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Abstract

IDO2 is one of two closely related tryptophan catabolizing enzymes induced under inflammatory 

conditions. In contrast to the immunoregulatory role defined for IDO1 in cancer models, 

IDO2 has a proinflammatory function in models of autoimmunity and contact hypersensitivity. 

In humans, two common single nucleotide polymorphisms have been identified that severely 

impair IDO2 enzymatic function, such that less than 25% of individuals express IDO2 with 

full catalytic potential. This, together with IDO2’s relatively weak enzymatic activity, suggests 

that IDO2 may have a role outside of its function in tryptophan catabolism. To determine if 

the enzymatic activity of IDO2 is required for its proinflammatory function, we used newly 

generated catalytically inactive IDO2 knock-in mice together with established models of contact 

hypersensitivity and autoimmune arthritis. Contact hypersensitivity was attenuated in catalytically 

inactive IDO2 knock-in mice. In contrast, induction of autoimmune arthritis was unaffected by the 

absence of IDO2 enzymatic activity. In pursuing this non-enzymatic IDO2 function, we identified 

GAPDH, Runx1, RANbp10, and Mgea5 as IDO2-binding proteins that do not interact with IDO1, 

implicating them as potential mediators of IDO2-specific function. Taken together, our findings 

identify a novel function for IDO2, independent of its tryptophan catabolizing activity, and suggest 

this non-enzymatic function could involve multiple signaling pathways. These data show that the 

enzymatic activity of IDO2 is required only for some inflammatory immune responses and provide 

the first evidence of a non-enzymatic role for IDO2 in mediating autoimmune disease.

INTRODUCTION

Two tryptophan (Trp) catabolizing enzymes, IDO1 and IDO2, have unexpected connections 

to immunity. While extensive research has focused on the role of IDO1 in T cell 

suppression and cancer development (1–3), IDO2 has been found to have an alternative, pro-

inflammatory role in immune responses. Previous work established that IDO2 acts in B cells 
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to promote inflammation in preclinical models of autoimmunity and contact hypersensitivity 

(4, 5). However, the mechanistic and cellular relationships between tryptophan catabolism, 

IDO2, and disease remain unresolved.

Both IDO1 and IDO2, along with the enzyme tryptophan-2,3-dioxygenase (TDO), can 

catabolize the first and rate-limiting step in the breakdown of the amino acid L-Trp to N-

formylkynurenine (kyn). In comparison with IDO1 and TDO, however, IDO2 has relatively 

weak catalytic activity (6, 7). Indeed, IDO1 knockout (ko) mice, in which expression of 

the protein has been genetically disrupted, show a marked reduction in serum kyn, whereas 

IDO2 ko mice show no change in overall kyn levels, suggesting that IDO2 contributes little 

to the overall Trp catabolism, even in the context of inflammation (8). IDO2 may, in fact, 

catabolize some Trp derivatives such as 5-methoxytryptophan, with greater efficiency than 

Trp itself (9). The lack of association between IDO2 and overall kyn production suggests 

that IDO2 may be acting to catabolize Trp or Trp derivatives in only a small subset of 

cells or tissues, or that it may in fact have another, potentially non-enzymatic, role entirely. 

Non-enzymatic functions have been defined for IDO1, particularly via a TGF-β mediated 

process allowing a stable immune regulatory phenotype to be maintained in plasmacytoid 

dendritic cells (pDCs). This process is mediated by phosphorylation of two ITIM motifs in 

IDO1, triggering downstream processes affecting protein stability and affecting the balance 

between canonical and non-canonical NF-κB signaling (10–12).

There are two common Ido2 single nucleotide polymorphisms (SNPs) found in the human 

population that severely impair enzymatic function (6). The first (rs10109853), an Arginine 

to Tryptophan mutation at amino acid position 248 in human (235 in mouse), is located 

at a position analogous to R231 in human IDO1 that is critical for dioxygenase activity 

and may be directly involved in substrate recognition through hydrophobic interactions (13). 

The second (rs4503083) is a nonsense mutation, changing a Tyrosine to a stop codon 

at position 359 in human (346 in mouse), immediately prior to a conserved histidine 

residue known to be essential for catalytic activity in IDO1 (13, 14). Surprisingly, both 

inactivating polymorphisms are common in human populations, such that only ~25% of 

normal individuals appear to have a homozygous wild-type configuration of the gene 

conferring full catalytic potential (6). Both of these SNPs have been examined in the context 

of human disease and have been associated with multiple myeloma, pancreatic cancer, and 

aspergillosis in susceptible patients but not with multiple sclerosis or Crohn’s disease (15–

21).

The prevalence of enzyme-inactivating IDO2 polymorphisms in the human population, 

together with the lack of effect of IDO2 deletion on serum kyn levels in mice, suggests 

that IDO2 may have functions outside of its catalytic activity. To directly examine the 

contribution of IDO2 enzyme activity to inflammatory immune responses, we generated 

IDO2 knock-in (ki) mice incorporating each of the two SNPs that catalytically impair 

IDO2 (R235W or Y346X). Given our previous findings defining the relationship between 

IDO2 and the inflammatory responses mediating autoimmune arthritis and contact 

hypersensitivity, we used these models to examine whether the enzymatic function of IDO2 

was necessary for its proinflammatory effect.
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MATERIALS AND METHODS

Mice.

KRN TCR transgenic C57BL/6 (22) and IDO2 deficient (IDO2 ko) (23) mice on a 

C57BL/6 background have been described. CRISPR/Cas9-based gene editing (performed 

by The Jackson Laboratory) was employed to introduce point mutations into the mouse 

Ido2 gene, which recapitulate the enzyme-inactivating C/T polymorphism at position 

235 that introduces an R to W amino acid change in exon 8 and C/A polymorphism 

at position 346 that introduces a stop codon in exon 10. Sequences used for the 

CRISPR guides: Ido2ex8_sgRNA1: CTTACCCAGAGAGGAAGATC; Ido2ex8_sgRNA2: 

GTCATCCGGATCTTCCTCTC; Ido2ex8_sgRNA3: TCATCCGGATCTTCCTCTCT; 

Ido2ex10_sgRNA1: ATCTGGCCACGACATTGATGTGG; Ido2ex10_sgRNA2: 

CAGTTACCACATCAATGTCGTGG. Two founder lines on a C57BL/6 background were 

established for each polymorphism. Point mutations were confirmed by sequencing 

of genomic DNA using the primers 5’-CATACGGAACGGATTAACAGC-3’ and 5’-

TTTGCCCCTTTTGGATTTAAG-3’ for sequencing of the R235W polymorphism and 5’-

ATTTCCATGTGGAGCTATGACG-3’ and 5’-ACCACGTGGGTGAAGGATTG-3’ for the 

Y346X polymorphism. One founder line for each polymorphism was bred to homozygosity 

and expanded for further analysis.

