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Abstract

Background: Ischemic cardiovascular diseases, particularly acute myocardial infarction (MI) is one
of the leading cause of mortality worldwide. Indoleamine 2, 3-dioxygenase 1 (IDO) catalyzes one
rate-limiting step of L-Tryptophan (Trp) metabolism, and emerges as an important regulator of
many pathological conditions. We hypothesized that IDO could play a key role to locally
regulate cardiac homeostasis after Ml.

Methods: Cardiac repair was analyzed in mice harboring specific endothelial or smooth muscle
cells or cardiomyocyte or myeloid cell deficiency of IDO and challenged with acute myocardial
infarction.

Results: We show that Kynurenine (Kyn) generation through IDO is markedly induced after Ml
in mice. Total genetic deletion or pharmacological inhibition of IDO limits cardiac injury and
cardiac dysfunction after MI. Distinct loss of function of IDO in smooth muscle cells,
inflammatory cells, or cardiomyocytes does not impact cardiac function and remodeling in
infarcted mice. In sharp contrast, mice harboring endothelial cell-specific deletion of IDO show
an improvement of cardiac function, as well as cardiomyocyte contractility and reduction in
adverse ventricular remodeling. In vivo Kyn supplementation in IDO-deficient mice abrogates
the protective effects of IDO deletion. Notably, Kyn precipitates cardiomyocyte apoptosis
through reactive oxygen species production in an aryl hydrocarbon receptor-dependent
mechanism.

Conclusions: These data suggest that IDO could constitute a new therapeutic target during acute
MI.
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Non-standard Abbreviations and Acronyms
AA: Anthranilic acid

AHR: Aryl Hydrocarbon Receptor
BM: Bone Marrow

CM: Cardiomyocyte

CEEA : Comité d'Ethique en Experimentation Animale
DHE: Dihydroethidium

EC: Endothelial Cell

EF: Ejection Fraction

FITC: Fluorescein isothiocyanate
3-HAA: 3-Hydroxyanthranilic acid
HR: Heart rate

IDO: Indoleamine 2, 3-dioxygenase 1
IFN-y: Interferon-gamma

IL: Interleukin

Kna: Kynurenic acid

Kyn: Kynurenine

LPS: Lipopolysaccharide

LV: Left Ventricle

L-1MT: 1-Methyl-L-tryptophan

MI: Myocardial Infarction
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Myh6: a-Myosin heavy chain
3-OHKyn: 3-Hydroxykynurenine
PE: Phycoerythrin

Quina: Quinolinic acid

ROS: Reactive Oxygen Species
SL: Sarcomere Length

SMC: Smooth Muscle Cell
TNF-a: Tumor Necrosis Factor-a
Tregs: Regulatory T cells

Trp: Tryptophan

TUNEL.: Terminal deoxynucleotidyl transferase dUTP nick-end labeling
Vd: LV end-diastolic volume

Vs: LV end-systolic volume

WT: Wild-type

Clinical Perspective

What is new?
e Indoleamine 2, 3-dioxygenase 1 (IDO), an enzyme involved in Tryptophan catabolism,
precipitates adverse cardiac remodeling after acute myocardial infarction.
e The specific deletion of IDO in endothelial cells enhances cardiomyocyte survival and
contractility leading to cardiac function improvement.

¢ IDO dependent effects are mediated by endothelial cell production of kynurenine.

What are the clinical implications?

e Our study provides novel insights into the complex cross-talk between the cardiac
endothelial cells and cardiomyocytes during cardiac repair after myocardial infarction
and suggests a deleterious role for endothelial IDO through kynurenine production in
cardiac repair.

e Therapeutic strategy targeting cardiac IDO could constitute an innovative approach to

curb cardiac dysfunction following acute myocardial infarction.
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Introduction

Myocardial infarction (M), by promoting adverse remodeling of the left ventricle (LV), is a
leading cause of morbidity and mortality worldwide. Following MI, intricate interactions among
different cellular entities such as cardiomyocytes (CM), inflammatory and vascular cells are
instrumental in the regulation of tissue remodeling and govern the prevalence of heart failure,
arrhythmias, or sudden death®. Therefore, it is of great importance to unravel the mechanisms
underlying adverse cardiac remodeling and subsequently to explore new therapeutic approaches
in patients with Ml.

Indoleamine 2, 3-dioxygenase 1 (IDO) is an enzyme that catalyzes the degradation of the
essential amino acid L-tryptophan (Trp) to N-formylkynurenine leading to the generation of
several active metabolites including kynurenine (Kyn), 3-hydroxykynurenine (3-OHKyn),
anthranilic acid (AA), 3-hydroxyanthranilic acid (3-HAA), kynurenic acid (Kna) and quinolinic
acid (Quina). IDO-related pathways have been involved in various diseases ranging from chronic
granulomatous disease? to neurodegenerative diseases®, and more recently in cardiometabolic
diseases including metabolic syndrome?, aneurysm® © and atherosclerosis’**. In these
experimental models, either protective*® ! or deleterious "1° effects of IDO-generated
metabolites have been reported. Yet, in human studies, IDO activity was constantly found to be
associated with worse cardiovascular outcome in patients with coronary artery disease ***4 and
atherosclerosis progression in patients with end-stage renal disease®.

