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Atherosclerosis is the major cause of cardiovascular disease (CVD),
the leading cause of death worldwide. Despite much focus on lipid
abnormalities in atherosclerosis, it is clear that the immune system
also has important pro- and antiatherogenic functions. The enzyme
indoleamine-2,3-dioxygenase (IDO) catalyses degradation of the
essential amino acid tryptophan into immunomodulatory metabolites.
How IDO deficiency affects immune responses during atherogenesis is
unknown and we explored potential mechanisms in models of murine
and human atherosdlerosis. IDO deficiency in hypercholesterolemic
ApoE '~ mice caused a significant increase in lesion size and surrogate
markers of plaque vulnerability. No significant changes in cholesterol
levels were observed but decreases in IL-10 production were found in
the peripheral blood, spleen and lymph node B cells of IDO-deficient
compared with IDO-competent ApoE '~ mice. 3,4,-Dimethoxycinna-
moyl anthranilic acid (3,4-DAA), an orally active synthetic derivative
of the tryptophan metabolite anthranilic acid, but not -kynurenine,
enhanced production of IL-10 in cultured splenic B cells. Finally,
3,4-DAA treatment reduced lesion formation and inflammation after
collar-induced arterial injury in ApoE™’~ mice, and reduced cytokine
and chemokine production in ex vivo human atheroma cell cultures.
Our data demonstrate that endogenous production of tryptophan
metabolites via IDO is an essential feedback loop that controls ath-
erogenesis and athero-inflammation. We show that the IDO pathway
induces production of IL-10 in B cells in vivo and in vitro, suggesting
that IDO may induce immunoregulatory functions of B cells in ath-
erosclerosis. The favorable effects of anthranilic acid derivatives in
atherosclerosis indicate a novel approach toward therapy of CVD.
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ardiovascular disease (CVVD) remains the biggest killer world-
wide (1) despite a reduction in the CVD mortality rate over
recent decades. Considering our aging and increasingly obese
and diabetic populations, mortality seems likely to rebound (2).
The immune response represents an important component of
the pathogenesis of CVD that has yet to be successfully targeted
therapeutically. Currently we lack insight into which immune-
regulatory pathways in vessels might be successfully exploited to
generate medicines to use in conjunction with lipid lowering agents.
Indoleamine-2,3,-dioxygenase (IDO) is the rate-limiting enzyme

in the formation of a spectrum of immune-regulatory tryptophan
(Trp) metabolites, including kynurenine (Kyn) and anthranilic acid.
IDO expression is induced by inflammatory mediators, such as
IFN- (3) and Toll-like receptor ligands (4), and its expression by
myeloid and endothelial cells mediates immune regulation and
endothelium-dependent vasodilation, respectively (5, 6). The Kyn:Trp
ratio reflects IDO activity and changes in this ratio have been
described in vascular diseases, suggesting that this pathway is acti-
vated in humans. The Kyn:Trp ratio is augmented in patients with
coronary artery disease (7) and positively correlates with levels of
the inflammation marker C-reactive protein and negatively with
high-density lipoprotein cholesterol levels (8, 9). Plasma Kyn levels
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are associated with increased risk of acute myocardial infarction in
patients with stable angina pectoris (10). In the Tampere Vascular
Study, increased IDO expression was observed in the macrophage-
rich cores of human atherosclerotic plaques (11).

An orally active synthetic derivative of the Trp metabolite
anthranilic acid [3,4,-dimethoxycinnamoyl anthranilic acid (3,4-
DAA)], was tested in the Prevention of REStenosis with Trani-
last and its Outcomes (PRESTO) trial. Although no benefit was
shown on restenosis, a significant reduction in myocardial infarction
was observed in the treated group (12). With no restenosis pre-
vention, we speculate that 3,4-DAA’s mechanism of action is not
related to blockade of smooth muscle cell (SMC) proliferation, but
because of its anti-inflammatory effects (13, 14). 3,4-DAA is an
antiallergic drug approved for use for asthma treatment in Japan
that was originally discovered for its inhibitory effect on mast
cell degranulation (15). 3,4-DAA reversed paralysis in mice with
experimental autoimmune encephalomyelitis, a model of multiple
sclerosis and ameliorated experimental arthritis (13, 14).

In this study, the effect of IDO-deficiency on murine atheroscle-
rosis was dramatic, causing a significant increase in lesion size and
surrogate markers of plaque vulnerability, demonstrating that IDO is
a key endogenous regulator of plaque stability and inflammation in
atherosclerosis. We also show that IDO boosts IL-10 production in
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Inflammation is an important component of the pathogenesis of
cardiovascular disease, the world’s biggest killer. No antiinflam-
matory treatments have yet been developed to treat cardiovas-
cular disease. Indoleamine 2,3-dioxygenase (IDO) is a critical
enzyme in the metabolism of tryptophan that has been shown to
be immune-regulatory in many diseases. ApoE '~ mice deficient in
IDO (ApoE ’“Indo™’") developed larger atherosclerotic lesions
and an unfavorable lesion phenotype that may predispose to
cardiovascular complications. Furthermore, administration of an
orally active synthetic tryptophan metabolite (3,4-DAA) reduced
disease development in mice and cytokine production in human
atheroma. Our data demonstrate that endogenous production of
tryptophan metabolites via IDO is an essential feedback loop that
controls atherogenesis and athero-inflammation, defining a path
toward the development of new therapeutics.
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B cells. Administration of 3,4-DAA was also effective in reducing
lesion size and inflammation in an arterial injury model and a human
ex vivo atheroma cell culture model, defining a path for the devel-
opment of new therapeutics.