Arthritic mice were generated by breeding KRN Tg C57BL/6 mice expressing the I-Ag7 

MHC Class II molecule (KRN.g7). This process was repeated to generate arthritic mice 

homozygous for IDO2 ko, R235W, or Y346X. Homozygosity of the R235W and Y346X 

lines were confirmed by sequencing. KRN.g7 mice develop arthritis with similar kinetics as 

the original K/BxN mice (24). Both male and female mice were used in all experiments. 

Control and experimental groups were bred in-house and co-housed (when possible) under 

specific pathogen free conditions in the animal facility at the Lankenau Institute for Medical 

Research. Studies were performed in accordance with National Institutes of Health and 

Association for Assessment and Accreditation of Laboratory Animal Care guidelines with 

approval from the LIMR Institutional Animal Care and Use Committee.

T cell adoptive transfer arthritis.

CD4+ T cells from the spleens and lymph nodes (LN) of IDO2 ko KRN TCR tg B6 

mice were purified by positive selection with anti-CD4 mouse MACS microbeads (Miltyeni 

Biotec). The elutant was purified over a second column to achieve higher purity (~90%). 

B cells from spleens of IDO2 wt, IDO2 ko, R235W, or Y346X I-Ag7/b mice were purified 

by anti-CD43 negative selection with MACS beads (Miltenyi). B cell purity was routinely 

~97%. Following purification, 3.5×105 CD4+ T cells and 1×106 B cells were adoptively 

transferred i.v. into TCRα ko IDO2 ko B6g7/b hosts. Arthritis was measured starting at the 

day of cell transfer, as described below. Mice were sacrificed after 2 weeks.

Arthritis incidence.

The two rear ankles of KRN.g7, IDO2 ko KRN.g7, R235W KRN.g7, and Y346X KRN.g7 

mice were measured starting at weaning (3 wk of age). Measurement of ankle thickness 

was made above the footpad axially across the ankle joint using a Fowler Metric Pocket 
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Thickness Gauge. Ankle thickness was rounded off to the nearest 0.05mm. At 6wk of age, 

the rear paws were fixed in 10% buffered formalin for 48h, decalcified in 14% EDTA for 

2wk, embedded in paraffin, sectioned, and stained with hematoxylin and eosin. Histology 

sections were imaged using a Zeiss Axioplan microscope with a Zeiss Plan-Apochromat 

10x/0.32 objective and Zeiss AxioCam HRC camera using AxioVision 4.7.1 software. The 

images were then processed using Adobe Photoshop CC software.

ELISpot assay.

Anti-GPI antibody secreting cells were measured by ELISpot as described (25). Briefly, 

cells from the joint draining lymph nodes (axillary, brachial, and popliteal LNs) from 6 

week-old KRN.g7, IDO2 ko KRN.g7, R235W KRN.g7, and Y346X KRN.g7 mice were 

plated at 4 × 105 cells per well and diluted serially 1:4 in Multiscreen HA mixed cellulose 

ester membrane plates (Millipore) coated with histidine (his)-tagged glucose-6-phosphate 

isomerase (GPI) (10μg/ml). The cells were incubated on the GPI-coated plates for 4hr at 

37°C. The Ig secreted by the plated cells was detected by Alkaline Phosphatase-conjugated 

goat anti-mouse total Ig secondary Ab (Southern Biotechnology Associates) and visualized 

using NBT/BCIP substrate (nitroblue tetrazolium / 5-bromo-4-chloro-3-indolyl phosphate; 

Sigma).

Contact Hypersensitivity.

IDO2 ko, R235W, Y346X, and wt BALB/c mice were sensitized with 3% oxazolone 

(Sigma) in 100% ethanol on their shaved abdomen (100μl) and hind footpads (10μl each) 

5 days prior to the start of the experiment. Five days later, mice were elicited with 20μl 

of 1% oxazolone in 100% ethanol, 10μl on each side of the ears. After 24h, ear thickness 

was measured using a dial gauge (Fowler) and harvested ears were fixed in 10% buffered 

formalin, embedded in paraffin, sectioned, and stained with H&E. Histology sections were 

imaged using a Zeiss Axioplan microscope wth a Zeiss Plan-Apochromat x10/0.32 objective 

and Zeiss AxioCam HRC camera using AxioVision 4.7.1 software. The images were then 

processed using Adobe Photoshop CC software. Trials performed in multiple mice were 

replicated at least 3 times.

Generation of R235W, Y346X, and wt IDO2 transfected cell lines.

A plasmid (pReceiver-M08) containing the open reading frame of murine IDO2 (mIDO2) 

under the control of the CMV promoter was purchased from GeneCopoeia (Mm32442-

M08). A 98bp fragment containing V5 and 6-his tags was inserted at the 3’ end of 

mIDO2, by insertion at the Not1 and Nhe1 sites in the pReceiver-M08 vector, to make 

wild-type (wt) mIDO2-V5his. Plasmids containing the R235W and Y346X polymorphisms 

were generated by site-directed mutagenesis of wt mIDO2-V5his using inverse PCR and 

In-Fusion® cloning technology (Takara Bio) following manufactures’ instructions. Primers 

used for inverse PCR were R235W: 5’-GGTCATCTGGATCTTCCTCTCTGGGTGGA-3’ 

and 5’-AAGATCCAGATGACCGAGTAAAATATGTCTGGG-3’, Y346X: 

5’- GCGCAGTTAACACATCAATGTCGTGGCCAG-3’ and 5’- 

ATGTGTTAACTGCGCAGCTCTCCCAG-3’. To express the tagged Y346X truncated 

protein, the 0.2kb region between the new stop codon and the V5-his tag was removed. 

