlike IDO1, which 
contains two functional immunoreceptor tyrosine-based inhibi-
tory (ITIM) motifs, IDO2 contains only one putative, and likely 
nonfunctional, ITIM motif and is therefore not targeted for sup-
pressor of cytokine signaling 3 (SOCS3)-dependent ubiquitina-
tion and subsequent degradation like IDO1.9,17

IDO1 has been linked to immunity through amino 
acid sufficiency and deficiency signals, mediated through 
mammalian target of rapamycin (mTOR) and general con-
trol nonderepressible 2 (GCN2), respectively, pathways criti-
cal for IDO1-mediated T-cell suppression.8,43 Alternatively, 
other groups have suggested that the T-cell suppressive effect 
of IDO expression occurs through the accumulation of Trp 
metabolites, mediated through binding to AhR and subse-
quent reprogramming of naïve CD4+ T cells to a regulatory 
T-cell phenotype.42,44 Whether these pathways are also active 
in relationship to IDO2 activity is unclear. At first glance, 
given the substantially lower activity of the IDO2 enzyme in 
catabolism of l-Trp5–7 and lack of reduction in serum kynure-
nine levels in IDO2 ko models,3,4 IDO2 does not seem to be 
an obvious candidate for action through Trp sufficiency sig-
naling. In support of this, Qian et al.45 found that while IDO2 
expression could suppress both CD4+ and CD8+ T-cell pro-
liferation in vitro, addition of excess Trp was not able to over-
come this suppression. There is, however, some evidence that 
IDO2 can affect kynurenine levels in some contexts.6,7,17

Human IDO2 Polymorphisms
Human IDO2 is significantly less active than the mouse 
IDO2 enzyme, underscoring the importance of understand-
ing the relationship, or lack thereof, between Trp catabolism 
by IDO2 and disease.6,45 There is some evidence that human 
IDO2 may be expressed as different splice isoforms.6 In human 
IDO2, multiple out-of-frame stop codons lead to several trun-
cated isoforms. Additionally, the human IDO2 gene has an 
alternative first exon not found in mouse IDO2. Interestingly, 
in an in vitro study, deletion of IDO1 caused an increased 
expression of alternatively spliced IDO2,3 though the func-
tional consequences of alternative splicing remain unresolved. 
Human populations have two common IDO2-inactivating 
polymorphisms. The first, R248W, introduces a mutation at a 
catalytic residue and generates a .90% reduction in catalytic 
activity in in vitro assays.6 The second introduces a stop codon 
at residue 359, leading to a truncated and catalytically inactive 
protein product.6 Both polymorphisms are relatively common 
in human populations, with at least 25% of the population 
estimated to have a functionally inactive IDO2.6,18 Other non-
synonymous variants have been identified from HapMap and 
other databases.46 Generally, the contribution of the different 
isoforms and polymorphisms to immunity, both in the context 
of cancer and autoimmune disorders, remain undiscovered. 
However, genetic evidence indicates that inactivating IDO2 
polymorphisms may be less prevalent in the African-American 
population,6 which may be of relevance to health disparities 
associated with this ethnic group including disproportionate 
rates of SLE onset and disease severity.47 Furthermore, the 
Y359STOP mutation is slightly associated with a reduced risk 
of Crohn’s disease,46 supporting the idea of IDO2 as a pro-
inflammatory mediator in an autoimmune environment.

