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A B S T R A C T

Multiple sclerosis (MS) is an autoimmune disease of the central nervous system (CNS) with pathological features
of inflammation, demyelination, and neurodegeneration. Several lines of evidence suggest that the enzymes
indoleamine 2,3-dioxygenase (Ido)1 and/or Ido2 influences susceptibility to autoimmune diseases. Deletion of
Ido1 exacerbates experimental autoimmune encephalomyelitis (EAE) an animal model of MS. However, no data
exist on the role of Ido2 in the pathogenesis of EAE. We investigated whether deletion of Ido2 affected the
pathogenesis of EAE. Temporal expression of interferon gamma (Ifng), Ido1 variants, Ido2 variants, as well as
genes encoding enzymes of the kynurenine pathway in the spleen and spinal cord of C57BL/6 mice with or
without EAE were determined by RT-qPCR. Moreover, EAE was induced in C57BL/6, two Ido1 knockout strains
(Ido1KO and Ido1TK) and one Ido2 knockout mouse strain (Ido2�/�) and disease monitored by clinical scores and
weight change. Performance on the rotarod was performed on days 0, 5, 10 and 15 post induction. The extent of
demyelination in the spinal cord was determined after staining with Oil red O. The development of EAE altered
gene expression in both the spleen and spinal cord. Deletion of Ido1 exacerbated the clinical symptoms of EAE. In
stark contrast, EAE in Ido2�/� mice did not differ clinically or histologically from control mice. These results
confirm a protective role for Ido1, on the pathogenesis of MOG35-55-induced EAE in C57BL/6J mice.
1. Introduction

Multiple sclerosis (MS) is a CNS-restricted disease with pathological
features of inflammation, demyelination, and neurodegeneration. Dis-
ease onset usually occurs in the second or third decade of life. In most
cases, the natural history of MS is characterized by two phases: a
relapsing-remitting phase during which the patient experiences periods
of transient neurological dysfunction followed by periods of reprieve;
and a secondary progressive phase characterized by prominent neuro-
degeneration and continual loss of function without remission. The eti-
ology of MS is suspected to be multifactorial, with both genetic
predisposition and environment contributing to disease onset (Compston
and Coles, 2008).
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The enzymes indoleamine 2,3 dioxygenases (IDO1 and IDO2) and
tryptophan 2,3 dioxygenase (TDO2) catalyze the metabolism of L-tryp-
tophan (Trp) to N-formyl-kynurenine then kynurenine (KYN), thereby
initiating the kynurenine pathway. Activation of this enzymatic cascade
generates metabolites which serve either neuroprotective (kynurenic
acid) or neurotoxic (quinolinic acid) roles, but also act to regulate immune
responses (Lovelace et al., 2016). Expression of IDOs is highly induced by
type I (IFN-α, IFN-β) and type II (IFN-γ) interferons, both ofwhich suppress
disease activity in EAE (Willenborg et al., 1999; Inoue et al., 2012).
Upregulation of IDO1, specifically is associated with a reduction in
intracellular Trp (Yeung et al., 2012; Ganesan and Roy, 2019) and Trp
depletion negatively impacts mTOR signaling (Munn and Mellor, 2013).
Suppression of mTOR signaling by genetic or pharmacological manipu-
lation inhibits the polarization and activation of encephalitogenic Th17
responses and ameliorates EAE (Donia et al., 2009; Esposito et al., 2010;
Delgoffe et al., 2011; Koga et al., 2014; Hou et al., 2017). In addition to
suppressing mTOR activity, intracellular Trp depletion activates the ser-
ine/threonine protein kinase general control non-derepressible 2 (GCN2)
which in turn phosphorylates and inactivates eIF2α. Notably, GCN2
deficient mice also display exacerbated EAE (Orsini et al., 2014). More-
over, release of Kyn by antigen presenting cells suppresses effector im-
mune responses and promotes Treg cell polarization by acting on the T cell
aryl hydrocarbon receptor (AhR), thereby inhibiting autoimmune re-
sponses and resolving inflammation (Lippens et al., 2016). Indeed,
mimicking the effect of Kyn by activation of the AhRwith a novel agonist,
gallic acid, ameliorates EAE (Abdullah et al., 2019). Transplantation of
mesenchymal stem cells expressing Ido1 alleviates body weight loss and
clinical symptoms of MOG35-55-induced EAE (Zhou et al., 2020). Finally,
the relevance of Trp catabolism and kynurenine pathway activation by
dioxygenases to the pathogenesis of human MS is illustrated by the find-
ings that expression of IDO1 appears to correlate with disease activity
(Mancuso et al., 2015) and that levels in peripheral blood mononuclear
cells (PBMCs) from MS patients may be dysregulated (Negrotto and Cor-
reale, 2017). These data collectively suggest that perturbations in the
kynurenine pathway may affect the pathogenesis of MS and that manip-
ulation of this pathway may prove to be therapeutically efficacious in the
treatment of MS or autoimmune diseases in general.