Correct mutations and tags were confirmed by sequencing. Wt, R235W, and Y346X IDO2 
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protein and V5 tag expression were confirmed by transient transfection into Human 293-T-

REx™ cells, followed by Western blotting. Stable expression cell lines were generated 

by selection with 400μg/ml G418. Single high-expressing lines were subcloned by sorting 

single cells on a BD FACSAria III cell sorter.

Yeast Two-Hybrid Analysis.

Yeast two-hybrid screening was performed by Hybrigenics Services, S.A.S., Paris, 

France (http://www.hybrigenics-services.com). The coding sequence for the full length 

of Mus musculus - Ido2 (aa 1–405) (GenBank accession number gi: 170763487; https://

www.ncbi.nlm.nih.gov/nuccore/170763487 [ncbi.nlm.nih.gov]) was PCR-amplified and 

cloned into pB27 as a C-terminal fusion to LexA (N-LexA-Ido2-C). The construct was 

checked by sequencing the entire insert and used as a bait to screen a random-primed mouse 

spleen cDNA library constructed into pP6. pB27 and pP6 derive from the original pBTM116 

(26) and pGADGH (27) plasmids, respectively. 77.2 million clones (7-fold the complexity of 

the library) were screened using a mating approach with YHGX13 (Y187 ade2–101::loxP-

kanMX-loxP, matα) and L40ΔGal4 (mata) yeast strains as previously described (28). 37 

His+ colonies were selected on a medium lacking tryptophan, leucine and histidine. The 

prey fragments of the positive clones were amplified by PCR and sequenced at their 5’ and 

3’ junctions. The resulting sequences were used to identify the corresponding interacting 

proteins in the GenBank database (NCBI) using a fully automated procedure. A confidence 

score (PBS, for Predicted Biological Score) was attributed to each interaction as previously 

described (29). The scores were divided into four categories, from A (highest confidence) 

to D (lowest confidence). The PBS scores have been shown to positively correlate with the 

biological significance of interactions (30, 31).

Co-immunoprecipitation (IP) and Western Blotting.

Livers were harvested from IDO2 ko, R235W, Y346X, or wt C57BL/6 mice. Human 293-

T-REx™ cells stably transfected with V5-tagged IDO1 or IDO2 in a pcDNA4/TO vector 

(Invitrogen) were described previously (6). 293-T-REx™ cells expressing IDO1, wt IDO2, 

R235W IDO2, Y346X IDO2, or untransfected controls were transiently transfected with 

DDK/FLAG-tagged GAPDH, Runt-related transcription factor 1 (Runx1), RAN binding 

protein 10 (RANbp10), meningioma expressed antigen 5 (Mgea5) (Origene) or pyruvate 

kinase (PK) (32) (Addgene). IDO1 and wt IDO2 expression were induced with 2μg/ml 

doxycycline for 48 hours. Livers and transfected cells were lysed with RIPA buffer (Pierce) 

or IP lysis buffer (Thermo Scientific). For co-IP, IDO2 was immunoprecipitated with an 

anti-V5 antibody (T-REx cells) or rabbit anti-IDO2 (liver lysates) and Immunoprecipitation 

kit Dynabeads protein G (Thermo Scientific). For straight Western blots, whole cell 

lysates were run without prior IP. Protein was fractioned using standard SDS-PAGE 

and blotted to Immobilon-NC membranes (Millipore, USA). After blocking, blots were 

incubated at 4°C overnight with HRP or unconjugated primary antibodies. When needed, 

blots were then incubated 2h with HRP-conjugated secondary antibodies. Blots were 

developed with HYGLO Quickspray chemiluminescent HRP reagent (Denville Scientific) 

and analyzed using a ChemiDoc System with Image Lab Software (Biorad). IP antibodies 

to V5 (Invitrogen) or IDO2 (generated to peptide IDO2365-378 by GenScript) and primary 

antibodies to the following antigens were used: FLAG/DDK (BioLegend), V5 (Invitrogen); 
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IDO2 (Santa Cruz); and α-tubulin (Biorad). HRP-conjugated anti-mouse Igκ (Jackson 

Immunoresearch) was used as a secondary antibody to detect α-tubulin.

Flow Cytometry.

Human 293-T-REx™ cells stably transfected with V5-tagged wild-type (wt) IDO2, R235W, 

or Y346X or untransfected controls (parental) were fixed in IC Fixation buffer (Invitrogen), 

permeabilized with 0.2% Tween-20, and stained with anti-V5-FITC (Invitrogen). Samples 

were gated for live cells using forward and side scatter. The samples were acquired on a 

BD FACSCanto II flow cytometer using FACSDiva Software and analyzed using FlowJo 

Software.

In vivo Kynurenine Assay.

Human 293-T-REx™ cells were stably transfected with V5-tagged wt IDO2, R235W, or 

Y346X or untransfected controls (parental). Cells were cultured in IMDM media with 10% 

FCS, 50μM 2-mercaptoethanol, 2mM glutamax (Gibco), and 50μg/ml gentamycin with 

the addition of 2mM L-tryptophan, 10μM hemin, and 4mM 5-aminolevulinic acid. Wt 

IDO2 expression in 293-T-REx™ cells was induced with 2μg/ml doxycycline for 48 hours. 

Harvested supernatants were analyzed for kynurenine levels using an Ehrlich’s Assay, as 

described (33, 34). Briefly, 200μl culture supernatant was incubated with 50μl 50% TCA 

for 30 minutes at 56°C to hydrolyze N-formylkynurenine to kynurenine. After centrifugation 

at 16,000 rpm for 10 min, 100μl of this supernatant was mixed with 100μl of freshly 

prepared Ehrlich reagent (2% 4-(dimethyamino) benzaldehyde w/v in glacial acetic acid), 

incubated 5 min at room temperature, and read at 490nm. Kynurenine levels were calculated 

by comparison to a standard curve.

In vitro Kynurenine Assay.

