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L-tryptophan (Trp), an essential amino acid for mammals, is the
precursor of a wide array of immunomodulatory metabolites pro-
duced by the kynurenine and serotonin pathways. The kynurenine
pathway is a paramount source of several immunoregulatory me-
tabolites, including L-kynurenine (Kyn), the main product of indo-
leamine 2,3-dioxygenase 1 (IDO1) that catalyzes the rate-limiting
step of the pathway. In the serotonin pathway, the metabolite N-
acetylserotonin (NAS) has been shown to possess antioxidant,
antiinflammatory, and neuroprotective properties in experimental
autoimmune encephalomyelitis (EAE), an animal model of multiple
sclerosis (MS). However, little is known about the exact mode of
action of the serotonin metabolite and the possible interplay be-
tween the 2 Trp metabolic pathways. Prompted by the discovery
that NAS neuroprotective effects in EAE are abrogated in mice
lacking IDO1 expression, we investigated the NAS mode of action
in neuroinflammation. We found that NAS directly binds IDO1 and
acts as a positive allosteric modulator (PAM) of the IDO1 enzyme
in vitro and in vivo. As a result, increased Kyn will activate the
ligand-activated transcription factor aryl hydrocarbon receptor
and, consequently, antiinflammatory and immunoregulatory ef-
fects. Because NAS also increased IDO1 activity in peripheral blood
mononuclear cells of a significant proportion of MS patients, our
data may set the basis for the development of IDO1 PAMs as first-
in-class drugs in autoimmune/neuroinflammatory diseases.

N-acetylserotonin (NAS) | indoleamine 2,3-dioxygenase 1 (IDO1) | aryl
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he metabolism of L-tryptophan (Trp) has evolved to be a
primary regulatory node in the control of immune responses
(1-3). Trp, an essential amino acid for mammals, is a substrate
for indoleamine 2,3-dioxygenase 1 (IDO1), which catalyzes the
first, rate-limiting step in the kynurenine pathway (SI Appendix,
Fig. S1), leading to Trp depletion and the production of a series of
immunoregulatory molecules collectively known as kynurenines
(4-7). Both effects—namely Trp starvation and kynurenine pro-
duction—are involved in the conversion of naive CD4* T cells into
Foxp3™* regulatory T cells (5). Moreover, the main IDOT1 catalytic
product, L-kynurenine (Kyn), has immunoregulatory effects in the
absence of Trp starvation, via activation of the aryl hydrocarbon
receptor (AhR) (8-11). Highest IDO1 expression and catalytic
activity occur in dendritic cells (DCs) (4, 12), the most potent
antigen-presenting cells that, upon IDO1 up-regulation, acquire
tolerogenic functions (13).
IDOL1 represents an important drug target in neoplasia, where it is
often overexpressed (8, 14, 15), and autoimmune/neuroinflammatory
diseases, in which the enzyme has been found defective (16-19) and/
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or necessary to contain the pathology (20). Whereas IDO1 cat-
alytic inhibitors are studied in clinical trials as antitumor drugs
(21), enhancers of IDO1 enzymatic activity—to be used as ther-
apeutic agents in autoimmunity and neuroinflammation—have
not been developed so far.

N-acetylserotonin (NAS) is a Trp metabolite generated from
serotonin along the serotonin pathway (SI Appendix, Fig. S1).
NAS is endowed with several potential therapeutic effects, easy
crossing of the blood-brain barrier, and no appreciable toxicity.
For this reason, this natural Trp metabolite has been included
in a library of 1,040 approved compounds by the Food and
Drug Administration and selected by the National Institute of
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Neurological Disorders and Stroke (NIH) for further studies (22,
23). Previously considered to be simply an intermediate metab-
olite between the neurotransmitter serotonin and the hormone/
chronobiotic melatonin, NAS exerts significant antidepressant
(24), antiischemic (22), and antioxidant (25) effects in mice.
More recently, administration of NAS was effective in
restraining neuroinflammation in mice with experimental au-
toimmune encephalomyelitis (EAE) (23), a widely used model
for human multiple sclerosis (MS). Besides the identification of
the tropomyosin receptor kinase B (TrkB) receptor in both
antidepressant and antioxidant effects (24, 25), NAS molecular
targets operating in the control of immunity and inflammation
have been unclear.

Prompted by the finding that NAS neuroprotective effects in
EAE are lost in mice lacking IDO1 expression, we investigated
the molecular/functional relationship between the Trp metabo-
lite and IDO1. We found that NAS 1) is also inactive in EAE
when mice lack AhR expression; 2) binds IDOL1 directly at a
previously identified allosteric site of the enzyme; 3) acts as a
positive allosteric modulator (PAM) of IDO1 catalytic activity
in vitro and in vivo; 4) exerts the most potent IDO1-enhancing
effects in DCs; and 5) increases IDO1 catalytic activity in pe-
ripheral blood mononuclear cells (PBMCs) of patients with MS.

Results

NAS Protective Effects in EAE Are Lost in Ido1~'~ and Ahr~'~ Mice.
IDO1 may represent a major therapeutic target in MS. In fact,
administration of 1-MT, the standard inhibitor of IDO1 catalytic
activity, exacerbates the clinical course of EAE in mice (26, 27).
Conversely, positive allosteric modulation of a metabotropic glu-
tamate receptor shows therapeutic effects in EAE via activation of
a signaling pathway in CD11c¢* DCs (also known as conventional
DCs; cDCs) involving IDO1 (20). Moreover, administration of
stem cells ameliorates EAE via induction of IDO1 expression and
activity in cDCs (28).