During inflammation, IDO is up-regulated mostly in dendritic cells and macrophages by pro-
inflammatory stimuli such as tumor necrosis factor-o (TNF-a), interleukin-6 (1L-6)*¢, and
interferon-gamma (IFN-y)Y’. IDO exerts its biological effects through the generation of

downstream metabolites that suppress effector T-cell function and favor the differentiation of
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regulatory T cells (Tregs)*8. However, the biological effects of IDO extend beyond its role in the
regulation of the immune response. Interestingly, IDO activity has been shown to contribute to
arterial vessel relaxation and regulation of blood pressure in septic shock!®, and to promote renal
ischemia-reperfusion injury?. Recent studies have also demonstrated that Kyn metabolites may
increase inflammation??, oxidative stress, as well as apoptosis of smooth muscle and endothelial
cells (EC)® 22,

Given the potential link between IDO-dependent pathways and M1, we hypothesized that
IDO activity is induced after acute MI and is instrumental in the regulation of cardiac remodeling
and function. Here, we show that, deficiency or pharmacological inhibition of IDO protects
against MI-induced cardiac dysfunction. Moreover, conditional loss of function of IDO in EC,
but not in smooth muscle cells (SMC), or in CM or in bone marrow (BM)-derived inflammatory
cells, reduces infarct size and limits cardiac injury after MI. Furthermore, we demonstrate that
Kyn is responsible for the deleterious effects observed in IDO-deficient mice. Collectively, our
results reveal the biological importance of Kyn produced by EC in the context of ischemic
cardiac injury. These findings could have implications for the development of novel therapeutic
strategies aimed at inhibiting IDO activity for the treatment of patients with ischemic cardiac

diseases.

Methods
The data, analytic methods, and study are available from the corresponding author on reasonable

request.
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Animals

Ido1™~ mice were from the Jackson Laboratory and are raised in our facility. CM deficiency was
achieved by crossbreeding transgenic B6129-Tg (Myh6-cre/Esr1)1Jmk/J, in which the CM-
specific a-myosin heavy chain (Myh6) promoter drives expression of a 4-OH-tamoxifen
inducible Cre recombinase fusion protein with ldo-1"/foX mice (Ido-1o¥flox o AsHC-Cre). SMC
deficiency was achieved by crossbreeding transgenic B6.Cg-Tg(Tagln-cre)1Her/J, in which the
mouse smooth muscle protein 22-alpha promoter drives expression of a Cre recombinase with
Ido-1floX/flox (do-1flexflox S\M22-Cre). EC deficiency was obtained by crossbreeding transgenic Tg
(Cdh5-cre/ERT2%), in which the vascular EC-specific cadherin promoter drives expression of a
tamoxifen inducible Cre recombinase with Ido-17/fox mice (1do-171°¥fx VECad-CreERT2*). In
both CM and EC deficiency, the Cre-mediated excision of floxed Ido-1 alleles was induced by
treatment with Tamoxifen containing diet (Harlan) for 15 days. Ido1 ™", Ido-1"flox g A C-Cre
(CM IDOKO), Ido-1Mo/Mox S\M22-Cre (SMC IDOKO) and Ido-19/fox VECad-CreERT2 (EC
IDOKO) mice and their respective littermate controls (Ido1**, CM IDO, SMC IDO and EC
IDO) were on a C57BI/6J background. All experiments were performed in 10- to 12-week-old
male animals, because of their higher susceptibility to Ml compared to females?. In some
experiments, wild-type (WT) mice were treated with the IDO inhibitor, 1-Methyl-L-tryptophan
(L-1MT, 2mg/mL in drinking water), during 4 weeks before ligature and then 14 days after Ml
until sacrifice. Other 1do1™~ mice were supplemented with Kyn (2mg/mL in drinking water), and
some of these mice were injected with Aryl Hydrocarbon Receptor (AHR) antagonist CH-
223191 (100pg/mouse) or its vehicle, 3 times during 1 week before MI. Some WT and ldo1 ™~
mice were also subjected to medullar aplasia by 9.5 gray lethal total body irradiation and were

repopulated 24 hours later with an intravenous injection of 1x107 total BM cells isolated from
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femurs and tibias of age- and sex-matched WT and Ido1™~ mice. Mice were then challenged with
MI 4 weeks after BM reconstitution. Sample size has not been predetermined by statistical
method. Adult mice dying within 24 hours of coronary artery ligation surgery (<10% in all
genotypes studied) were prespecified as purely technical failures and excluded from subsequent
analysis. Experiments were conducted according to the French and European community
guidelines for experimental animal use and to the institutional guidelines approved by the local
ethics committee of the French authorities, the '‘Comité d'Ethique en Experimentation Animale’
(CEEA) under the following number 01373.03. All the animals were maintained under identical
standard conditions including housing, regular care, and normal chow in the same animal facility
throughout the duration of the experiments.

Myocardial Infarction

MI was induced by left coronary ligation as previously described?*. The exact same procedure
was performed for the sham-operated mice except that the ligation was not tied. All Ml
experiments were performed in a blinded manner with regard to the genotype of mice.
Echocardiographic Measurements

Transthoracic echocardiography was performed using a VEVO 2100 (Visual sonics) with a
cardiac probe (MS-440D). Mice were anesthetized with isoflurane (1.5-1% in air), shaved with
the use of depilatory cream, and placed on a dedicated heating plate in the supine position.
During the procedure, heart rate (HR) and temperature (35-37°C) were monitored. Two-
dimensional parasternal long-axis views at the level of the largest LV diameter were obtained for
guided B-mode (mice subjected to myocardial infarction) and M-mode (sham-operated mice)
measurements at the end of the diastole and systole. Endocardium contours were drawn from

end-systolic and end-diastolic long-axis views; LV end-diastolic and-systolic volumes (Vd and
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Vs respectively) were measured and percentage ejection fraction (EF) was then calculated
(EF=[(Vd—Vs)/Vd] x100). The echocardiographic measurements were assessed in an external
imaging platform by external experts, blinded to the genotype or the treatment of mice.
Immunohistochemistry