To date several studies demonstrate that Ido1 and Ido2 influence sus-
ceptibility to autoimmune diseases. For instance, pharmacological inhibi-
tion of IDO1 activity during EAE using 1-methyl-DL-tryptophan (1-MT)
increased severity and histopathological scores of disease (Sakurai et al.,
2002).RecentworkbyLippensetal. demonstrated that of Ido1expression in
plasmacytoid dendritic cells (pDC) was required to promote Treg cell
expansion during the EAE priming phase and that deletion of Ido1 in pDCs
exacerbated EAE (Lippens et al., 2016). Interestingly, IDO2 has also been
reported to affect immune responses in both IDO1 dependent and inde-
pendent processes (Metzet al., 2019). Furthermore, IDO2was shown tobea
driver of autoreactive antibody generation and disease progression in a
mouse model of rheumatoid arthritis (Merlo et al., 2014). Similarly, IDO2
was shown to exacerbate disease in an animal model of lupus (Merlo et al.,
2016). As far as we are aware, no data exist on the role of IDO2 in the
pathogenesis of EAE. SinceB cells are critically involved in thepathogenesis
of both MS (Hauser et al., 2008) and EAE (Parker Harp et al., 2015) we
questionedwhether global deletion of Ido2 affected the clinical outcome of
myelin associated glycoprotein (MOG35-55) EAE in C57BL/6J mice. Herein
we show that Ido1�/�mice exhibit exacerbated EAE, as previously reported
by others. In stark contrast, EAE in Ido2�/� mice did not differ clinically or
histologically from control mice indicating that Ido2 has minimal, if any,
effect on the pathogenesis of MOG35-55 induced EAE in C57BL/6J mice.

2. Methods and materials

2.1. Mice

Male mice aged 8–12 weeks were used for all experiments. C57BL/6J
(Jackson Laboratories No. 000664), Ido1 knockout (Ido1KO; Jackson
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Laboratories No. 005867), in house Ido1 deficient Ido1TK mice and Ido2
deficient Ido2�/� mice are all on a C57BL/6J background.

Ido1 floxed (Ido1fl) mice were generated by Drs. Keith W. Kelley and
Robert Dantzer. A 75bp loxP cassette was inserted 50 of the second exon
of the reference gene NM_008324.2 (exon 3 in Suppl. Figure 1), by
ingenious targeting laboratory (Ronkonkuma, NY). A second loxP site was
inserted 3’ of the fourth exon of NM_008324.2 (exon 5; Suppl. Fig. 1, top).
Targeting was performed with C57BL/6 embryonic stem cells that were
microinjected into Balb/c blastocysts. Chimeras with a black coat color
were mated to C57BL/6 FLP mice to remove the Neo cassette. Cre
recombinase excises a 2.37 kb region of the Ido1 gene. Knockout mice
were generated by Dr. McCusker by cross-breeding Ido1fl mice to Creþ