IDO2 Inhibition as a Therapy in Multiple Models 
of Autoimmune Inflammatory Disorders
The important role demonstrated for IDO2 in preclinical auto-
immune models, together with the multiple functional poly-
morphisms identified in human IDO2, suggests that IDO2 
could be an effective therapeutic target to treat inflammatory 
autoimmunity. However, targeting IDO2 in autoimmune dis-
ease has several key challenges. Preclinical studies using the 
KRN arthritis model suggest that IDO2 functions primar-
ily in the early phase of the immune response by inhibiting 
the differentiation of the autoreactive B-cells responsible for 
its initiation.4 Further supporting the importance of IDO2 in 
the initiation phase of the response, the inhibitor 1MT has 
no effect if given after the onset of arthritis; inhibitors must 
be dosed prior to disease manifestation for the ameliorated 
response to occur.30 Therefore, we hypothesized that combin-
ing IDO2  inhibition with current RA therapies that either 
target the effector stage or reinstate the initiation phase 
could lead to a more effective amelioration of disease. To 
test this hypothesis, 1MT was combined with two candidate  
co-therapeutics: (1) methotrexate (MTX), an anti-inflammatory 
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agent that targets the effector stage of disease and (2) anti-
CD20 Ig (rituximab), a monoclonal antibody that depletes the 
B-cell repertoire, effectively rebooting the immune system.48,49 
Treatment with MTX was able to partially inhibit arthritis 
in K/BxN mice when used as a monotherapy; however, com-
bining MTX with 1MT was significantly more effective than 
either treatment alone at delaying the onset and alleviating 
the severity of joint inflammation.48 Likewise, administration 
of 1MT following anti-CD20 treatment led to reduced num-
bers of autoantibody-secreting cells and prevented the flare 
of arthritis observed in mice treated with anti-CD20 alone 
following the repopulation of B cells.49 Together, these data 
suggest that inhibition of IDO2 is a potential therapeutic can-
didate for use in combination with MTX or B-cell-depletion 
therapy to increase their efficacy in the treatment of RA.

A second challenge to the development of IDO2 therapy 
lies in the problem of specifically targeting this intracellular 
antigen. To inhibit IDO function, most studies in the litera-
ture, including those from our laboratory, have historically used 
the compound 1MT. However, 1MT is not a direct inhibitor 
of either IDO1 or IDO2, but rather an indirect inhibitor of 
the overall IDO pathway.4,8 To date, there are no small mol-
ecule inhibitors that specifically target IDO2 but not IDO1 
and do not also have additional physiological effects.50 Target-
ing strategies using monoclonal antibodies offer a potential 
alternative option, due to their exquisite specificity. Although 
generally used to target easily accessible surface-expressed 
or secreted factors, recent evidence suggests that monoclo-
nal antibodies can also be effective at targeting intracellular  
antigen (Ag),51 a strategy we are actively pursuing to specifi-
cally target IDO2.

Conclusions
Current evidence reveals IDO2 to be an immunomodulatory 
enzyme that acts in B cells to modulate autoimmune disease. 
Although its enzymatic function is poorly characterized, it is 
clear that the mechanism of immune modulation by IDO2 
is distinct from its better-studied homolog, IDO1. IDO2 
acts as a pro-inflammatory mediator in multiple models of 
autoimmune inflammatory disorders, including RA, CHS, and 
SLE. Because IDO2 is acting to promote inflammation, it is 
an obvious candidate for therapeutic targeting for treatment of 
these diseases, particularly in a co-therapeutic setting.

Acknowledgments
We would like to thank Samantha Grabler and Elizabeth Pigott 
for their contributions to the scientific work discussed in this 
review and Anita Varkey for comments on the manuscript.

Author Contributions
Conceived and designed the experiments: LMFM, LMN. 
Analyzed the data: LMFM, LMN. Wrote the first draft of 
the manuscript: LMFM, LMN. Contributed to the writing 
of the manuscript: LMFM, LMN. Agree with manuscript 

results and conclusions: LMFM, LMN. Jointly devel-
oped the structure and arguments for the paper: LMFM, 
LMN. Made critical revisions and approved final version: 
LMFM, LMN. Both authors reviewed and approved of the 
final manuscript.

References
	 1.	 Ball HJ, Jusof FF, Bakmiwewa SM, Hunt NH, Yuasa HJ. Tryptophan-catabolizing 

enzymes – party of three. Front Immunol. 2014;5:485.
	 2.	 Yuasa HJ, Mizuno K, Ball HJ. Low efficiency IDO2 enzymes are conserved in 

lower vertebrates, whereas higher efficiency IDO1 enzymes are dispensable. FEBS J. 
2015;282(14):2735–45.

	 3.	 Metz R, Smith C, DuHadaway JB, et al. IDO2 is critical for IDO1-mediated 
T-cell regulation and exerts a non-redundant function in inflammation. Int 
Immunol. 2014;26(7):357–67.

	 4.	 Merlo LM, Pigott E, DuHadaway JB, et  al. IDO2 is a critical mediator of 
autoantibody production and inflammatory pathogenesis in a mouse model of 
autoimmune arthritis. J Immunol. 2014;192(5):2082–90.