Because NAS exerts protective effects in EAE induced by
vaccination with the myelin oligodendrocyte glycoprotein (MOG)
(23), we investigated whether IDO1 could be involved in NAS
effects in the same experimental model. Groups of IDO1-knockout
(IdoI™~) mice and their wild-type (WT) counterparts were im-
munized with the MOGs3;s_ss peptide and injected intraperito-
neally (i.p.) with NAS at the dose of 10 mg/kg every other day
from 2 d until 24 d after vaccination. Control mice received
vehicle alone. EAE clinical scores were recorded daily over a
period of 25 d (Fig. 14 and SI Appendix, Table S1). As expected,
NAS administration in WT mice resulted in a milder disease as
compared with control mice (P = 0.003). In contrast, no protective
effect of NAS could be observed in IdoI ™~ mice. At 25 d post-
vaccination, white matter demyelination and inflammatory infil-
trates present in control MOG-vaccinated mice were reduced by
NAS in the spinal cord of WT but not IdoI™~ mice (Fig. 1B).
Moreover, NAS in vivo treatment was associated with reduced
infiltration of CD3"CD8" and CD11b*F4/80" cells in the spinal
cords of WT but not Idol™~ mice (Fig. 1C). NAS treatment of
WT but not Ido1™~ mice also resulted in an increased production
of antiinflammatory interleukin 10 (IL-10) by CD4" T cells from
cervical lymph nodes and reduced secretion of IL-17A (a cytokine
produced by inflammatory Th17 cells) and interferon y (IFN-y)
(Thl) by CD4" T cells purified from spinal cords after restim-
ulation with MOG in vitro (Fig. 1D).

Prompted by the IDO1 critical role in NAS neuroprotective
effects, we measured systemic levels of Kyn during (i.e., 25 d)
and after the end (50 d) of NAS treatment. A significant increase
(almost 2.5-fold at 25 d and 2-fold at 50 d) in Kyn concentration
could be observed only in the blood of MOG-vaccinated WT
mice treated with NAS (Fig. 1E).

Because Kyn is an endogenous agonist of immunoregulatory
AhR (9) and NAS increases Kyn levels in'mice competent for
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IDO1, we evaluated whether AhR could also be involved in NAS
effects. AhR-knockout (44r~) mice were immunized with the MOG
peptide and treated with NAS or vehicle alone, according to the
protocol used in Fig. 14. Evaluation of the clinical score of the 2
groups over time indicated that the NAS administration in 4hr~~
mice did not modify the EAE course observable in vehicle-treated
mice (Fig. 1F). Lack of NAS effects was also evident in studies of
histopathology (Fig. 1G), percentages of immune cell subsets in
leukocytes infiltrating spinal cords, and the cytokine profile of
CD4* T cells in cervical lymph nodes (SI Appendix, Fig. S2).

Because we found very high levels of endogenous NAS but not
serotonin in cervical lymph nodes of mice in the recovery phase of
EAE (SI Appendix, Fig. S3), these data would support the thera-
peutic and physiologic value of NAS in the control of neuro-
inflammation. Perhaps more importantly, these data suggested
that NAS, by increasing IDOL1 catalytic activity, turns on the im-
munoregulatory IDO1-AhR axis in vivo.

NAS Confers Immunosuppressive Effects on DCs via Increased Catalytic
Activity but Not Expression of IDO1. CD11c* DCs often constitute
the cell target of immunosuppressive treatments acting in EAE
(29-31). We thus investigated whether ¢cDCs could represent the
cell target of NAS effects. To do so, we resorted to the skin test
assay, an established protocol for measuring the in vivo induction
of antigen-specific immunoreactivity versus tolerance in DCs (32).
WT female mice were sensitized with the HY peptide (containing
the H-2D" epitope of male minor transplantation antigen) pre-
sented by WT CD8™ DCs (constituting an immunostimulatory,
splenic cDC subset) (32) administered in combination with a mi-
nority fraction of the same cells (5%) purified from either WT,
Ido17~, or Ahr™'~ animals after conditioning with NAS at 30 pM
or medium alone for 24 h. After priming the mice, we assessed
immune reactivity at 2 wk by intrafootpad challenge with the HY
peptide in the absence of DCs, as described (32). As expected, the
default priming ability of immunostimulatory DCs was not affected
by the presence of untreated cells (Fig. 24). Yet, sensitization with
NAS-pretreated WT DCs caused suppression of HY-specific re-
activity, an effect not detectable in mice sensitized with Ido! = or
Ahr™~ ¢DCs.

Kyn levels were measured in 24-h culture supernatants of WT
and IdoI™~ cDCs, incubated with NAS, IFN-y, or medium
alone. Data showed that both NAS and IFN-y significantly in-
creased Kyn release in WT but not Idol™~ ¢cDCs (Fig. 2B). In
order to better comprehend the overall effects of NAS on ¢DCs,
we determined the cytokine profile of those cells by measuring
IL-6, IL-10, IL-12 p70, IL-27, and transforming growth factor p
(TGF-B) in culture supernatants at 24 h of cell incubation with
NAS at 10, 30, and 100 pM. The results showed that the DC
conditioning with NAS does not greatly modify the overall cy-
tokine profile, although a modest, yet significant, increase in
antiinflammatory IL-10 could be observed at all tested concen-
trations of NAS (Fig. 2C).

