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I nflammatory responses associated with acute coronary syndrome
up-regulate IRAK-M and induce endotoxin tolerance
in circulating monocytes
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Acute coronary syndrome (ACS) groups different cardiac diseases whose development is associated
with inflammation. Here we have analyzed the levels of inflammatory cytokines and of members of
the TLR/IRAK pathway including IRAK-M in monocytes from ACS patients classified as either
UA (unstable angina), STEMI (ST-elevation myocardial infarction) or NSTEMI (non-ST-elevation
myocardial infarction). Circulating monocytes from all patients, but not from healthy individuals,
showed high levels of pro-inflammatory cytokines, Til&nd IL-6, as well as of IRAK-M and IL-

10. TLR4 was also up-regulated, but IRAK-1, IRAK-4 and MyD88 levels were similar in patients
and controls. Further, we investigated the consequences of cytokines/IRAK-M expression on the
innate immune response to endoto¥ir.vivoresponses to LPS were markedly attenuated in patient
monocytes compared to controls. Control monocytes cultured for 6 h in supplemented medium
(10% serum from ACS patients) expressed IRAK-M, and LPS stimulation failed to induca TNF-
and IL-6 in these cultures. Pre-incubation of the serum with a blocking anteTaifibody
reduced this endotoxin tolerance effect, suggesting thatd Béntrols this phenomenon, at least
partially. We show for the first time that inflammatory responses associated with ACS induce an
unresponsiveness state to endotoxin challenge in circulating monocytes, which correlates with
expression of IRAK-M, TLR4 and IL-10. The magnitude of this response varies according to the
clinical condition (UA, STEMI or NSTEMI), and is regulated by TNF-
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monocytes

INTRODUCTION tion myocardial infarction (STEMI), non-ST-elevation
myocardial infarction (NSTEMI) and, according to
Acute coronary syndrome (ACS) groups togethersome authors, ischemic sudden death. About two-thirds
diverse diseases such as unstable angina (UA), ST-elevai- ACS cases evolve from atherosclerotic plagues that
are minimally or mildly obstructive of the luméhaln

, this context, inflammation plays an essential role in
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Revised 3 October 2006 plague disruption by enhancing protease activity and
Accepted 24 October 2006 apoptosis of matrix-synthesizing smooth muscle é#lls.
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arteries taken from patients who died of ACS show actihypothesis in monocytes from 34 ACS patients classi-
vated macrophages as well as T lymphocytes and magéd either as UA, STEMI or NSTEMI. We also studied
cells infiltrated in unstable or ruptured atheroscleroticthe consequences of IRAK-M expression on the innate
plagues, thus suggesting on-going local inflammaimmune response to endotoxin challenge in circulating
tion.15% In addition, systemic inflammation has beenmonocytes from these patients.

reported in ACS patienfsAmong others, they express

high levels of interleukin (IL)-6 and tumor necrosis fac-

tor a (TNF-0),2° and the inflammatory process contin- PATIENTSAND METHODS

ues despite the resolution of clinical symptdfns.

In the last years, infectious agents have been reped®eagents
edly linked to the initiation and progression phases of
atherosclerosi¥** Of note, bothChlamydia pneumo- All reagents were of the highest quality available and
niaeand cytomegalovirus have been isolated from atherwere obtained from Merck (Darmstadt, Germany) or
osclerotic lesion$-” However, it remains to be shown Sigma-Aldrich (St Louis, MO, USA). LPS from
whether these and other pathogens are a direct causeSHImonella abortusvas provided by Dr Galanos. For
coronary diseases or just accumulate in atherosclerotiell culture, we used Dulbecco’s MEM (DMEM) from
plagues because of impaired immune response or favoGibco (Paisley, UK). The rabbit anti-IRAK-M poly-
able growth conditions. clonal antiserum was obtained from Chemicon