	 5.	 Pantouris G, Serys M, Yuasa HJ, Ball HJ, Mowat CG. Human indoleamine 2,3-
dioxygenase-2 has substrate specificity and inhibition characteristics distinct from 
those of indoleamine 2,3-dioxygenase−1. Amino Acids. 2014;46(9):2155–63.

	 6.	 Metz R, Duhadaway JB, Kamasani U, Laury-Kleintop L, Muller AJ, Prendergast GC. 
Novel tryptophan catabolic enzyme IDO2 is the preferred biochemical target of 
the antitumor indoleamine 2,3-dioxygenase inhibitory compound D-1-methyl-
tryptophan. Cancer Res. 2007;67(15):7082–7.

	 7.	 Ball HJ, Sanchez-Perez A, Weiser S, et  al. Characterization of an indoleamine 
2,3-dioxygenase-like protein found in humans and mice. Gene. 2007;396(1):203–13.

	 8.	 Metz R, Rust S, Duhadaway JB, et  al. IDO inhibits a tryptophan sufficiency 
signal that stimulates mTOR: a novel IDO effector pathway targeted by D-1-
methyl-tryptophan. Oncoimmunology. 2012;1(9):1460–8.

	 9.	 Pallotta MT, Orabona C, Volpi C, et al. Indoleamine 2,3-dioxygenase is a signaling 
protein in long-term tolerance by dendritic cells. Nat Immunol. 2011;12(9):870–8.

	 10.	 Orabona C, Pallotta MT, Grohmann U. Different partners, opposite outcomes: 
a new perspective of the immunobiology of indoleamine 2,3-dioxygenase. Mol Med. 
2012;18:834–42.

	 11.	 Orabona C, Pallotta MT, Volpi C, et al. SOCS3 drives proteasomal degradation 
of indoleamine 2,3-dioxygenase (IDO) and antagonizes IDO-dependent tolero-
genesis. Proc Natl Acad Sci U S A. 2008;105(52):20828–33.

	 12.	 Munn DH, Sharma MD, Baban B, et al. GCN2 kinase in T cells mediates prolif-
erative arrest and anergy induction in response to indoleamine 2,3-dioxygenase. 
Immunity. 2005;22(5):633–42.

	 13.	 Munn DH, Zhou M, Attwood JT, et al. Prevention of allogeneic fetal rejection 
by tryptophan catabolism. Science. 1998;281(5380):1191–3.

	 14.	 Prendergast GC, Smith C, Thomas S, et al. Indoleamine 2,3-dioxygenase pathways 
of pathogenic inflammation and immune escape in cancer. Cancer Immunol Immu-
nother. 2014;63(7):721–35.

	 15.	 Munn DH, Mellor AL. IDO in the tumor microenvironment: inflammation, 
counter-regulation, and tolerance. Trends Immunol. 2016;37(3):193–207.

	 16.	 Prendergast GC. Immune escape as a fundamental trait of cancer: focus on IDO. 
Oncogene. 2008;27(28):3889–900.

	 17.	 Trabanelli S, Ocadlikova D, Ciciarello M, et al. The SOCS3-independent expres-
sion of IDO2 supports the homeostatic generation of T regulatory cells by human 
dendritic cells. J Immunol. 2014;192(3):1231–40.

	 18.	 Witkiewicz AK, Costantino CL, Metz R, et  al. Genotyping and expression 
analysis of IDO2 in human pancreatic cancer: a novel, active target. J Am Coll Surg. 
2009;208(5):781–7. [discussion 787–9].

	 19.	 Lob S, Konigsrainer A, Zieker D, et al. IDO1 and IDO2 are expressed in human 
tumors: levo- but not dextro-1-methyl tryptophan inhibits tryptophan catabo-
lism. Cancer Immunol Immunother. 2009;58(1):153–7.

	 20.	 Hascitha J, Priya R, Jayavelu S, et al. Analysis of kynurenine/tryptophan ratio 
and expression of IDO1 and 2  mRNA in tumour tissue of cervical cancer 
patients. Clin Biochem. 2016;49(12):919–24.

	 21.	 Sorensen RB, Kollgaard T, Andersen RS, et al. Spontaneous cytotoxic T-cell reac-
tivity against indoleamine 2,3-dioxygenase-2. Cancer Res. 2011;71(6):2038–44.