Given its critical role in the control of immune responses,
modulation of IDO1 expression and activity is stringently con-
trolled. High-rate transcription of IDO1 in ¢cDCs can occur in
response to IFN-y, TGF-p, Toll-like receptor ligands, and poly-
amines (1, 3, 33). We thus investigated whether NAS could
modulate IDOL1 transcript and protein expression in ¢cDCs by
real-time PCR and Western blotting experiments, respectively.
¢DCs were incubated with NAS at 30 and 100 pM. After 3 and 18
h (real-time PCR) or 24 h (Western blotting), IDO1 transcripts
and protein were measured, respectively. IFN-y was used as
positive control of IDO1 up-regulation. Results showed that
IFN-y but not NAS increases IDO1 expression in ¢cDCs, at both
the transcript (Fig. 2D) and protein (Fig. 2E) level.

As a whole, our data indicated that NAS, a Trp metabolite of
the serotonin pathway, up-regulates IDO1 catalytic activity in
¢DCs and confers IDO1-dependent immunosuppressive effects
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Fig. 1. NAS protects from EAE in an IDO1- and AhR-dependent fashion. (A) Clinical EAE scores (mean + SD) over time of WT and /do7~"~ mice, treated with
NAS or vehicle alone. (B) Histopathological analysis of spinal cord sections from representative WT and /do1~'~ mice as in A at 25 d after MOG immunization.

(C) Percentages of CD3*CD8" and CD11b*F4/80* cells in the spinal cord of mice as in A at 25 d after MOG immunization. (D) Cytokine production by CD4*
T cells sorted at 25 d after MOG immunization from cervical lymph nodes from mice as in A and restimulated with MOG or medium alone in vitro for 24 h. (E)
Kyn levels measured at 25 and 50 d after MOG immunization in sera of mice as in A. (F) Clinical EAE scores (mean + SD) over time of Ahr~'~ mice, treated as in
A. One experiment is representative of 3 (A) and 2 (F). (G) Histopathological analysis of spinal cord sections from representative Ahr~~ mice as in F at 25
d after MOG immunization. *P < 0.05, **P < 0.01, ***P < 0.001. Data (C-E; analyzed in triplicate) are from 3 experiments. Error bars indicate means + SD.

(Scale bars: B and G, 600 pm.)

on the same cells without modulating IDO1 transcript and protein
expression.

NAS Requires IDO1 to Activate AhR. In the control of immune re-
sponses, IDO1 and AhR have been found to be functionally
interconnected (34). Kyn represents a major endogenous ligand
in the activation of immunoregulatory AhR (11), yet activated
AhR can increase IDO1 expression and activity in ¢cDCs, thus
creating a positive functional circuitry (35).

Given the critical role of IDO1 and AhR in NAS protective
effects in EAE (Fig. 1), we investigated whether NAS may di-
rectly activate AhR. To do so, we first evaluated the ability of a

3850 ' | www.pnas.org/cgi/doi/10.1073/pnas.1918215117

range of NAS concentrations (1, 50, and 100 pM) to induce AhR
transcriptional activity in hepatoma cells constitutively expressing
AhR but not IDOL1 and stably transfected with a firefly luciferase
reporter plasmid containing an upstream enhancer of mouse Cyplal,
a gene up-regulated by AhR activation (36). As a positive con-
trol, Kyn was used at the same range of concentrations. After 12
h, Cyplal transcriptional activity increased in a dose-dependent
fashion in cells incubated with Kyn but not NAS (Fig. 34).
Although AhR expression is essentially ubiquitous in mam-
mals, the nature of the ligand as well as that of the cell, which
may provide a specific set of nuclear coactivators, may condition
AhR activation (37). We thus investigated whether NAS could
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Fig. 2. NAS-conditioned c¢DCs express an IDO1-dependent, immunosuppressive phenotype. (A) In vivo suppression of the activity of HY-pulsed, WT CD8™ DCs
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Kyn release by WT and /do7~'~ ¢cDCs after a 24-h incubation with NAS at 30 uM, IFN-y at 200 U/mL, or medium alone (Unt). (C) IL-10 production by WT c¢DCs
after a 24-h incubation with NAS at different concentrations or medium alone. (D) Real-time PCR analysis of /do1 transcripts in WT ¢DCs incubated with NAS
(30 or 100 pM) or IFN-y as in B for 3 or 18 h. Transcript expression was normalized to the expression of Gapdh and presented relative to results in untreated
cells (dotted line, 1-fold). (E) Immunoblotting of the IDO1 protein in WT ¢DCs incubated with NAS at different concentrations, IFN-y as in B, or medium alone
for 24 h. *P < 0.05, **P < 0.01. All data are representative of 3 experiments. Experiments in B-D were performed in triplicate. Error bars indicate means + SD.