Fourteen days after MI, hearts were perfused with PBS. LV were mounted in Cryomatrix
(Thermo Scientific) and dropped into frozen isopentane. Sections (7 um) were cut. For
evaluation of apoptosis, heart sections and CM were stained with terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL) technology kit (Roche Diagnostics, Meylan,
France) according to the manufacturer’s instructions. Immunohistochemistry was performed
using antibodies for IDO (clone 4B7, Merck), CD31 (clone MEC 7.46, Abcam) and cleaved
caspase 3 (clone 9661, Cell Signaling). For Reactive Oxygen Species (ROS) visualization in
vivo, DHE (Dihydroethidium, Thermo Fisher Scientific) fluorescence staining was performed.
Masson trichrome and Red Sirius stainings were completed to analyze infarct size and collagen
content, respectively. Infarct size was expressed as the ratio of endocardial LV scar length to the
total endocardial LV length. Collagen content and the number of capillaries were quantified in
the border zone of the infarct scar on a Axioimager Carl Zeiss microscope. Collagen content was
measured as the ratio of the total area stained by Red Sirius to the total area of the tissue section
on the Image J software. Capillaries were stained with TRITC-conjugated Griffonia simplicifolia
lectin (Sigma-Aldrich, Evry, France) and CM membranes with fluorescein isothiocyanate
(FITC)-conjugated wheat germ agglutinin lectin (Sigma-Aldrich). Results were expressed as the
ratio of capillaries number to CM. All quantifications were performed in a blinded manner

without knowledge of mice genotype and treatment.
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Cell isolation and culture

CM isolation protocol was performed as previously described?. Briefly, heart was removed and
perfused with buffer (130 mM NaCl, 5 mM KCI, 0.5 mM NaH,PO,, 10 mM HEPES, 10 mM
glucose, 10 mM 2, 3-Butanedione Monoxime (BDM), 10 mM Taurine and 1.5 mM EDTA), then
perfusion buffer (130 mM NaCl, 5 mM KCI, 0.5 mM NaH,PO,, 10 mM HEPES, 10 mM
glucose, 10 mM BDM, 10 mM Taurine and 1 mM MgCl,) after enzyme solution containing
collagenase 11 (245 U/mg, Worthington Biochemical), collagenase 1V (235 U/mg, Worthington
Biochemical) and protease X1V (0.05 mg/mL, Sigma) for 80 ml/hour. CM cells were pelleted
and suspended in calcium buffer containing CaCl, (0.125 puM). Gradual calcium increments
were done by adding, 5 pl, 10 pl, 30 pl and 50 pl of CaCl, (100 mM) with 4 minutes delay
between each increase. For some conditions, CM were lysed for RNA extraction. For other
conditions, CM (~10° cells) were incubated in 24-well plate previously pre-coated with Laminin
(50 pg/ml, Gibco™), in the presence or not of an AHR antagonist, CH-223191 (10uM), (Sigma-
Aldrich) and/or in the presence of Kyn (10uM, Sigma) or vehicles. In other experiments, CM
cells were incubated in the presence of either non-CM cells (CM/non-CM ratio= 1) or non-CM
supernatants after 24 H of culture. ROS were visualized in red using CellRox Deep Red Reagent
Kit (Life technologies).

For the study of CM contractility, cells were isolated as previously described?®. In some
experiments, Kyn (100 uM) was added in the medium for 90 min to test its effect on CM
contractility. Cell shortening and calcium concentration were studied using CM stimulation at
0.5 Hz (20 V, 1 ms) at room temperature. Sarcomere length (SL) and fluorescence (405 and 480
nm) were simultaneously recorded using lon Wizard/lonOptix 6.6 software (lonOptix system,

Hilton, USA) connected to an inverted fluorescence microscope.
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SMC were prepared from mouse thoracic aorta as previously described?’. SMC were stimulated
with lipopolysaccharide (LPS) (1 pg/ml) and IFN-y (100 U/ml) for 24 hours. Cells were then
lysed for RNA extraction.

Flow Cytometry and cell sorting

Hearts were collected and the LV was isolated, minced with fine scissors, and gently passed
through the Bel-Art Scienceware 12-Well Tissue Disaggregator (Fisher Scientific). Cells were
collected, filtered through 40-pum nylon mesh, and washed with PBS. Red blood cells were
removed by incubation in hemolysis buffer (Sigma Life Science). Cells were stained for flow
cytometry at 4°C. Total cardiac cells were gated on Alexa Fluor 700 anti-mouse CD45 (30-F11,
Biolegend), and the following antibodies were used: Brilliant Violet (BV) 605 anti-mouse/human
CD11b (M1/70, Biolegend), phycoerythrin (PE)-conjugated anti-Hu/Mo CD45R (B220) (RA3-
6B2, eBioscience), PE-Cy7 Hamster Anti-Mouse CD3e (145-2C11, BD Pharmingen, BD
Biosciences), BV 650 Rat Anti-Mouse CD4 (RM 4-4, BD Opti Build, BD Biosciences), PerCP-
Cy5,5 Rat Anti-Mouse CD8a (53-6.7, BD Pharmingen, BD Biosceinces), allophycocyanin-
conjugated anti-F4/80 (MCA497, AbD Serotec, Bio-Rad), fluorescein isothiocyanate (FITC) Rat
Anti-Mouse Ly-6C (AL-21, BD Pharmingen, BD Biosciences), BUV 395 Rat Anti-Mouse Ly6G
(1A8, BD Horizon, BD Biosciences). The total number of cells was then normalized to heart
weight. Events were acquired on an LSR Il flow cytometer (BD Biosciences) and results were
analyzed on FlowJo software. In other experiments, non-CM cells were stained with Rat Anti-
Mouse CD16/CD32 (2.4G2, BD Pharmingen™) antibody in order to block Fc receptors. Then
cells were stained with PE-conjugated Rat anti-CD31 (MEC 13.3, BD Biosciences) and FITC
Rat anti-CD45 (30-F11, BD Biosciences). EC (CD45- CD31+) and leukocytes (CD45+CD31-)

in non-CM fraction were isolated by using FACSAria Il (BD Biosciences).