The link between inflammatory responses and ACSnternational (Temecula, CA, USA). Mouse aptactin
has provoked several studies to unravel the moleculavas from AL Immunotools (Santa Cruz, CA, USA). The
basis of this process, which have revealed crucial roleanti-TNF-a blocking polyclonal antibody and isotype
for Toll-like receptors (TLRs) and IL-1 receptor-associ-control were from Santa Cruz. CD-14-FITC was from
ated kinases (IRAKSY*18-20 While ectodomains of Cymbus Biotechnology (Chandlers Food, UK). The LS
TLRs recognize pro-inflammatory pathogen-associate®eparation Columns system and anti-CD14 magnetic
molecular patterns such as lipopolysaccharide (LPSheads were from Miltenyi Biotech (Bergisch Gladbach,
IRAKs mediate the intracellular signal transductionGermany). TNFa, IL-6 and IL-10 were obtained from
process. Following TLR engagement, the receptor bindSigma-Aldrich.
intracellular adapter proteins such as myeloid differenti-
ation factor 88 (MyD88), which in turn recruit members
of the IRAK family .9 IRAK-1 and IRAK-4) and Patients and healthy volunteers
other proteins implicated in inflammation signalfig?®
The resulting complexes convert the extracellular stimuWe studied 34 patients (age 52 + 12 years, mean * SD)
lus into a potent transcriptional response through activeconsecutively admitted to the Department of Internal
tion of mitogen-activated protein kinases (MAPKs) andMedicine at the Hospital ‘La Paz’, and diagnosed with
nuclear factor kappaB (NKB) pathway$!-320f particular ~ ACS. They belong to three groups: UA<X 12), STEMI
note, the Asp299Gly polymorphism in TLR4 is associatedn = 11) and NSTEMIif = 11). All patients were admit-
with a significant reduction in vascular inflammat®n. ted within 1-3 h of their arrival at the hospital, and blood
Furthermore, down-regulation of inflammatory pathwayssamples were taken before any treatment was started.
induces cardioprotection during infarct via decreased asstone of the admitted patients was under previous treat-
ciation of TLR4 with MyD88, inhibition of IRAK-1 and ment. Ten sex- and age-matched healthy volunteers
IKK activity, and subsequent impairment of KB-medi-  without no personal history of either coronary disease or
ated transcriptioff. cardiovascular risk factors were included as controls.

In contrast to IRAK-1 and IRAK-4, the catalytically  Patients were classified following the standard clinical
defective IRAK-M negatively regulates the inflamma- criteria explained in supplemental data (see Supple-
tory signaling responsé%3®We and others could show mental Fig. 1). kvels of C-reactive protein and coronary
that this pseudo-kinase is involved in the control ofangiograms were also taken into account for patient classifi-
endotoxin tolerance in monocytes as well as in deactieation (data not shown). None of the admitted patients was
vation of tumor-infiltrating macrophages and osteo-suffering from infectious diseases at the time of inclusion;
porasis?53537-4|nterestingly, we have also found that microbial tests were negative in all cases.
human monocytes treated with a nitric oxide donor Blood samples were taken from patients and healthy
express large amounts of IRAK-M, apparently under thelonors, from which CDX4monocytes were purified.
control of TNFe.* Total RNA was isolated from these monocytes and used

On the basis of these findings, we hypothesized thab synthesize cDNA. Plasma from patients and healthy
systemic inflammation during ACS might induce IRAK- donors was also used for other assays (see below).
M expression in circulating monocytes. We tested thid/Nritten informed consent was obtained from all subjects
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(patients and healthy volunteers). This study wasome experiments, control monocytes, cultured for 16 h
approved by the local Ethics Committee. in medium containing 10% plasma from patients or
healthy volunteers, were stimulated with 10 ng/ml LPS
for the indicated times. CD14nonocytes from healthy
Isolation of CD14 monocytes volunteers were also stimulated with TEFL-6 or IL-
10 at the indicated concentrations and for various peri-
Peripheral blood mononuclear cells (PBMCs) were isoods of time. All solutions and culture media used were
lated from the blood of patients and healthy donors bgndotoxin free, as tested by enulusamebocyte lysate
centrifugation on Ficoll-Hypaque Plus (Amershamkit (PYROGENT, Cambrex, Walkensville).
Biosciences, The Netherlands). Then, human monocytes
were isolated on a LS positive separation columns using
an anti-CD14 antibody conjugated to magnetic beadfRNA and protein isolation
following the manufacturer’s recommendations. CD14
monocytes were used for cell culture as well as foCD14 monocytes were washed once with PBS and RNA
mMRNA and/or protein purification. was isolated using TRIReagent (Roche, Palo Alto, CA,
USA). The purified RNA was treated with RNAse-free
DNAse | (Amersham Biosciences), and cDNA was
Cell cultures obtained by reverse transcription gid of this RNA using
a poly(dT) oligonucleotide primer (Roche). Protein fractions
CD14 blood monocytes from patients and healthy vol-were isolated as recommended, and the final pellets were
unteers were cultured to 8e€ells/ml in DMEM supple- dissolved in a solution containing 1% SDS.
mented with antibiotics (100 1U/ml penicillin and 100
pg/ml streptomycin) and 10% heat-inactivated normal
serum, in the presence or absence of 10 ng/ml LPS forhRNA quantification
h. In other experiments, CD1tonocytes from healthy
volunteers (control monocytes) were cultured in mediunThe expression levels of TNg- IL-6, IL-10, TLR4,
containing 0%, 1% or 10% serum from patients orlRAK-1, IRAK-4, IRAK-M, MyD88, and 18S were
healthy volunteers for the indicated periods of time. Inanalyzed by real-time Q-PCR (LightCycler; Roche