Human 293-T-REx™ cells, stably transfected with V5-tagged wt IDO2, R235W, or Y346X 

or untransfected controls (parental) were cultured in IMDM media with 10% FCS, 50μM 

2-mercaptoethanol, 2mM glutamax (Gibco), and 50μg/ml gentamycin with the addition of 

2mM L-tryptophan, 10μM hemin, and 4mM 5-aminolevulinic acid. Lysates containing IDO2 

proteins were generated by cytolysis by resuspension of cells in purified, nuclease-free 

water at a ratio of 1×107 cells/ml. Lysates were subjected to 3 freeze-thaw cycles and 

30s sonication to disrupt cell membranes, then spun at maximum speed 10 min at 4°C 

immediately prior to use to remove cellular debris. Cell lysates were immunoblotted with 

anti-V5 antibody to normalize IDO2 levels. Equal amounts of IDO2 were then assayed 

for tryptophan catabolic activity directly from this cell lysate by means of an in vitro 
enzymatic reaction to convert tryptophan to N-formylkynurenine in a mixture containing 

a final concentration of 50mM potassium phosphate, pH=6.5, 40mM sodium L-ascorbate, 

400μg/ml catalase, 20μM methylene blue, and 2mM L-tryptophan for 1 h at 37°C. Products 

of this reaction were tested for kynurenine using the IDK® Kynurenine high sensitive 

ELISA (Immundiagnostik). Kynurenine levels were calculated by comparison to a standard 

curve.
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Cycloheximide chase assay.

Human 293-T-REx™ cells stably transfected with V5-tagged wt R235W, or Y346X IDO2 

were cultured with 300μg/ml cycloheximide (Sigma). Cells were harvested at 0, 3, 6, or 

9 hours and lysed with RIPA buffer. Protein was fractionated using standard SDS-PAGE 

and blotted to Immobilon-NC membranes. After blocking, the blots were incubated with 

anti-V5-HRP (Invitrogen) and anti-GAPDH-Rhodamine (BioRad). Blots were developed 

with HYGLO Quickspray chemiluminescent HRP reagent (Denville Scientific) and analyzed 

using a ChemiDoc System with Image Lab Software (Biorad).

Statistical Analysis.

Statistical significance was determined using one or two way-ANOVA followed by 

comparison of means with Tukey’s post-hoc multiple comparison correction, an unpaired 

Student’s t test, or the Mann-Whitney nonparametric test using GraphPad Prism Software 

(GraphPad Software, Inc).

RESULTS

Generation of enzymatically inactive IDO2 knock-in mice

To determine if the tryptophan catabolizing activity of IDO2 was necessary for its function, 

we generated two new lines of enzymatically inactive IDO2 knock-in (ki) mice. CRISPR/

Cas9 was used to introduce point mutations into the mouse IDO2 gene to recapitulate the 

enzyme-inactivating C/T polymorphism at position 235 that introduces an R to W amino 

acid change in exon 8 (R235W, Fig. 1A) and C/A polymorphism at position 346 that 

introduces a stop codon in exon 10 (Y346X, Fig. 1B). Successful knock-in of the Ido2 
polymorphisms was confirmed by sequencing of genomic DNA (Fig. 1C,D).

To verify lack of enzymatic activity, wild-type (wt), R235W, and Y346X mouse IDO2 V5-

tagged constructs were stably transfected into 293-T-REx™ (T-REx) cells. IDO2 expression 

was measured by staining for the V5 tag by flow cytometry (Fig. 2A). R235W IDO2 

expressed a similar level of IDO2 protein compared to wt IDO2; however, the level of 

Y346X IDO2 was significantly reduced compared to both wt and R235W IDO2 (Fig. 2A,B). 

To measure IDO2 enzymatic activity, the downstream catabolite kynurenine was measured 

in the supernatant using an Ehrlich’s Assay. Although reduced compared to IDO1, wt IDO2 

does exhibit tryptophan catabolizing activity (5–7) that can be enhanced by the addition 

of elevated concentrations of tryptophan, hemin, and 5-aminolevulinic acid ((35) and Fig. 

2C). In contrast, kynurenine was undetectable in cells expressing either the R235W or 

Y346X IDO2 polymorphism, even when normalized for IDO2 expression (Fig. 2B). Lack of 

tryptophan catabolizing activity of R235W and Y346X IDO2 enzymes was confirmed using 

an in vitro enzyme assay (Fig. 2D,E).

Mutations that impair IDO2 enzymatic activity do not attenuate arthritis

Previously, we showed that IDO2 played an important role in driving autoantibody 

production and joint inflammation in the KRN.g7 preclinical model of inflammatory 

arthritis (8). To determine if the enzymatic activity of IDO2 was necessary for its pro-

arthritic effect, we bred the R235W and Y346X IDO2 ki alleles onto the KRN.g7 model 
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and compared them to KRN.g7 mice expressing (wt) or lacking IDO2 (IDO2 ko). KRN.g7 

mice expressing wt IDO2 developed robust arthritis between 3 and 4 weeks of age, whereas 

arthritis in IDO2 ko KRN.g7 mice was delayed in time of onset and reduced in overall 

severity ((8) and Fig. 3A,B). R235W KRN.g7 mice developed robust arthritis, with timing 

and severity indistinguishable from KRN.g7 mice expressing wt IDO2. In contrast, joint 

inflammation in Y346X KRN.g7 mice was reduced, similar to that seen in IDO2 ko KRN.g7 

mice (Fig. 3A,B). Histological analysis of ankles demonstrated extensive immune cell 

infiltration, synovial hyperplasia, and cartilage erosion in R235W and IDO2 wt KRN.g7 

mice and reduced in Y346X and IDO2 ko KRN.g7 mice, confirming the clinical analysis of 

joint inflammation (Fig. 3C).

Using the T cell transfer model of arthritis and a cell “add-back” approach, we previously 

identified B cells as the critical IDO2-expressing cell mediating arthritis in the KRN.g7 

model (4). To determine if IDO2 in B cells mediated arthritis through this non-enzymatic 

mechanism, we again used this T cell transfer model of arthritis. Purified populations of 

B cells isolated from IDO2 wt, ko, R235W, or Y346X C57BL/6g7/b mice were adoptively 

transferred into TCRα ko IDO2 ko C57BL/6g7/b mice and arthritis induced with IDO2 

ko KRN T cells. Consistent with our findings in the spontaneous arthritis model, B cells 

from R235W mice induced robust arthritis; whereas B cells from Y346X mice induced 

only attenuated arthritis, similar to that generated by transfer of IDO2 wt and ko B 

cells, respectively (Fig. 3D). Taken together, these data demonstrate that IDO2’s enzymatic 

function is not required to drive B cell-mediated arthritis.

