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ABSTRACT

Inflammation underlies a variety of physiological and pathological processes. Over

the years tremendous progress has been made in understanding the cellular and

molecular events that are involved in inflammatory responses.  A controlled

inflammatory response is beneficial for the organism in order to maintain

homeostasis, protect from infection and repair tissue damage, but it can also

become detrimental if not regulated appropriately. Different instigators of

inflammation, such as infection and tissue injury, are among the wide spectrum of

adverse conditions that induce inflammation. In chronic inflammatory diseases such

as Rheumatoid Arthritis, Systemic Lupus Erythematosus, Inflammatory Bowel

Diseases and others, pathogenesis occurs due to excessive, inappropriately initiated

inflammatory response. Metabolic diseases such as obesity and type II diabetes are

also characterized by chronic, low-grade inflammation that has led to the concept of

metabolic inflammation (metaflammation). Despite the fact that mechanisms of

inflammatory response have been extensively studied, further elucidating the

molecular controls of inflammation is of crucial importance. Macrophages are key

players in inflammation activated by a wide spectrum of stimuli and acquire a

phenotype that ranges from fully pro-inflammatory (M1) to anti-inflammatory,

mediating resolution of inflammation and tissue repair (M2). Metabolic inflammation

results in changes in macrophage phenotype as well. Inflammed adipose tissue has

an increased number of macrophages and these macrophages are pro-inflammatory

(M1-type). Effective termination of inflammation is as important as controlled

initiation, therefore a plethora of factors exist that act as negative regulators. TLR

signaling contributes to inflammation and metaflammation and is negatively

regulated by the IL-1 Receptor Associated Kinase M (IRAK-M) protein, which acts as
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functional decoy to prevent phosphorylation and further signaling by IRAK-4. The

world-wide epidemic of obesity has led to a dramatic increase in metabolic diseases

associated with metabolic inflammation, hence deciphering the mechanisms

governing processes that establish metaflammation, will allow understanding the

pathogenesis of related conditions. Adipocytes are now acknowledged as more than

cells for lipid storage. They have primary roles in controlling energy homeostasis and

secrete hormones and lipids in order to regulate systemic metabolism. Adipose

tissue is in a state of inflammation in obesity contributing to low grade systemic

inflammation.

Given the established importance of inflammation and metabolism in health and

disease, the present study focused on analyzing the transcriptional and epigenetic

mechanisms of macrophage activation focusing on the mechanisms of regulation of

the intracellular TLR-signaling modulator IRAK-M (a negative regulator of the

TLR4/LPS signaling). The work also aimed to decipher whether adipocytes can

acquire a macrophage-like phenotype in states of inflammation such as obesity and

LPS stimulation and how this is be regulated.

Using high-throughput targeted siRNA knock-down of genes that are known

transcription factors, signaling molecules and epigenetic regulators in macrophages

ones affecting IRAK-M activation by LPS were identified. Molecules that had the

strongest effect in either up-regulating or down-regulating IRAK-M expression were

selected for further validation. The transcription factor C/EBPβ was identified as a

transcriptional activator of the IRAK-M gene upon LPS stimulation of macrophages.

ChIP experiments showed that C/EBPβ is recruited to IRAK-M promoter shortly after

LPS stimulation to activate its transcription. Additional ChIP experiments showed

that NFκΒ/p65 and NFκΒ/RelB were also recruited to IRAK-M promoter shortly after
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C/EBPβ to maintain transcription active. In addition to transcription factors,

epigenetic regulators are also key players in the regulation of gene transcription.

Targeted siRNA knock-down of EZH2, the PRC2 complex methyl-transferase, as

well as stable shRNA expression experiments showed that IRAK-M gene

transcription was regulated by this protein upon LPS activation.

In parallel, we studied inflammatory responses in adipocytes using Mouse

Embryonic Fibroblasts that were differentiated to mature adipocytes as well as

primary adipocytes from lean and obese mice. Cells were activated with LPS and

their phenotype was analyzed. Results showed that adipocytes acquired an

inflammatory phenotype resembling the one observed in macrophages when

activated by LPS. Using gene knock-out animals we found that osteopontin

regulated inflammatory activation of adipocytes. Ablation of OPN resulted in

increased activation of adipocytes since OPN-deficient adipocytes secreted more

TNFα, induced higher levels of iNOS producing more nitrites. This effect was found

to be mediated by PPARγ and probably independent of LPS-TLR4 signaling.

Overall, this study adds to the current knowledge of the regulation of inflammation

and metabolic inflammation by deciphering a mechanism of IRAK-M gene

transcription and by elucidating a new factor that mediates inflammatory response in

adipocytes.
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ΠΕΡΙΛΗΨΗ

Μια πληθώρα φυσιολογικών και παθολογικών διεργασιών διέπονται από φλεγμονή.

Με την πάροδο των ετών έχει γίνει τεράστια πρόοδος στην κατανόηση των

κυτταρικών και μοριακών γεγονότων που εμπλέκονται στις φλεγμονώδεις διεργασίες.

Μια καλά ρυθμισμένη φλεγμονώδης απάντηση είναι ευεργετική για τον οργανισμό

γιατί επιτρέπει να διατηρηθεί η ομοιόσταση, να προστατευτεί από κάποια λοίμωξη

και να επιδιορθώσει μια ιστική βλάβη, μπορεί όμως και να αποβεί καταστροφική αν

δεν είναι κατάλληλα ρυθμισμένη. Κλασσικοί εκκινητές της φλεγμονής όπως λοιμώξεις

και ιστική βλάβη είναι μέσα στο ευρύ φάσμα των δυσμενών καταστάσεων που

επάγουν φλεγμονή. Χρόνιες φλεγμονώδεις ασθένειες όπως η ρευματοειδής

αρθρίτιδα, ο συστηματικός ερυθηματώδης λύκος, οι φλεγμονώδεις νόσοι του εντέρου

και άλλες οφείλουν την παθογένειά τους σε υπέρμετρη, μη ορθώς εναρχθείσα

φλεγμονή. Μεταβολικές νόσοι όπως η παχυσαρκία και ο διαβήτης τύπου ΙΙ επίσης

χαρακτηρίζονται απο μία χρόνια χαμηλού βαθμού φλεγμονή, γεγονός που έχει

οδηγήσει στην ιδέα της μεταβολικής φλεγμονής. Παρόλο που η φλεγμονώδης

αντίδραση έχει μελετηθεί εκτενώς, οι μηχανισμοί με τους οποίους ρυθμίζεται είναι

μεγάλης σημασίας. Τα μακροφάγα είναι κύτταρα με κεντρικό ρόλο στη φλεγμονή και

ενεργοποιούνται από μια πληθώρα ερεθισμάτων αποκτώντας ένα φαινότυπο που

μπορεί να κυμαίνεται από πλήρως προ-φλεγμονώδης (τύπου Μ1) έως αντι-

φλεγμονώδης προς τερματισμό της φλεγμονώδους αντίδρασης και ιστικής

επιδιόρθωσης (τύπου Μ2). Η μεταβολική φλεγμονή έχει επίσης αντίκτυπο στο

φαινότυπο των μακροφάγων. Ο φλεγμαίνων λιπώδης ιστός είναι διηθημένος από

περισότερα μακροφάγα τα οποία είναι προ-φλεγμονώδη (Μ1). Η σωστή λήξη της

φλεγμονής είναι εξίσου σημαντική με τη σωστή έναρξη γι’ αυτό και υπάρχει μια

πληθώρα παραγόντων που δρουν ως αρνητικοί ρυθμιστές. Η TLR σηματοδότηση
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είναι ενεργή στη φλεγμονή και τη μεταβολική φλεγμονή και ρυθμίζεται αρνητικά από

την πρωτεϊνη IRAK-M που εμποδίζει τη φωσφορυλίωση της IRAK-4 σταματώντας

την περαιτέρω σηματοδότηση. Η παγκόσμια επιδημία παχυσαρκίας έχει οδηγήσει

στην αύξηση των μεταβολικών νόσων που σχετίζονται με αυτή την κατάσταση και ως

εκ τούτου χρειάζονται μελέτες που θα αποκαλύψουν τους μηχανισμούς που διέπουν

τις διεργασίες με τις οποίες εγκαθιδρύεται η μεταβολική φλεγμονή και θα επιτρέψουν

την κατανόηση της παθογένεσης των καταστάσεων αυτών. Τα λιποκύτταρα

θεωρούνται πλέον περισσότερο από απλές αποθήκες λιπιδίων. Έχουν πρωταρχικό

ρόλο στον έλεγχο της ενεργειακής ομοιόστασης και εκκρίνουν ορμόνες και λιπίδια

που ρυθμίζουν άλλους ιστούς. Ο λιπώδης ιστός έχει δειχθεί ότι φλεγμαίνει στην

παχυσαρκία και πολλές μελέτες έχουν ασχοληθεί με τη φλεγμονή του λιπώδους

ιστού. Δεδομένης της σημασίας της φλεγμονής και της μεταβολικής φλεγμονής στην

υγεία αλλά και την ασθένεια, η παρούσα μελέτη επικεντρώθηκε στην ανάλυση των

μεταγραφικών και επιγενετικών μηχανισμών της ενεργοποίησης των μακροφάγων

και πιο συγκεκριμένα στο μηχανισμό ρύθμισης του ενδοκυττάριου ρυθμιστή του TLR

μονοπατιού IRAK-M (αρνητικός ρυθμιστής της TLR4/LPS σηματοδότησης). Η

παρούσα εργασία στόχευσε επίσης στο να αποσαφηνίσει αν τα λιποκύτταρα

μπορούν να αποκτήσουν έναν φαινότυπο τύπου μακροφάγων όπως αυτόν που τα

μακροφάγα αποκτούν σε καταστάσεις φλεγμονής όπως η παχυσαρκία και η

ενεργοποίηση από LPS και πώς ρυθμιζεται ο φαινότυπος αυτός.

Χρησιμοποιώντας μεγάλης κλίμακας στόχευση με siRNA έγινε σίγηση γονιδίων που

κωδικοποιούν γνωστούς μεταγραφικούς παράγοντες, σηματοδοτικά μόρια και

επιγενετικούς ρυθμιστές ώστε να ταυτοποιηθεί ποιοί επηρεάζουν την ενεργοποίηση

του IRAK-M από το LPS. Τα γονίδια των οποίων η σίγηση είχε τη μεγαλύτερη

διαφορά στην ενεργοποίηση (είτε προς τα πάνω, είτε προς τα κάτω) της έκφρασης
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του IRAK-M επιλέχθηκαν για περαιτέρω επιβεβαίωση. Ο μεταγραφικός παράγοντας

C/EBPβ ταυτοποιήθηκε ως μεταγραφικός ενεργοποιητής του IRAK-M γονιδίου κατά

την ενεργοποίηση των μακροφάγων με LPS. Πειράματα ανοσοκατακρήμνισης

χρωματίνης έδειξαν ότι ο C/EBPβ στρατολογήθηκε στον υποκινητή του IRAK-M

σύντομα μετά το ερέθισμα του LPS ώστε να επάγει τη μεταγραφή του. Επιπλέον

πειράματα ανοσοκατακρήμνισης χρωματίνης έδειξαν ότι οι παράγοντες NFκΒ/p65

και NFκB/RelB στρατολογήθηκαν επίσης στον υποκινητή του IRAK-M λίγο μετά το

C/EBPβ ώστε να κρατήσουν ενεργή τη μεταγραφή. Εκτός από τους μεταγραφικούς

παράγοντες υπάρχουν και οι επιγενετικοί ρυθμιστές που παίζουν ρόλο στη ρύθμιση

της μεταγραφής. Σίγηση του EZH2 γονιδίου, που είναι η μεθυλοτρανσφεράση του

συμπλόκου PRC2, έδειξε ότι ρυθμίζει επίσης τη μεταγραφή του IRAK-M γονιδίου στα

μακροφάγα κατά την ενεργοποίηση με LPS.

Σε παράλληλα πειράματα μελετήθηκαν οι φλεγμονώδεις αντιδράσεις των

λιποκυττάρων χρησιμοποιώντας μυικούς εμβρυονικούς ινοβλάστες που

διαφοροποιήθηκαν σε ώριμα λιποκύτταρα, καθώς και πρωτογενή λιποκύτταρα από

φυσιολογικά και παχύσαρκα ποντίκια. Τα κύτταρα ενεργοποιήθηκαν με LPS και

αναλύθηκε ο φαινότυπός τους. Τα αποτελέσματα έδειξαν ότι τα λιποκύτταρα

ενεργοποιήθηκαν και απέκτησαν έναν φλεγμονώδη φαινότυπο που ομοιάζει με αυτό

τον μακροφάγων όταν ενεργοποιούνται από LPS ή όταν βρίσκονται σε ένα

φλεγμονώδες περιβάλλον όπως στην περίπτωση της παχυσαρκίας.

Χρησιμοποιώντας knock-out ζώα βρέθηκε ότι η Osteopontin είχε ένα ρόλο στη

ρύθμιση της ενεργοποίησης της φλεγμονής στα λιποκύτταρα. Απουσία OPN είχε ως

αποτέλεσμα την υπερ-ενεργοποίηση των λιποκυττάρων καθώς τα OPN knock-out

λιποκύτταρα παρήγαγαν περισσότερο TNFα, περισσότερη iNOS και περισσότερα
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νιτρικά. Το αποτέλεσμα αυτό φάνηκε να διαμεσολαβείται από PPARγ και πιθανότατα

ανεξάρτητα από την LPS/TLR4 σηματοδότηση.