mice to target Ido1 inactivation in all cells, i.e. Total Knockout (Ido1TK)
mice. Ido1TK mice were bred to C57BL/6 mice to remove the Cre gene
and then the knockout allele was bred to homozygosity. The regions of
the genome targeted for excision by Cre recombinase compared to the
region deleted in Ido1 knockout (Ido1KO) mice deposited for distribution
by Andrew Mellor (Baban et al., 2004) available from JAX, 005867 is
shown (Suppl. Fig. 1, top). Also shown is the relative position of the Ido2
gene, which is the next gene on chromosome 8 downstream of Ido1.
Ido2�/� mice were a generous gift from Drs. Metz and Prendergast (Metz
et al., 2019). Ido2�/� mice lack exon 9 and part of exon 10 of the
reference gene NM_145949.2 (exons 10 and 11 in Suppl. Fig 1, bottom).
Ido2�/� mice were supplied to Dr. McCusker with a Cre gene that was
removed by breeding to C57BL/6 mice. The Ido2 knockout allele was
then bred again to homozygosity.

All mice were group-housed in temperature- and humidity-controlled
conditions and kept on a 12-h reversed light/dark cycle. Rodent diet
(Teklad No. 8640) and water were provided ad libitum. At the end of each
experiment, mice were anesthetized via intraperitoneal injection of ke-
tamine (100 mg/kg) and xylazine (10 mg/kg). After reaching a surgical
plane of anesthesia they were perfused through the heart with sterile
phosphate buffer saline (PBS, pH 7.4) and their spinal cords and brains
were extracted.

The experimental procedures described herein were approved by the
Institutional Animal Care and Use Committee and were performed in
accordance with guidelines of the National Institutes of Health.

2.2. Experimental autoimmune encephalomyelitis

Experimental autoimmune encephalomyelitis was induced using
methods described previously (Lu et al., 2020). Specifically, complete
Freund’s Adjuvant (CFA) was generated by adding heat killed Mycobac-
terium tuberculosis H37 RA (MT; Difco, No. 231141) with incomplete
Freund’s adjuvant (Difco, No. 263910) to achieve a final concentration of
5 mg/ml. Equal volumes of MOG35-55 (Anaspec Inc.; 4 mg/ml) and the
adjuvant mix were vortexed for 45 min. Mice were given four subcu-
taneous injections of MOG35-55/adjuvant emulsion into the hind flanks.
Finally, mice received an i.p. injection of sterile PBS containing 400 ng of
pertussis toxin (List Biological Laboratories) on days 0 and again on day 2
post immunization. Disease was scored by raters blinded to genotype as
described previously (Lu et al., 2020). Control (CFA) C57BL/6 mice were
immunized with CFA in the absence of antigen.

2.3. Gene expression by real-time quantitative polymerase chain reaction
(qPCR)

Control CFA mice (n ¼ 5) were euthanized at day 15. EAE mice were
euthanized at either the onset of disease (day 8; n ¼ 5) or during peak
disease (day 15; n ¼ 5). Spinal cord and spleen were collected and either
flash frozen in liquid nitrogen for qPCR or fixed in paraformaldehyde.

Frozen spinal cord and spleen were pulverized on dry ice using mortar
and pestle. Samples (5–20 mg) were used for RNA isolation with E.Z.N.A.
Total RNA Kit II (Omega Bio-tek, Norcross, GA) according to manufac-
turer’s instructions; homogenization was achieved by sonication. RNA
was quantified using the Nanodrop ND-1000 spectrophotometer