Mutations that impair IDO2 enzymatic activity do not attenuate autoreactive B cell 
responses

Arthritis in the KRN.g7 model is dependent on autoreactive B and T cell responses directed 

against the autoantigen glucose-6-phosphate isomerase (GPI) (36). Previous work from 

our lab demonstrated that GPI-specific B and T cell responses were reduced in IDO2 

ko KRN.g7 mice (8). Subsequent studies using IDO1/2 double ko mice showed that the 

diminished autoreactive B cell responses were directly dependent on IDO2, whereas the 

effect on autoreactive T cell responses was an indirect effect of altered IDO1 expression in 

the IDO2 ko mice (5). To determine if IDO2’s enzymatic function affects the autoreactive 

B cell response, the number of anti-GPI autoantibody secreting cells (ASCs) was evaluated 

(Fig. 3E). Large numbers of anti-GPI ASCs were found in R235W KRN.g7 mice. In 

contrast, Y346X mice produced reduced numbers of anti-GPI ASCs, similar the level 

found in IDO2 ko mice. These data are consistent with the development of robust vs. 

attenuated arthritis in R235W and Y346X KRN.g7 mice, respectively, and demonstrate that 

the autoreactive B cell response in KRN.g7 mice is not dependent on IDO2’s enzymatic 

activity.

Reduced stability of truncated Y346X IDO2 protein

The large autoantibody response and robust arthritis that developed in the R235W KRN.g7 

mice demonstrated that the enzymatic activity of IDO2 was not required for its pro-

arthritic effect. However, mice expressing the Y346X polymorphism developed reduced 

autoantibodies and attenuated arthritis more consistent with IDO2 genetic deficiency. One 
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potential reason for this discrepancy is that the truncated protein may be unstable and rapidly 

degraded, as suggested by the reduced expression in our transfected cells (Fig. 2). Consistent 

with this, IDO2 protein was undetectable in liver tissue from Y346X mice. IDO2 protein 

was detectable in livers from R235W mice, although reduced compared to wt controls (Fig. 

4A,B). To measure the relative stability of the full length R235W and truncated Y346X 

IDO2 proteins compared to wt IDO2, we performed a cycloheximide chase assay using 

T-REx cells stably transfected with wt, R235W, or Y346X IDO2. Cells were incubated with 

cycloheximide to inhibit protein synthesis and the amount of IDO2 remaining at 3, 6, and 

9 hours was determined by Western blotting (Fig. 5A). During the first 3 hours, wt and 

R235W IDO2 protein levels decreased approximately 30%, but remained stable over the 

next 6 hours (9 hours total). In contrast, Y346X protein levels decreased by 80% at 3 hours 

and >95% by 9 hours (Fig. 5B). These data demonstrate that the truncated Y346X protein is 

rapidly degraded and, together with the lack of IDO2 protein in Y346X mice, suggest that 

the difference in arthritis severity between the R235W and Y346X mice can be explained by 

reduced stability of the Y346X protein.

Polymorphisms that impair IDO2 enzymatic activity inhibit contact hypersensitivity

The finding that IDO2’s enzymatic function was not involved in its proinflammatory role 

driving arthritis led us to ask whether IDO2’s enzymatic function was required to drive 

inflammation in any context. A second model where inflammation has been shown to 

be dependent on IDO2 is the contact hypersensitivity (CHS) model (23). To determine if 

IDO2 enzymatic function was required for CHS, we sensitized wt, IDO2 ko, R235W, and 

Y346X BALB/c mice with oxazolone on the footpads and abdomen, challenged them 5 days 

later with oxazolone on the ears, and then measured swelling after 24 hours. Consistent 

with our previously published data, wt mice showed marked swelling, whereas the CHS 

response in IDO2 ko mice was significantly reduced ((23) and Fig. 6). In contrast to their 

robust inflammatory response in the KRN.g7 arthritis model, R235W mice had a greatly 

diminished CHS inflammatory response, similar to the reduced response in IDO2 ko and 

Y346X mice (Fig. 6A). Histological analysis confirmed the minimal inflammatory cell 

infiltration and swelling in the ears from R235W, Y346X, and IDO2 ko mice compared 

to the robust infiltration of inflammatory cells and swelling seen in wt mice (Fig. 6B). 

Therefore, despite a clear non-enzymatic function for IDO2 in the KRN.g7 arthritis model, 

IDO2’s enzymatic activity does play an important role in mediating inflammation in the 

context of CHS.

IDO2 interacts with multiple unique binding partners

Our data suggest that in addition to tryptophan catabolism, IDO2 also has a non-enzymatic 

function that mediates its proinflammatory activity in arthritis. As a first step to determine 

the molecular signaling pathway mediated by IDO2, we performed a yeast two-hybrid 

screen using full-length mouse IDO2 as bait to screen a random-primed mouse spleen 

cDNA library (Hybrigenics Services; Paris, France) to identify proteins that directly interact 

with IDO2 (28). From a total of 77.2 million interactions, 37 positive clones were isolated 

and sequenced to identify 4 unique proteins (Table I). To confirm the interaction between 

IDO2 and these candidate binding proteins, T-REx cells stably expressing V5-tagged IDO2 

were transfected with DDK/FLAG-tagged GAPDH (Fig. 7A), Runx1 (Fig. 7B), Mgea5 
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(Fig. 7C), RANbp10 (Fig. 7D) or PK as a negative control (Fig. 7E) and the interaction 

between IDO2 and each candidate protein was evaluated by IP/Western using antibodies 

to the V5 and FLAG tags. IDO2 co-immunoprecipitated with GAPDH, Runx1, RANbp10 

and Mgea5, but not PK, providing an initial validation of the two-hybrid results (Fig. 7). 

Given the distinct roles of IDO2 and IDO1 in mediating autoreactive B cell responses 

and arthritis in the KRN model (5), we next determined if any of these IDO2-interacting 

proteins also bound to IDO1. We hypothesized that proteins that bind to IDO2, but not 

IDO1, would be potential components of the non-enzymatic pathway IDO2 uses to drive 

arthritis. To distinguish proteins that bind to IDO2 but not IDO1, we transfected the DDK/

FLAG-tagged candidate proteins into T-REx cells stably expressing IDO1 and repeated the 

Co-IP experiment. Importantly, none of the IDO2-binding proteins bound to IDO1 (Fig. 7), 

identifying them as potential intermediators of IDO2 function.