Συνολικά, η παρούσα μελέτη προσθέτει στη γνώση της ρύθμισης της φλεγμονής και

της μεταβολικής φλεγμονής αποσαφηνίζοντας έναν μηχανισμό της μεταγραφής του

IRAK-M γονιδίου και ένα νέο παράγοντα που διαμεσολαβεί τη φλεγμονώδη

αντίδραση στα λιποκύτταρα.
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1. INTRODUCTION

1.1 Inflammation

Inflammation is the response of the organism in noxious stimuli such as pathogens

or damaged cells. It is characterized by pain, redness, heat, swell and loss of

function. In essence, it is an attempt of the organism to remove the damaging agent

and/or to repair the damage.

The inflammatory response typically consists of the following: inducers, sensors,

mediators and effectors (reviewed in [1]). An inflammatory inducer can be either

endogenous or exogenous. An exogenous inducer of inflammation can be either

microbial or non-microbial. Typical microbial inducers of inflammation are Pathogen-

Associated Molecular Patterns (PAMPs) and virulens factors. Non-microbial inducers

of inflammation include allergens, foreign bodies, toxic substances, etc. on the other

hand, endogenous inflammatory inducers include cellular constituents like ATP, K+

ions and other that are released after necrotic cell death and activate macrophages

and hence the inflammasome and the inflammatory response. The mediators of

inflammation are produced by specialized cells – mainly tissue resident

macrophages and mast cells – and are classified in seven groups: vasoactive

amines and peptides, fragments of complement components, lipid mediators,

cytokines, chemokines and proteolytic enzymes. Some mediators such as histamine

and serotonin are preformed and stored in the granules of mast cells, basophiles and

platelets. Others are preformed and circulate in plasma as inactive precursors. Other

mediators are produced directly in response to stimulation by specific inducers of

inflammation. Lipid mediators (eicosanoids and platelet activating factors) are
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derived from phospholipids such as phosphaidylcholine. Arachidonic acid is

metabolized to form eicosanoids by cyclooxygenases COX1 or COX2 to generate

leukotrienes and lipoxins. Prostaglandins PGE2 and PGI2 cause vasodilation and

fever. Lipoxins inhibit inflammation and promote its resolution and tissue repair.

Inflammatory cytokines are produced by many cell types mainly macrophages and

mast cells. Chemokines are produced by various cell types in response to

inflammatory inducers to control leukocyte extravasation and chemotaxis to the

infected tissue. Effectors are the cells and tissues that are affected by mediators.

Responsiveness to some inflammatory mediators such as TNFα and IL-1 is in

essence ubiquitous, yet they exert a different effect depending on the cell type or

tissue they act. For example, the Lipopolisaccharide (LPS) of the Gram negative

bacteria is an inducer of inflammation that is recognized by the TLR-4 sensor.

Recognition and binding of LPS to cell surface TLR-4 triggers a signaling pathway

that will lead to the production of TNFα, IL-6, and other inflammatory mediators that

will eventually affect cells and tissues.

Effective initiation of the inflammatory response is crucial to survive infection or

tissue damage, yet so is proper termination of inflammation. Complex multilayered

negative auto-regulatory loops have evolved to restrain excessive inflammation. Anti-

inflammatory cytokines including IL-10 and TGFβ are produced by regulatory T cells

(Tregs) and myeloid derived suppressor cells (MDSCs) to negatively control

inflammation. Inflammatory cytokines can also be neutralized by receptor

antagonists or decoy receptors.
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1.2 Inflammatory cells in Health and Disease

Dysregulated immune response and chronic inflammation will inevitably lead to

diseases such as atherosclerosis, inflammatory bowel diseases (IBDs), cancer,

asthma, rheumatoid arthritis, multiple sclerosis, type II diabetes and other.

Neutrophils are the most abundant types of granulocytes and of white blood cells in

mammals and comprise an essential part of the immune system. They are

phagocytes of the blood stream and are activated in the acute phase of inflammation

as a result mainly of bacterial infection and trauma. They have the ability to migrate

through blood vessels and through the interstitial tissue via chemo-attraction. They

have also been implicated in disease. They have an important role in the initial

phase of atherosclerosis in mice. Early neutrophil inflammation signals trigger intimal

recruitment of monocytes, which differentiate into macrophages and internalize

native and modified LDL leading to foam cell formation. Neutrophils and their

mediators have been detected in human and mouse atherosclerotic lesions [2, 3].

Dendritic cells (DCs) are antigen presenting cells whose main function is to process

the antigen and present it on their cell surface to the T cells of the immune system.

Hence, they are at the cross-roads of innate and adaptive immunity. They are mostly

present in tissues that are in contact with the external environment, such as the skin

and the inner lining of the lungs, stomach and intestines. Once activated, they

migrate to lymph nodes where they interact with T cells and B cells to initiate

adaptive immune activation. DCs are a heterogeneous population that includes

conventional DCs (cDCs) subdivided into lymphoid-tissue-resident or migratory

subtypes, plasmacytoid DCs (pDCs) and inflammatory DCs, which are not found in

steady states. Besides antigens, DCs can also engulf lipids, sharing phenotypic and
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functional figures with macrophages and they play a role in atherogenesis. For

example, in advanced plaques CCL17 expression by mature DCs restricts Treg cell

expansion and sustains atherosclerosis, identifying he control of Treg cell

homeostasis as an effector mechanism of CCL17+ DCs in atherogenesis [4].

Activation of T helper (Th) cells in the lymphoid organs is a primary step in adaptive

immune response. Activated T cells then proliferate and become memory and

effector T cells which enter the circulation and migrate to the site of inflammation. In

inflammatory diseases the function of T cells is dysregulated. Although till recently

Crohn’s disease was considered a Th1 condition and ulcerative colitis was

considered a Th2 condition we now know that IL-17 producing T cells also have an

important role. Th17 cells produce several cytokines including IL-21 and IL-22. In

addition, IL-9 producing T cells are elevated in the mucosa of patients with ulcerative

colitis. In systemic Lupus Erythematosus (SLE) T cells play a major role by secreting

pro-inflammatory cytokines, helping B cells to produce auto-antibodies and

maintaining the disease through the accumulation of auto-reactive memory T cells.

Th17 cells are involved in the pathogenesis of SLE nephritis.

Natural Killer (NK) cells are normally present in the human gut mucosa but their

balance is disrupted in Crohn’s disease and is associated with IFNγ production.

Natural Killer T (NKT) cells populate the mucosa and in ulcerative colitis they

respond to a self-antigen by producing IL-13 [5]. Innate Lymphoid Cells (ILCs)

producing IL-17 have also been found in the mucosa of patients with IBD. Their

physiological role is to mediate resistance to microbes, promote inflammation and

orchestrate tissue damage and repair. Regulatory T cells (Tregs) are essential to

develop tolerance to self and non-self antigens. Defects in Treg cell function underlie

infectious, autoimmune, chronic inflammatory conditions such as inflammatory bowel
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diseases. Although Tregs are present in IBD their immuno suppressive capacity is

inadequate.

B cells are also of great importance in maintaining homeostasis but also in the

development of autoimmune diseases. In SLE they are responsible for producing

auto-antibodies. Maintenance of B cell tolerance is essential for preventing the

secretion of auto-antibodies with potential pathogenic specificities. In SLE, failure in

B cell tolerance sits at the core of the disease process. Indeed, it is largely accepted

that tissue injury results from the production of auto-antibodies which combine with

self-antigens to form immune complexes (ICs) that deposit into organs leading to

inflammation and cellular damage. Lupus-associated auto-antigens are largely

confined to nucleoprotein complexes that are released during cell death and that

activate TLR7 and TLR9. In inflammatory Bowel Disease there is a general

activation of the humoral immune response since there are various alterations in

immunoglobulin type production. In the majority if ulcerative colitis patients there are

anti-neutrophil antibodies in the serum. Patients with Crohn’s disease have a

propensity of developing antibodies against a variety of microbial antigens such as

flagellin E.coli outer membrane protein C.

-The role of Macrophages

Macrophages are characterized by extended flexibility and plasticity. Given different

stimuli (for example microbial products or damaged cells) they can be classically or

alternatively activated [6]. Classically activated (M1 polarized) macrophages are

activated by various TLR ligands and IFNγ while alternatively activated (M2

polarized) macrophages are activated by Th2 cytokines IL4/IL13 via STAT6
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activation. Besides IL4 and IL-13 other cytokines such as IL-10 also govern M2

polarization via STAT3 activation. IL-33 is also associated with M2 polarization.

Generally, M1 macrophages express high levels of the pro-inflammatory cytokines

TNFα, IL1α, IL-1β, IL-6, IL-12, IL-23, Cox2 and low levels of IL-10 and thus exert

strong reactivity against microbes and tumor cells. They also express high levels of

the inducible nitric oxide synthase (iNOS) enzyme that uses L-arginine as substrate

to produce nitric oxide. On the other hand, M2 macrophages are predominantly

characterized by anti-parasitic activity, enhanced phagocytotic capacity, tissue

remodeling, wound healing, and tumor progression (Tumor Associated Macrophages

– TAMs). M2 macrophages are characterized by low production of IL-12 and high

production of  IL-10 and TGFβ and have high expression of Arginase 1 enzyme that

– in contrast to iNOS - converts L-arginine to L-ornithin and urea [6]. It is generally

accepted that M1 macrophages are responsible for initiating and sustaining

inflammation while M2 macrophages are associated with the resolution of

inflammation. So, macrophages have been classified as classically activated

macrophages (M1) or alternatively activated (M2) based on their cytokine secretory

patterns and pro-inflammatory versus immune-regulatory activity but this represents

rather the two ends of a wide spectrum of cell subsets. Depending on the activating

stimulus M2 macrophages can be further divided into four different subsets namely

M2a, M2b, M2c and M2d. M2a is induced by IL4/IL13 and produces high levels of

CD206, ILRII and IL1Ra. M2b is stimulated by immune complexes and TLR agonists

or IL1R ligands and produce high levels both pro- and anti- inflammatory cytokines

(IL-10, IL1Β, IL-6, TNFα). The M2c subset of macrophages is activated by

glucocorticoids and IL-10 and release high amounts of IL10 and TGFβ. The M2d

macrophages are induced by TLR agonists and secrete high levels of IL-10 and
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VEGF and low levels of IL-12; hence they have pro-angiogenic properties and

resemble tumor associated macrophages. Exposure of M2 macrophages to M1

signals and vice versa results in re-polarization proving the plasticity and flexibility

these cells have.

Nevertheless, this classification translates as different but interchangeable functional

states depending on the microenvironment the macrophages encounter. For

example, in the healthy gut mucosa, human macrophages display an anergic

signature, fail to produce pro-inflammatory cytokines but retain phagocytic and

bactericidal activity in vitro [7]. In patients with Crohn’s disease, CD14+

macrophages have been reported to produce abundant IL-6, IL-23 and TNF and

contribute to IFNγ production by local mononuclear cells [8]. In atherosclerosis, the

underlying pathology is characterized by a chronic inflammation in the arterial wall.

Oxidized lipids and LDL trigger the expression of adhesion molecules and the

secretion of chemokines by endothelial cells which drive intimal immune infiltration.

The early “fatty streak” lesion consists of T cells and macrophage-like foam cells

loaded with lipids. Subsequent accumulation of apoptotic cell debris and cholesterol

crystals forms a necrotic core, plaques are covered by a fibrous cap composed of

collagen and smooth muscle cells which are replaced by macrophages and are

prone to rupture. Macrophages can amplify LDL modification, promote vulnerability

of advanced plaques through secretion of cytokines, proteases, undergo apoptosis

and when not effectively cleared, contribute to necrotic core formation. As they

differentiate, macrophages upregulate scavenger receptors (such as CD36) which

are multifunctional PRRs, clearing cell debris and internalizing modified LDL.

Modified LDL can also trigger TLR2 and TLR4 signaling through CD36 [9, 10] while

genetic deletion of TLR2 and TLR4 or MyD88 reduces atherosclerosis [9].
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- The role of macrophages in sepsis

When an organism is infected by a pathogen, the immune system is usually able to

eliminate it yet sometimes the pathogen prevails and the hot response becomes

unbalanced and harmful. Sepsis is defined as a life-threatening organ dysfunction

that is caused by dysregulated host response to infection. In the case of sepsis, the

immune response of the host is complex and comprises an initial excessive

inflammatory response that results in tissue damage, endothelial dysfunction and

organ failure. Following excessive inflammation there is immune-suppression. Septic

immune suppression is characterized by reprogramming of antigen-presenting cells

and by lymphocyte exhaustion. Macrophages have crucial roles in both these

processes. Macrophages in septic patients have high levels of PD1 ligand 1 which

interacts with PD1 on T cells and dendritic cells to promote apoptosis [11] and PDL1

expression in monocytes is an independent predictor of septic shock mortality [12].