10
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Quantitative Real time PCR

Cells were lysed in detergent buffer RLT (1:100 B-Mercaptoethanol) and then subjected to RNA
extraction and reverse transcription (Qiagen). Quantitative real-time PCR was performed on an
ABI PRISM 7700 (Applied Biosystems) in triplicates. Cycle threshold for Gapdh (primers:
Gapdh-R, 5-CGTCCCGTAGACAAAATGGTGAA-3"; Gapdh-L, 5'-
GCCGTGAGTGGAGTCATACTGGAACA-3") was used to normalize gene expression. Primers
for Ido-1 are: Ido-1-R, 5'-ATATATGCGGAGAACGTGGAAAAAC -3/, I1do-1-L 5'-
CAATCAAAGCAATCCCCACTGTATC-3". PCR conditions were 10 min at 95°C; 35 cycles of
95°C for 15 s, 60°C for 20 s, and 72°C for 20 s; and a final extension at 72°C for 20s.

HPLC Quantifications

Some plasma, heart, supernatant and cell samples were subjected to HPLC quantifications, as
previously described®. The plasma samples and standards containing equal volume of 3-nitro- L-
tyrosine (1uM) were deproteinized by 25 ul of 2 M tricholoroacetic acid. The proteins were
pelleted by centrifugation at 10,000 rpm for 6 minutes. The supernatants were injected in
autosampler (Waters) for detection of Trp by its autofluorescence at an excitation wavelength of
286 nm and emission wavelength of 366 nm. Kyn was detected by UV absorption at 360 nm.
The measurements of Trp, Kyn, AA, Kna, 3-OHKyn, 3HAA and Quina on heart and Kyn and
Trp on cell homogenates were performed as previously described?. IDO activity was assessed as
the Kyn/Trp ratio. Heart and cell lysis were achieved by mechanical disruption in an ice-cold
modified Tyrode buffer (3013m Osm/I, pH 7.40) using a Teflon-glass homogenizer (5 min, 2200

rpm at 4°C), followed by an —SH-activated toxin treatment as previously described %°.

11



0202 ‘¥ Jequieaaq uo Aq Bio'sfeuinofeye/:diy wouy pspeojumoq

10.1161/CIRCULATIONAHA.120.050301

Statistical analysis

Groups of animals were pre-defined according to genotype and active treatment versus vehicle,
and were matched for age and sex. One-way ANOVA was used to compare each measure when
there were >3 independent groups. Two-way ANOVA was used to evaluate the effect of two
categorical variables. Comparisons between groups were then performed using the Tukey’s
multiple comparisons when the ANOVA test was statistically significant. The Mann-Whitney
test was used to compare 2 groups. Values are expressed as means + s.e.m. Values were
considered significant at P<0.05. All statistical tests were performed using GraphPad PRISM

software version 8.3.1.

Results

Up-regulation of IDO activity after Ml alters cardiac function and remodeling

To investigate the time-dependent regulation of IDO activity, we assessed the Kyn/Trp ratio in
WT mice challenged with either sham surgery or Ml for 1, 3, 5, 7 or 14 days. As shown in
Figure 1A, IDO activity is markedly induced in the heart as early as day 1 after Ml compared to
sham-operated WT mice. The Kyn/Trp ratio is also increased in plasma (Figure 1B) at day 1
after M1, and peaks at day 7 after the onset of ischemia. We next evaluated the role of IDO on
cardiac function in WT and IDO-deficient (Ido-17-) mice either sham-operated or subjected to
MI. Remarkably, we found that loss of function of IDO attenuated cardiac dysfunction after Ml,
as revealed by a significant improvement of LV EF and a decrease in VVd and Vs (Figure 1C).
We next assessed whether pharmacological inhibition of IDO activity by L-1MT could
recapitulate the beneficial impact of IDO deficiency. IDO activity inhibition by L-1MT, as

revealed by a decrease in plasma Kyn/Trp ratio (Figure 1D), improved cardiac function in

12
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comparison with control mice subjected to MI (Figure 1E). Attenuation of cardiac dysfunction
in absence of IDO activity was associated with a decrease in adverse LV remodeling. We
observed a smaller infarct size as well as less interstitial fibrosis in Ido-17- and L-1MT-treated
animals in comparison with WT and untreated mice, respectively, 14 days after M1 (Figure 2A-
B). Moreover, IDO deficiency, but not L-1MT treatment, improved capillary numbers as
compared with WT mice (Figure 2C). This discrepancy could be accounted by the marked
decrease in Kyn/Trp ratio in IDO deficient mice compared to L-1MT treated animals.
Interestingly, cardiac lactate levels (Supplemental Figure I) as well as apoptotic cell number, as
assessed by TUNEL staining, were also decreased in Ido-17" and L-1MT-treated mice compared
to WT animals (Figure 2D).