Lastly, we determined whether the IDO2-interacting proteins bound to IDO2 expressing 

R235W or Y346X polymorphisms (Fig. 8). To do this, we transfected the DDK/FLAG-

tagged candidate proteins into T-REx cells stably expressing wt, R235W, or Y346X 

IDO2 and again repeated the Co-IP experiment. The R235W polymorphism did not affect 

IDO2’s ability to bind to GAPDH and only moderately reduced its binding to Mgea5. In 

contrast, IDO2’s interactions with Runx1 and RANbp10 were more affected by the R235W 

polymorphism (Fig. 8). IDO2 expressing the Y346X polymorphism bound to Runx1, and 

RANbp10 with similar efficacy as wt IDO2, whereas binding to GAPDH was moderately 

reduced and binding to Mgea5 was greatly reduced (Fig. 8). Taken together, these data show 

that all four identified IDO2 interacting proteins retain at least some binding to both R235W 

and Y346X IDO2, suggesting the non-enzymatic function of IDO2 could involve multiple 

signaling pathways.

DISCUSSION

The IDO pathway has long been connected to inflammatory immunity; however, there has 

been debate in the literature about the relative importance of IDO2 to the autoimmune 

response (23, 24, 37–41). IDO2 has greatly reduced tryptophan catabolic activity compared 

to IDO1. In addition, single nucleotide polymorphisms affecting tryptophan catalysis by 

IDO2 are extremely common, with only a minority of people carrying two copies of wt 

IDO2. This suggests one of two possibilities, either that IDO2 has limited relevance to 

disease or that the main role of IDO2 lies outside of its enzymatic function. Here, using 

catalytically inactive IDO2 ki mice, we demonstrate that the enzymatic function of IDO2 

is required to mediate some inflammatory immune responses. Importantly, our findings 

also provide the first evidence of a novel non-enzymatic role for IDO2 in mediating 

inflammatory autoimmune disease.

Mice expressing enzyme-inactivating polymorphisms in IDO2 develop a reduced contact 

hypersensitivity response, similar to that seen in IDO2 ko mice. This suggests an important 

role for tryptophan catabolism in mediating inflammation in this model, although an 

additional effect of the R235W mutation on IDO2 conformation cannot be excluded. 

In contrast, the robust arthritis in KRN mice expressing the R235W polymorphism is 

indistinguishable from that in mice expressing wt IDO2, demonstrating that inflammatory 
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autoimmunity can be generated in the absence of IDO2 catalytic activity. The differential 

requirement for IDO2 enzymatic function in CHS vs. arthritis is reminiscent of the 

contrasting dependence on IDO1 expression in the two models. CHS responses are reduced 

in both IDO1 and IDO2 ko mice, suggesting a common, but non-redundant, requirement for 

tryptophan catabolism to mediate inflammatory immunity in this model (23). In contrast, 

joint inflammation in the KRN arthritis model is attenuated in IDO2 ko, but not IDO1 

ko, mice, providing further support for a novel non-enzymatic role for IDO2 in mediating 

inflammatory autoimmunity (8).

IDO2 inactivating polymorphisms have been associated with some cancers and autoimmune/

inflammatory conditions, suggesting the non-enzymatic role identified in mouse models 

may also be relevant to human disease. Specifically, familial pancreatic cancer is positively 

associated with the Y359X (rs4503083) but not R248W (rs10109853) polymorphism (21). 

In Crohn’s disease, Y359X is associated with a reduced risk of disease, while R248W has no 

effect (17). In these cases, as we see in our KRN.g7 arthritis model, loss of catalytic activity 

alone (R/W) does not affect disease susceptibility compared to wt IDO2, whereas truncation 

associated with reduced protein stability (Y/X) does affect disease state, suggesting that 

full-length but catalytically inactive IDO2 has a relevant signaling role in these conditions. 

In contrast, both polymorphisms are associated with increased risk of aspergillosis in 

hematopoietic stem cell transfer recipients (18), radiotherapy responsiveness in pancreatic 

cancer patients (19), and R/W is associated with susceptibility to multiple myeloma (20), 

signifying a potential role for IDO2 catalytic activity in these circumstances.

The two IDO enzymes have been primarily studied in the context of their direct relationship 

to tryptophan catalysis and several established connections between tryptophan, the IDO 

pathway, and immunity have been described. These include 1) sensing of Trp depletion 

as mediated by GCN2 activation to induce amino acid insufficiency signaling and alter 

levels of immune-modulating cytokines such as IL-6 (42, 43); 2) sensing of Trp depletion 

by mTOR suppression to block amino acid sufficiency signaling, resulting in subsequent 

downstream effects on autophagy (3, 44, 45); and 3) activation of the aryl hydrocarbon 

receptor (AhR) by kynurenine and other Trp derivatives, which promotes the generation 

of T regulatory cells that suppress adaptive immunity (46). In addition, a non-tryptophan 

associated function of IDO1 has been described involving the activation of the non-

canonical NFκB pathway and subsequent induction of TGF-β and type I interferons leading 

to suppression of T cell activation and development of regulatory T cells (11). Our data 

suggest that IDO2 is also likely involved in multiple molecular pathways, only some of 

which require enzymatic function. As such, the non-enzymatic functions of IDO2 must be 

directly examined when investigating the immunomodulatory properties of this protein.

While our experiments here provide in vivo evidence for the non-enzymatic role of IDO2 

in mediating autoimmune disease, the mechanism by which this occurs has yet to be 

elucidated. Given that IDO2 lacks the functional ITIM sites that are essential for IDO1’s 

non-enzymatic signaling, IDO2 is unlikely to share the mechanistic pathways identified for 

IDO1 (11, 47, 48). A yeast-2-hybrid screen identified four diverse proteins with the potential 

to bind IDO2, and which may be involved in immune signaling pathways. Though there 

is no previously established link to the IDO pathway for Runx1, GAPDH, RANbp10, or 
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Mgea5, we found that each of the four successfully co-immunoprecipitates specifically with 

IDO2 but not IDO1. The RUNT-related transcription factor Runx1 has been implicated in 

lymphoid, myeloid, and megakaryocyte lineage maturation (49) and is genetically associated 

with autoimmunity in RA, systemic lupus erythematosus (SLE), and psoriasis (50–52). 