Consistently, inhibition of PD1-PDL1 interaction in septic mice improves their survival

and microbial clearance [13]. In sepsis, monocytes in the blood circulation have

reduced expression of HLA-DR and macrophages have diminished capacity to

release pro-inflammatory cytokines upon stimulation which is called immunoparalysis

or LPS (endotoxin) tolerance. Long term exposure to LPS or sub-lethal doses of LPS

in animals can induce a state of tolerance that reprograms the inflammatory

response, resulting in reduced inflammatory cytokine production in vitro and in vivo

in response to subsequent challenge with LPS or other inflammatory stimuli. This

diminished capacity of monocytes in septic patients to respond to LPS, TLR agonists

or various bacterial compounds is the most prominent feature in sepsis-induced

immuno-suppression. Tolerization of cells results in notable changes in transcription
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with decreased expression of genes encoding pro-inflammatory cytokines and

chemokines (tolerizable genes). LPS tolerance increase the expression of a subset

of genes that are not tolerizable (non-tolerizable genes), a fact that may protect the

organism from systemic infection when in immuno-suppressed state. This increased

expression results in a shift towards the production of immuno-suppressive

molecules, such as IL-10 and IRAK-M [14, 15]. Changes in the inflammatory

capacity of monocytes are associated with altered cellular metabolism. For example,

HIF-1a and other hypoxia-related genes are up-regulated in monocytes of septic

patients. HIF-1a then increases the expression of IRAK-M which reduces the

expression of inflammatory genes therefore linking altered metabolism to tolerance

[16]. Many of the characteristics of tolerant macrophages resemble the

immunosuppressive M2 macrophage type. Pena et al used microarray analysis to

study the gene expression of tolerized peripheral bone marrow derived macrophages

(PBMCs) and compared the results with M2 polarization genes. Results showed that

similarly to M2 polarized macrophages, tolerized macrophages down-regulate pro-

inflammatory genes and upregulate genes that are involved in wound healing and

phagocytosis [17].

1.3 Macrophage activation through pathogen recognition via Toll-Like

Receptors (TLRs)

TLRs are prototype pattern-recognition receptors (PRRs) that recognize pathogen

associated molecular patterns (PAMPs) from micro-organisms or danger-associated

molecular patterns (DAMPs) from damaged tissue. TLRs are expressed in innate

immune cells such as dendritic cells and macrophages as well as non-immune cells
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such as fibroblasts, epithelial cells and adipocytes. They are either on the cell

surface (TLR1, TLR2, TLR4, TLR5, TLR6, TLR10) or intracellular in the endosome

(TLR3, TLR7, TLR8, TLR9, TLR11, TLR13) (Figure 6).

Cell surface TLRs mainly recognize lipids, proteins and lipoproteins of microbial

origin. TLR2 senses bacterial lipopeptides by heterodimerizing either with TLR1 or

TLR6 [18-20]. TLR2 also recognizes a wide variety of non-lipopeptidic PAMPs from

various pathogens [21]. TLR-4 recognizes the bacterial Lipopolysacharide (LPS) [22-

24]. TLR5 senses bacterial flagellin – a protein of the flagella to regulate both

immune response to the bacteria of the intestine [25, 26]. There are 10 TLR genes in

human and 12 in mice [21]. TLR10 is a pseudogene in mice but human TLR10

together with TLR2 recognizes Listeria ligands [27] and influenza A infection [28].

Intracellular TLRs recognize bacterial and viral nucleic acids, or self nucleic acids in

conditions such as auto-immune diseases. TLR3 recognizes viral double strand RNA

[29], small interfering RNAs and self-derived RNAs from damaged cells [30, 31].

TLR7 recognizes viral single strand RNA and Streptococcal B single strand RNA and

is mainly expressed in pDCs and cDCs [32]. TLR8 responds to viral and bacterial

RNA in humans [33]. TLR9 recognizes CpG rich DNA motives and hemozoin of the

P. falciparum [34]. TLR11 recognizes flagelin [35]. TLR12 recognizes profilin from T.

gondii and is expressed in myeloid cells [36]. TLR13 recognizes bacterial 23S RNA

[37-39] (Figure 6).

All TLRs are synthesized in the ER, traffic through Golgi and are finally transferred to

the cell surface or to intracellular compartments such as the endosomes.

Compartmentalization is important so that TLRs are prevented from recognizing self

nucleic acids thus leading to autoimmunity.
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Figure 1 (from O’Neill et al, 2013): Mammalian TLR signaling
pathways. TLR signaling is initiated by ligand induced dimerization of

receptors. Following this TIR domains of TLRs engage TIR domain

containing adaptor proteins MyD88, MAL , TRIF or TRAM. TLR4 moves

from plasma membrane to to endosomes In order to switch signaling

from MyD88 to TRIF. The engagement of adaptor molecules stimulates

downstream signaling pathways that involve interactions between

IRAKs and TRAFs and lead to the activation of MAPKs JNK and p38

and to the activation of transcription factors NFκΒ, IRF, CREB, AP1.

The result is production of pro-inflammatory cytokines and in the case of

endosomal TLRs the production of IFNs.
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1.4 Regulation of TLR Signaling

TLR signaling starts with a ligand binding to the TLR receptor. This causes the

receptor to form dimers. Receptor dimers subsequently bind to adaptor molecules.

Individual TLRs differentially recruit members of a set of TIR domain-containing

adaptors such as MyD88, TRIF, TIRAP/MAL or TRAM. MyD88 is utilized by all TLRs

and activates NF-κB and MAPKs for the induction of inflammatory cytokine genes.

TIRAP is a sorting adaptor that recruits MyD88 to cell surface TLRs such as TLR2

and TLR4. Depending on the adaptor usage, TLR signaling is lagely divided into two

pathways: the MyD88 dependent and the TRIF dependent pathways.

After TLR engagement, MyD88 forms a complex with IRAK kinase family members

forming the so-called Myddosome. During Myddosome formation IRAK4 activates

IRAK-1 which is then autophosphorylated at several sites and released from MyD88.

IRAK-1 associates with the RING-domain E3 ubiquitin ligase TRAF6. TRAF6, along

with ubiquitin-conjugating enzyme UBC13 and UEV1A promotes K63-linked poly-

ubiquitination of both TRAF6 itself and the TAK1 protein kinase complex. TAK1 is a

member of the MAPKKK family and forms a complex with the regulatory subunits

TAB1, TAB2 and TAB3 which interact with polyubiquitin chains generated by TRAF6

to drive TAK1 activation. TAK1 then activates two different pathways that lead to

activation of the IKK complex:  NFκB pathway and MAPK pathway. The IKK complex

is composed of the catalytic subunits IKKα and IKKβ and the regulatory subunit

NEMO (IKKγ). TAK1 binds to the IKK complex through ubiquitin chains which allows

it to phosphorylate and activate IKKβ. The IKK complex phosphorylates the NFκΒ

inhibitory protein IκΒα which undergoes proteasome degradation allowing NFκΒ to
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translocate into the nucleus to induce pro-inflammatory gene expression. TAK1

activation also results in activation of MAPK family members such as ERK1/2, p38

and JNK which mediates activation of AP-1 family transcription factors or

stabilization of mRNA to regulate inflammatory responses (Figure 6).

In the TRIF dependent pathway, TRIF interacts with TRAF6 and TRAF3. TRAF6

recruits the RIP1 kinase which interacts and activates the TAK1 complex thus

leading to the activation of NFκΒ and MAPKs and the production of inflammatory

cytokines. In contrast, TRAF3 recruits the IKK-related kinases TBK1 and IKKi

together with NEMO for IRF3 phosphorylation. IRF3 forms dimmers and translocates

to the nucleus to induce the expression of type I IFN genes [40, 41] (Figure 6).

TLR signaling is negatively regulated by a number of molecules through various

mechanisms to prevent or terminate excessive immune responses that would lead to

detrimental consequences like auto-immunity and inflammatory diseases. The

Myd88 dependent pathway is suppressed by ST2825, SOCS1, Cbl-b. The TRIF

dependent pathway is suppressed by SARM and TAG [42, 43]. The aforementioned

molecules bind to MyD88 or TRIF and prevent them from binding to TLRs or

downstream molecules. LPS induced alternative splicing of MyD88 results in the

generation of a protein lacking a short intermediate domain, which can still bind

TLR4 but not IRAK4 and therefore exerts a dominant negative effect leading to the

termination of down-stream NFκB signaling [44]. TRAF3 is inhibited by SOCS3 and

DUBA [45]. TRAF6 is inhibited by A20, USP4, CYLD, TANK, TRIM38, SHP [46-48]

(Figure 2). TAK1 activation is inhibited by TRIM30a and A20 [49]. Pro-caspase

MALT1 functions as an adaptor that is crucial for the NFκB signaling and in addition

its proteolytic activity further fine-tunes inflammatory gene expression by cleaving

A20 CYLD deubiquitinases [50]. A20 deficiency in myeloid cells leads to enhanced
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NFκB and inflammasome signaling and the development of an arthritis-like pathology

[51, 52].

Another important negative regulator of the TLR4 signaling is IRAK-3 (also known as

IRAK-M). IRAK-M belongs to the IRAK family of kinases but lacks the kinase activity

and therefore is inactive. In the MyD88 pathway it interacts with the Myddosome and

prevents he dissociation of IRAK-1 and IRAK-4 from MyD88 and the subsequent

activation of TRAF6 [53] (Figure 3).

Figure 2 (from Kawasaki T. and Kawai K., 2014): TLR signaling in DCs, macrophages

and MEFs. TLR4 localizes on the cell surface and TLR3 in the endosomes. Dimer

formation initiates signaling of the two major downstream adaptor proteins, MyD88 and

TRIF. TIRAP conducts the signal from TLR4 to MyD88 and TRAM mediates the signal from

TLR4 to TRIF.TLR engagement induces the formation of Myddosome. Several negative

regulators modulate TLR signaling by inhibiting either signaling complex formation or

ubiquitination.
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1.5 The role of IRAK-M in regulating TLR signals and macrophage activation

The importance of IRAK-M in innate immunity was first demonstrated using IRAK-M

knock-out mice. IRAK-M-/- mice were first generated by Kobayashi et al in 2002 [53].

These animals appear normal in their gross anatomy, but distinctly display a pro-

inflammatory phenotype: their macrophages have an intrinsic inability to become

tolerant up until a 24 hour stimulation with TLR agonists: upon challenging with

various TLR ligands (or IL-1) or infection with Gram (+) or Gram (-) bacteria, IRAK-M

deficient macrophages produce reduced levels of IL-6 and TNFa. Accordingly, upon

TLR stimulation, they also exhibit a substantial increase in cytokine secretion and

activation of effector molecules downstream of TLR signaling, such as NF-κΒ, JNK,

p38 and ERK1/2 [53]. IRAK-M-/- mice infected orally with Salmonella typhimurium,

develop more severe enteritis and an increase of both the size and the number of

Payer's patches when compared to their wild type counterparts [53]. IRAK-M

deficient mice exhibit higher survival rates than wild type mice in sepsis [54].

Knocking down IRAK-M has also been shown to confer similar effects: siRNA

Figure 3 (from Afofina IS et al,

2017): Mechanisms involved in the

negative feedback regulation of

pro-inflammatory NFκB signaling.
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inhibition of IRAK-M is able to reconstitute the secretion of pro-inflammatory

cytokines in otherwise TLR-tolerant macrophages [55-57].  Whereas a basal level of

IRAK-M expression is present in un-stimulated human and murine

monocytes/macrophages [53, 58], transcription of IRAK-M is exponentially induced

shortly after TLR ligand stimulation and progresses in fashion analogous to stimulus

strength: higher concentrations of TLR ligands and longer incubation periods confer

increased IRAK-M mRNA levels [53, 58]. Despite the relatively good understanding

of IRAK-M mechanism of function, few are known about the transcriptional regulation

of this gene. IRAK-M promoter is not yet fully characterized and the only work done

is by Kim et al who used chromatin immunoprecipitation and EMSA and found that

the up-regulation of IRAK-M expression by TLR9 is controlled at the transcriptional

level through multiple transcription factors, including NF-kB, AP-1, and CREB [59].

The elucidation of the molecular pathways that enable IRAK-M transcription will help

identify key transcription factors. Since the main stimulus for IRAK-M induction is

signaling through the TLR cascade of events, transcription factors that are activated

by this process should have an impact in IRAK-M transcription.

1.6 IRAK-M in disease

IRAK-M has various roles in immune-pathology depending on the disease setting. In

the setting of chronic inflammatory diseases, IRAK-M expression is beneficial

because it can limit excessive immune responses. In contrast, IRAK-M expression

may prevent proper innate immune clearance of pathogens in the context of

immunodeficiency. Thus, from a clinical point of view, it is useful to understand

situations in which modulation of IRAK-M expression may provide therapeutic
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benefit. Collectively it is clear that IRAK-M has potent immune-modulatory properties

and is able to promote tolerance under various circumstances. For example

prolonged secretion of endotoxins by persistent infection or gut damage can result in

septic shock and multi-organ failure. However, up-regulation of IRAK-M is of extreme

importance in the induction of endotoxin tolerance. This function also reflects the fact

that the host establishes tolerance against normal gastrointestinal tract flora [60]. In

a skin allograft model the co-stimulatory blockade procedure used to prolong graft

survival is impaired in the absence of IRAK-M and a subsequent influenza infection

suggests that IRAK-M expression may limit immunopathology without decreasing

viral clearance [61]. While IRAK-M plays an important role in limiting improper

immune activation, there are cases in which up-regulation of IRAK-M prevents

appropriate host defense. For example, in a periodontal tissue infection, an

insufficient immune response is observed and thus IRAK- M induction is probably the

mean of escape from immune surveillance [62]. Furthermore deficiency in IRAK-M

can improve the ability of septic mice to resolve secondary lung infection [54].