Fig. 1. Effect of EAE on the expression
of Ifng, Ido1, Ido2 and kynurenine
pathway enzymes in the spleen. A-G,
C57BL/6 mice were immunized with
complete Freud’s adjuvant (CFA) or
MOG35-55 emulsified in CFA. Mice were
euthanized at time points corresponding
to disease onset (day 8) or during peak
disease (day 15). Expression values for
splenic Ifng (A), Ido1-FL (B), Ido2-FL (C),
Kmo (D), Kynu (E), Haao (F) and Kat2
(G) were determined by real-time quan-
titative polymerase chain reaction. Re-
sults are expressed as box and whisker
plots with individual data plotted for
each mouse (n ¼ 4–5 mice per group).
*P < 0.05.
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(Thermo Scientific) and each sample was diluted to 50 ng/μl. Reverse
transcription was performed using a High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems) according to manufacturer in-
structions. The cDNA was diluted 10x in nuclease-free water for analysis.
Each 10 μl qPCR reactionmixture contained 4.5 μl cDNA, 4.95 μl TaqMan
master mix (PrimeTime Gene Expression Master Mix; IDT, Coralville,
Iowa) and 0.55 μl probe-based assay. Real-time qPCR was performed in a
QuantStudio 7 apparatus (Applied Biosystems). Data were normalized by
the comparative threshold method (ΔCt ¼ Ct test transcript – Ct reference
gene Gapdh). To calculate relative detection units (RDUs), ΔCt values
were normalized by setting the lowest detectable gene to 1.0 RDU. Thus,
RDUs for every assay are relative to this ‘reference’ gene.’ It is not proper
to extrapolate RDU data as absolute differences in mRNA levels when
comparing data across qPCR assays. However, presentation of the data in
this manner permits visualization of the results for each mRNA species
relative to all other isoforms or genes, providing an appreciation as to
their relative abundance. These calculations were used to determine
relative expression of Ido1, Ido2, their variants (Suppl. Fig. 1) as well as
downstream Kyn pathway genes (Kmo, Haao, Kynu, Kat2) and Ifng using
probe-based assays purchased from IDT (Coralville, Iowa) as described
previously (Brooks et al., 2016a, 2016b, 2017; Dostal et al., 2017).
2.4. Rotarod analysis

Changes in balance and coordination were tested using a rotarod
apparatus as this test is correlated with EAE disease progression (van den
Berg et al., 2016). Mice were tested at days�3, 0, 5, 10 and 15 relative to
immunization. Data were recorded on days 0, 5, 10 and 15. Because mice
are nocturnal, each testing period occurred in the middle of their dark
cycle. Each test day consisted of three trials for each mouse with each
trial separated by a 15 min break. During the trial, mice were placed on
the rotarod and duration of time on the rod was recorded. The apparatus
increased speed at small increments, starting at 4 revolutions per minute
(rpm) and reaching a maximum speed of 40 rpm. If a mouse fell from the
apparatus, time was recorded and the mouse was placed back in its home
cage. Mice that did not fall were allowed to run for a maximum of 300 s
each trial. Notably, “flipping” (i.e. when a mouse hangs on to the rod
while it is rotating) was not counted as falling, as it demonstrated grip
strength and coordination. The average of all three trials were calculated
per mouse at each time-point.
3

2.5. Histological evaluation of EAE pathology

Spinal cords were removed and fixed overnight at 4 �C with 4%
paraformaldehyde (Acros Organics). The following day they were placed
in a PBS solution containing 30% sucrose at 4 �C until they sank. Next,
the spinal cords were cut into 6 sections, frozen in optimal cutting tem-
perature solution (Tissue Tek, Torrence, CA) and sliced in transverse
planes at a thickness of 18 μm using a cryostat (Leica CM1950). Visual-
ization of myelin was achieved by staining for neutral lipids using Oil red
O as described previously (Kim et al., 2012; Steelman et al., 2012). Un-
like luxol fast blue, Oil red O is a lipophilic dye that stains lipid rather
than lipoproteins present within myelin. Briefly, slides were rehydrated
in phosphate buffered saline (pH 7.4) then incubated with propylene
glycol for 2 min. The slides were placed in Oil red O solution for 24 h then
washed with a solution of 80% propylene glycol/20% water. Slides were
then scanned using a Nanozoomer (Hamamatsu) and scored by an
experimenter blinded to genotype. The percentage of demyelination was
quantified by tracing each lesion in the white matter of each section and
dividing the total area of the lesions in that tissue by the total area of
white matter for that tissue.
2.6. Statistical analysis

Statistical analyses were performed using GraphPad Prism version 7.0
or higher for Windows (GraphPad Software, La Jolla, CA). Normality was
checked using the Shapiro–Wilk test. For parametric data, significant
differences between groups were determined using one-way or two-way
ANOVA followed by Bonferoni post hoc tests. For non-parametric data,
significance was assessed by Kruskal-Wallis tests. Statistical significance
was set at p � 0.05. Data are expressed as either whisker plots (inter-
quartile ranges, upper/lower extremes plus medians) or means � S.E.