GAPDH is a glycolytic enzyme expressed in all cells. In addition to its critical role in the 

glucose metabolism, GAPDH has been implicated in a diverse array of alternative functions, 

including oligomerization, posttranslational modification, and subcellular localization (53). 

GAPDH has also been reported to bind heme and may have heme sensing or chaperone 

functions (54), a role that could be investigated in the context of the heme binding properties 

of IDO2. Additionally, antibodies against GAPDH have been associated with SLE (55, 56). 

RANbp10 is a small GTPase important in microtubule dynamics, particularly in platelets, 

and may have a role in coupling membrane receptors to intracellular signaling pathways 

(57), though it has been little studied compared to other RAN binding proteins (58). Mgea5 

encodes the protein O-GlcNAcase, which is involved in the post-translational cycling of the 

O-linked β-N-acetyl-D-glucosamine (O-GlcNAc) monosaccharide moiety on proteins (59). 

O‑GlcNAcylation has been implicated in both B and T cell activation and is associated 

with autoimmunity, particularly as a pro-inflammatory mediator of diabetes and insulin 

resistance (60–63). There are hundreds of proteins subject to O-GlcNAc modification, with 

far reaching implications for regulation of immunity, though no known direct links to 

IDO pathways. The wide range of protein functions associated with each of these IDO2 

interacting proteins suggests that the non-enzymatic function of IDO2 may occur through 

multiple independent signaling pathways.

Comparison of the binding of GAPDH, Runx1, Mgea5, and RANbp10 between wt IDO2 

and IDO2 expressing the R235W or Y346X polymorphisms provided further insight into 

the molecular basis of the interactions. Although both R235W and Y346X retained some 

binding to all four proteins, R235W interacted more strongly with GAPDH and Mgea5, 

whereas Y346X bound better to RANbp10 and Runx1. As the Y346X polymorphism 

truncates the IDO2 protein prior to the C terminus, this suggests that Mgea5 and GAPDH 

bind IDO2 near the C terminus and Runx1 and RANbp10 bind upstream of the truncation 

at position 346. Furthermore, the reduced binding of Runx1 and RANbp10 with R235W 

suggests that their interaction with IDO2 either occurs close to the catalytic site or is 

dependent on protein conformation that is disrupted by the R235W mutation. As the binding 

protein interactions were evaluated using transient transfections and an overexpression 

system, future experiments will be needed to explore how these potential IDO2 binding 

partners impact IDO2 function in vivo.

Approaches to therapeutically target the IDO pathway have historically been designed to 

inhibit catalytic activity. Preclinical and early clinical studies suggested that inhibitors of 

IDO1 enzymatic activity would provide a therapeutic benefit in cancer (64–68), but similar 

approaches yielded conflicting results in models of autoimmunity (24, 38, 39, 69, 70). Our 

findings demonstrating that IDO2 enzyme function is not necessary for arthritis development 

in the KRN model suggest that effective therapeutic strategies for targeting IDO2 need to 

address its non-enzymatic signaling capability. Two such approaches, monoclonal antibody 

and siRNA-based modalities have been shown to be effective at ameliorating disease in the 

KRN model (71, 72).
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In summary, our findings demonstrating that IDO2 enzyme function is not necessary for 

arthritis development but is required for a contact hypersensitivity response suggest that 

IDO2 has multifaceted, context-dependent roles in immunity. The discovery of a differential 

requirement for tryptophan catabolizing activity may help to clarify seemingly conflicting 

findings in the literature showing pro vs. anti-inflammatory roles for the IDO pathway in 

models of autoimmune disease. Given the reported nonenzymatic roles of IDO1 and the 

potential involvement of newly established IDO2 binding partners described in this study, 

future studies are warranted to determine the specific non-enzymatic pathway mediating 

IDO2’s function driving autoimmune disease.
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Nonstandard abbreviations:

3

ASCs antibody secreting cells

Cα ko TCR alpha chain deficient

CHS contact hypersensitivity

EIF2α eukaryotic translation initiation factor 2A

GCN2 general control nonderepressible 2

GPI glucose-6-phosphate isomerase

his histidine

IP immunoprecipitation

ki knock-in

ko knock-out

kyn N-formylkynurenine

LN lymph node

Mgea5 meningioma expressed antigen 5

mTOR mammalian target of rapamycin

O-GlcNAc O-linked β-N-acetyl-D-glucosamine

PK pyruvate kinase

PKC protein kinase C
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RA rheumatoid arthritis

RANbp10 RAN binding protein 10

Runx1 Runt-related transcription factor 1 (Runx1)

SLE systemic lupus erythematosus

SNPs single nucleotide polymorphisms

Trp tryptophan

TDO tryptophan-2,3-dioxygenase

T-REx 293-T-REx™ cell line expressing the tetracycline repressor protein

wt wild-type
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KEY POINTS

1. IDO2 has both enzymatic and non-enzymatic functions.

2. IDO2 mediates autoimmune arthritis via a non-enzymatic mechanism.
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Figure 1. Generation of catalytically inactive IDO2 polymorphism knock-in mice.
Point mutations were introduced into the mouse IDO2 gene using CRISPR/Cas9 to 

recapitulate the enzyme-inactivating (A) C/T polymorphism at position 235 that introduces 

an R to W amino acid change in exon 8 and (B) C/A polymorphism at position 

346 that introduces a stop codon in exon 10. Sequences for the CRISPR guides are 

indicated. Successful knock-in of the Ido2 polymorphisms were confirmed for both founder 

and experimental mice by sequencing of genomic DNA. Representative traces for mice 

heterozygous and homozygous for (C) R235W and (D) Y346 polymorphisms are shown.
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Figure 2. R235W and Y346X IDO2 are enzymatically inactive.
293-T-REx™ (Trex) cells were stably transfected with V5-tagged wt, R235W, or Y346X 

IDO2. (A) IDO2 expression in the transfected cells was measured by staining for the V5 

tag using intracellular flow cytometry. Representative FACS plots show IDO2 levels in 

transfected (bold line) compared to untransfected Trex cells (filled histogram). (B) Graph 

shows the mean IDO2 expression ± SEM for n=3 each. (C) Kynurenine (Kyn) in the 

supernatants were measured by Ehrlich’s Assay. Graph indicates the mean amount of 