Moreover, the ability of IRAK-M to induce endotoxin tolerance correlates with

numerous clinical and epidemiological data: IRAK-M deficiency predisposes

individuals to inflammatory bowel disease (IBD), as IRAK-M is on the genetic

susceptibility locus for IBD [63] and monocytes derived from 5 patients suffering from

moderate sepsis, upon re-stimulation with LPS revealed a tolerant phenotype as a

result of IRAK-M up-regulation [55]. As it is well known, the tumor microenvironment

is immunosuppressive, and this may involve the induction of IRAK-M in tumor-

associated macrophages (TAMs). Monocytes from patients suffering from chronic

myeloid leukemia exhibit high levels of IRAK-M expression [64]. In addition, Xie et al.

showed that IRAK-M deficient mice are resistant to melanoma and fibrosarcoma
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tumor growth following tumor immunization [65]. This is likely attributed to the

enhanced anti-tumor effector function of T and B cells in the absence of IRAK-M,

given that they display elevated proliferation and activation [65]. Also, monocytes

from 30 children suffering from Multi Organ Dysfunction Syndrome (MODS) exhibited

increased levels of IRAK-M mRNA [66]. Similar observations were made in a study

of 34 ACS (Acute Coronary Syndrome) patients [67]. High IRAK-M levels were

shown to correlate with mortality in Gram (-) sepsis [68]. Lastly, it has been recently

shown that IRAK-M is down-regulated in monocytes of obese people and thus it has

been suggested that low IRAKM in combination with high SOD2 expression and

subsequent increase in mitochondrial oxidative stress is a marker of Type 2 diabetes

[69].

1.7 Metabolic Inflammation

It has been well established over the last years that the adipose tissue is not only an

organ for fat storage but that it acts as an endocrine organ too, and secretes various

substances collectively referred to as adipokines. Under normal conditions,

adipocytes secrete factors like adiponectin that promote insulin sensitivity. In

contrast, in obesity adipocytes secrete pro-inflammatory factors such as TNFα and

FFAs that attract and activate macrophages. Combination of factors secreted by

adipocytes and macrophages results to the establishment of chronic metabolic

inflammation (metaflammation).

The notion that inflammation and metabolism are connected began years ago when

TNFα secreted by macrophages induced insulin resistance in adipocytes [70] and

the and when obesity was associated with increased expression of inflammatory
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mediators in adipose tissue which interfered with glucose metabolism [71, 72].

Another important milestone to metabolic inflammation was the discovery that

adipose tissue of obese mice is infiltrated by a large number of macrophages [73,

74]. Subsequent studies showed that exposure of adipose tissue macrophages to

free fatty acids promotes their polarization towards the M1 phenotype and this can

disrupt insulin sensitivity [75-77]. Obesity is also associated with an influx of

macrophages to muscle tissue [78] and TNFα levels in muscle are higher in diabetic

subjects compared to insulin sensitive individuals [79]. In type II diabetes the function

of pancreatic β cells is impaired by an increased number of islet associated

macrophages and inflammation [80]. Macrophages are also involved in the browning

of adipose tissue. Alternatively activated macrophages have been proposed to

promote adaptive thermogenesis directly via production of catecholamines [81] while

pro-inflammatory polarization of macrophages directly inhibits adipose tissue

browning which in turn limits adipose tissue inflammation [82]. All the above highlight

the importance of macrophages in inflammation as well as in the interplay between

inflammation and metabolism.

Inflammasome also has an important role in metabolic inflammation and disease.

Mice that are deficient for several components of the inflammasome, IL-1β or IL-1R1

are protected from diet-induced insulin resistance [83, 84]. In accordance, treatment

with anti-IL1β or IL-1 inhibitor confers metabolic benefits, like improved insulin

sensitivity. Diet-induced obesity induces the production of caspase1 and IL-1β in the

adipose tissue and mice deficient for Nlrp3 and Casp1 are resistant to obesity

induced inflammation thus showing that activation of the inflammasome has an

important role in metaflammation [85, 86].
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Metabolic diseases – such as obesity, insulin resistance and type II diabetes – are

not only associated with inflammation but they have been shown to activate the

adaptive immune system as well. Adipose tissue T cells of obese mice and humans

have a shift towards CD4+ and CD8+ cells [87]. In contrast, regulatory T cells (Tregs)

are positively correlated with insulin sensitivity and mice deficient in adipose tissue

Tregs are protected from age-related insulin resistance [88, 89]. This effect of Tregs

requires the expression of PPARγ; absence of PPARγ in Tregs results in failure of

the anti-diabetic actions of PPARγ agonists [90]. Lastly, B cells also accumulate in

the adipose tissue of obese mice to produce inflammatory cytokines [91, 92].

Although the precise triggers of obesity-associated inflammation have not been fully

understood, potential mechanisms have emerged that include gut-derived antigens,

dietary or endogenous lipids, adipocyte death, hypoxia and mechanical stress

(reviewed in [93]). All in all, it is clear that macrophages are cells with pivotal roles in

the establishment of metabolic inflammation and that unraveling the mechanisms

they are activated and polarized towards specific phenotypes will help to evolve

potential therapeutic interventions.

1.8 The role of adipocytes in metabolic inflammation

Several studies have shown that adipocytes express TLRs and that they can

respond to TLR stimulation by secreting cytokines. Those studies have included

adipocytes derived from cell lines as well as human adipose tissue that were either

healthy or obese. Lin et al showed that TLR2 is expressed in 3T3-L1 adipocytes and

is induced by LPS, the TLR4 ligand [94]. The pattern of TLR expression in

adipocytes and is highly dependent on the state of differentiation (pre-adipocytes
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versus mature adipocytes), on the species studied (murine versus human), on the

cell type (cell line versus primary cells) and on the presence or absence of obesity

(for example leptin resistant db/db or leptin deficient ob/ob mice) [95].

TLR expression was investigated by reverse-transcriptase (RT-PCR). All TLRs

except TLR5 and TRL7 are expressed in the stromal vascular cell (SVC) fraction and

in mature adipocytes of different fat stores. Whereas basal and LPS-induced IL-6

release is higher in preadipocytes, basal and LPS-induced MCP-1 release is higher

in mature adipocytes. Mature adipocytes respond to corticosterone regarding MCP-1

and resistin release. The ligands for TLRs influence IL-6, MCP-1, and resistin

release differentially. Some of these ligands induce nuclear translocation and

promoter binding of NFκB. Besides TLR5 that is not expressed in mature adipocytes,

all TLR family members are involved.

Diet plays a central role in adipocyte inflammation since a lipid-rich diet will result in

elevated lipids in the circulation. Free fatty acids are known to promote inflammation

by binding to TLR2 and TLR4 and activating downstream NFκB signaling. NFκB

increases the secretion of chemokines such as MCP-1 by adipocytes which leads to

infiltration of the tissue by pro-inflammatory macrophages. Both TLR2 and TLR4

expression is increased in obesity [96] (Figure 4).

Obesity induces adipocyte cell death. Dead adipocytes in obese adipose tissue form

crown-like structures in histology with the dead adipocyte surrounded by F4/80+

macrophages. Adipocytic death releases numerous signals that promote adipose

tissue inflammation [97, 98]. Pro-inflammatory macrophages are recruited from blood

monocytes to adipose tissue [99], whereas tissue-resident macrophages proliferate

in crown-like structures [100]. This results in a dramatic increase in macrophage
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number within the obese adipose tissue. Stressed adipocytes also release damage-

associated molecular patterns that are recognized by PRRs (specifically NLR) in

order to mobilize leukocytes to limit tissue damage (Figure 3).

Another potential mechanism for the induction of metabolic inflammation in obesity is

mechanical stress on adipocytes. Like most cells, adipocytes interact with the

extracellular matrix. Increased storage of triglycerides in adipocytes that are fixed in

the extracellular matrix environment can elicit mechanical stress. Deletion of genes

that encode collagen proteins and collagenases (specifically MMP14) shows major

effects on adipocyte function, lipid synthesis and storage and overall energy

metabolism [101] (Figure 4).

There exists a functional TRL pathway in adipocytes that connects innate immunity

with adipocyte function. As a consequence, the role of the adipose tissue in both

immunity and metabolism has to be investigated in future studies. The results of this

approach will help to explain the metabolic changes such as insulin resistance

observed during infection and the immunological phenomena such as macrophage

infiltration of adipose tissue seen in obesity [95].
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Figure 4 (from Reilly SM and Saltiel AR, 2017): Initiators of Obesity-associated

inflammation in adipocytes. Gut derived LPS might stimulate inflammatory pathways by

binding to TLR4 at the plasma membrane. Similarly Free Fatty Acids (FFAs) can activate

inflammatory signaling through TLR4 or TLR2. Additionaly, NLRP3 activation by DAMPs,

which are released from dead adipocytes and recognized by NLRs, might also be an

important initiating step in inflammation. Hyoxic conditions are also associated with

inflammation in adipocytes but the exact mechanisms are unclear. Finally, mechanical

stress caused by adipose tissue expansion through the extracellular matrix is sensed by

the RhoA-Rock pathway which leads to downstream inflammatory signaling. NFκΒ is a

signaling hub that has been suggested to be involved downstream of all these diverse

potential initiators of adipocyte inflammation in individuals with obesity. Expression of

genes that encode downstream inflammatory proteins leads to expression of adipokines

and inflammatory cytokines that promote the recruitment and activation of pro-inflammatory

immune cells.
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1.9 Adipokines in metabolic inflammation

Besides inflammatory cells, adipose tissue secretion profile (adipokines) has a major

role in the initiation and establishment of metabolic inflammation. Following the onset

of obesity there are tremendous changes in the secretory status of the adipose

tissue. Adipokines can either act as pro-inflammatory or anti-inflammatory mediators.

The most important pro-inflammatory adipokines are leptin, TNF, IL-6, resistin CCL2

and others (reviewed in [102]). Leptin is the product of the obese gene and regulates

feeding behavior through the central nervous system. Leptin deficient mice are

hyperphagic, obese and insulin resistant, all phenotypes reversed by administration

of leptin [103]. In addition, leptin has been shown to improve the metabolic

phenotype in patients with lipodystrophy or congenital leptin deficiency [104, 105].

However, leptin levels in the circulation positively correlate with adipose tissue mass

and obese individuals have high levels of leptin without having lost their appetite (as

one would expect), indicating that there might be leptin resistance occurring [103]. In

monocytes and macrophages leptin stimulates the production of TNF, IL-6, CCLs as

well as the production of ROS. The other way around, leptin is increased in response

to pro-inflammatory stimuli including TNF and LPS [106]. Lastly, leptin increases the

production of Th1 cytokines (IL-2, IFNγ) and suppresses the Th2 cytokine (IL-4) by

mononuclear an T cells, thus polarizing them towards the Th1 phenotype [107].

On the other hand, the most studied anti-inflammatory adipokine is adiponectin.

Adiponectin is almost exclusively synthesized by adipocytes and is present at high

levels in the blood. Pro-inflammatory factors such as TNF and IL-6 as well hypoxia

and oxidative stress inhibit adiponectin production by the adipocytes and hence its

levels significantly decrease in obese individuals [108]. In contrast, PPARγ agonists

promote adipocyte differentiation and stimulate adiponectin secretion [108]. Plasma
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adiponectin levels are negatively correlated with CRP levels in obese or diabetic

patients and lower adiponectin levels are associated with higher CRP levels in health

or non-diabetic individuals [109]. Besides anti-inflammatory, adiponectin also exerts

metabolic actions. It reduces hyperglycemia by enhancing insulin activity in diabetic

mice and it increases fatty acid oxidation in muscle tissue, reduces plasma glucose,

free fatty acids and triglycerides in obese mice [110]. All experimental evidence

indicates that adiponectin protects against obesity-linked metabolic dysfunction.

Adiponectin can also act on immune cells to modulate their function and phenotype.

For instance, it inhibits macrophage transformation into foam cells and reduces

intracellular cholesteryl ester content by suppressing SR-A therefore exerting a

protective role in atherogenesis [111]. In addition, it abrogates LPS stimulated TNF

production by macrophages and inhibits TLR mediated NFκB activation [112, 113].

Furthermore, adiponectin stimulates the production of the anti-inflammatory cytokine

IL-10 by macrophages [114]. Lastly, Ohashi et al showed that peritoneal

macrophages and adipose tissue stromal vascular fraction cells of adiponectin

deficient mice show increased expression of pro-inflammatory M1 markers and

decreased expression of anti-inflammatory M2 markers while administration of

adiponectin stimulates arginase1 expression in these cells [115].

- Osteopontin

Another important protein that is secreted by the adipose tissue is Osteopontin

(OPN). Osteopontin - also called Secreted Phosphoprotein 1 (SPP1) - was identified

in 1985 by Heinfard et al as a sialoprotein derived from bone matrix [116]. Since

then, a plethora of roles have been attributed to OPN that is produced from various

sources including the adipose tissue. Despite the fact that it was originally identified
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as a secreted protein, it is now known that it also exists as an intracellular form too.

OPN is expressed in several cells and tissues. It is expressed in pre-osteblasts,

osteoblasts and osteocytes to affect adipogenesis and osteogenesis by

mesenchymal stem cells [117] and it is also found in fibroblasts [118] and in

chondrocytes of osteoarthritic patients [119]. OPN is also expressed by various cells

of the immune system such as macrophages, T cells and dendritic cells [120]. In

addition, there are also references of OPN being expressed in skeletal muscle [121],

smooth muscles cells [122], inner ear [123], placenta and mammary gland [124],

hepatocytes [125], endothelial cells [126], brain [127].

OPN has been extensively studied in inflammatory cells. It is up-regulated in these

cells following inflammatory activation by numerous stimuli including LPS, NO, IL-1β,

IL-2, IL-3, IFNγ, TGFβα and TNFα but the molecular mechanisms that regulate OPN

expression are incompletely understood. In LPS stimulated macrophages OPN

expression is up-regulated by activation of PI3K, ERK and JNK [128]. In contrast,

OPN has been shown to be suppressed in macrophages by troglitasone and other

PPARγ ligands [129]. It controls immune functions such as monocytes adhesion,

migration (by inducing matrix metalloproteases), differentiation and phagocytosis. It

acts by binding to either CD44 receptor or integrins. The engagement of CD44 and

avβ3 integrin by OPN induces PI3K dependent AKT phosphorylation and enhances

the interaction between AKT and IKKα/β. OPN also enhances NFκΒ activation

through phosphorylation and degradation of IκΒα by inducing IKKα/β activity. In cell

mediated immunity OPN enhances Th1 and inhibits Th2 cytokine expression [130].