3. Results

3.1. Ido1, but not Ido2, is upregulated in the spinal cord during EAE

Given that the expression of Ido1 and Ido2 have not been defined in
models of EAE,we sought toquantify changes in their expressionwithin the
spleen and spinal cord tissues over the course of disease. Since IFN-γ is the
strongest known inducer of Ido1 expression and a prototypical marker of
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EAE-induced neuroinflammation, we measured the expression of Ifng as
well. Finally, expression levels of enzymesdownstreamof the Ido’s involved
in the Kyn pathway were determined. For these experiments, tissues were
collected fromC57BL/6mice at the onset (days 8) andpeakphases (day 15)
of EAE. Tissues were also collected from control mice fifteen days after
receiving CFA without antigen. The disease course for each group is shown
in Suppl. Fig. 2A. Mice immunized with MOG35-55 emulsified in CFA dis-
played clinical signs of EAE. Disease onset was correlated with a marked
increase in weight loss typical of EAE (Suppl. Fig. 2B).

Ifng was highly expressed in disease-free control (CTL) mouse spleens
injected with Freund’s adjuvant. However, its expression did not change
as a result of EAE (Fig. 1A).We next quantified expression of the reference
Ido1 transcript. Ido1-FL was expressed in the spleen, but like Ifng did not
change during the course of EAE (Fig. 1B). In contrast, the reference
transcript for Ido2, Ido2-FL, was undetectable in CTL spleens and did not
increase as a result of EAE (Fig. 1C). There are several alternate transcripts
of murine Ido1 and Ido2, their expression levels were also determined and
shown (Suppl. Fig. 3). TheKynpathwayenzymeswere highly expressed in
the spleen. However, with the exception of Kmo, which was increased in
the spleen during peak EAE compared to onset, there were no differences
observed in the expression of the Kyn pathway Kynu andHaao (which act
in tandem to generate quinolinic acid, QuinA, from Kyn, (Fig. 1D–F)).
Kat2, which acts alone to generate kynurenic acid (KynA) from Kyn, was
poorly expressed and non-inducible in the spleen (Fig. 2G). Given the high
expression of Kmo, Kynu and Haao most of the Kyn generated may be
shunted toward QuinA production, at least in the spleen.

In contrast to our observations in the spleen both Ifng and Ido1-FL,
were poorly expressed in CTL spinal cords. However, their expression
levels were strikingly elevated within the spinal cords of mice during
peak EAE (Fig. 2A–B). The expression of Ido2-FL was undetectable and
not altered in the spinal cord because of EAE (Fig. 2C). The effect of EAE
on the spinal cord expression levels of alternative transcripts for Ido1 and
Ido2 were also determined (Suppl. Fig. 4). Of the Kyn pathway genes
assessed, levels of both Kmo, Kynu and Haao (Fig. 2D, E, F) were
expressed at a considerably lower level when compared to spleen,
whereas Kat2 expression was higher (Fig. 2G). The peak phases of EAE
was associated with and increased expression of Kmo and Haao in the
spinal cord. These data indicate that Ido1 is dramatically upregulated in
the spinal cord during the peak phase of EAE and may affect lymphocyte
effector function.
4

3.2. Deletion of Ido1 but not Ido2 affects the pathogenesis of EAE

Both IDO1 and IDO2 have been shown to be involved in the gener-
ation of autoimmune diseases. While full-length Ido2 was not detectable
at the transcriptional level in either the spleen or spinal cord during EAE
we could not exclude its involvement in disease pathogensis. Therefore,
we questioned if Ido2 deletion influenced the pathogenesis of MOG35-55-
induced EAE. Since deletion of IDO1 is known to exacerbate EAE, con-
ventional Ido1KO mice as well as a separate line generated in house
(Ido1TK) were used as positive controls. The incidence of EAE was 100%
for both genotypes and disease progression was nearly identical in Ido1KO

and Ido1TK mice (Suppl. Fig. 5). Therefore, mice from both of these
groups were combined for all other analyses and are hence referred to
simply as Ido1�/�.