Kyn, normalized for IDO2 expression per cell, ± SEM for n=3 each. (D) Cell lysates 

were immunoblotted with V5 antibody to normalize IDO2 levels. GAPDH was used as a 

loading control. (E) Equal amounts of IDO2 were evaluated for tryptophan catabolic activity 

using an in vitro enzymatic assay. Kyn production was measured by ELISA. Graph shows 

mean amount of Kyn ± SD from n=3 each. *p<0.05, ***p<0.001, ****p<0.0001, n.s., not 

significant.
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Figure 3. IDO2 enzymatic activity is not required for joint inflammation or autoantibody 
production in KRN.g7 model of autoimmune arthritis.
(A) Rear ankles were measured as an indication of arthritis and represented as the mean 

change in ankle thickness ± SEM from n=12 KRN.g7, n=14 IDO2 ko KRN.g7, n=9 

R235W KRN.g7, and n=8 Y346X KRN.g7 mice, pooled from 4 independent litters for 

each genotype. At 6 wk of age, (B) pictures were taken of the front and rear paws and (C) 

rear paws were sectioned and stained with hematoxylin and eosin. Representative images 

from a total of n=8 mice per genotype. Scale bar = 100μm. (D) Arthritis was induced by 

adoptively transferring KRN IDO2 ko T cells into IDO2 ko TCRα ko B6g7/b mice together 

with B cells purified from B6g7/b (wt), IDO2 ko B6g7/b (IDO2 ko), R235W B6g7/b (R235W), 

or Y346X B6g7/b (Y346X) mice. Arthritis is represented as mean ankle thickness ± SEM. 

Data is from n=7 wt, n=7 IDO2 ko, n=14 R235W, and n=5 Y346X B cell transfers. (E) 

The number of anti-GPI ASCs from the joint dLNs was determined using an ELISpot assay. 

Data shows the mean number of ASCs ± SEM for n=29 KRN.g7, n=14 IDO2 ko KRN.g7, 

n=14 R235W KRN.g7, and n=14 Y346X KRN.g7 mice. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001, n.s., not significant.
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Figure 4. Truncated IDO2 protein absent in Y346 IDO2 ki mice.
Whole liver lysates from IDO2 ko, R235W, Y346X, or wt C57BL/6 mice were 

immunoprecipitated with rabbit anti-IDO2 and then immunoblotted with HRP-conjugated 

mouse anti-IDO2. (A) A representative blot from total of 3 independent experiments is 

shown. (B) Graph shows the mean IDO2 protein expression relative to the C57BL/6 control 

SEM for n=3 samples per genotype. **p<0.01, ****p<0.0001, n.s., not significant
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Figure 5. Reduced stability of truncated Y346X IDO2 protein.
293-T-REx™ cells were stably transfected with V5-tagged wt, R235W, or Y346X IDO2. 

IDO2-transfected cells were cultured in the presence of cycloheximide to inhibit protein 

synthesis. (A) The cells were harvested after 0, 3, 6, or 9 hours and levels of IDO2 

expression in the protein lysates were measured by Western blotting. GAPDH was used 

as a loading control. (B) Graph shows the percentage of IDO2 expression relative to time 0 

for n=3 samples for each cell line/time point. **p<0.01, ***p<0.001
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Figure 6. Polymorphisms that impair IDO2 enzymatic activity inhibit contact hypersensitivity.
Wt, IDO2ko, R235W, and Y346X BALB/c mice were sensitized with oxazolone. Five days 

later, a CHS response was elicited by painting of oxazolone on the ears. (A) Graphs show 

the change in mean ear thickness ± SEM 24 h after elicitation, relative to ear thickness prior 

to elicitation. n=20 wt, n=13 IDO2 ko, n=13 R235W and n=9 Y346X mice. ***p<0.001, 

****p<0.0001, n.s., not significant. (B) 24 hr post-elicitation, ears were sectioned and 

stained with hematoxylin and eosin. Representative images are shown from a total of n=5 

mice per genotype. Scale bar = 100μm.
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Figure 7. IDO2-binding protein interactions suggest potential non-enzymatic pathway mediated 
by IDO2.
293-T-REx™ cells, stably transfected with V5-tagged IDO2, IDO1 or no IDO (none), 

were transiently transfected with FLAG-tagged (A) GAPDH, (B) Runx1, (C) Mgea5, 

(D) RANbp10, or (E) PK. Lysates were immunoprecipitated with anti-V5 resin and then 

immunoblotted with anti-FLAG-HRP. Whole lysates were also directly blotted with anti-V5 

or anti-FLAG to verify expression of the transfected proteins. Although the same plasmid 

backbone was used to express all four test proteins, there was variation in the expression 

level between the individual proteins (GAPDH > Runx1 and Mgea5 >RANbp10). However, 

each individual protein was expressed at approximately the same level between Trex cells 

expressing IDO2, IDO1, or no IDO. Representative blots are shown from a total of 2 

independent experiments. Arrow indicates Runx1 band.
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Figure 8. Varying effect of R235W and Y346X polymorphisms on binding to IDO2-interacting 
proteins.
293-T-REx™ cells, stably transfected with V5-tagged wt IDO2, R235W IDO2, Y346X 

IDO2 or no IDO2 (none), were transiently transfected with FLAG-tagged (A) GAPDH, (B) 

Runx1, (C) Mgea5, (D) RANbp10. Lysates were immunoprecipitated with anti-V5 resin and 

then immunoblotted with anti-FLAG-HRP. Whole lysates were also directly blotted with 

anti-V5 or anti-FLAG to verify expression of the transfected proteins. Representative blots 

are shown from a total of 3 independent experiments. Arrows indicate Runx1 and RANbp10 

bands.
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Table I.
IDO2 interacting proteins.

Full-length cDNA for mouse IDO2 was cloned as a C-terminal fusion to LexA. The construct was screened 

against a mouse spleen cDNA library using a mating approach with YHGX13 and L40ΔGal4 yeast strains. 

His+ colonies were selected on a medium lacking tryptophan, leucine, and histidine. Predicted biological score 

(PBS): A: Very high confidence interaction; B: High confidence interaction; C: Good confidence interaction; 

D: Moderate confidence interaction.

PBS Prey Protein

B Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

D Runt related transcription factor 1 (Runx1)

D Meningioma expressed antigen 5 (Mgea5)

B RAN binding protein 10 (Ranbp10)
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