There are several studies showing that OPN plays an important role in chronic

inflammatory diseases such as Crohn’s disease [131], multiple sclerosis [132] and

autoimmune diseases such as systemic lupus erythematosus (SLE) [133] and
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Grave’s disease [134]. More recently, Lee et al have shown that upon ADRB3

stimulated browning of white adipose tissue, M2 macrophages that express high

levels of osteopontin are recruited together with PDGFRα+ progenitor cells to

promote proliferation and differentiation to adipocytes [135] attributing OPN a role in

brown adipose tissue.

Several studies have linked OPN to adipose tissue inflammation and insulin

resistance that is seen in obesity (Figure 5). Kiefer et al studied OPN expression in

lean and obese humans as well as lean and obese mice. They found that OPN was

dramatically up-regulated in adipose tissue of obese individuals but not in their

plasma or liver. They also found that obese individuals had a different pattern of

OPN isoforms expression [136]. Nomiyama et al used OPN knock-out mice to study

adipose tissue inflammation in obesity. In contrast to the previous study they found

increased plasma OPN levels in obese mice. OPN knock-out mice had improved

insulin sensitivity and glucose tolerance when obese compared to their wild-type

counterparts. They also had lower macrophage infiltration in their adipose tissue and

lower levels of inflammation markers (TNFa, MCP-1, iNOS) [137]. When a

neutralizing antibody against OPN was used in vivo for 5 days (instead of the OPN-/-

genetic background) in obese mice, a similar phenotype occurred [138]. In another

study it was shown that OPN is also necessary for the early-onset metabolic

alterations that take place after only 2 weeks of HFD feeding [139].

Although the involvement of OPN has been studied in immune cells in the context of

obesity and metabolic inflammation, it is not known whether and how it might affect

the activation of adipocytes per se in the same context.
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Figure 5 (from Kahles F. et al, 2014): OPN actions in diet-induced

obesity. During diet-induced weight gain OPN is up-regulated and

mediates macrophage infiltration into adipose tissue. OPN expression in

adipose tissue macrophages is enhanced by high glucose, TLR4

activation, IL-6 and IL-18. In adipocytes GIP increases OPN secretion.

OPN itself activates several inflammatory signaling pathways leading to

adipose tissue insulin resistance and type 2 diabetes.
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2. AIM OF THE STUDY

Given the established importance of inflammation and metabolic inflammation in

health and disease, the present study focused on two parallel aims:

I. To identify how is IRAK-M expression regulated upon macrophage activation by LPS

and

II. To decipher whether adipocytes can acquire macrophage-like phenotype in states of

inflammation such as obesity and LPS stimulation and how this might be regulated.
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3. MATERIALS AND METHODS

Animals: Mice used in this study were all in the C57BL/6J genetic background.

Animals were housed in the animal facility of University of Crete medical school at

stable temperature 25oC and a 12-hour light-dark cycle.

Cell Culture: RAW264.7 murine macrophage cell line [140] was cultured in DMEM

(DMEM: Dulbecco’s Modified Eagle Medium) (GIBCO, Life technologies Corp,

Carlsbad, CA) supplemented with 10% (v/v) heat inactivated FBS, 10 mM L-

glutamine, 100 IU/ml penicillin and 100 μg/ml streptomycin. E.coli-derived LPS (100

ng/ml) (O111:B4; catalogue no. L2630; Sigma-Aldrich) was used as described at the

results section. Cells were either stained by immunofluorescence or harvested and

cell pellets were washed in PBS and stored at -80 °C for total RNA extraction or

Western blot analysis.

3Τ3L1 (murine pre-adipocytes – ATCC - [141]) were cultured in in DMEM (GIBCO-

41966) supplemented with 10% FBS and 1% pen/strep in a 37oC incubator at 5%

CO2.

Mouse embryonic fibroblasts (MEFs) were isolated from E13.5 mouse embryos with

standard procedure and were cultured in DMEM (41966 – GIBCO) supplemented

with 1% L-glutamine, 10% FBS and 1% pen/strep. Cells were cultured for a

maximum of 3 passages.

For the differentiation of 3Τ3L1 and MEFs towards adipocytes the following cocktail

was added to cell culture medium every other day: 0.17μΜ insulin (Sigma I0516),

0.5mM IBMX (Sigma I5879), 0.25μΜ dexamethasone (SigmaD2915) for 8-10 days.
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siRNA transfection and Immunofluorescence: Five thousand cells per well RAW

264.7 mouse macrophages were plated in 384 well plates (Grenier Bio-One)

containing 30ul DMEM. Cells were starved for 10-12 hours, transfected with 30nM of

the specified siRNA (Supplemental Table 1) using Lipofectamine RNAi Max

(Invitrogen- Life technologies Corp, Carlsbad, CA) according to manufacturer’s

instructions for 24 hours and then incubated in the presence or absence of 100 ng/ml

LPS (Sigma L2630) for the indicated time periods. Upon endpoints cells were fixed

with 4% paraforlmadehyde (PFA), blocked with blocking buffer (5% FBS, 0.1% Triton

X-100, 0.01% Saponin, 1x PBS) for 30 minutes, incubated with primary antibody O/N

at 4°C and with secondary antibody (including counter stain with DAPI-Hoechst) for 2

hours at RT (wash 5x with 1x PBS between each step with microplate washer).

Images were acquired with Autoscope (Metamorph software) and signal intensities

(sum of all positive pixels divided by the number of cells) were measured and

analyzed using Definiens Developer XD [142]. Finally scatter plots were generated

using TIBCO-Spotfire software.

CRISPR-Cas9 method for lentiviral production and macrophage infection for

gene knock-down: Human Embryonic Kidney 293T (HEK 293T) cells were cultured

in DMEM medium (GIBCO, Life technologies Corp, Carlsbad, CA) supplemented

with 10% v/v heat inactivated Fetal Bovine Serum (10270-106,Gibco) and 1%

penicillin/streptomycin (15070-063,Gibco). Cells were grown in 37oC, 5% CO2

incubator. HEK 293T cells growing in a 10 cm plate were transfected using 15μL

turbofect (#R0531, Thermo Scientific) transfection reagent and a mix of packaging,

envelope and transfer DNA vector (2μg, 1μg and 3μg respectively). pVSVG elvelope

plasmid and pΔ 8.1 packaging plasmids were kindly provided by Dr. Chr. Stournaras.

lentiCRISPRv2 plasmid (Cat#52961, Addgene) was used as control transfer DNA
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vector. Oligo1 (5’- CACCGTGAGACTGAGACAGCTCAAG – 3’) and oligo 2 (5’ –

AAACCTTGAGCTGTCTCAGTCTCAC – 3’) were hybrized and cloned in

lentiCRISPRv2 vector in BsmbI cloning position according to manufacturer, then

used as sgRNA Ezh2 containing transfer DNA vector.  After 24h of transfection the

medium was replaced with normal growth medium. Both 48h and 72h post the

transfection, the medium containing the viral particles, was collected and filtered

using a 0.45μm filter and either used right away or stored in -80°C. Then, the

collected virus-containing medium was used to infect RAW 264.7 macrophages,

used 1:1 with normal growth medium supplemented with 10μg/ml polybrene for 24h.

After 24h of infection, medium was replaced with normal growth medium. 48h after

the infection 2μg/mL puromycin was added to the medium. Infected macrophages

were selected for 5-8 days in puromycin containing medium and then used for

treatments.

Confocal Microscopy for whole White Adipose Tissue Imaging: Mice were killed

by cervical dislocation after which omental fat was removed and minced into small

pieces using scissors and scalpel as described elsewhere [143]. The tissue pieces

were then washed and incubated with 10% freshly prepared formaldehyde for 30

minutes at room temperature on a rotating platform. After that, fixative was removed

and 50mM glycine was added to quench fixation for 5 minutes at room temperature

on a rotating platform. After that, glycine was removed and tissues were washed

twice wuth PBS for 10 minutes at room temperature on a rotating platform. After that

tissues were permeabilised and blocked with a buffer containing 1%BSA, 3%FBS

and 0.1%saponin for 45 minutes at room temperature at a rotating platform. After

that, permeabilisation and blocking buffer was removed and antibodies diluted in the

same buffer added at a final volume of 100-200ul and incubated overnight at 4oC on
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a rotating platform. The next day, tissues were washed three times in wash buffer

containing 0.1% saponin in PBS for 10 minutes at room temperature on a rotating

platform. After that secondary antibodies and counterstain were added at a proper

dilution in permebilisation and blocking buffer at a final volume of 200ul and

incubated for 90 minutes at room temperature on a shaking incubator at 900rpm.

Finally, tissues were washed 3 times with wash buffer and mounted with glycerol.

Slides were analysed by confocal microscopy the same or the next day at latest.

For counterstain TO-PRO-3 Iodide (642/661) (T3605 - Molecular Probes) was used

at 1:1000 final dilution. For the staining of lipids, Bodipy (493/503) from molecular

Probes (Life Technologies) was used at a final dilution of 1:1000. Primary antibodies

used in staining were iNOS (Abcam-ab15323) at a final dilution of 1:50, Arg1 (Abcam

– ab60176) at a final dilution of 1:50, Mac-1 (M1/70.15.11.5.2-s 0 DHSB) at a final

dilution 1:100, secondary antibodies used were Cy3 (111 165 144 - Jackson

Immunoresearch) at a final dilution of 1:200, Alexa Fluor 546 (A-11056-Molecular

Probes) at a final dilution 1:1000, Alexa Fluor 488 (A21208 – Life Technologies) at a

final dilution 1:100.

Adipocyte Immunofluorescent Staining: For immunofluorescence experiments in

cultured adipocytes paraformaldehyde (PFA) was added to cell culture at a final

concentration of 4% and cell culture plates were incubated at room temperature for

25minutes. Cells were washed twice with PBS to remove PFA. After washing, cells

were blocked in blocking buffer (5% FBS, 0.1% Triton, 0.01% Saponin in PBS) for 30

minutes at room temperature on a shaking platform. Primary antibody was added in

blocking buffer at appropriate dilution and cells were incubated overnight at 4oC or

for 2 hours at room temperature. Primary antibody was washed twice with PBS and
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secondary antibodies were added at 1:500 dilution together with counterstains at

proper dilution. Cells were incubated for 2 hours at room temperature and then

washed twice with PBS and were analyzed at the microscope.

cDNA synthesis and qPCR for gene expression analysis: For the experiments

conducted with macrophages  the following protocol was used: One million RAW

264.7 mouse macrophages per sample were plated in 24 well plates containing 0.5

ml DMEM. Cells were starved for 10-12 hours, transfected with 30nM of a specified

siRNA using Invitrogen Lipofectamine RNAi Max according to manufacturer’s

instructions (Invitrogen- Life technologies Corp, Carlsbad, CA) for 24 hours and then

incubated in the presence or absence of 100 ng/ml of LPS for the indicated time

periods. Upon endpoints wells were washed with ice cold PBS and RNA was

isolated with the InviTrap® RNA Cell HTS 96 Kit according to manufacturer’s

instructions (STRATEC). The reverse transcription was performed with Applied

Biosystems High Capacity cDNA Reverse Transcription Kit (using 1 μg isolated RNA

as template) according to manufacturer’s instructions. Real time PCR reaction was

performed with the SensiMix SYBR Hi-ROX Kit (Bioline) according to manufacturer’s

instructions. Amplification was performed in an ABI PRISM 7900 HT Real- Time

PCR 384 well-plate apparatus for a maximum of 45 cycles, as follows:  Start steps:

30min at 50°C, 15min at 95°C, Repeat steps: 15 s at 95°C, 30 s at 60°C, and 30 s at

72°C. The primers used were: EZH2 Forward: 5’- GTGCAGTTATTCCTTCCATGC-3’

Reverse: 5’- ACGCTCAGCAGTAAGAGCAG-3’, UTX Forward: 5’-

GCACCACCTCCAGTAGAACAA-3’ Reverse: 5’- GTCTCATTTGGTGTTGCTGCAT-

3’, C/EBPb Forward: 5’ GACAAGCTGAGCGACGAGTA-3’ Reverse: 5’-

GCTTGAACAAGTTCCGCAGG-3’ actin-b Forward: 5’-

GTCATCACTATTGGCAACGAGC-3’ Reverse: 5’-
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GCACTGTGTTGGCATAGAGGTC-3’, IRAK-M Forward: 5’- TTC CTG GCA CGT

TCG AAT CA-3’ Reverse:5’- CGC TGC AGC AAA ATC CGT TA-3’.