activate AhR in cDCs, that is, cells in which the Trp metabolite
increases IDO1 catalytic activity (Fig. 2). WT and IdoI~~ ¢cDCs
were incubated with NAS or Kyn at 30 pM for 12 h. Ak~ cDCs were
used as a control. Kyn significantly increased CypIal transcriptional
activity, regardless of IDO1 expression by the cDCs (Fig. 3B).
NAS also increased Cyplal transcriptional activity in WT
cDCs. However, no detectable levels of AhR activation by NAS
could be observed in Idol™~ cDCs. Neither Kyn nor NAS

exerted effects on Ahr~'~ cDCs. In order to investigate whether
the effect could be due to melatonin (SI Appendix, Fig. S1),
possibly generated from NAS by DCs (38) and also previously
shown to be protective in EAE (23, 39), Cyplal transcriptional
activity was evaluated in WT c¢DCs incubated with 50 to 100 pM
melatonin. However, no melatonin effect could be observed, in
accordance with previous data indicating that melatonin does
not constitute an AhR ligand (40).
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Fig. 3. NAS requires IDO1 expression to activate AhR. (4) AhR transactivation activity by Kyn and NAS in /[DO7~~ H1L1 hepatoma cells. Data (mean + SD from
3 experiments in triplicate) are presented as fold change in normalized transactivation activity in cells incubated with Trp metabolites relative to medium
alone (in which fold change =1; dotted line). (B) Real-time PCR analysis of Cyp7a7 transcripts in WT and /do7~'~ ¢<DCs incubated with Kyn or NAS at different
concentrations for 12 h, using Gapdh for normalization. Data are presented as in A. **P < 0.01, ***P < 0.001. One representative experiment of 3 is shown.
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As a whole, these data are consistent with the hypothesis that
NAS, but not its metabolite, turns on the IDO1-AhR axis in cDCs
by acting on IDO1 to increase production of Kyn that in turn
activates AhR transcriptional activity. Our data also indicated that
NAS is not an endogenous agonist of AhR.

NAS Acts as an IDO1 PAM. 3-Indole ethanol (IDE), an indole de-
rivative (compound 2; Fig. 44) also known as tryptophol and
produced by gut bacteria (41), has been considered an IDO1
modulator (i.e., catalytic enhancer or PAM) (42, 43). Studies
with this compound indeed led to the identification of an allo-
steric site that, when bound by IDE, increases Trp affinity versus
the primary catalytic site of IDO1 and thus potentiates IDO1-
mediated transformation of Trp into Kyn (42, 43). We thus in-
vestigated whether NAS could act as a PAM of the IDO1 enzyme.

To do so, we first evaluated NAS effects over a range of con-
centrations on the catalytic activity of purified recombinant human
IDO1 (rhIDO1) by using a reaction mixture as described (44)
containing a fixed concentration of 10 pM Trp (Fig. 4B). In ad-
dition to IDE, we also evaluated the effects of N-acetyltryptamine
(NAT), an indole derivative similar to NAS but lacking the hy-
droxyl group in the 5’ position (compound 3; Fig. 44), to get
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insights into the structure—activity relationship of NAS. After 75
min of incubation, Kyn levels were measured and the results
showed that NAS, but not NAT, increased Kyn production with a
half-maximal effective concentration (ECsp) of 20.95 + 3.56 yM
(mean + SD) at 10 pM Trp. Unexpectedly, IDE did not increase
but rather reduced IDO1 catalytic activity, with a half-maximal in-
hibitory concentration (ICsq) equal to 0.4 + 0.06 pM.

IDOL1 catalytic activity requires incorporation of the heme
prosthetic group and agents reducing heme Fe** into Fe?, in
addition to the presence of oxygen or superoxide anion (4, 45,
46). Although the biochemical assay of IDOI1 catalytic activity
does include the use of agents capable of reducing heme
Fe3* into Fe?*, IDO1 inhibitors such as 4-amino-1,2,3-triazoles
and BMS-986205, which respectively bind IDO1 in its heme
Fe?* and apo-form, have been shown to display their IDO1-
inhibitory effects better or solely in live cells (47, 48). We
therefore analyzed the effects of NAS, IDE, NAT, and mela-
tonin over a range of concentrations in P1.HTR cells [a highly
transfectable clonal variant of mouse mastocytoma P815 that
does not express IDO1 (49, 50)] transfected with mouse IDO1
(mIDO1) or hIDO1. NAS effects were also evaluated in PL.HTR
cells transfected with mouse tryptophan 2,3-dioxygenase (mTDO),
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Fig. 4. NAS acts as an IDO1 PAM. (A) Chemical structures of NAS, IDE, and NAT. (B) Enzymatic activity of recombinant human IDO1 in the presence of NAS,
NAT, or IDE at different concentrations. (C) Effect of NAS, NAT, IDE, and melatonin at different concentrations on the 24-h Kyn release by P1.HTR (P1) cells
transfected with mouse WT IDO1. Trp was at 10 pM (B) and 50 uM (C). (D) Effect of NAS at different concentrations on the 24-h Kyn release by WT ¢DCs. (E)
Effect of NAS on the 24-h Kyn release by P1 cells transfected with mouse WT IDO1 in the presence of different Trp concentrations. For all curves,  was >0.91.
In_B-D, results are the mean _+ SD of the Kyn fold change (relative to the buffer in B or medium in C and D without Trp metabolites) of 3 independent
experiments, each performed in triplicate. Control absolute values of Kyn (buffer or medium without Trp metabolites) were 8.82 + 2.56 uM (B), 4.82 + 1.92 uM

(C), and 0.24 + 0.03 uM (D).
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an enzyme mainly expressed in the liver and greatly contributing to
the catabolism of Trp taken by diet into circulating Kyn (1). Re-
sults showed that NAS increases Kyn production in cells trans-
fected with mIDO1 (Fig. 4C; ECs 19.56 + 2.09 pM) or hIDO1 (81
Appendix, Fig. S44; ECs( 20.95 + 6.06 pM) but not with mTDO, in
which NAS instead appeared to inhibit rather than increase Kyn
production (SI Appendix, Fig. S4B; 1Csy 0.4 + 0.02 pM). In con-
trast, melatonin, NAT, and IDE exhibited inhibitory effects on
Kyn production by cells transfected with mIDO1 (Fig. 4C). We
finally measured the ECsq of NAS in enhancing IDO1 activity in
freshly purified mouse cDCs. Results showed that NAS is capable
of increasing Kyn production in cDCs (as in Fig. 2B) with an ECs
of 2.48 + 0.3 pM (Fig. 4D).