A B
UA Chest discomfort at rest with ST-segment depression of at least
0.1 mV or T-wave inversion in two or more contiguous
electrocardiography leads, a creatine kinase MB fraction and < CKMB
troponin that were within normal limits, and angiographically 1009 - STEM{ 100 Troponin 1
confirmed coronary artery disease. 900 o L 90 A Fibrinogen
STEMI Prolonged chest pain accompanied by new or presumed new ST- g0 5
segment elevation > 1 mm seen in any location or new left bundle %
branch block on the index or qualifying electrocardiogram with at 700 rl\ < 70 =
least one positive cardiac biochemical marker of necrosis g o
(creatine kinase MB fraction more than twice the upper limit of g 600, & (N_\S'I’EM] - 60 E
the normal range or troponin | > 0.5 ng/ml). 508 A e Aad, P
NSTEMI At least one positive biochemical marker of necrosis without new 5 A 4 A A a A Al g
ST-segment elevation in the electrocardiogram. £ 408 4 As 40 )
<
Exclusion criteria: 306 oAt 30 s
Active tumoral disease, chronic inflammatory disease, local or 200 &2 © k20 5
systemic infection at the moment of inclusion, positive microbial o v
test, kidney failure (creatinine > 100 mg/l), liver failure (serum 104 o oosz ) 10
aspartate aminotransferase and/or alanine aminotransferase nanananiatn J o
level > 100 IU/I, prothrombin time < 60%, total bilirubin level 0
> 60pumol/l), overt heart failure NYHA class Il or higher, 106

myocardial infarction or major surgery including arteriography/
stent or cardiovascular surgery, trauma or treatment with
corticoids or immunosuppressive drugs within the previous
month, AIDS, viral B or C hepatitis, gestation or age > 70 years.

Supplemental Fig. 1. Patient selection. (A) Clinical criteria followed. (B) Serum samples from patients (classified as UA, STEMI or NSTEMI) were
analyzed for CKMB, troponin | and fibrinogen. Individual values are represented.
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Table 1. Sequences of oligonucleotides used for Q-PCR

Gene Sense primer'(53') Antisense primer (5. 3')

TNF-a GCCTCTTCTCCTTCCTGATCGT CTCGGCAAAGTCGAGATAGTCG

IL-6 CAAAGAATCTAGATGCAATAA GCCCATTAACAACAACAATCTG

IL-10 CCCCAAGCTGAGAACCA TCTCAAGGGGCTGGGTCAGC

IRA K-1 AAAGGAGGCCTCCTATGACC ATGATGCAGAGCTGCCAAG

IRAK-4 CAAGTGATGGAGATGACCTCTGCTTAGT TCTAGCAATAACTGAGGTTCACGGTGTT
IRAK-M TTTGAATGCAGCCAGTCTGA GCATTGCTTATGGAGCCAAT

TLR4 AGTTTCCTGCAATGGATCAAGG GGACCGACACACCAATGATG

MyD88 GCCGCCTGTCTCTGTTCTTGA CTGCTGGTCCTTCTTAGTCTC

Diagnostics, Indianapolis, IN, USA), using cDNA ELISA for TNFe and IL-6

obtained as described above. Real-time Q-PCR was per-

formed using a Fast-Start DNA master SYBR GreeriThe levels of soluble TNE-were measured using an

system (Roche) and specific primers (listed in Table 1)immunoassay kit purchased from CLB (Amsterdam,

All results were normalized to the expression of the 183 he Netherlands); soluble IL-6 was determined using an

gene, and the cDNA copy number of each gene of inteimmunoassay kit purchased from Bender MedSystems

est was determined using a seven-point standard curv@/ienna, Austria).

Standard curves were run with each set of samples, the

correlation coefficients? being > 0.99. To confirm the

specificity of the reaction products in each experiment\Western blot analysis

the melting profile of each sample was analyzed using

the LightCycler. The melting profile was determined byCell extracts were boiled in Laemmli buffer, resolved on

maintaining the reaction at 80°C for 10 s and therl2% SDS—polyacrylamide gels in Tris/glycine/SDS

increasing the temperature to 95°C at a linear rate djuffer (25 mM Tris, 250 mM glycine, 0.1% SDS), and

0.1°C/s while measuring the emitted fluorescencetransferred to Immun-Blot PYDF membranes (Bio-Rad,

Analysis of the melting curves demonstrated that eaclCA, USA) at 300 mA for 1.5 h at 4°C. After blocking for

pair of primers amplified a single product. These PCRL h in 20 mM Tris-HCI, pH 8.0, 150 mM NaCl, 0.2%

products were separated in agarose gels and stained wiltveen 20 (TBS-T) containing 5% non-fat milk, mem-

ethidium bromide (0.5ug/ml) to confirm that, in each branes were washed three times in TBS-T alone and

case, a single fragment of the predicted size had begmobed for 20 h with antibodies diluted in TBS-T.

amplified (see Table 2). Following washing in TBS-T, membranes were incu-
For 18S mRNA detection, we used the primers otbated for 30 min with secondary HRP-conjugated anti-

QuantumRNA Classic 18S provided by Ambion, USA.bodies (diluted 1:2000), and finally washed three times

All primers were synthesized, desalted and purified bywvith TBS-T. The bound antibodies were detected using

IZASA (Barcelona, Spain), and their sequences ar&CL Plus reagents according to the manufacturer’s instruc-

given in Table 1. tions (Amersham-Pharmacia Biotech, The Netherlands).