Ido-1 deficiency could decrease infarct size and attenuate cardiac dysfunction through
modulation of inflammation. Accordingly, since IDO is known to be expressed in inflammatory
cells such as macrophages 8, we first examined whether the number of infiltrating inflammatory
cells in the infarcted heart was modulated by IDO deficiency. Using flow cytometry, we
evaluated the number of Ly-6C"9" and Ly-6C'®" monocytes, neutrophils and T lymphocytes
within the myocardium at day 0, 3 or 7 after coronary ligation. As shown in the Supplemental
Figure 11, no significant differences in the number of cardiac T CD4+ cells, monocytes and
neutrophils were observed between WT and Ido-17 mice. Similarly, cardiac Tregs number was
comparable in WT and Ido-1"- mice (Supplemental Figure 11). Next, we assessed the role of
BM-derived inflammatory cells expressing IDO. For this purpose, we generated WT and Ido-17-
chimeras lethally irradiated and transplanted with BM-derived cells isolated from WT or Ido-1"-
mice. After induction of MI, no differences in cardiac function, infarct size and capillary density

were observed between WT mice transplanted with BM from either WT or Ido-1" cells (Figure

13
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3A-B). In contrast, cardiac function was improved in Ido-17- mice transplanted with BM isolated
from either WT or Ido-17 cells, compared to WT chimeras (Figure 3A). Consistently, infarct
size and capillary number were also improved (Figure 3B). Altogether, these results suggest that
inflammatory cells expressing IDO do not participate to the regulation of cardiac function and
support a crucial role for IDO expressed in non BM-derived cells.

We then aimed to determine whether CM expressing IDO could affect cardiac
homeostasis. Loss of function of IDO improved ex vivo contractility of CM isolated after acute
MI, as assessed by high contraction and relaxation velocities (Supplemental Figure I111). We
therefore hypothesized that IDO expressed in CM was a major regulator of cardiac remodeling
and function. CM deficiency was achieved by crossbreeding a-MHC-MerCre animals in which
the CM-specific Myh6 promoter drives expression of a 4-OH-tamoxifen-inducible Cre
recombinase fusion protein with Ido-119/x mice (Ido-1¥floxqAfFHHC-Cre or CM IDO KO). After
tamoxifen treatment, IDO expression was markedly decreased in CM (Figure 3C). However, as
shown in Figure 3D and E, cardiac function and remodeling were unaffected in CM IDO KO
when compared to their wild-type littermates (CM IDO), suggesting that CM are not the major
source of IDO in heart and that non-CM IDO-expressing cells govern IDO-related effects on the
cardiac tissue. We then postulated that vascular cells such as SMC and EC, which are known to
express 1DO %30 were involved in IDO-related effects on cardiac tissue. Consistently, IDO
expression was observed in the vessels of infarcted heart (Supplemental Figure I11). To test the
role of IDO expressed in SMC, we developed mice with a specific deletion of IDO in this cell
type (Ido-1fo¥flox SMC22-Cre or SMC IDO KO) and challenged them with MI. Although a
marked reduction in IDO expression was observed in SMC, cardiac function and healing were

unchanged in SMC IDO KO mice when compared to their wild-type littermates (Supplemental

14
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Figure I11), indicating that IDO expressed in SMC was not involved in the regulation cardiac
function in our experimental conditions.

IDO expressed by EC alters cardiac function and remodeling

We next speculated that IDO expressed in EC could participate to the cardiac phenotype.
Interestingly, IDO activity (Kyn/Trp) was higher in isolated cardiac EC compared to CM or
leukocytes, after MI (Figure 4A). Consistently, Ido-1 mRNA was 13-fold higher in isolated
cardiac EC compared to CM (Figure 4B), unravelling the importance of IDO expressed in EC.
We then analyzed the role of EC expressing IDO using mice with specific conditional deletion of
IDO in EC (Ido-1Mo¥flox VECad-CreERT2*or EC IDO KO). We found that Ido-1 mRNA
expression was dampened in EC isolated from heart of EC IDO KO animals (Figure 4B).
Moreover, Kyn/Trp ratio was significantly reduced in LV heart extracts of EC IDO KO
compared to control animals, after MI (Figure 4C). Interestingly, cardiac function of EC IDO
KO mice subjected to MI was markedly improved compared to their WT controls (EC IDO)
(Figure 4D). This was associated with a reduction in infarct size, interstitial fibrosis, and
apoptosis (Figure 4E-G). Altogether, these results indicated that cardiac function recovery was
dependent on IDO expression in EC but not in SMC, inflammatory cells or CM.

Kyn alters cardiac function and remodeling

Then, we analyzed the molecular and cellular mechanisms associated with IDO detrimental
effects on cardiac tissue. We measured the IDO activity-related metabolites in the cardiac tissue
(Supplemental Figure 1V). Kyn levels were significantly increased in the heart and plasma as
early as day 1 after MI (Supplemental Figure 1V), compared to sham-operated WT mice.
Concentrations of Kyn-derived metabolites including AA, 3-HAA, Kna and Quina, were 100 to

1000-fold lower when compared to that of Kyn. Furthermore, their cardiac levels did not
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significantly change after M1 or were even decreased as for 3-OHKyn (Supplemental Figure
1V), suggesting a minor role for those metabolites in acute MI.