Ido1�/� mice exhibited exacerbated disease (Fig. 3A) and lost more
weight (Fig. 3B) compared to either C57BL/6 or Ido2�/� mice. Ido1�/�

mice achieved higher maximal EAE scores (Fig. 3C) and displayed an
increased mortality rate (40%) compared to either WT (10%) or Ido2�/�

(10%) mice (Fig. 3C; Score ¼ 5). In stark contrast, the pathogenesis of
EAE in Ido2 knockout mice closely resembled that of C57BL/6 mice.
Moreover, deletion of Ido2 did not affect weight change or disease
severity compared to C57BL/6 mice. There were no differences in time to
disease onset across the mouse strains (Fig. 3D).

To further evaluate disease onset and severity, changes in overall
motor skills (a sum of balance, coordination and strength) was assessed
as rotarod performance at days 0, 5, 10 and 15 post immunization (p.i.).
We found that all mice strains performed equally well at days 0 and 5 p.i.
However, each strain exhibited a substantial decrease in performance at
day 10 and 15 p.i. (Fig. 3E). The reduced performance at day 10 is
intriguing since the majority of mice (37/42; 88%) did not exhibit clin-
ical signs of EAE at this time-point. Nevertheless, we did not observe
differences in motor skills attributable to genotype. These results indicate
that rotarod performance is a sensitive objective measure for evaluating
early subclinical symptoms of EAE.

3.3. Effect of Ido1 or Ido2 deletion on EAE-induced spinal cord
demyelination

To determine if deletion of Ido1 or Ido2 affected the degree of spinal
cord pathology, we assessed the percentage of demyelination in lumbar,
Fig. 2. Effect of EAE on the expression
of Ifng, Ido1, Ido2 and kynurenine
pathway enzymes in the spinal cord.
A-G, C57BL/6 mice were immunized
with complete Freud’s adjuvant (CFA) or
MOG35-55 emulsified in CFA. Mice were
euthanized at time points corresponding
todisease onset (day8)or during thepeak
disease (day 15). Expression values for
splenic Ifng (A), Ido1-FL (B), Ido2-FL (C),
Kmo (D), Kynu (E), Haao (F) and Kat2 (G)
were determined by real-time quantita-
tive polymerase chain reaction. Results
are expressed as box and whisker plots
with individual data plotted for each
mouse (n ¼ 4–5 mice per group). *P <

0.05, **P < 0.001, ***P < 0.001.



Fig. 3. EAE scores of Ido1�/� (Ido1KO

and Ido1TK combined) but not Ido2�/

�- mice differ from control C57BL/6.
A-D, Following induction of EAE, mice
were weighed scored daily. The effect of
mouse genotype on disease progression
(A), weight change (B), maximum score
achieved (C), day of onset (D) and
rotarod performance (E) are shown.
Results are expressed as means � S.E. or
box and whisker plots with individual
data plotted for each mouse. Numbers of
mice per group are as follow: C57BL/6,
n ¼ 11; Ido2�/�, n ¼ 11 and Ido1�/�, n
¼ 20. Slope analysis was used to assess
clinical scores. Differences in weights
were assessed by ANOVA. Max score
was analyzed using Kruskal-Wallis test.
*P < 0.05.

Fig. 4. The effect of genotype on spinal cord pathology following EAE in-
duction. Spinal cord sections were stained with Oil Red O and demyelination
percentage was quantified using ImageJ software. Representative thoracic sec-
tions of each genotype are shown. Average demyelination scores were taken
from at least four mice per strain. The percentage of demyelination for each
anatomical location was estimated by averaging results obtained from 3–5
sections per mouse. The values of all sections were averaged for each mouse.
Therefore, each point represent the average lesion load expressed as the per-
centage of total white matter for individual mice. Scale bar ¼ 200 μm. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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thoracic and cervical sections after staining myelin with Oil red O.
Consistent with our clinical observations, Ido2 deletion had no effect on
lesion size or percentage compared to C57BL/6 mice (Fig. 4). Induction
of EAE in Ido1 deficient mice appeared to exacerbate pathology
compared to C57BL/6 mice, indicated by a slight increase in the per-
centage of spinal cord demyelination, but this effect did not reach sta-
tistical significance (Fig. 4D).