Table2. PCR conditions for mRNA quantitation

Gene Tm (°C) Cycles

TNF-a 64 95°C for 10 s, 64°C for 10 s, 72°C for 19 s
IL-6 50 95°C for 10 s, 50°C for 10 s, 72°C for 10 s
IL-10 68 95°C for 10 s, 68°C for 10 s, 72°C for 10 s
IRAK-1 60 95°C for 10 s, 60°C for 10 s, 72°C for 10 s
IRAK-4 61 95°C for 10 s, 61°C for 10 s, 72°C for 10 s
IRAK-M 59 95°C for 10 s; 59°C for 10 s 72°C for 19 s
TLR4 64 95°C for 10 s, 64°C for 10 s, 72°C for 10 s

MyD88 61 95°C for 10 s, 61°C for 10 s, 72°C for 10 s
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Data analysis RESULTS

The number of experiments analyzed is indicated inTNF-a and IL-6 are overexpressed in circulating

each figure. Data were collected from a minimum ofmonocytes from ACS patients

three experiments to calculate the mean + SD.

Statistical significance was calculated using theFor all 34 ACS patients included in this study (W4 12;
unpaired Studenttest; results were considered signif- STEMI, n=11; and NSTEMIn = 11), we determined the

icant atP values < 0.05. serum concentrations of troponin, creatine kinase MB
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Fig. 1. Inflammation markers are up-regulated in monocytes and serum from ACS patients. (An@Db4dytes from UA(= 12), STEMI o = 11) and
NSTEMI (n = 11) patients as well as from healthy volunteers (contrel10) were isolated. mMRNA expression levels of TiN&Rd IL-6 were determined

by real-time Q-PCR using a LightCycler system. (B) Protein levels of @Rl IL-6 from serum of ACS patients and healthy individuals were analyzed
using a commercial ELISA (minimum detectable levels: 0.43 pg @NRd 0.27 pg IL-6, respectively). The [TMF{18S] and [IL-6]/[18S] ratios (A;

light and dark gray bars, respectively), as well as TNRd IL-6 protein levels (B; light and dark gray bars, respectively) are depiBtedd. 05 versus
control group.
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and fibrinogen (Supplemental Fig. 1)edlthy volunteers corcentrations of both cytokines were much higher in
(control group,n = 10) were also evaluated, and showedserum from patients compared to healthy individuals (up
regular levels of all three markers. to 64-fold; Fig. 1B). In addition, these concentrations
To study the innate immune responses during ACScgorrelated remarkably well with mRNA expression lev-
we isolated and cultured monocytes from all patients andls in isolated monocytes (compare Fig. 1A and B);
healthy individuals. On average, 91% of isolated cellalthough we stress that other cell types)(endothelial
expressed the specific surface marker CD14 and did natlls and cardiac myocytes) could be additional sources
exhibit significant apoptosis (not shown). TFand  of these circulating cytokines. Our findings corroborate
IL-6 mRNA levels in these monocytes were evaluategprevious reports of systemic inflammation during
by Q-PCR. Whilst monocytes from healthy volunteersACS*°and suggest for the first time that this process is
did not express the major pro-inflammatory cytokinesstronger in STEMI than in UA and NSTEMI patients.
TNF-a and IL-6, mMRNA levels of these two cytokines
were high in all patients (Fig. 1A). Interestingly, we
observed marked differences between the three ACERAK-M is expressed in circulating monocytes from
groups. In particular, STEMI patients showed signifi-ACS patients
cantly higher levels of TNIe-and IL-6 mRNA than both
NSTEMI and UA patients. Previously, we demonstrated that THFaduces IRAK-
M expression in human monocyt@syhich eventually
elicits a refractoriness state against both endotoxin and
High concentrations of TNig-and IL-6 are found in tumor cells¥”**41Given the high levels of pro-inflamma-
serum of ACS patients tory cytokines in our patients, we wondered whether the
IRAK-M gene was expressed in their circulating mono-
To determine whether increased transcriptioMNF-a  cytes. Indeed, monocytes from ACS patients showed
and IL-6 genes resulted in higher protein expressionconsiderable levels of IRAK-M mRNA (Fig. 2A,B).
serum levels of the two cytokines were measured usingdgain, these levels were significantly higher in
commercially available immunoassay kits. Indeed NSTEMI, but in particular in STEMI compared to UA
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Fig. 2. IRAK-M and IL-10 are expressed in monocytes from ACS patients. (A) IRAK-M Q-PCR end products were separated by agarose gel
electrophoresis and stained with ethidium bromide. (B) IRAK-M and IL-10 mRNA levels in‘@GBdrbcytes from ACS patients and healthy volunteers
were determined by Q-PCR (real time, LightCycler system) and are shown normalized against 18S. Number of samples as*R Rigui6 tersus