We thus hypothesized that IDO exerted its deleterious role on cardiac outcome through
Kyn production. 1do-17- mice were supplemented with Kyn and subjected to MI. As shown in
(Figure 5A-D), Kyn supplementation was associated with an aggravation of cardiac function as
well as a deleterious cardiac remodeling as revealed by lower capillary number and increased
infarct size and interstitial fibrosis. As Kyn pathway is instrumental in the regulation of
apoptosis® 22, we hypothesized that Kyn could negatively affect cardiac remodeling through
induction of CM apoptosis. Consistently, in vivo Kyn supplementation in Ido-1""mice fostered
cell apoptosis in infarcted heart (Figure 5E and Supplemental Figure V) as well as CM
apoptosis in vitro (Supplemental Figure V). In addition, in CM Kyn up-regulated the
production of ROS (Figure 5F), potent activators of apoptosis 3*. Kyn is known to act as an
endogenous agonist of the AHR32, We then determined whether the blockade of AHR activity
could abolish the Kyn—induced pro-apoptotic effect. CM were incubated with the AHR inhibitor
(CH-223191), with or without Kyn. As shown in the Supplemental Figure V, incubation of CM
with Kyn in the presence of an AHR inhibitor abrogated the Kyn-induced pro-apoptotic effect, as
well as Kyn-induced ROS production, suggesting that AHR mediated the effect of Kyn on CM
apoptosis. Importantly, the in vivo pro-apoptotic effect of Kyn was abolished after AHR
antagonist administration to IDO KO mice, as compared to mice treated with AHR antagonist
vehicle (Figure 5G).

As a decrease in apoptosis was observed in EC IDO KO hearts after Ml (Fig. 4E), we
speculated that Kyn produced by EC might affect CM apoptosis and contractility via paracrine

effects. Consistently, EC-specific IDO KO led to a marked decrease in Kyn in the non-CM cells
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(Supplemental Figure V) and in non-CM supernatants (Figure 6A), highlighting the
importance of EC in cardiac Kyn production. Moreover, CM apoptosis was increased in the
presence of non-CM cells (Supplemental Figure V) or supernatants of cultured non-CM cells
(Figure 6B) isolated from infarcted heart as compared to sham-operated heart. CM apoptosis
was reduced in the presence of supernatant of non-CM cells isolated from EC IDO KO mice
(Figure 6B). In addition, ROS production was reduced in the peri-infarcted area of EC-specific
IDO KO when compared to their WT littermates (Figure 6C). Interestingly, the specific deletion
of IDO in EC improved ex vivo contractility of CM cells isolated from EC IDOKO mice 14 days
post MI (Figure 6D). Moreover, as shown in the Supplemental Figure VI, in vitro Kyn
supplementation reduced relaxation velocity of IDO KO CM cells. These results suggest that the
increase in Kyn production within EC exerted deleterious effects on CM, which may contribute

to worse cardiac outcome after M.

Discussion

In the present study, we show for the first time that IDO deficiency attenuates cardiac
dysfunction after M1 and that Kyn, one the major IDO-related metabolites, conveys the
deleterious effects of IDO on cardiac remodeling. Previous studies have already underlined the
damaging impact of IDO-dependent pathways on cardiovascular system. IDO has been shown to
promote the development of atherosclerosis !, through inhibition of a major immune-regulatory
and athero-protective cytokine, 1L-10%. The induction of IDO by dietary microbial oxazoles also
reduced IL-10 production in intestinal epithelial cells?*. On the same note, clinical studies
showed that circulating Kyn, a major IDO-related metabolites, was associated with

cardiovascular risk factors®* 2 and with worse cardiovascular outcome®?14,
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IDO is induced in the context of inflammatory diseases 8. Ml is associated with an intense
inflammatory reaction through the production of cytokines, such as TNF-a, and IL-6, that are
known to foster IDO expression and activity %%, TNF-o, and IL-6 upregulation in the acute
post-infarction period is under the control of hypoxia and ROS. The increased cardiac IDO
activity, within the first day after MI, may therefore depend on the induction of such ischemia-
associated inflammatory cytokines. IDO is known as an immunosuppressive factor through
breakdown of Trp and generation of some metabolites, which induced inactivation or apoptosis
of effector T cells 8. However, in our study, we did not find any significant differences in the
infiltration of T cells or Tregs within the infarcted hearts of IDO KO mice as compared to
controls, suggesting that such mechanisms were not involved in the deleterious IDO-related
effects on cardiac remodeling. In line with these results, the lack of IDO in BM-derived
inflammatory cells did not affect post-MI cardiac outcome.

Vascular cells such as SMC and EC have been shown to express IDO*® *°. We thus
postulated that IDO localized in the vascular compartment could impact cardiac remodeling and
function. Mice with endothelial-, but not SMC-specific IDO deletion, subjected to coronary
ligation exhibited less interstitial fibrosis, and CM apoptosis, leading to greater preservation of
LV systolic function as compared to control mice, thereby revealing the importance of IDO
expression in cardiac EC. Total and EC-specific deletion of IDO were associated with a
decrease in apoptosis in ischemic heart after MI. This was substantiated by in vitro studies
showing that IDO deletion in EC protected against CM apoptosis, and that Kyn was responsible
for these pro-apoptotic effects, most likely through ROS production. In vivo, Kyn reversed the
protective effects of IDO deficiency, suggesting that the increase in Kyn via upregulation of IDO

in EC was involved in the detrimental effects on cardiac remodeling after MI. Moreover, CM
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isolated from EC IDO KO mice displayed better contractility highlighting the preeminent role of
the crosstalk between EC and CM in the regulation of cardiac function.