For the experiments conducted with adipocytes the following protocol was used:

RNA was isolated using the TRIzol reagent (Life Technologies). One microgram of

total RNA was used for cDNA synthesis (TAKARA, Shiga, Japan). The primers used

were: PPIB Forward: 5’ - ACA GCA AGT TCC ATC GTG TCA T – 3’  Reverse: 5’ -

GAA GAA CTG TGA GCC ATT GGT G - 3' , iNOS: Forward: 5’ –

TCCTGGAGGAAGTGGGCCGAAG – 3’ Reverse: 5’ –

CCTCCACGGGCCCGGTACTC – 3’ , OPN: Forward:  5’ – GGC ATT CTC GGA

GGA AAC CA – 3’

Reverse: 5’ – GAT CTG GGT GCA GGC TGT AA – 3’ , PPARγ: Forward: 5’ – CGA

GTC TGT GGG GAT AAA GC – 3’ , Revesre: 5’ – CCA ACA GCT TCT CCT TCT

CG - 3’

Chromatin Immunoprecipitation (ChIP): Chromatin from 15x106 RAW264.7 cells

was prepared by fixation of the cell culture with 1/10th volume of Formaldehyde-

containing buffer (11% Formaldehyde, 100mM NaCl, 1mM EDTA, 0.5mM EGTA,

50mM Hepes pH 8.0) and incubation for 10 min at room temperature (RT). For

quenching the crosslinking, glycine was added for 5 minutes at RT to a final

concentration of 125 mM directly in the culture media. Scraping and transfer of cells

to a 15 mL conical tube and two washes with ice cold 1xPBS (supplemented with

1mM PMSF) followed, and the cell pellet was incubated with 10ml cell lysis buffer

[5mM PIPES (pH 8.0), 85mM KCl, 0.5% NP-40, 1mM PMSF, complete protease

inhibitors] for 10 min on ice. The cells were lysed with 800 μl SDS lysis buffer (1%

SDS, 10mM EDTA, 50mM Tris–HCl pH 8.1) for 10 min on ice. Chromatin was
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sonicated to an average length of DNA 500-1000 bp. Immunoprecipitation was

performed with the equivalent of 3-4x106 cells per sample, diluted 10 times with ChIP

dilution buffer (0.01% SDS, 1.1% TritonX-100, 1.2mM EDTA, 16.7mM Tris–HCl pH

8.0, 167mM NaCl supplemented with protease inhibitors) and 5 μg of each antibody.

Samples were rotated at 4oC overnight (1% of chromatin input was kept). Next day

each sample was mixed with 20 μL of magnetic beads and was rotated for 2 h at

4oC. Immunoprecipitated material was incubated for 5 min with each of the following

buffers:  low-salt Wash Buffer A (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM

Tris-HCl pH 8.0, 150mM NaCl supplemented with protease inhibitors), high-salt

Wash Buffer B (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris- HCl pH 8.8,

500mM NaCl supplemented with protease inhibitors), Buffer C [20mM Tris HCl (pH

8.0), 250mM LiCl, 1mM EDTA, 0.5% NP-40, 0.5% Na-Deoxycholate, 0.5M PMSF

supplemented with Protease inhibitors] and once with TE, pH 8.0. After the last

wash, samples were incubated with proteinase K (200 mg/ml), 0.5% SDS in TE for 2

h at 55oC and then were incubated overnight at 65oC for the reversion of

formaldehyde cross-links. DNA was purified with phenol/chloroform extraction, and

was precipitated with ethanol (1% glycogen and 10% CH3COONa).

Immunoprecipitated DNA was resuspended in 40 μL of 100mM Tris-HCL pH 7.5. 5%

of the immunoprecipitated DNA was used in qPCR analysis and data have been

normalized using the formula: 100*2^(Adjusted input – Ct IP). The antibodies that

were used in the ChIP experiments were the following: C/EBPβ antibody-c-19 (sc

150x, Santa Cruz Biotechnology); Anti-Histone H3 antibody (D2B12)/#4620 Cell

Signaling (chip-formulated); Anti-Histone (tri methyl K27) antibody (Cat. No. 07-449,

Upstate); anti-SMAD4 antibody (sc-7966X, SantaCruz); anti-RelB antibody (sc-

48366X, SantaCruz); anti-p65 antibody (sc-8008X, SantaCruz). The primers used for
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ChIP-PCR were: IRAK-M promoter (distal region) (pd) Forward: 5’-

GCCCGATTGAGAGTAGGGTAAG-3’ Reverse: 5’-

TCTAACAGAAGGGTATGCGAGC-3’, IRAK-M promoter (proximal region) (pp)

Forward: 5’- AACCTCTTAGATCCATCGTGGC-3’ Reverse: 5’-

TGTTATGAACCGTTCTGTCCGT-3’, IRAK-M promoter (middle region) (pm)

Forward: 5’- GTGGGTACTGAATGCCCAGG -3’ Reverse: 5’-

GTGGGAAAATGAAGTGGGAGA -3’.

Western Blot for protein expression analysis: RAW 264.7 cells were lysed in

RIPA buffer (10mM Tris pH=8, 10mM EDTA pH=8, 140mM NaCl, 1% Triton, 1% Na

deoxycholate, 0.1% SDS) containing protease inhibitors (Roche). Lysates were

electrophoresed through a 10% SDS-polyacrylamide gel and transferred to

nitrocellulose membrane. Membranes were processed according to standard

Western blotting procedures: 1 hour blocking in 5% BSA, O/N incubation of primary

antibodies, 1 hour incubation with HRP-conjugated secondary antibodies,

visualization with ECL system (Pierce) using a ChemiDocTM XRS+ (Bio-Rad) and

quantitation of protein by band intensity using ImageLab© Software (Bio-Rad).

Antibodies used were anti-EZH2 (#5246S, clone D2C9, Cell Signaling), anti-tubulin

(clone 1A2, Sigma), anti-iNOS (ab15323 - Abcam), anti-Arg1 (ab60176 – Abcam),

anti-actin-b (ADI-905-733-100 – Enzo), anti-rabbit-HRP (ADI-SAB-300-J – Enzo).

Enzyme Linked ImmunoSorbent Assay (ELISA): Cytokine concentration in cell

culture supernatants was determined using ELISA kits as per manufacturer’s

instructions. TNFα (eBioscience), IL-6 (eBioscience), IL-10 (eBioscience),

Adiponectin (R&D), OPN (R&D). Insulin concentration in the serum of mice was

measured using an Insulin Immunoassay kit (ALPCO).
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Murine Obesity Experiments: for th establishment of obesity, mice were fed eith a

high fat diet (60% of calories from fat – HARLAN) for 8 to 10 weeks. Their total body

weight was determined weekly and compared to the control group which was feeding

on a norma l diet (10% calories from fat).

Fat Fraction Isolation from White adipose tissue: Inguinal white adipose tissue

was isolated from mice immediately after cervical dislocation, put in PBS containing

1% BSA  and minced with scissors and sclalpel into small pieces. After that

collagenase was added to the tissue at a final concentration of 1.5mg/ml and the

tissue was incubated for at least 30 minutes at 37oC with  pipetting intervals to assist

dissossiation. Homogenates were then passed through a 100um cell strainer.

Samples were then centrifuged at 800rpm for 5 minutes at room temperature which

resulted in the formation of 3 phases: a bottom stromal vascular fraction (SVF), an

intermidiate aquaeous phase and the top fatty phase which contained the

adipocytes. The adipocytic (top) phase was then collected and dissolved in proper

buffer according the procedure that would follow (either RNA or protein extraction).

Glucose Tolerance Test (GTT): For GTTs overnight starved mice were given 1mg

dextrose per gram of total body weight by intraperitoneal injection. Blood was taken

from the tail vein at the indicated time points for the determination of blood glucose

by using a standard glucometer.

Insulin Sensitivity Test (ITT): For the ITTs mice fasting for 6 hours were injected

intraperitoneally with 1.152 IU insulin per kilogram of total body weght. Blood was

taken from the tail vein at the indicated timepoints for the determination of blood

glucose by using a standard glucometer.
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Statistical Analysis: Data are expressed as mean +/- SD of data obtained from

independent experiments. Statistical analysis was performed using GraphPad Prism

version 5.00 for Windows, GraphPad Software, San Diego California USA,

www.graphpad.com. Groups were compared using t-test. P-values <0.05 were

considered statistically significant.
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4. RESULTS

4.1 Epigenetic And Transcriptional Regulation Of IRAK-M in Macrophages

siRNA screening for selected epigenetic regulators and transcription factors

identifies potential IRAK-M regulators

IRAK-M is induced upon endotoxin tolerance as a negative regulator of TLR4

signaling [53] but the molecular mechanism of its transcriptional activation is not fully

understood. Raw264.7 macrophages were used to identify potential regulators of

IRAK-M at the naïve state and upon LPS stimulation. To determine the optimal dose

for IRAK-M induction macrophages were treated with different doses of LPS for 48

hours. The results showed that IRAK-M was potently induced at concentrations over

100ng/ml (Figure 1E), indicating that it contributes primarily to repression of

macrophage responses rather than training [144, 145]. Time course stimulation

showed that IRAK-M mRNA was induced after 6 hours reaching a peak by 12 and 24

hours following treatment with 100ng/ml of LPS (Figure 6A). IRAK-M protein levels

were also induced following treatment with 100ng/ml (Figure 6B) or 1ug/ml LPS

(Figure 6C), compared to un-stimulated cells (6-fold), as determined by a protein

quantification method using Definiens XD Software following immunofluorescence

(Figure 6B, C, D).
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To determine the contribution of epigenetic regulators and transcription factors in

IRAK-M expression, a targeted siRNA screening in naïve and LPS-activated

Figure 6. IRAK-M induction by LPS. (A) Timecourse of IRAK-M induction by LPS

at different time points following LPS stimulation. IRAK-M levels are induced by

LPS treatment (100ng/ml) both in mRNA (A) and protein (B). IRAK-M protein levels

are also induced by 1ug/ml LPS treatment (C). (D) Immunofluoresce staining for

IRAK-M protein (green) with and without LPS treatment. Protein quantification was

performed by Definiens XD Software. (E) IRAK-M mRNA dose response to LPS.

IRAK-M induction by LPS is evident at 1ng/ml and 10ng/ml but more potent

activation (10-fold or higher) occurs at a dose of 100ng/ml or higher.  Data are

representative of at least 3 independent experiments. Data are expressed as mean

± SD. *p < 0.05, **p < 0.01, ***p < 0.001
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Raw264.7 macrophages was performed. For this purpose 46 different previously

validated siRNA sequences (Cenix Bioscience, GmBH) targeting in total 34

molecules including key transcription factors, epigenetic regulators and signaling

molecules (Table 1), all participating in macrophage activation and inactivation, were

transfected into Raw264.7 macrophages. Twenty four hours following transfection,

cells were treated with LPS for 48 hours and IRAK-M expression was quantified by

fluorescent microscopy using Definiens Developer XD software for image analysis,

as used previously [142].

The results identified several siRNAs to affect IRAK-M expression, either positively

or negatively (Figure 7). Among the factors affecting IRAK-M expression was the

transcription factor C/EBPβ, epigenetic repressors such as components of the

PRC2, as well as epigenetic activators such as UTX.
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Figure 7. siRNA screening for transcriptional and epigenetic regulators of

IRAK-M. RAW264.7 cells were transfected with siRNAs targeting various

transcriptional and epigenetic regulators (Supplemental Table 1). 24 hours after

transfection cells were treated with LPS (100ng/ml) for 48hours and IRAK-M

protein levels were quantified by DefiniensTM software. Results are shown in the

form of a scatter plot analyzed and plotted by TIBCO SpotFire® Software. Y

axis represents fold change in expression compared to the median and X axis

allows spreading and visualization of the different siRNAs used. Black line

represents the median. siRNA treated cells above median have increased

IRAK-M induction by LPS (red circles) while siRNA treated cells below median

show decreased IRAK-M induction by LPS (green circles) compared to control.

At least 2 different siRNA sequences (namely p1,p2) per gene target (names in

circles) were used.
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C/EBPβ is a transcriptional activator of IRAK-M necessary for LPS-induced

activation

C/EBPβ is a master regulator of macrophage differentiation and function [146],

required for macrophage polarization towards the M2 state [147] and for the

induction of pro-inflammatory cytokines upon TLR stimulation [148] and for the

induction of endotoxin tolerance [149]. It was hypothesized that IRAK-M

transcriptional activation might be regulated by C/EBPβ. In order to test this

hypothesis siRNA mediated knock-down of C/EBPβ was used and IRAK-M induction

upon LPS stimulation was monitored. Two different siRNA sequences targeting the

C/EBPβ mRNA (namely p1 and p2) were used independently to knock-down

C/EBPβ. Both of them were effective in reducing C/EBPβ mRNA levels down to 60%

(p1) and to 50% (p2) (Figure 8A). Knock-down of C/EBPβ in un-stimulated mouse

macrophages reduced basal levels of IRAK-M mRNA, revealing a novel role of

C/EBPβ in maintaining expression of IRAK-M (Figure 8B). Suppression of C/EBPβ

also resulted in reduced LPS-induced IRAK-M both at the mRNA (Figure 8B and D)

and protein levels (Figure 8C). These data support that C/EBPβ is essential for basal

and LPS-induced IRAK-M expression.



64 | P a g e

IRAK-M

SCR p1 p2 SCR p1 p2
0

1

2

3

4

LPS

siC/EBPβ

Control

siC/EBPβ

** *

Fo
ld

 D
iff

er
en

ce
(m

RN
A)

D.

Figure 8. C/EBPβ is necessary for IRAK-M inaduction. (A-C) RAW264.7 cells were

transfected with either siC/EBPβ (2 different siRNAs, p1 and p2) or scrambled siRNA

(SCR). 24 hours after transfection cells were treated with LPS for 48 hours and

C/EBPβ mRNA was measured (A). (B) C/EBPβ knock-down ameliorated the LPS-

induced IRAK-M induction. (C) Immunofluorescence staining for IRAK-M (green) in

macrophages after LPS treatment in SCR and siC/EBPβ treated cells. (D) Data are

expressed as fold difference of LPS over control for each sample.
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Regulation of IRAK-M promoter: the role of C/EBPβ

C/EBPβ is a member of the C/EBP family of transcription factors that contains a bZIP

(basic-leucine zipper) domain in order to bind directly to DNA sequences [150].