control group. The data shown correspond to a representative expernmed)t (C) Expression of IRAK-M protein analyzed by a Western blot using 20

g total protein from CDI4monocytes and an anti-IRAK-M polyclonal antiserum. An @ngietin monoclonal antibody was used as a control of loading

and transfer. A representative experiment is shawn4). (D) Densitometric analysis of data presented in (C). Relative intensities of stained protein bands
are given in arbitrary units (AU);P< 0.05 versus control group.
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Fig. 3. TLR4 but not MyD88, IRAK-1 or IRAK-4 are overexpressed in monocytes from ACS patients. Relative amounts of TLR4 (A), MyIIR8KB)
1 (C) and IRAK-4 mRNA (D) in CD14monocytes isolated from UA, STEMI and NSTEMI patients and from controls were determined by Q-PCR.
Number of samples as in Figure P, ¢ 0.05 versus control group.

patients. Thus, expression of tHeAK-M gene directly circulating monocytes from ACS patients express
correlates with TNFe levels in serum. We also note that IRAK-M, we wished to compare mRNA levels of the
IL-10 mRNA levels are elevated in ACS patients (Fig.two functional kinases of the family, IRAK-1 and IRAK-
2B). Overexpression of both molecules thus suggests 4 in monocytes from patients and healthy volunteers. In
possible unresponsiveness state to endotoxin in owddition, we determined transcription levels of the LPS
patients (see below). In line with its increased mMRNA lev+eceptor, TLR4, and of its adaptor, MyD88.
els, IRAK-M protein accumulates in monocytes from ACS TLR4 was only minimally transcribed in the control
patients (Fig. 2C,D) while, as we showed previously, congroup whilst all patients showed significant levels of this
trol monocytes do not express this pseudo-kiPa3é: LPS receptor (Fig. 3A). The highest expression was
Although none of the admitted patients were undeobserved in STEMI patients; however, differences between

treatment, we excluded that the observed effects wergroups were not significant. In contrast, we did not detect
attributable to drugs commonly used to treat theidifferences in the mRNA levels of MyD88, IRAK-1 and
pathologies. No significant expression of IRAK-M IRAK-4 in ACS patients compared to healthy volunteers,
(mRNA or protein) was induced in cultures of control or within ACS subgroups (Fig. 3B-D, respectively).
monocytes stimulated with pharmacological concentra-
tions of atenolol, spironolactone or aspirin (not shown).

LPS rapidly up-regulates IRAK-M in monocytes from

ACS patients but not from healthy individuals
Expression of other members of the TLR/IRAK pathway

To study innate immune responses in monocytes from
Although the exact nature of multiprotein complexesACS patients, we cultured these cells in the presence or
within the TLR/IRAK pathway remains to be estab-absence of LPS. IRAK-M mRNA was significantly up-
lished, it is plausible that a balance between active angkgulated in monocytes from all three classes already 1 h
catalytically defective members of the IRAK family reg- after LPS treatment (Fig. 4A). As we previously reported,
ulates innate immune responses. Having established thiaiis short-term stimulation does not up-fegelRAK-Min
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Fig. 4. Monocytes from ACS patients rapidly up-regulate IRAK-M and TLR4 in response to endotoxin challenge. Relative levels IRAKXNANEN

TLR4 mRNA (B) in CD14 monocytes from UA, STEMI and NSTEMI patients and from healthy volunteers cultured for 1 h in the presence (hatched bars)
or absence (regular bars) of 10 ng/ml LPS. Number of samples as in FigBre @;05 versus no LPS treatment. (C,D) Expression of IRAK-M protein
analyzed by Western blot using @@ total protein from CD14monocytes from UA, STEMI and NSTEMI patients and from healthy volunteers cultured

for 24 h in the presence (hatched bars) or absence (regular bars) of 10 ng/ml LPS pAacantimonoclonal antibody was used as a control of loading and
transfer. A representative experiment is shomn 4) (C). The results from densitometric analysis (relative intensities of stained protein bands) are given in
(D); AU, arbitrary units; P < 0.05 versus no LPS-treatment.