	 22.	 Widner B, Sepp N, Kowald E, et al. Enhanced tryptophan degradation in sys-
temic lupus erythematosus. Immunobiology. 2000;201(5):621–30.

	 23.	 Beetham W Jr, Fischer S, Schrohenloher R. Tryptophan metabolite excretion in 
connective tissue diseases demonstrating a difference between rheumatoid spon-
dylitis and rheumatoid arthritis. Proc Soc Exp Biol Med. 1964;117:756–9.

	 24.	 Spiera H, Vallarino R. Serum kynurenine in rheumatoid arthritis. J Clin Invest. 
1969;48(5):856–9.

	 25.	 Mandel EH, Appleton HD. Tryptophan metabolism. Results of studies in dis-
coid lupus erythematosus. Arch Dermatol. 1966;94(3):358–60.

http://www.la-press.com
http://www.la-press.com/journal-clinical-medicine-insights-pathology-j54


Merlo and Mandik-Nayak

28 Clinical Medicine Insights: Pathology 2016:9(S1)

	 26.	 Labadarios D, McKenzie DY, Dickerson JW, Parke DV. Metabolic abnormalities 
of tryptophan and nicotinic acid in patients with rheumatoid arthritis. Rheumatol 
Rehabil. 1978;17(4):227–32.

	 27.	 Gurtner GJ, Newberry RD, Schloemann SR, McDonald KG, Stenson WF. 
Inhibition of indoleamine 2,3-dioxygenase augments trinitrobenzene sulfonic 
acid colitis in mice. Gastroenterology. 2003;125(6):1762–73.

	 28.	 Sakurai K, Zou JP, Tschetter JR, Ward JM, Shearer GM. Effect of indoleamine 
2,3-dioxygenase on induction of experimental autoimmune encephalomyelitis. 
J Neuroimmunol. 2002;129(1–2):186–96.

	 29.	 Szanto S, Koreny T, Mikecz K, Glant TT, Szekanecz Z, Varga J. Inhibition 
of indoleamine 2,3-dioxygenase-mediated tryptophan catabolism accelerates 
collagen-induced arthritis in mice. Arthritis Res Ther. 2007;9(3):R50.

	 30.	 Scott GN, DuHadaway J, Pigott E, et al. The immunoregulatory enzyme IDO para-
doxically drives B cell-mediated autoimmunity. J Immunol. 2009;182(12):7509–17.

	 31.	 Xu H, Oriss TB, Fei M, et al. Indoleamine 2,3-dioxygenase in lung dendritic 
cells promotes Th2 responses and allergic inflammation. Proc Natl Acad Sci U S A. 
2008;105(18):6690–5.

	 32.	 von Bubnoff D, Bieber T. The indoleamine 2,3-dioxygenase (IDO) pathway con-
trols allergy. Allergy. 2012;67(6):718–25.

	 33.	 Criado G, Simelyte E, Inglis JJ, Essex D, Williams RO. Indoleamine 2,3 dioxygenase-
mediated tryptophan catabolism regulates accumulation of Th1/Th17  cells in the 
joint in collagen-induced arthritis. Arthritis Rheum. 2009;60(5):1342–51.

	 34.	 Seo SK, Choi JH, Kim YH, et al. 4-1BB-mediated immunotherapy of rheuma-
toid arthritis. Nat Med. 2004;10(10):1088–94.

	 35.	 Korganow AS, Ji H, Mangialaio S, et al. From systemic T cell self-reactivity to organ-
specific autoimmune disease via immunoglobulins. Immunity. 1999;10(4):451–61.

	 36.	 Ravishankar B, Liu H, Shinde R, et al. Tolerance to apoptotic cells is regulated by 
indoleamine 2,3-dioxygenase. Proc Natl Acad Sci U S A. 2012;109(10):3909–14.

	 37.	 Li Y, Li H, Ni D, Weigert M. Anti-DNA B cells in MRL/lpr mice show altered 
differentiation and editing pattern. J Exp Med. 2002;196(12):1543–52.