4. Discussion

The current experiments were designed to test the role of Ido1 and
Ido2 during the pathogenesis of EAE. Our data show that Ido1�/� mice
exhibit exacerbated clinical symptoms of EAE, characterized by greater
weight loss during peak disease, an increase in maximal clinical score and
a strong trend towards increased spinal cord pathology compared to
C57BL/6 or Ido2�/�mice. In stark contrast, deletion of Ido2 did not affect
the clinical progression of EAE and spinal cord pathology did not differ
between Ido2�/� mice and C57BL/6 mice. Rotarod performance
decreased during EAE, an effect that preceded clinical symptoms, but did
not differ across genotypes. Together, these data strongly indicate that
Ido2 deletion does not affect the onset or progression of MOG35-55-
dependent EAE, whereas Ido1 has a protective role against disease
progression.

In line with previous work (Sakurai et al., 2002; Kwidzinski et al.,
2005; Matysiak et al., 2008; Mondanelli et al., 2020), data from the
current study lend support for a protective role of Ido1 by limiting
autoimmune-mediated clinical severity in an animal model of MS.
Specificity of the Ido1 response was illustrated by elevated expression of
Ido1-FL in the spinal cord, but not the spleen. The qPCR assay assesses the
steady-state level of exons (Compston and Coles, 2008; Miller et al.,
2003; Hauser et al., 2008) that are necessary for expression the reference
Ido1 transcript designated here as Ido1-FL. Ido1-FL encodes the enzy-
matically active IDO1 protein (IDO1-FL) and Ido1-FL expression is highly
sensitive to IFN-γ signaling. Thus, Ido1-FL expression paralleled that of
Ifng, which was also elevated in the spinal cord, but not the spleen.
Ido1-FL expression likely results partially from IFN-γ-dependent induc-
tion within cells resident to the CNS such as microglia and astrocytes
(Brooks et al., 2017; Dostal et al., 2018), but more importantly the
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increase reflects neuroinflammation induced infiltration of immune cells.
We have shown that murine PBMCs and T cells both respond to IFN-γ by
increasing Ido1-FL expression (Brooks et al., 2017). The timing of Ido1-FL
elevation in the current experiment corresponds to peak T cell infiltration
(Lu et al., 2020). Independent of the cellular source, elevated Ido1-FL
expression suggests enhanced Kyn production and thus AhR-mediated
immunomodulation. In contrast to Ido1-FL, the major Ido1 transcript in
the mouse brain (Ido1-v1) (Brooks et al., 2016a; Dostal et al., 2017) en-
codes an enzymatically inactive IDO1 protein isoform (IDO1-v1(30). The
Ido1-v1 RNA isoformwas not induced in the spleen or spinal cord (Suppl.
Figs. 3&4) by EAE. Ido1-v2, which also encodes the IDO1-v protein,
however was induced in the spinal cord by EAE. Although, not enzy-
matically active, IDO1 protein have non-enzymatic immunosuppressive
activity (Chen, 2011; Albini et al., 2017, 2018). A non-enzymatic role for
the IDO1-v protein within the brain is currently under investigation. The
greater expression of Ido1-v1 relative to Ido1-FL (300:1) in the spinal
cord, but similar ratio for Ido1-FL:Ido1-v1 expression within the spleen,
suggests a unique function of IDO1-v1 in the nervous system.

In contrast to Ido1, Ido2 expression, especially the transcript encoding
the enzymatically active enzyme IDO2-FL, is very low in the spinal cord
and spleen and not induced during EAE, at least at the time-points we
measured. Thus, it was not necessarily surprising that Ido2 deficiency did
not alter EAE progression. Ido2-FL expression is absent in murine PBMCs
and T cells (Brooks et al., 2017), thus its expression would not be ex-
pected to increase in parallel with immune cell infiltration into the spinal
cord during EAE. Similar to Ido1-FL and Ido1-v1 relative expression
levels, expression of variant Ido2 transcripts is much higher in the spinal
cord than is Ido2-FL. As for Ido1-v1, the role of these variant Ido2 tran-
scripts and their encoded proteins within the CNS is unknown. However,
all Ido2 transcripts are deficient in Ido2KO mice, suggesting that they are
present but do not play a major role in MOG35-55-induced EAE.