control monocytes, for which maximal leveldBAK-M  increased more than 27,000- and 8000-fold their basal
mRNA are reproducibly reached about 6 h after LPSevels of TNFea and IL-6 mRNA, respectively, cells
stimulation3"! This finding was also verified in the cur- from ACS patients up-regulated the expression of these
rent investigation (not shown). Of note, while IRAK-M genes by about 200-fold, or two orders of magnitude less
was induced to significantly higher levels in patients (4«Fig. 5A,B). We observed similar effects on the amounts
fold) than in healthy volunteers (1-fold; Fig. 4A) at the of released TNFr and IL-6 when cells were stimulated
mMRNA level, TLR4 mRNA increased similarly in both with LPS for 24 h (Fig. 5C,D, respectively).
patients and controls (about 3-fold; Fig. 4B). In absolute It is known that during the endotoxin-tolerance frame,
terms, however, levels of IRAK-M and the endotoxin human monocytes exposed to LPS are unable to rapidly
receptor were significantly higher in cells isolated fromexpress th& NF-a andIL-6 genes’“3In this refractori-
ACS patients than in the control group, thus similar to theness state, up-regulation iRAK-M is accelerated, and
situation observed before LPS challenge (see above ahd’S stimulation for 1 h generates high levels of this
Figs 2B and 3A). Finally, we could also detect up-regulapseudo-kinas&.Thus, our current data strongly suggest
tion of IRAK-M at protein level in monocytes from ACS that monocytes from ACS patients are ‘locked’ in an
patients following LPS challenge (Fig. 4C,D). endotoxin-tolerance state.

It is known that endotoxin stimulation generates an
immune response in human monocytes through up-regu-
lation of several cytokinese(g TNF-a, IL-6%. IRAK-M but not TLR4 is up-regulated in human monocytes
Monocytes from both, ACS patients and healthy volun-cultured in medium supplemented with serum from ACS
teers rapidly overexpressed these genes upon LPS trepatients
ment, and we detected significant MRNA levels already
1 h after challenge (Fig. 5A,B). However, we observedlo determine whether soluble factors present in serum of
significantly different responses to LPS in the twoACS patients were responsible for IRAK-M up-regula-
groups. Whilst cultures from healthy volunteerstion, monocytes from healthy controls were cultured for
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Fig. 5. Pro-inflammatory responses to endotoxin are impaired in monocytes from ACS patients. Upper panels: relative mRNA level{Af andIL-

6 (B) after 1 h incubation of CD14nonocytes from ACS patients and from healthy volunteers in the presence or absence of 10 ng/ml LPS. Lower panels:
protein levels of TNF& (C) and IL-6 (D) in the supernatant of monocytes cultured for 24 h in the presence or absence of 10 ng/ml LPS. Number of sample
as in Figure 1;P < 0.05 versus the same condition of control group.

6 h in the presence of supplemented medium containinipeir possible role on the endotoxin tolerance response
1% or 10% filtered serum from either UA € 5), characterized above (Figs 4 and 5). Monocytes were cul-
STEMI (nh = 5) or NSTEMI patientsn(= 5), or from  tured for 16 h in the presence of 10% filtered serum from
healthy volunteers (contrah, = 5; samples used for this patients or healthy volunteers. After this pretreatment,
study were randomly selected from the subgroupsve stimulated these cultures with 10 ng/ml LPS for 1 h
described above). IndeethRAK-M was induced in a or 24 h, and analyzed TNé-expression (mMRNA and
dose-dependent manner in cultures supplemented witbrotein). Pretreatment with medium supplemented with
both 1% and 10% serum from ACS patients, but noserum from healthy individuals did not interfere with
from healthy individuals (Fig. 6A). We also verified LPS-mediated induction of TN&- (Fig. 7A).
increased IRAK-M protein levels in monocytes treatedFurthermore, high levels of TNé&-were detected in the
with ACS serum (not shown). This finding strongly sug-supernatants of these cultures (Fig. 7B). In contrast,
gests that a soluble factor present in the serum of ACBionocytes pretreated with medium supplemented with
patients induces the expression of IRAK-M in mono-serum from ACS patients produced much lower levels of
cytes. In agreement with the differences in TtlBhd  TNF-o upon LPS-stimulation, and induction of IL-6 was
IRAK-M levels among ACS patients discussed abovealso blocked in these cultures (not shown).
serum from STEMI patients showed the highest stimula-
tory activity. By contrast, TLR4 levels were not affected
by the presence of serum from ACS patients (Fig. 6B). IRAK-M expression and endotoxin tolerance are TNF-
a-dependent processes

Human monocytes cultured in medium supplemented We have previously shown that TNFinduces IRAK-M

with serum from ACS patients do not express high levelgp-regulation in human monocyt€dndeed, in the cur-

of TNF-a upon LPS treatment rent investigation, we have measured significant concen-
trations of this cytokine in the serum of ACS patients