	 38.	 Mandik-Nayak L, Seo SJ, Sokol C, Potts KM, Bui A, Erikson J. MRL-lpr/lpr 
mice exhibit a defect in maintaining developmental arrest and follicular exclu-
sion of anti-double-stranded DNA B cells. J Exp Med. 1999;189(11):1799–814.

	 39.	 Theofilopoulos AN, Dixon FJ. Murine models of systemic lupus erythematosus. 
Adv Immunol. 1985;37:269–390.

	 40.	 Merlo LM, DuHadaway JB, Grabler S, Prendergast GC, Muller AJ, Mandik-
Nayak L. IDO2 modulates T cell-dependent autoimmune responses through a B 
cell-intrinsic mechanism. J Immunol. 2016;196(11):4487–97.

	 41.	 Sun T, Chen XH, Tang ZD, et  al. Novel 1-alkyl-tryptophan derivatives 
downregulate IDO1 and IDO2 mRNA expression induced by interferon-gamma 
in dendritic cells. Mol Cell Biochem. 2010;342(1–2):29–34.

	 42.	 Vogel CF, Wu D, Goth SR, et al. Aryl hydrocarbon receptor signaling regulates 
NF-kappaB RelB activation during dendritic-cell differentiation. Immunol Cell 
Biol. 2013;91(9):568–75.

	 43.	 Platten M, Wick W, Van den Eynde BJ. Tryptophan catabolism in cancer: 
beyond IDO and tryptophan depletion. Cancer Res. 2012;72(21):5435–40.

	 44.	 Li Q , Harden JL, Anderson CD, Egilmez NK. Tolerogenic phenotype of IFN-
gamma-induced IDO+ dendritic cells is maintained via an autocrine IDO-
kynurenine/AhR-IDO loop. J Immunol. 2016;197(3):962–70.

	 45.	 Qian F, Liao J, Villella J, et al. Effects of 1-methyltryptophan stereoisomers on 
IDO2 enzyme activity and IDO2-mediated arrest of human T cell proliferation. 
Cancer Immunol Immunother. 2012;61(11):2013–20.

	 46.	 Lee A, Kanuri N, Zhang Y, Sayuk GS, Li E, Ciorba MA. IDO1 and IDO2 
non-synonymous gene variants: correlation with Crohn’s disease risk and clinical 
phenotype. PLoS One. 2014;9(12):e115848.

	 47.	 Alarcon GS, Friedman AW, Straaton KV, et al. Systemic lupus erythematosus 
in three ethnic groups: III. A comparison of characteristics early in the natural 
history of the LUMINA cohort. LUpus in MInority populations: NAture vs. 
Nurture. Lupus. 1999;8(3):197–209.

	 48.	 Pigott E, DuHadaway JB, Muller AJ, Gilmour S, Prendergast GC, Mandik-
Nayak L. 1-Methyl-tryptophan synergizes with methotrexate to alleviate arthri-
tis in a mouse model of arthritis. Autoimmunity. 2014;47(6):409–18.

	 49.	 Pigott E, Mandik-Nayak L. Addition of an indoleamine 2,3,-dioxygenase 
inhibitor to B cell-depletion therapy blocks autoreactive B cell activation and 
recurrence of arthritis in K/BxN mice. Arthritis Rheum. 2012;64(7):2169–78.

	 50.	 Bakmiwewa SM, Fatokun AA, Tran A, Payne RJ, Hunt NH, Ball HJ. Identifi-
cation of selective inhibitors of indoleamine 2,3-dioxygenase 2. Bioorg Med Chem 
Lett. 2012;22(24):7641–6.

	 51.	 Guo K, Li J, Tang JP, et al. Targeting intracellular oncoproteins with antibody 
therapy or vaccination. Sci Transl Med. 2011;3(99):99ra85.

	 52.	 Kouskoff V, Korganow AS, Duchatelle V, Degott C, Benoist C, Mathis D. Organ-
specific disease provoked by systemic autoimmunity. Cell. 1996;87(5):811–22.

	 53.	 LaBranche TP, Hickman-Brecks CL, Meyer DM, et al. Characterization of the 
KRN cell transfer model of rheumatoid arthritis (KRN-CTM), a chronic yet 
synchronized version of the K/BxN mouse. Am J Pathol. 2010;177(3):1388–96.

http://www.la-press.com
http://www.la-press.com/journal-clinical-medicine-insights-pathology-j54