Since the siRNA screening showed that C/EBPβ was required for IRAK-M

transcriptional activation the next step was to investigate whether it bound on the

promoter of IRAK-M gene following LPS stimulation. Computational analysis for

identifying putative transcription factor binding sites on the promoter of IRAK-M

confirmed previously identified transcription factor binding sites [[59] and Figure 9A)

and revealed 2 putative C/EBPβ binding sequences approximately 60 and 100 bp

upstream the transcriptional initiation site (Figure 9A). Induction of IRAK-M by LPS

occurred 6 hours following stimulation, peaking at 12 and 24 hours (Figure 6A).

Chromatin Immunoprecipitation (ChIP) experiments showed that shortly after LPS

stimulation of macrophages, C/EBPβ was recruited to and bound on the IRAK-M

promoter. Binding occurred 2 hours following LPS stimulation and appeared to be

transient since it reduced to lower than basal levels at 12 hours and peaked again at

24 hours (Figure 9B). These data demonstrated that upon LPS stimulation of mouse

macrophages, C/EBPβ is transiently recruited to a regulatory region proximal to the

transcription initiation site of IRAK-M earlier than the accumulation of mRNA

suggesting that C/EBPβ binding is an early event and additional transcription factors

contribute in sustaining IRAK-M expression. A second wave of C/EBPβ binding

occurred at 24 hours, possibly due to the persistence of LPS stimulation that occurs

in culture.
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Figure 9. (A) Schematic representation of the IRAK-M gene promoter region

showing transcription factors binding sites as shown in (Kim, Park et al. 2012) and

including the C/EBPΒ and SMAD4 binding sites. (B) Chromatin

immunoprecipitation experiments with antibody against C/EBPβ showed

recruitment to the IRAK-M promoter after LPS stimulation.

A.

B.
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A.

Regulation of IRAK-M promoter: the role of NFkB

To determine which transcription factor(s) contribute to IRAK-M induction following

binding of C/EBPβ, the binding of NFkB components on IRAK-M promoter was

examined. Earlier studies showed that NFkB bound on IRAK-M promoter [59]. In

addition, it has been shown that the NFkB component RelB contributes to endotoxin

tolerance [151, 152], a condition promoted by IRAK-M. In silico and ChIP analysis

confirmed NFkB binding on IRAK-M promoter and showed that RelB transiently

bound 2 to 6 hours following LPS stimulation (Figure 10B), while NFkB p65 bound on

IRAK-M promoter at 6 and 12 hours (Figure 10A), possibly allowing IRAK-M mRNA

expression to reach its peak. These data suggest that upon LPS stimulation C/EBPβ

and RelB were recruited to IRAK-M promoter, later replaced by NFkB p65 and a

second wave of CEBP/β binding occurred 24 hours following stimulation to sustain

its levels when LPS signals persist.

B.

Figure 10. Chromatin immunoprecipitation experiments revealed binding of

NFkB/RelB (B) and NFkB p65 (A) on IRAK-M promoter.
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Regulation of IRAK-M promoter: the role of SMAD4

Earlier reports have demonstrated the contribution of SMAD4 in IRAK-M expression

in human THP1 macrophages in response to TGFβ or in LPS-tolerized cells [153].

Nevertheless, direct binding of SMAD4 on its promoter and a binding site was not

identified [153]. Therefore, in silico analysis to determine potential SMAD binding

elements was performed and one site located at -1052 to -1061 bp from the

transcriptional initiation site was found (Figure 11A). ChIP analysis showed that

SMAD4 was present on IRAK-M promoter under unstimulated conditions but not

further recruited after LPS stimulation (Figure 11), suggesting that it may be

important for maintaining its basal levels but not for the initial induction by LPS since

it depends on autocrine action of TGFβ, which is secreted upon re-stimulation of

endotoxin tolerant macrophages[153-155].

Figure 11. Chromatin immunoprecipitation

experiments with SMAD4 antibody on IRAK-

M promoter.
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Knock-down of Ezh2 results in IRAK-M over-expression

Ezh2 is a methyl-transferase and a component of the Polycomb Recessive Complex

2 (PRC2), which is responsible for adding the silencing H3K27me3 mark on genomic

regions [156]. Specifically Ezh2 catalyses the tri-methylation of Histone 3 at Lysine

27 (H3K27me3) [157]. LPS stimulation of Raw264.7 macrophages resulted in

reduction of EZH2 mRNA levels (Figure 12A). Suppression of Ezh2 using siRNA

(Figure 12A) resulted in augmented induction of IRAK-M following LPS stimulation.

This was evident both in mRNA (Figure 12B) and protein (Figure 12C) levels as seen

by Real-Time RT-PCR and quantitative immunofluorescence analyses respectively.

To further confirm the involvement of EZH2 in LPS induced IRAK-M induction a

CRISPR-Cas9 mediated knock-out of Ezh2 gene was performed. Successful Ezh2

targeting by Ezh2 guide RNA was evaluated by Western Blot (Figure 12E). LPS

stimulation of cells lacking Ezh2 gene resulted in enhanced induction of IRAK-M, in

accordance with the siRNA mediated knock-down of EZH2 mRNA (Figure

12F).These findings suggest that EZH2 exerts suppressive role on the IRAK-M gene,

indicating that the PRC2 complex negatively regulates IRAK-M expression.
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Knock-down of UTX results in reduced IRAK-M induction

Epigenetic silencing always acts in concert with epigenetic activators on regulatory

regions poised to react to a stimulus. The Ubiquitously transcribed tetratricopeptide

repeat, X chromosome (UTX) gene encodes for the UTX protein, a histone de-

methylase, which primarily removes the H3K27me3 mark upon transcriptional de-

repression. Since EZH2 was shown to suppress IRAK-M it made sense to ask

whether UTX, which has antagonizing function to EZH2, would have opposite effects

on IRAK-M transcriptional activation. SiRNA screening analysis indicated that

suppression of UTX reduced IRAK-M induction by LPS (Figure 7). For this purpose

Raw264.7 macrophages were transfected with two different siRNA sequences to

suppress UTX expression (Figure 13A).  As expected, UTX knock-down in

Raw264.7 macrophages inhibited IRAK-M induction, which was evident both in the

mRNA (Figure 13B) and the protein levels (Figure 13C,D).

Figure 12. EZH2 knock-down results in IRAK-M over-expression. (A,B,C)

RAW264.7 cells were transfected with either siEZH2 (2 different siRNAs, p1 and

p2) or scrambled siRNA (SCR). 24 hours after transfection cells were treated with

LPS for 48 hours and EZH2 mRNA was measured by RT-PCR (A). (B-D) In the

same cells IRAK-M was measured and showed that EZH2 knock-down enhanced

the LPS-induced IRAK-M induction at the mRNA (B) and protein (C) levels. (D)

Immunofluorescence staining for IRAK-M (green) in macrophages after LPS

treatment in SCR and siEZH2 transfected cells. Deletion of EZH2 using

CRISPR/Cas9 system (E) enhanced IRAK-M expression (G).
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Figure 13. UTX knock-down results in decreased IRAK-M expression. (A-D) RAW264.7

cells were transfected with either siUTX (2 different siRNAs, p1 and p2) or scrambled (SCR)

siRNA. 24 hours after transfection cells were treated with LPS for 48 hours and UTX mRNA was

measured by RT-PCR. (A) UTX siRNA sequences were effective in knocking-down UTX mRNA.

UTX knock-down decreased the LPS-induced IRAK-M induction both in mRNA (B) and protein

levels (C). (D) Immunofluorescence staining for IRAK-M (green) in macrophages after LPS

treatment in SCR and siUTX transfected cells.
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LPS induced de-methylation of H3K27 on the IRAK-M promoter

In order to confirm that IRAK-M is regulated at the level of H3 methylation on its

promoter it was investigated whether the epigenetic mark of PRC2 (H3K27me3) was

found on the IRAK-M promoter region. Chromatin Immunoprecipitation (ChIP)

experiments performed with an anti-H3K27me3 antibody and using two sets of

primers, a proximal detecting a region 200bp upstream the transcription initiation site

and a distal 2kb upstream the same site. The results showed that both regions

carried H3 with methylation at K27 at the naïve state, which upon LPS stimulation

was reduced (Figure 14A, B), coinciding with maximal induction of IRAK-M. At later

time points H3K27me3 marks were restored, potentially to avoid prolonged

expression of IRAK-M and persistent immune-suppression.

Figure 14. LPS induces K27 de-methylation of H3 on the IRAK-M promoter.

RAW264.7 cells were treated with LPS (100ng/ml) and chromatin was isolated after

0, 2, 6, 12 and 24 hours post stimulation. Chromatin immunoprecipitation with anti-

H3-Lysine27-tri-methylation (H3K27me3) antibody followed by qPCR showed de-

methylation of H3K27 upon LPS stimulation on the IRAK-M promoter both in its

proximal region (A) and its distal region (B) relative to the IRAK-M gene transcription

initiation site.



74 | P a g e

4.2 Adipocyte activation and phenotype in obesity and LPS stimulation

Differentiation of pre-adipocytes to adipocytes

In order to study the inflammatory phenotype of adipocytes the 3T3L1 cell line as

well as mouse embryonic fibroblasts was used, which were differentiated towards

adipocytes by culturing in medium containing adipogenic cocktail. To verify that

adipogenesis occurred, 3 properties of adipocyte differentiation were evaluated: lipid

droplets accummulation in the cytoplasm (Figure 15A and B), down-regulation of

pre-adipocytic (Figure 15C) and up-regulation of adipocytic markers and adiponectin

secretion (Figure 15D and E). 8-10 days after addition of the adipogenic cocktail, the

cells accumulated lipid droplets in their cytoplasm as seen under the microscope and

with Bodipy staining. In addition, they down-regulated the expression of the pre-

adipocytic marker Pref-1 and up-regulated the expression of the adipocytic marker

FABP-4. Lastly, differentiated cells secreted high amounts of adiponectin in contrast

to un-differentiated cells.

Adipocytes express inflammatory markers and can be activated by

inflammatory stimuli

To determine whether adipocytes are capable of expressing inflammatory markers

immunofluorescence staining for the inflammatory marker iNOS and the anti-

inflammatory marker Arg1 was performed in the undifferentiated and the

differentiated state. The results showed that adipocytes express both these proteins.

iNOS was present mainly in the un-differentiated state while arginase 1 was

expressed in the mature adipocytes (Figure 16). The results suggested that upon

E.D

.
A.B. C.
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differentiation adipocytes acquire their anti-inflammatory properties and in states

such as obesity they switch to pro-inflammatory cells thus contributing to the

establishment of metabolic inflammation.

Figure 15. Differentiation of pre-adipocytes to adipocytes. Mouse embryonic

Fibroblasts (MEFs) were cultured in medium containing adipogenic cocktail. Pictures were

taken before and after differentiation to show lipid accumulation (A). Immunofluorescence

staining with Bodipy confirmed lipid accumulation after differentiation (B). RNA isolation

and RT-qPCR at differentiation day 0, 6, 8, 12 showed the down-regulation of pre-

adipogenic marker PREF-1 (C), up-regulation of adipogenic marker FABP-4 (D) and the

secretion of adiponectin by adipocytes (E).
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Figure 16. Adipocytes axpress iNOS

and ARG1. Immunofluorescence staining

for iNOS (yellow) and Arg1 (green)  in

pre-adipocytes and adipocytes. Nuclei

were stained with TOPRO-3 (blue).
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It is well established that adipocytes express TLRs and that they can be activated by

LPS to secrete cytokines. Treatment of adipocytes with LPS resulted in the secretion

of TNFa, the induction of iNOS mRNA and protein and the production of nitrites.

Treatment of adipocytes with IL-4, an M2 activator in macrophages, resulted in the

induction of Arg1 mRNA (Figure 17). These results show that adipocytes can

respond to stimuli known to activate macrophages and it is possible that they play a

special role in the establishment of metabolic inflammation in obesity.

Figure 17. Adipocytes were activated by inflammatory stimuli. We treated

MEFs derived adipocytes with 1ug/ml LPS for the respected time-points or with

10ng/ml IL-4 for 48 hours. Supernatants were collected and RNA and whole cell

extracts were prepared and analysed for the expression of iNOS, Arg1, TNFa,

nitrites. Results showed that adipocytes were activated by IL-4 and produced Arg1

mRNA (F) and protein (B). adipocytes were activated by LPS and induced the

expression of iNOS mRNA (D) and protein (A) as well as the secretion of TNFa (C)

and the production of nitrites (E).
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After confirming the inflammatory phenotype of adipocytes in cell culture white

adipose tissue from mice was isolated and whether primary adipocytes can be

activated by LPS as well was studied. The adipose tissue was stimulated with LPS

and immunofluorescence for iNOS was performed. The results showed that LPS

induced iNOS protein expression in adipocytes of mouse adipose tissue (Figure 18).