In order to get insights into the mechanism of NAS in po-
tentiating IDO1 catalytic activity, we incubated P1.HTR cells
stably expressing mIDO1 with different concentrations of Trp in
the presence or absence of NAS. Results showed that the pres-
ence of NAS at the highest concentration increased the efficacy,
namely the maximal Kyn production, by almost 30%, whereas
the ECsq (the Trp concentration at which half of the efficacy is
observed) of the enzyme was not reduced (3.43 + 1.28 uM with
no NAS to 5.50 = 1.10 with NAS at 30 pM), thus suggesting that
NAS would act as an IDO1 PAM without increasing the enzyme
affinity for its substrate, namely Trp (Fig. 4E).

As a whole, our data indicated that NAS may represent a true
and selective IDO1 PAM in both mice and humans, an effect
that appears to be more pronounced (as suggested by decreasing
NAS ECsp) when passing from artificial (use of recombinant
protein) to semiartificial (cell transfectants) and to physiological
(mouse cDCs) experimental settings. Our data would also sug-
gest that the reported NAS antioxidant effects (25) (possibly
occurring in P1.HTR cells and more so in primary ¢cDCs) may
provide additional help in the enhancing catalytic effects of NAS
on IDOl1—whose enzymatic activity is favored by reducing
conditions—by means of NAS mechanisms not characterized yet.
Finally, it is interesting to note that our data indicated a failure
of IDE in enhancing IDO1 catalytic activity, which, however, are
in accordance with very recent data obtained by others (51), as
discussed in the next paragraph.

NAS Directly Binds the IDO1 Allosteric Site. Crystallographic studies
and site-directed mutagenesis experiments of IDO1 have shed
light on the overall architecture, key residues, and structural fea-
tures of small-molecule-binding pockets of the enzyme (Fig. 54),
as reviewed elsewhere (52). These studies unveiled that IDO1
folds into a globular structure comprising a small noncatalytic
domain and a large catalytic domain. The catalytic site is located
above the distal position of the iron heme, spanning 2 regions as
defined by residues Serye7, Phegs, and Phejgs (pocket A) and
Phe,zs, Phesss, and Argys; (pocket B). A distinct allosteric site was
recently identified below the proximal position of the heme plane
and defined by residues Pheyzg, Aspa74, and Argays (51, 53). This
allosteric pocket was shown to bind IDE and suggested to account
for the substrate inhibition behavior of the enzyme occurring at
high concentrations of Trp. In view of the structural similarity
between IDE and NAS (Fig. 44), docking studies were carried out
to investigate whether NAS could bind the allosteric pocket of
IDOL1 (SI Appendix, Fig. S5 and Table S2). According to the best
energy-scored binding mode (Fig. 5B), the hydroxyl group of NAS
would make a hydrogen bond with Asp,74, whereas the acetamide
group is involved in 2 hydrogen bonds with Hisz4e and the pro-
pionate group of the heme cofactor. The indole ring is packed
through an edge-to-face = interaction with the side chain of
Phe,7. Specifically, the hydrogen bond of the hydroxyl group with
Aspay74 supports a key role for such a group in the structure—ac-
tivity relationship of NAS with respect to IDE and NAT that,
lacking this polar substituent, are devoid of catalytic enhancing
activity. Compared with the IDE-binding mode, the indole ring of
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Fig. 5. NAS binds the allosteric pocket in IDO1, enhancing the catalytic ac-
tivity of the enzyme. (A) IDO1 structure with indications of the small and large
domains as well as of the catalytic site (A and B pockets, colored in orange and
blue mesh surfaces) and the allosteric pocket (colored in green mesh surface).
(B) Best energy-scored binding mode of NAS in the allosteric pocket of IDO1
(ligand and protein are colored by atom types, with yellow carbon the former
and gray carbon the latter). Key hydrogen-bond interactions are shown with
yellow dashed lines. (C) Structural superposition of the energy-refined struc-
ture of NAS-bound IDO1 (ligand and protein are colored as in B), and the
crystal structure of IDE-bound IDO1 (PDB ID code 5WMV; ligand and protein
are shown as green sticks). The position of water molecule Wegqg is shown as a
green ball. (D) Effect of NAS at different concentrations as in Fig. 4C on the
24-h Kyn release by P1 cells transfected with mouse WT IDO1 (IDO1.WT) or the
F270G mutant (IDO1.F270G). Trp was at 10 pM. Results are represented as Kyn
fold change as in Fig. 4 of 3 independent experiments, each performed in
triplicate. The control absolute value of Kyn (medium without NAS) was 4.82 +
1.92 uM for P1 cells transfected with IDO1.WT and 1.19 + 0.19 uM for P1 cells
transfected with IDO1.F270G. Error bars indicate means + SD.