Results

INDO Deficiency Increases AtherogenesisTo determine the role of
IDO and the endogenous metabolites generated during IDO-
mediated Trp metabolism in the development of atherosclerosis,
Indo™~ mice were crossed with hyperlipidemic apolipoprotein E
deficient (ApoE™") mice to generate 1DO-deficient ApoE ™"~
Indo™~ mice. IDO-competent ApoE ™" Indo*’* (ApoE™") and
ApoE " Indo™" mice were fed a normal chow diet and were
killed at 15, 20, or 30 wk of age. No statistically significant dif-
ferences in either body weight or serum cholesterol levels were
observed between the two groups of mice at any time point ex-
amined (Table S1). ApoE'"Indo™"~ mice displayed an almost
twofold increase in atherosclerotic lesion size in the aortic root
compared with ApoE™~ mice (P < 0.001 at 15 wk; P < 0.05 at 20
wk) (Fig. 1). Percentage lesion area was also significantly in-
creased in ApoE ™" Indo™™ mice (P < 0.01 at 15 wk; P < 0.05 at
20 wk) (Fig. 1). At 30 wk of age, no difference in either absolute
aortic root lesion area or aortic root lesion area fraction was
observed between the two groups of mice (Fig. 1), suggesting
that at very late time points IDO can no longer protect from the
atherogenic drive toward lesion formation.

IDO Deficiency Affects Atherosclerotic Plaque Vulnerability. The
phenotype of human atherosclerotic lesions is related to the risk
of thrombosis (16). To examine the effect of IDO deficiency on
atherosclerotic lesion composition, plague sections were stained
with antibodies against CD68 (monocytes/macrophages), CD4
(T cells) and -SMC actin (SMCs). In addition, slides were stained
with H&E to quantify necrosis. A striking difference in plaque
composition was observed between lesions of IDO-deficient and
IDO-competent ApoE ™~ mice. At 15 wk of age, lesions in ApoE ™~
Indo™ mice contained significantly more CD68* macrophages and

CD4" T cells compared with lesions in ApoE ™~ mice (Fig. 2.4-D).
A significant increase in lesional macrophage content was also
observed in 20-wk ApoE ™" Indo™~ compared with ApoE™" mice
(Fig. S1). No difference in CD4" cells was observed between the
two groups of mice at 20 and 30 wk (Figs. S1 and S2).

Despite similarities in size, aortic root lesions in 30-wk ApoE ™~
Indo™™ mice had less SMC content and an increased necrotic core
size compared with lesions in ApoE™" mice (Fig. 2 E-H). No
difference in SMC or necrotic core content was observed at earlier
time points (Fig. S1). The increase in inflammatory cells in the
atherosclerotic lesions of ApoE ™" Indo™ mice at early time points
in disease development, together with the increase in necrotic core
area and reduction in SMC content in ApoE ™" Indo™" mice at
later time points, reveals an important role for IDO in maintaining
plaque stability.

Quantitative PCR Data Reveal Changes in Inflammatory Gene
Expression. Quantitative RT-PCR (qRT-PCR) was used to assess
myeloid and T-cell phenotype markers in the spleen, lymph nodes
(LN), and aortas of ApoE™" vs. ApoE ™ Indo™" mice. An increase
in GATAS3 (transacting T-cell-specific transcription factor 3) ex-
pression was observed in the aorta of ApoE™"Indo™~ mice (Fig. 3),
suggesting facilitation of a Th2 response. However, changes in aortic
IL-4 expression were not significant, nor were there any changes in
expression of T-cell-associated genes in either the spleens or LN of
ApoE " Indo™~ comPared with ApoE™" mice (Fig. 3 and Fig. S3).
Aortas from ApoE ™ Indo™~ mice also displayed significantly in-
creased expression of CD11c, CD64, and costimulatory molecules
CDB80 and CD86 compared with aortas from ApoE ™~ mice (Fig. 3),
supporting the immunohistochemistry data showing increased mac-
rophage accumulation in ApoE ™" Indo™" lesions.

Reduced Serum Kyn in IDO-Deficient ApoE’~ Mice. To investigate
whether the athero-protective effects of IDO deficiency were be-
cause of Trp accumulation or endogenous Kyn depletion, serum
Trp and Kyn levels were assessed. At all time points examined,
ApoE ™ Indo™ mice had reduced serum Kyn levels compared
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Fig. 1. IDO deficiency accelerates early atherosclerotic lesion formation in the aortic root. ApoE™~ and ApoE ™ Indo

Indo-/- Indo-/-

"~ mice fed a normal chow diet were

killed at 15, 20, or 30 wk of age. (A) Representative photomicrographs of aortic roots from 15-, 20-, or 30-wk-old mice stained with Oil red O and Hematoxylin.
(Scale bars, 500 m.) (B) Cross-sectional aortic root lesion size (x10° m?, Left) and the percentage aortic root lesion area (percent, Right). Data show the mean
lesional area per individual mouse. Line represents the group mean (n = 9-12; *P < 0.05, **P < 0.01, ***P < 0.001).
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