Given the influence of soluble factors from serum of(Fig. 1), and these levels correlated with IRAK-M

ACS patients in IRAK-M expression, we also analyzedexpression in circulating monocytes (Fig. 2B). On the
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Fig. 6. Soluble factors present in serum of ACS patients up-regulate IRAK-M but not TLR4 in human monocytes. Human monocytesregfercbilh

in the presence of medium supplemented with 0%, 1% or 10% filtered serum, pooled frares BA $TEMI 6 = 5), or NSTEMI patientsn(= 5) or from
healthy volunteers (contrah,= 5). IRAK-M and TLR4 mRNA expression levels were determined by real-time Q-PCR. Relative levels of IRAK-M and
TLR4 are shown in (A, B), respectively (0%, white bars; 1%, light bars; 10%, solid bars). The results shown are from ttieprespeerimentr(= 3)

and *P < 0.05 versus the same condition of control group.

other hand, monocytes from ACS patients also expressde3 pg/ml, ID,, 3.5 pg/ml). Note that all solutions used
IL-6 and IL-10 (Figs 1 and 2, respectively). To investigatein our assays were tested for endotoxin contamination by
the mechanism by which IRAK-M expression and sub-Limulustest (data not shown). Thus, we hypothesized
sequent endotoxin tolerance occur, we analyzed possibleat circulating TNFa directly induces IRAK-M
effects of TNFe, IL-6 and IL-10 on IRAK-M induction. expression in monocytes from ACS patients.

TNF, but neither IL-6 nor IL-10, potently up-regulated To corroborate this hypothesis, we analyzed IRAK-M
IRAK-M in human monocytes (Fig. 8A). In addition, no mRNA levels in human monocytes cultured for 6 h in
IRAK-M induction was observed upon incubation with the presence of 10% filtered serum from patients or
much higher, supra-physiological concentrations of thénealthy volunteers, pre-incubated or not with a blocking
latter two interleukins (not shown). To analyze mono-antibody against TN~ As observed before, serum
cyte responses to TNérin more detail, we next studied from ACS patients induced IRAK-M expression in
IRAK-M expression in the presence of varying concen-human monocytes. However, co-incubation with the
trations of this cytokine. As shown in Figure 8B, theanti-TNF-a antibody, also tested for endotoxin contami-
response was saturable at very low TiNEencentrations nation byLimulus test (data not shown), significantly

A B 1)
50- 220- g [] medium
[ vps,24n
_ 40 200 £
vi
g g £ > i
5 2 g 4 8 =
£ : :
= 11 20 -
- = a
5x103- s E [T
0
0 Control UA STEMI NSTEMI

Fig. 7. Soluble factors present in serum of ACS patients induce endotoxin tolerance in human monocytes. Monocytes from heatitsywetante
cultured for 16 h in the presence of medium supplemented with 10% filtered serum pooled from ACS patients or from hetdtrg yatim Fig. 6).
After this period, cells were washed twice with PBS and stimulated or not with 10 ng/ml LPS for 1 h or 24 h. (A) Relaioé TéNEH mRNA were
determined by real-time Q-PCR. (B) Soluble Thlevels in the supernatants of 24-h cultures. Typical results are shew2) @nd P < 0.05, **P < 0.01
versus no LPS stimulation.
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Fig. 8. TNF-a but not IL-6 or IL-10 up-regulate IRAK-M in human monocytes. Upper panels: (A) Human monocytes from healthy volunteers were
cultured for the indicated periods of time in the presence of @N\ight bars), IL-6 (gray bars) or IL-10 (solid bars). After this, cells were harvested and
levels of IRAK-M and 18S mRNA were determined by Q-PCR. Relative levels of IRAK-M are shBwi0.05 versus control. (B) Relative levels of
IRAK-M mRNA in human monocytes from healthy volunteers were determined after 6 h incubation with indicatedc@hfentrations. Lower panels:

an anti-TNFe blocking antibody reverted the effect of serum from ACS patients. (C) Human monocytes were cultured for 6 h in the presdiure of
supplemented with 10% filtered serum from ACS patients or from healthy volunteers (as in Fig. 6) pre-incubated with 0020 ot dnti-TNFel

antibody. Relative expression levels of IRAK-M mRNA were determined using real-time Q-P@&R.85 with respect to stimulation with the
corresponding serum. (D) Human monocytes were cultured for 16 h in the presence of medium supplemented with 10% filtevedipoloted ACS
patients pre-incubated or not with a blocking anti-TéN&ntibody. After this period, cells were washed twice in PBS and stimulated or not with 10 ng/ml
LPS for 1 h. Levels of TNE-rand 18S mRNA were analyzed by real-time Q-POR<0.05 with respect to stimulation with the corresponding serum plus
LPS. Typical results are shown# 3).