NAS is flipped by 180°, and its carbonyl atom is placed in a region
wherein a water molecule (W) is found in the crystal structure
of IDE-bound IDO1 (Protein Data Bank [PDB] ID code SWMYV)
(51), supporting the presence of a favorable polar interaction near

In order to experimentally prove the proposed binding mode of
NAS, mutagenesis experiments were carried out by engineering
the Phe,70Gly (F270G) mutant of mouse IDO1. The comparative
evaluation of the enzymatic activity between WT and the IDO1
mutant showed that NAS loses its Kyn-enhancing activity when
tested in tumor transfectants expressing IDO1.F270G (Fig. 5D).
This confirmed the key role of Phe,7 in the molecular recognition
of NAS, providing evidence on the location of its binding site.

Because the IDO1 allosteric pocket is quite distant from the
catalytic site (Fig. 54) but very close to heme (54), these data
may also explain why NAS increases the catalytic efficacy but not
the binding affinity of IDO1 toward its substrate Trp.

NAS Increases IDO1 Catalytic Activity in PBMCs from Patients with
MS. MS can manifest in different forms, mainly represented by
relapsing-remitting MS (RRMS; affecting about 85% of MS
patients and marked by flare-ups of symptoms followed by pe-
riods of remission) and primary progressive MS (PPMS; a dis-
ease that affects ~10% of MS patients and continues to worsen
gradually from the beginning). In a recent study, IDO1 expres-
sion and Kyn levels were significantly reduced in PBMCs from
RRMS patients as compared with healthy control subjects (19).
In contrast, TDO expression was similar in PBMCs from RRMS
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patients and healthy subjects (19). Interestingly, whereas several
pieces of evidence would indicate IDO1 as a protective player in
RRMS (55, 56), lack of TDO expression will protect mice with
EAE from neuronal loss in the spinal cord (57).

Because of the protective effects of NAS in WT mice with
EAE, we investigated whether the Trp metabolite could modu-
late IDO1 activity in PBMCs from RRMS patients. We evalu-
ated the Kyn release in culture supernatants of PBMCs, either
unstimulated or stimulated for 24 h with IFN-y, from RRMS
patients as compared with healthy subjects (SI Appendix, Table
S3), in the presence or absence of NAS. No significant difference
could be observed for the basal Kyn release between the 2
groups. The Kyn production significantly increased in IFN-
y-stimulated PBMCs from healthy subjects but not RRMS pa-
tients (Fig. 64). However, incubation with NAS resulted in a
highly significant increase of IDOI1 activity in RRMS PBMCs
stimulated with the cytokine but not in unstimulated cells (Fig.
64). In PBMCs from healthy subjects, NAS increased the Kyn
release in both unstimulated and IFN-y—stimulated conditions.
No modulation by NAS could be observed in IDO1 transcript
expression in unstimulated or IFN-y—treated PBMCs from both
RRMS patients and healthy subjects (Fig. 6B).

We previously showed that the majority of patients with au-
toimmune diabetes are characterized by a defect in IDO1 ex-
pression and activity, which is associated with specific genotypes
at the IDOI 157820268 single-nucleotide polymorphism (SNP)
(58). We thus compared the frequency of 5 haplotype-tagging
SNPs (tagSNPs) in the IDOI gene (SI Appendix, Table S4), in-
cluding the 157820268 SNP, using genomic DNA samples from a
cohort of MS patients and matched control subjects (n = 200 in
each group). In line with our previous report on autoimmune
diabetes, the rs7820268 SNP, but not other IDOI SNPs, dis-
played a significantly different allele (P = 0.007; SI Appendix,
Table S5) and genotype (P = 0.006) distribution among MS cases
and control subjects (Table 1). Upon correction of the associa-
tion test results for age of onset, gender, and MS severity and
classification, the CC genotype at rs7820268 was found to confer
a 1.5-fold (95% CI, 1.04 to 2.12; P = 0.035) increased risk of
developing MS. When the MS patients were stratified according
to the type of MS, namely RRMS or PPMS, the genotype dis-
tribution of rs7820268 SNP tended to be different among RRMS
versus PPMS patients (Table 2).

Because human PBMCs do not up-regulate TDO or IDO2
(the IDO1 paralog) in response to IFN-y (58), our data indicated
that, at least in inflammatory conditions, 1) IDO1 activity is

Table 1. Genotype distribution of IDO1 genotypes among cases
of MS and matched controls

Genotype, n (%)

SNP rs no. Alleles: Status A/A Ala ala P value
rs9657182 T>C
MS 59 (33.3) 84 (47.5) 34(19.2) 0.680
Controls 144 (31.8) 231 (51.0) 78 (17.2)
rs3808606 T
MS 50 (27.6) 98 (54.1) 33(18.2) 0.791
Controls 130 (28.6) 232 (51.2) 91 (20.1)
rs10089078 G>A
MS 65 (35.5) 96 (52.5) 22(12.0) 0.463
Controls 180 (39.7) 213 (47.0) 60 (13.2)
rs7820268 T
MS 78 (44.6) 81 (46.3) 16 (9.1) 0.006
Controls 158 (34.9) 212 (46.8) 83 (18.3)
rs3739319 G>A
MS 57 (32.4) 81 (46.0) 38(21.6) 0.456
Controls 123 (27.3) 224 (49.7) 104 (23.1)

The major and minor alleles are represented by the first and second
nucleotides, respectively. A and a indicate distinct alleles of the same gene.
P value is for Fisher's exact t test. Significant associations are reported in
bold. Individual numbers may not add to the total number of patients due to
missing patient data or genotypes.

deficient in RRMS patients; 2) the defect is associated with a
differential distribution of the IDO1 rs7820268 SNP, mainly
occurring in RRMS patients; and 3) deficient IDO1 activity can
be increased by NAS in PBMCs from patients with RRMS to
levels comparable to those of healthy controls.