Cardiac cells communicate with each other through direct cell interactions and paracrine
pathways, to shape signaling mechanisms in the injured cardiac tissue. Particularly, CM and EC
are two of the most abundant cardiac cell types and they also play central roles in cardiac
remodeling. Recent evidence underlined the importance of EC, not only as the most abundant
non-myocyte cell type in the heart, but also as key players in post-infarction remodeling®’. In our
study, despite the fact that IDO expression and activity were detected in CM, IDO expression in
these cells did not affect cardiac outcome after MI. Interestingly, IDO expression or activity, as
assessed by Kyn/Trp ratio, in cardiac EC was much higher than that in CM, suggesting that IDO
in EC, but not in CM, is a major reservoir of Kyn in the cardiac tissue. Nevertheless, EC and CM
communicate with each other and this could account for the effect of EC-IDO derived
metabolites on CM apoptosis and contractility, although the mechanisms of this crosstalk are not
completely elucidated. The importance of EC-derived IDO was further highlighted by the fact
that the non-CM fraction obtained from mice with the specific IDO deletion in EC after Ml
markedly decreased Kyn levels and protected CM against apoptosis. Hence, EC-derived IDO
exerted pro-apoptotic effects on CM. Our results are consistent with previous observations
showing that Kyn or Kyn-derived metabolites have detrimental effects on apoptosis® °. Kyn has
been identified as an endogenous ligand for AHR®?, and Kyn/AHR interaction exerted
deleterious role during cerebral ischemia3. On the same note, EC-specific AHR knockout mice
exhibited hypotension and blunted response to angiotensin 113°. Moreover, AHR may have
deleterious effects in myocardial ischemia®. In our experimental conditions, we showed that the

apoptotic effects on CM, as well as ROS induction by Kyn, were dependent on AHR since its
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inactivation prevented the Kyn-mediated effects. The in vivo pro-apoptotic effects of Kyn were
also blunted after administration of the AHR antagonist. Altogether, our data underscore the
paracrine effects of EC-producing Kyn on CM apoptosis.

In conclusion, our findings show that IDO inhibitor, as well as the total and the specific
endothelial deletion of IDO, protect against the deleterious cardiac effects of MI-induced
ischemia. In contrast, Kyn supplementation, a major IDO-related metabolite, abolishes the
protective effects of IDO deficiency in this setting. Inhibition of IDO activity might represent a

novel potential therapeutic strategy to mitigate ischemic cardiac injury.
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Figure Legends

Figure 1. IDO deficiency or inhibition limits cardiac dysfunction after Ml

A-B, Time-dependent monitoring of cardiac (A) and plasma (B) IDO activity (Kyn/Trp) in wild-
type (WT) mice challenged with MI compared to sham-operated mice at day 1, 3, 5, 7 or 14 after
surgery (n=3-5 mice per time point). C, Quantitative evaluation of left ventricle (LV) ejection
fraction (left), LV systolic (middle) and diastolic (right) volumes in WT and Ido-17- mice either
sham-operated (n=5 per group) or challenged with MI (n=10 per group). Two-way ANOVA was
used followed by Tukey’s multiple comparisons test. D, Circulating IDO activity (Kyn/Trp)
measured before M1, in 1-Methyl-L-Tryptophan (L-1MT)-treated WT mice (n=5) compared to
non-treated WT mice (n=8). E, Quantitative evaluation of LV ejection fraction (left), LV systolic
(middle) and diastolic (right) volumes in L-1MT-treated WT mice compared to non-treated WT
mice challenged with M1 (n=14 per group). Cardiac function was evaluated at day 14 after Ml.
Mann Whitney test was used to compare WT vs L-1MT-treated groups. Individual data are

presented as aligned dot plots, with the mean and s.e.m. *P<0.05, **P<0.01, ***P<0.001.

Figure 2. IDO deficiency or inhibition improves cardiac healing after Ml

A, Quantification and representative photomicrographs of infarct size in wild-type (WT) (n=29),
Ido-17- (n=11) and 1-Methyl-L-Tryptophan (L-1MT)-treated (n=13) mice challenged with
myocardial infarction (MI). One-way ANOVA was used followed by Tukey’s multiple
comparisons test. B-C, Quantitative evaluation of interstitial fibrosis (B) and capillary density
(C) in WT and Ido-1" mice either sham-operated (n=10 for WT and n=5 for IDOKO mice) or

challenged with M1 as well as in L-1MT-treated WT mice after MI. Two-way ANOVA was used
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followed by Tukey’s multiple comparisons test. D, TUNEL (terminal deoxynucleotidyl
transferase-mediated dUTP nick end-labeling) quantification and representative images (right)
in the peri-infarcted area of the LV of Ido-17- mice and L-1MT-treated WT mice compared to
their control littermates at day 2 post-MI. Arrows point to apoptotic nuclei. Representative
images are presented. Cardiac remodeling was evaluated at day 14 after MIl. One-way ANOVA
was used followed by Tukey’s multiple comparisons test. Individual data are presented as

aligned dot plots, with the mean and s.e.m. *P<0.05, **P<0.01, ***P<0.001.

Figure 3. IDO specific deficiency in bone morrow-derived cells or cardiomyocytes does not
control cardiac function and remodeling after Ml

A-B, Quantitative analysis of left ventricle (LV) ejection fraction, LV systolic and diastolic
volumes (A), infarct size and capillary density (B) in wild-type (WT) and Ido-17 lethally
irradiated and transplanted with bone marrow (BM)-derived cells isolated from WT or Ido-17
mice and then challenged with myocardial infarction (M) (n=6-14 per group). One-way
ANOVA was used followed by Tukey’s multiple comparisons test. C, Ido-1 mRNA in
cardiomyocytes isolated from the left ventricle (LV) of IDO deficient mice (CM IDOKO) (n=4)
compared to their control littermates (CM IDO) (n=4). D-E, Quantitative evaluation of left
ventricle (LV) ejection fraction, LV systolic and diastolic volumes (D), infarct size, interstitial
fibrosis and capillary density (E) in cardiomyocyte IDO deficient mice (CM IDOKO) (n=12)
compared to their control littermates (CM IDO) (n=13), challenged with MI. Representative
images are presented. Cardiac function and remodeling were evaluated at day 14 after MIl. Mann
Whitney test was used to compare CM IDO vs CM IDOKO groups. Individual data are presented

as aligned dot plots, with the mean and s.e.m. *P<0.05, **P<0.01, ***P<0.001.
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Figure 4. IDO specific deficiency in endothelial cell limits cardiac dysfunction and
deleterious remodeling after Ml