reduced IRAK-M expression (Fig. 8C). In other experi-mediated by Toll-like receptof&>-*'In particular, we
ments, serum-pretreated cultures (+ anti-TiN&tibody for  have shown that IRAK-M is rapidly up-regulated in
16 h) were finally stimulated with 10 ng/ml LPS for 1 h human monocytes in the presence of LPS, within the
before measuring TN&-MRNA levels. As shown in Figure framework of endotoxin toleranég,and that this
8D, the anti-TNFe antibody reversed the clear down-regula-pseudo-kinase also plays an important role in the devel-
tion of LPS-induced TNIe- expression due to pretreatment opment of cancer tolerané&ere, we show that mono-
of human monocytes with serum from ACS patientscytes from patients of acute coronary syndrome express
Altogether, our findings suggest that TNFeritically regu-  appreciable amounts of IRAK-M at both the mRNA and
lates the observed phenomenon of endotoxin tolerance pirotein levels. Interestingly, the magnitude of IRAK-M
human monocytes. MRNA expression in UA, STEMI and NSTEMI patients
differs markedly, and correlates with serum TtlEon-
centration. These differences IRAK-M expression
DiscussioN appear to result from the magnitude of their basal
inflammatory responses. Individuals with UA expressed
We and others have previously demonstrated a role fohe lowest levels of IRAK-M and their systemic TNF-
IRAK-M in de-activating the inflammatory responses and IL-6 concentrations were also the lowest; similar
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correlations were observed for STEMI and NSTEMIpresence ofChlamydia pneumoniaén patients with
patients. These findings are in line with our previousACS"464’Some authors even propose these infections
report demonstratingx-vivoup-regulation of IRAK-M  as direct cause of the cardiovascular disease in ACS
mediated by TNF&.4 patients. Nevertheless, no direct relationship has been
The presence of IRAK-M in circulating monocytes demonstrated so far between the occurrence of future
from ACS patients strongly suggested the developmerdcute coronary events and the levels of @itpneumo-
of a refractory state to further endotoxin challenge. Waniae antibodies after the first acute coronary episdde.
have verified this point by showing that isolated mono-Moreover, antichlamydial antibiotics tested to date have
cytes from these patients do not responekteivoshort-  failed to prevent secondary coronary evéht®ther
time LPS challenges as those from healthy individualsauthors have shown th&. pneumoniadnfection is
In these experiments, we observed a rapid up-regulaticesssociated with coronary artery disease, but no serologi-
of IRAK-M in patients’ monocytes, while TNE-and  cal difference was observed between patients with unsta-
IL-6 levels were not increased. In marked contrast, culble and stable angirf&Thus, our observations suggest
tures from healthy volunteers did up-regulate bothan alternative hypothesis, namely that the opportunist
cytokines, and IRAK-M was not rapidly expressed. Inpathogen preferentially colonizes ACS patients due to
this regard, we have previously reported that tolerantheir impaired innate immune responses.
human monocytes up-regulate their IRAK-M levels On the other hand, we note that the endotoxin toler-
upon short-time LPS stimulatiéh,while endotoxin ance observed in these patients could be beneficial.
treatment does not up-regulate TNFn these mono- Indeed, high levels of IRAK-M expression would reduce
cytes®4344n addition, we note that IL-10 is also up-reg- inflammatory responses in ACS patients, thus poten-
ulated in monocytes from ACS patients; the presence dfally delaying or avoiding occurrence of future ischemic
this cytokine has also been related to endotoxin tolerepisodes. Thorough studies focused on the evolution of
ance in several situatioAsThus, our current findings larger numbers of ACS patients will be needed to estab-
clearly demonstrate that monocytes from ACS patienttish the clinical relevance of high IRAK-M levels for the
are ‘locked’ in an endotoxin tolerance state. progress of cardiovascular disease.
Other members of the TLR/IRAK pathway (MyD88,
IRAK-1 and IRAK-4) were expressed at similar levels in
both, patients and healthy individuals. Although TLR4
was significantly up-regulated in ACS patients, suggest- CONCLUSIONS
ing that ACS patients were more susceptible to LPS
reception than control individuals, we have found no fur-The high levels of IRAK-M found in circulating mono-
ther evidence implicating TLR4 up-regulation in the cytes from ACS patients strongly suggest that the innate
observed endotoxin tolerance mechanism. Its increasmmune response against a new inflammatory stimulus
might simply result from a feed-back loop that counter-such as an infectious agent could be impaired in these
acts the inhibitory effect of IRAK-M overexpression. In patients. We propose that this information should be
this regard, a soluble factor(s) present in the ACSonsidered while developing new anti-ACS therapies.
patients’ serum is able to induce IRAK-M, but not
TLR4, expression and concomitant endotoxin tolerance
in control monocytes.
Pre-incubation of the serum from ACS patients with a ACKNOWLEDGEMENTS
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