Discussion

Allosteric modulation occurs when the functional activity of a
protein is altered by the binding of an effector at a site topo-
graphically distinct from the orthosteric, active site. Allosteric
modulators do not possess intrinsic efficacy but instead augment
(positive allosteric modulators) or diminish (negative allosteric
modulators; NAMs) the activity of orthosteric agonists (on re-
ceptors) or the catalytic transformation of substrates (by enzymes).
Therefore, because their action is limited by the concentration of
the endogenous ligand, allosteric drugs generally possess important
advantages over orthosteric drugs, such as fewer side effects and
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Fig. 6. NAS increases IDO1 activity in PBMCs from MS patients. (A) Kyn levels in supernatants of PBMCs, either unstimulated (medium) or stimulated for 24 h
with IFN-y at 500 U/mL, from control subjects (n = 32) or RRMS patients (n = 59), in the presence or absence (medium) of NAS at 30 pM. (B) Real-time PCR
analysis of /DO1 transcripts in PBMCs from RRMS patients, either unstimulated or stimulated with 500 U/mL IFN-y, incubated with NAS at 30 pM for 12 h,
normalized to the expression of ACTB (encoding B-actin), and presented relative to results in untreated cells (dotted line, 1-fold). All samples were analyzed in

triplicate. *P < 0.05, **P < 0.01, ***P < 0.001. Error bars indicate means + SD.
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Table 2. Association between IDO1 genotypes and MS disease
phenotype

Genotype, n (%)

SNP rs no.  Alleles: Status A/A Ala ala P value
rs9657182 T>C

PPMS 10 (55.6) 7 (38.9) 1 (5.6) 0.110

RRMS 33 (31.1) 52 (49.1) 21 (19.8)
rs3808606 T

PPMS 8 (42.1) 10 (52.6) 1(5.3) 0.179

RRMS 28 (25.7) 59 (54.1) 22 (20.2)
rs10089078 G>A

PPMS 9 (50.0) 6 (33.3) 3(16.7) 0.257

RRMS 38 (33.9) 60 (53.6) 14 (12.5)
rs7820268 T

PPMS 6 (33.3) 12 (66.7) 0 (0.0) 0.059

RRMS 54 (51.9) 40 (38.5) 10 (9.6)
rs3739319 G>A

PPMS 7(38.9 8(44.4) 3(16.7) 0.793

RRMS 33 (31.1) 53 (50.0) 20 (18.9)

The major and minor alleles are represented by the first and second
nucleotides, respectively. A and a indicate distinct alleles of the same gene. P
value is for Fisher’s exact t test. Individual numbers may not add to the total
number of patients due to missing patient data or genotypes.

lower toxicity. Despite much progress having been made in un-
derstanding the mechanisms of allosteric modulation, the devel-
opment of allosteric drugs for therapeutic targets is still very
limited, particularly in the enzymology field. This is a stark contrast
to our knowledge on enzyme inhibition and the wealth of studies
describing enzyme orthosteric inhibitors and their mechanisms of
action. In fact, whereas the number of orthosteric catalytic inhib-
itors developed as drugs is significant, drug-like compounds acting
as PAMs, namely potentiating the reaction efficacy of the enzyme,
are scarce (59, 60).

Autoimmune diseases, including MS, are conditions involving
breakdown of tolerogenic circuitries and consequent activation
of autoreactive immune cells (61). Immune checkpoints are
molecular regulators of the immune system and are thus crucial
for self-tolerance, which prevents autoimmunity (62). The IDO1
enzyme is emerging as a novel type of immune checkpoint mol-
ecule, with multiple effects on effector as well as regulatory arms
of the immune response (63). Because IDO1 deficiency seems to
occur in several autoimmune pathologies (64), the development of
IDO1-selective PAMs may be beneficial for a significant number
of patients. Although an allosteric site in the enzyme structure was
recently described (51), no IDO1 PAM capable of enhancing Trp
metabolism in vivo and thus keeping autoimmunity in check has
ever been reported.

By investigating the mechanism of action of NAS in protecting
mice from EAE, we found that the Trp metabolite 1) directly
binds IDO1 at a recently identified allosteric site; 2) acts as a
PAM for both mouse and human IDO1 but not TDO; 3) in-
creases the production of Kyn that in turn activates immuno-
regulatory AhR in DCs; and 4) rescues Trp metabolism in PBMCs
from patients with MS.