The importance of the immunoregulatory effects of IDO1, IDO2 and
TDO2 in controlling PBMC responses in the context of MS were recently
investigated by Negrotto and Correale (2017). Intriguingly, they found
that IDO1 was downregulated in PBMCs obtained from MS patients
compared to patients with other neurological diseases and healthy con-
trols. Furthermore, myelin basic protein (MBP)-specific T cell lines from
MS patients cultured in the presence of Trp and Arg were associated with
decreased activation of GCN2, increased mTOR signaling and increased
lymphocyte responsiveness to antigen stimulation. Conversely, the
expression of IDO2 and TDO2 were not different between groups, indi-
cating a potentially less important role for these enzymes in controlling
immune responsiveness (Kim et al., 2012). Moreover, studies by Agliardi
et al. failed to support an association between known functional SNPs
(rs10109853 and rs4503083), which suppress IDO2 expression and the
onset or progression of MS (Agliardi et al., 2017). In contrast, Cha et al.
found that both IDO1 and IDO2 expression was increased in acutely
isolated and unstimulated PBMCs from MS patients compared to healthy
controls or patients with clinically isolated syndrome (Cha et al., 2018).
Together, these three studies demonstrate fluctuations in the transcrip-
tion of enzymes involved in Trp metabolism that may be influenced by
patient treatment status, genetic background or culture condition (Cha
et al., 2018). Our work suggests that expression of Ido1 rather than Ido2 is
needed to suppress symptoms of EAE following immunization with the
MOG35-55 peptide. Since EAE is the prototypical antigen-specific auto-
immune T cell-mediated disease, our data also suggest that Ido2 does not
play a non-redundant role in establishing T cell-mediated autoimmunity.

IDO2 is implicated as a driver of autoreactive antibody generation
and disease progression in a mouse model of rheumatoid arthritis (Merlo
et al., 2014). While our data clearly suggest that deletion of Ido2 does not
affect the pathogenesis of EAE, a potential caveat of our study was is that
we did not specifically examine the effects of Ido2 deletion on B cell
effector functions, particularly with regards to antibody responses to
MOG35-55. The contribution of B cells to MS is clearly illustrated by the
therapeutic efficacy of rituximab treatment, which depletes B cells and
greatly suppresses relapses (Hauser et al., 2008). During MOG-induced
6

EAE, B cells were shown to be required for sustained disease progres-
sion (Parker Harp et al., 2015; Barr et al., 2012). However, unlike animal
models of rheumatoid arthritis, autoantibodies are not thought to
contribute to EAE disease progression after immunization with myelin
peptides such as MOG35-55 (Oliver et al., 2003). Instead, the contribution
of B cells to the pathogenesis of EAE is likely attributable to their ability
to present antigen to T cells (Parker Harp et al., 2015) or modulate im-
mune function through the production of proinflammatory cytokines
(Barr et al., 2012). Nevertheless, autoantibodies with specificity for
neuroantigens are known to contribute to other neuroinflammatory,
demyelinating diseases including neuromyelitis optica (NMO) and
perhaps anti-MOG associated encephalomyelitis. Regarding NMO, in-
jection of NMO patient-derived antibodies and human complement into
the brains of healthy mice was has been found to be sufficient to cause
demyelination (Saadoun et al., 2010). Given the role of Ido2 in autoan-
tibody generation, it may be prudent for future investigations to query
the association of this gene in either NMO or anti-MOG1-125 associated
encephalomyelitis.

In conclusion, we have investigated the effects of Ido1 and Ido2
deletion on the pathogenesis of EAE, a widely used animal model of MS.
Our data suggest that deletion of Ido1 is associated with exacerbated
disease. In contrast, deletion of Ido2 did not affect disease onset, symp-
tomology or pathology. These data indicate Ido2 does not have a major
role in the pathogenesis of MOG35-55-dependent EAE.
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