A, IDO activity (Kyn/Trp) in fluorescence-activated cell-sorted cardiac endothelial cells (EC)
(CD31+CD45-), leukocytes (CD31-CD45+) and cardiomyocytes (CM) isolated from the left
ventricle (LV) of WT mice (n=9), 1 day after myocardial infarction (MI) (n=3/per group). Each
point represents Kyn/Trp ratio of pooled cells isolated from 3 WT mice challenged with MI. B,
Ido-1 mRNA expression in pooled CM isolated from the left ventricle (LV) of WT mice (n=9)
and in fluorescence-activated cell-sorted cardiac EC isolated from non-CM fraction recovered
from the LV extracts of Ido-17- mice (EC IDOKO) (n=3) and control littermates (n=7). One-way
ANOVA was used followed by Tukey’s multiple comparisons test. C, IDO activity (Kyn/Trp) in
LV extracts of EC IDOKO mice (n=4) compared to their control littermates (EC IDO) (n=5), at
day 1 after MI. D-F, Quantitative evaluation of left ventricle (LV) ejection fraction, LV systolic
and diastolic volumes (D), infarct size (E) and interstitial fibrosis (F) of EC IDOKO mice
compared to their control littermates (EC IDO) (n=10 per group), challenged with MI. G,
Representative images and quantifications of TUNEL (terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling) staining in the peri-infarcted area of the LV of EC IDOKO
mice and control littermates (EC IDO) at day 2 post MI. Arrows point to apoptotic nuclei.
Cardiac function and remodeling were evaluated at day 14 after MI. Representative images are
presented. Mann Whitney test was used to compare EC IDO vs EC IDOKO groups. Individual
data are presented as aligned dot plots, with the mean and s.e.m. *P<0.05, **P<0.01,

***P<0.001.
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Figure 5. Kynurenine metabolite alters cardiac function and remodeling after Ml

A-D, Kynurenine (Kyn) levels at day 3 after myocardial infarction (M1), left ventricle (LV)
ejection fraction, LV systolic and diastolic volumes (A), capillary density (B), infarct size (C)
and interstitial fibrosis (D) in Ido-17- mice supplemented with Kyn (Ido-17- + Kyn) (n= 9)
compared to ldo-17- mice (n=7), challenged with MI. E, TUNEL (terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling) staining and quantification in the peri-infarcted
area of the LV of Ido-17- + Kyn mice compared to Ido-17 at day 2 post MI. F, Representative
images and quantification of reactive oxidative species (ROS) staining in cultured
cardiomyocytes (CM) treated with either Kyn (10uM) or vehicle (DMSO, 1/3000), (n=4 wells
per condition, the result shown is representative of 4 independent experiments). The pictures
represent merged images of CM in green and ROS staining in red. ROS staining was normalized
on CM area. Mann Whitney test was used to compare Ido-1" vs Ido-17- + Kyn and vehicle Kyn
vs Kyn groups. G, TUNEL staining and quantification in the peri-infarcted area of the LV of
Ido-17- + Kyn mice compared to Ido-1", pre-treated with either aryl hydrocarbon receptor
(AHR) antagonist (CH-223191) or its vehicle control (vehicle CH-223191), at day 2 post MI.
Arrows point to apoptotic nuclei. Representative images are presented. One-way ANOVA was
used followed by Tukey’s multiple comparisons test. Cardiac function and remodeling were
evaluated at day 14 after MI. Individual data are presented as aligned dot plots, with the mean

and s.e.m. *P<0.05, **P<0.01.

Figure 6. IDO specific deficiency in endothelial cell limits cardiomyocyte apoptosis and

improves cardiomyocyte contractility.
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A, Kynurenine (Kyn) levels in supernatants after 24-hours of culture of cardiomyocytes (CM) or
non-cardiomyocytes (non-CM) isolated from the left ventricle (LV) of endothelial cell (EC) IDO
deficient mice (EC IDOKO) and their control-matched animals, at day 1 after MI or either after
sham condition (n= 3 per group). Two-way ANOVA was used followed by Tukey’s multiple
comparisons test. B, Representative images and quantification of TUNEL (terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling) staining in cultured CM
incubated with supernatants from cultured non-CM isolated from LV non-infarcted area of either
EC IDOKO or their littermate controls challenged with MI or sham-operated mice (n=4 wells per
condition, the result shown is representative of 2 independent experiments). Arrows point to
apoptotic nuclei. Representative images are presented. One-way ANOVA was used followed by
Tukey’s multiple comparisons test. C, Representative images and quantification of ROS staining
in the peri-infacted area of EC IDOKO mice compared to their control littermates, at 14 days
following MI. ROS staining area was normalized to the size of the peri-infarcted area. Arrows
point to ROS staining. D, Contraction and relaxation velocities of isolated CM from EC IDOKO
mice (n=3) compared to their control littermates (n=3), after 14 days post-MI. Each point
represents a value of CM contractility. Mann Whitney test was used to compare EC IDO vs EC
IDOKO groups. Individual data are presented as aligned dot plots, with the mean and s.e.m.

*P<0.05, **P<0.01, ***P<0.001.
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