The relevance of our data could be manifold. From a molec-
ular perspective, the broad hydrogen-bond network of NAS with
Aspy7s, Hiszag, and the heme cofactor might provide a clue on the
mechanism of the catalytic enhancing activity for such compounds.
Indeed, it has been previously reported that IDO1 may adopt a
heme-free apo-form within cells that can be catalytically activated
upon addition of heme (65). A more recent study showed that the
apo-form of IDO1 is the predominant state of the enzyme over the
heme-bound form in cellular conditions, with an equilibrium be-
tween the 2 forms being dependent on the redox state of the
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enzyme and substrate concentrations (48). In the same study, in-
hibitors have been reported that specifically bind the apo-form of
IDO1, competing with heme recruitment and occupying both al-
losteric and orthosteric pockets of the enzyme. By interacting with
Asp,y4 through its key hydroxyl group in the allosteric pocket of
IDO1, NAS may favor heme binding by promoting an equilibrium
shift in the pool of intracellular IDO1 from the apo-form to the
heme-bound form of the enzyme that will become catalytically
active upon redox reaction of the heme cofactor (SI Appendix, Fig.
S6). It is noteworthy of mention that this allosteric pocket is not
present in the structure of TDO, thereby accounting for the lack of
enhancing effects of NAS on this enzyme (53).

From a biologic perspective, our data provided evidence that an
indole derivative of the serotonin pathway acts as an endogenous
IDO1 PAM, that is, opposed to Trp, that, when present at high
concentrations, is known to act as an IDO1 NAM (53). Therefore,
although kynurenines acting as endogenous PAMs for the en-
zymes of the serotonin pathway have not been identified yet, we
might hypothesize that products downstream of the kynurenine
and the serotonin pathways may guarantee an appropriate equi-
librium between the 2 main metabolic routes of Trp metabolism
by allosteric mechanisms. These observations may have important
therapeutic consequences. In fact, the therapeutic success of
cancer immunotherapy based on the use of potent orthosteric
inhibitors of IDO1 could be hampered by the induction of a
skewing toward the serotonin pathway and thus an excess pro-
duction of immunoregulatory NAS. Moreover, our data may in-
dicate that the immunoregulatory effects of serotonin, namely
such as the induction of IL-10, observed in human PBMCs from
MS patients could be ascribed to NAS, the serotonin metabolite
(66). However, although we did find high levels of NAS in cervical
lymph nodes of mice, particularly in the EAE recovery phase, the
origin of endogenous NAS production in the periphery is still
discussed. In fact, aralkylamine N-acetyltransferase (SI Appendix,
Fig. S1), the enzyme producing NAS from serotonin, is expressed
not only in the pineal gland for melatonin synthesis but also in
thymus, spleen, and bone marrow (67).

Although in the current work we focused our studies on Kyn,
the main IDO1 product, we cannot exclude that other metabo-
lites produced downstream of Kyn may contribute to the overall
effect of increased activation of AhR by NAS. In fact, kynurenic
acid (68, 69), cinnabarinic acid (a naturally condensed form of
3-hydroxyanthranilic acid) (70), and also xanthurenic acid (a lat-
eral product of the pathway generated from 3-hydroxykynurenine)
(71) are also agonists of AhR. Moreover, 3-hydroxyanthranilic
acid, although not capable of acting as an AhR agonist on its
own, can engage nuclear coactivator 7 and thus enhance AhR
activation by Kyn in DCs (72). Along the same line, although
metabolites downstream of Kyn are in general produced at lower
levels as compared with Kyn, we cannot exclude that NAS may
operate as a PAM also of enzymes downstream of IDO1 along the
kynurenine pathway.

Perhaps most importantly, our data may have far-reaching
therapeutic implications. In fact, the main therapeutic approach
in containing MS has been immunosuppression. As per their
definition, that is, drugs that lower adaptive immune responses,
immunosuppressive agents impair activation and proliferation of
T and B lymphocytes. However, given their nonselective mode of
action, such drugs are unavoidably accompanied by significant
adverse effects. Our data would indicate that the development of
PAMs selective for the IDO1 enzyme and therapeutically active
in vivo is feasible and therefore may provide unprecedented
opportunities to develop first-in-class therapeutic agents for MS
but possibly also for other autoimmune diseases. Of course, the
identification of peripheral cells producing NAS in humans and
of the conditions of the administration of NAS or drug-like
compounds with NAS effects will be mandatory for the optimal
therapeutic exploitation of IDO1 PAMs.

PNAS | February 18,2020 | vol. 117 | no.7 | 3855

www.manaraa.com

PHARMACOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918215117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918215117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918215117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918215117/-/DCSupplemental

Downloaded at Palestinian Territory, occupied on December 1, 2021

Materials and Methods

For detailed information and protocols, see S/ Appendix.

EAE Induction and Treatment with NAS In Vivo. Induction and evaluation of
MOG-induced EAE were done as outlined in S/ Appendix and as described
(73). NAS (10 mg/kg) was administered i.p. every other day starting 1 d after
MOG immunization for 24 d. Mice were monitored daily, and neurological
effects were scored as outlined in S/ Appendix. The in vivo experiments
performed in this work were approved by the Italian Ministry of Health
(Authorizations 482/2016-PR and 641/2016-PR).

Subject Recruitment and Purification of PBMCs. The study was approved by the
Ethics Committee of Health Agencies of Umbria (Reference 2925/16 of De-
cember 12, 2016), and all subjects provided informed written consent for the
collection of samples and subsequent analysis.

Statistical Analysis. Data were analyzed using Prism version 6.0 (GraphPad
Software) by 2-tailed unpaired Student'’s t test (datasets meeting normality)
or Mann-Whitney test (no normality). Association between 2 variables was
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