Figure 18. Murine primary adipocytes can be activated by LPS. White adipose

tissue was excised from wild type mice and was incubated with 1ug/ml LPS for 24

hours. Fixation and immunofluorescence staining of the tissues for iNOS (red)

showed that iNOS was induced by LPS. Nuclei were stained with TOPRO=3 (blue)

and lipids were stained with Bodipy (green).
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Obesity promotes the pro-inflammatory phenotype of adipocytes

Obesity is characterized by a chronic low-grade inflammation. After establishing that

adipocytes can be activated to an inflammatory phenotype it was tested whether this

also happens in vivo in the context of obesity. For this reason mice were put on a

high fat diet (HFD) for eight to ten weeks in order to become obese. Control mice

were fed a normal diet (ND). After eight to ten weeks, mice that were fed a HFD had

gained significantly more total body weight (Fifure 19A and B) and their white

adipose tissue was hypertrophic and hyperlastic. This was evident by the higher fat

percentage of White adipose tissue compared to total body weight and the bigger

size of the fat cells in the tissue. In addition, obese mice were hyper-insulinaimic

(Figure 19C) and had a dysregulated glucose tolerance and insulin sensitivity, as

seen by Glucose Tolerance and Insulin Sensitivity tests respectively (Figure 19D and

E). All the above are evidence that HFD-fed mice were obese and had the metabolic

complications of obesity. In order to check whether adipocytes in obese mice were

pro-inflammatory adipocytes from the white adipose tissues of lean and obese mice

were isolated. Adipocytes of obese mice expressed higher levels of iNOS and MCP-

1 and lower levels of Ym-1 compared to their lean counterparts (Figure 19F,G,H). In

addition, immunofluorescence analysis showed that iNOS protein was induced in the

adipocytes of obese mice (Figure 19I).
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Figure 19. Obesity promotes the pro-inflammatory phenotype of adipocytes. Wild type mice were fed on

a normal diet (ND) or a high-fat diet (HFD) for 10 weeks. HFD fed mice increased their total body weight more

than ND fed mice did (A). They also had more adipose tissue (B) and were hyperinsulinaimic (C). HFD fed

mice had impaired glucose tolerance (E) and insulin sensitivity (D). homogenisation of WAT, fat-fraction

isolation, RNA extraction and RT-PCR  showed that adipocytes of HFD fed mice expressed higher levels of

MCP-1 (F)  and IL-6 (G) while they expressed lower levels of Ym-1 (H). Whole WAT fixation and

immunofluorescence staining showed that adipocytes from HFD fed mice induced iNOS expression (red).

Nuclei were stained with TOPRO-3 (blue) (I).
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Osteopontin regulates activation of adipocytes

Since OPN has been shown to affect adipose tissue inflammation in obesity, it was

hypothesized that OPN might affect the inflammatory phenotype of adipocytes. In

order to test that hypothesis mouse embryonic fibroblasts – derived adipocytes from

wild type and OPN knock-out mice were activated with LPS. LPS resulted in the

induction of OPN mRNA (Figure 20A). The results showed that absence of OPN

made adipocytes to produce more iNOS (Figure 20B and C) and secrete more

inflammatory cytokines than wt adipocytes (Figure 20D and E). In addition

Immunofluorescence analysis showed that in mice lacking OPN, iNOS is induced in

the adipocytes of white adipose tissue without any stimulus (Figure 20F). To confirm

that iNOS expression observed in OPN-/- adipose tissues was not due to presence of

macrophages, adipose tissues were also stained for Mac-1 – a macrophage specific

marker - together with iNOS (Figure 20F). Furthermore, it was found that in obese

mice OPN expression was increased in the adipocytic fraction compared to lean

mice (Figure 20G). The above data suggest that OPN may act to suppress

inflammation in adipocytes and prevent over-activation by LPS.

OPN exists in three secreted isoforms (sOPN) but there is also an intracellular

isoform of OPN (iOPN). iOPN is located in the cytoplasm where it acts as an adaptor

to signaling cascades. Since OPN affected the activation of adipocytes by LPS it was

investigated whether this was due to the secreted or the intracellular form. For this

purpose, MEFs-derived adipocytes from OPN-/- mice were treated with recombinant

OPN (recOPN) and then treated with LPS. The results showed that addition of

recOPN exogenously restored the over-activation phenotype (Figure 21). This

suggests that it the secreted OPN that acts in an autocrine way to halt the

inflammatory response.
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Figure 20. Osteopontin affects the activation of adipocytes. MEFs derived adipocytes

from wild type and OPN-/- mice were treated with 1ug/ml LPS for 0,6,24 and 48 hours.

Following LPS treatment supernatants were collected and RNA and protein was isolated.

LPS induces OPN mRNA expression (A). Induction of iNOS protein by LPS was analysed

by Western Blot (B). iNOS mRNA expression was analysed by RT-PCR (C). Production of

TNFα and IL-10 was measured by ELISA (D,E). FAT fraction of HFD-fed mice was

analysed with RT-qPCR for the expression of OPN (G). Whole WAT from wild type and

OPN-/- mice was fixed and stained for iNOS (red) and Mac-1 (green). Nuclei were stained

with TOPRO-3 (blue) (F).

Figure 21. Secreted OPN affects the activation of adipocytes. MEFs

derived adipocytes from OPN-/- mice were treated with 1ug/ml LPS,

200ng/ml recombinant OPN (recOPN) or both for 24 hours. Following LPS

treatment protein was isolated and iNOS expression was analysed by

Western blot.
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Since it is known that OPN-/- mice have decreased inflammation in their adipose

tissue when they become obese, it was hypothesized that OPN might have a role in

macrophage activation by LPS. To test that hypothesis, thioglycollate elicited

macrophages from wild type and OPN-/- mice and treated with LPS for various time-

points. Secretion of cytokines by these macrophages was then measured. Although

naïve OPN-/- macrophages had increased basal levels of IL-6 and decreased basal

levels of IL-10 compared to naïve wild type macrophages, results showed that

absence of OPN had no significant effect in the activation of macrophages by

LPS(Figure 22).

Figure 22. Absence of OPN does not significantyl alter macrophage rsponse to

LPS. Wild type and OPN-/- thioglycollate elicited macrophages  were treated with

100ng/ml  LPS for 0, 6, 24 and 48 hours. At the endpoints, supernatants were

collected and analysed by ELISA for the quantitaion of TNFa (A), IL-6 (B) and IL-10

(C).
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Osteopontin acts via PPARγ in an LPS-independent pathway

It is known that LPS acts in part via suppressing PPARγ, which has an anti-

inflammatory action. Therefore, PPARγ expression in OPN-/- adipocytes was

checked. The results showed that adipocytes that lack OPN had decreased PPARγ

mRNA and that addition of LPS further reduced PPARγ. Hence, loss of OPN did not

inhibit PPARγ suppression by LPS (Figure 23A). In addition, treatment with

rosiglitasone, a PPARγ agonist, ameliorated the phenotype of over-activation seen in

OPN-/- adipocytes (Figure 23B). It was also investigated whether absence of OPN

affected the induction of IRAK-M by LPS but no significant difference between wt

and OPN-/- adipocytes was found (Figure 23D). In addition, treatment of adipocytes

with Rosiglitasone resulted in reduction OPN mRNA (Figure 23C). The data above

suggest that OPN signals via PPARγ but in a way that is independent of TLR4.
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Figure 23. OPN acts via PPARγ in an LPS-independent pathway. Wild type

and OPN-/- adipocytes were treated with 1ug/ml LPS for 24 hours and/or 0.5uM

Rosiglitasone and RNA was isolated and supernatants were collected. mRNA

expression was analysed by RT-qPCR for IRAK-M (D) and PPARγ (A) and OPN

(C). Production of TNFα was measure by ELISA (B).
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5. DISCUSSION

Inflammatory responses are regulated via a plethora of mechanisms at multiple

levels. Over the decades, a variety of cell types as well as molecular mechanisms

that govern inflammation from the start-point to its resolution have been unraveled.

Macrophages are key players of innate immunity together with neutrophils, mast

cells, eosinophils, etc. Dendritic cells are activated to connect innate immunity with

adaptive immune responses via antigen presentation. An array of inflammatory

triggers and the receptors via which a cell can recognize each one of them has been

identified. Microbial products as well as endogenous signals of tissue or cell damage

act as danger signals to cells of the immune system in order to initiate an

inflammatory response that will protect the organism from harm. Subsequent

intracellular molecular pathways that are activated are known in a fairly wide extend.

TLRs are receptors on the cell surface of many cell types that recognize and bind the

inflammation triggering agents. Downstream activation of inflammatory mediators

such as NFκΒ results in the induction of pro-inflammatory genes and cytokines.

Alongside with pro-inflammatory factors, inhibitors of inflammation need to be

properly activated in order to regulate the magnitude of the inflammatory response

and avoid excessive inflammation that will lead to tissue damage and disease. On

top of signaling cascades and transcription factors, the inflammatory responses are

also regulated at the epigenetic level by histone modifications catalyzed by methyl-

transferases, acetylases and de-acetylases thus adding another level of complexity

in the regulation of inflammation.

Besides cells of the immune system, TLRs are also expressed in non-immune cells

such as fibroblasts and adipocytes. And besides acute inflammation, chronic
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inflammatory responses were found to have pivotal roles in the pathogenesis of

diseases such as inflammatory bowel diseases or cancer. On top of that, chronic

inflammation is also a key player in the pathogenesis of metabolic diseases such as

obesity and type II diabetes. Not surprisingly, molecular pathways that had long been

known to be activated in acute inflammation were found be activated in chronic

inflammation as well. In addition, our perception of the immune system constituents

had to be reconsidered in order o include new members such as the adipose tissue,

that had for years been considered simply as a fat storage but is now accepted as an

endocrine and immune-regulatory organ.

Despite the extensive work and research that has already been conducted on the

regulation of inflammation as well as metabolic inflammation, there are still a lot of

questions that remain unanswered. TLR signaling has been extensively studied in

immune cells and a numerous proteins have been identified to activate or inhibit it.

Yet, how TLR4 regulators are regulated themselves is not fully understood.

IRAK-M is a negative regulator of the TLR4 signaling. Functioning as a physiological

dominant negative isoform in the IRAK family of kinases, it abrogates signal

transduction downstream of TLR4 receptor and limits excess inflammatory

responses. However, whereas there is a relatively good understanding of its

function, its regulation still remains elusive. In this study, the available online data

concerning irak3 transcription regulation were reviewed. Promoter analyses have

shown that expression of IRAK-M depends on NFkB, AP1 and CREB, [59], factors

that are induced by different macrophage activation signals including LPS [58, 59,

158]. Herein was shown that IRAK-M gene transcription is CEBP/β regulated.

CEBP/β is a member of the CCAAT-enhancer binding proteins, containing a leucine

zipper motif. It is inducible by various inflammatory stimuli such as LPS [159] and is
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also known to cooperate with NF-kB in the regulation of many genes [160-162].

Computational analysis and ChIP experiments revealed that C/EBPβ also bound on

the proximal region of the IRAK-M promoter and that suppression of C/EBPβ

abolished both basal and LPS-induced ΙRΑΚ-Μ expression. C/EBPβ is a

transcription factor known to contribute to macrophage inactivation and M2-type

polarization by inducing the expression of several genes including Arginase 1 and

miR-146a, while deletion of C/EBPβ inhibited M2 polarization [147, 163-166]. It was

recently shown that C/EBPβ also regulates miR-155 and miR-146a at the stage of

endotoxin tolerance [149], a condition which also depends on IRAK-M [15]. The

results described here indicated that IRAK-M is regulated by C/EBPβ providing

additional evidence for the importance of C/EBPβ as a central regulator of

macrophage inactivation. Binding of C/EBPβ occurred early after LPS stimulation

following a reduction below the basal binding levels and a second wave of binding at

24 hours. At 6 and 12 hours post LPS stimulation NFκB/p65 bound on IRAK-M

potentially securing potent and transient induction of IRAK-M transcription. At 24

hours and if TLR stimulation persisted C/EBPβ bound again – possibly to secure

persistence of IRAK-M expression. In vivo LPS is neutralized in the liver and

stimulation of TLR4 is sustained only during active bacteremia. Thus, temporal

C/EBPβ and NFkB binding secures an initial induction of IRAK-M to block potential

cytokine storm and prevent sepsis, while a second wave of C/EBPβ binding occurs

only when LPS (and bacteremia) persists. This temporal induction of C/EBPβ may

be important for avoiding persistent immune-suppression when the pathogen (and

subsequent LPS stimulus) is eliminated.

Macrophage inactivation has been associated with histone modifications, which

change the expression pattern of genes in macrophages to promote endotoxin
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tolerance and prevent from endotoxin shock [167, 168]. These changes promote

silencing of a set of genes that mediate pro-inflammatory events and allow the

expression of another group of genes that promote suppression of pro-inflammatory

signals and resolution of inflammation. Histone modifications are regulated by

different methyl-transferases and demethylases controlling H3 lysine methylation

levels. The PRC2 complex has been implicated in macrophage differentiation [169]

and myeloproliferation [170], but no information is available about its role in

macrophage activation or inactivation. The experiments described here showed that

suppression of EZH2, a methyl transferase that is key component of the PRC2

complex, augmented LPS-induced IRAK-M expression. In contrast, suppression of

UTX, a demethylase of the KDM6 subfamily that is involved in pro-inflammatory

responses of macrophages [171], suppressed LPS-induced IRAK-M expression. The

PRC2 complex via EZH2 mediates H3 tri-methylation at K27, a modification that

renders chromatin inactive and suppresses transcriptional activation [172], while

UTX de-methylates K27 reversing the effect [173]. In the present study it was

demonstrated that IRAK-M was also regulated at the chromatin level and that

histones bound on its promoter acquired modifications upon LPS stimulation.

Accordingly, H3 bound on the IRAK-M promoter was tri-methylated at K27 at the

naïve state when IRAK-M was not expressed. Upon LPS stimulation H3K27 on the

IRAK-M promoter was de-methylated, thus allowing its transcription, a condition

required for endotoxin tolerance. IRAK-M possessed H3K27me3 marks which are

characteristic of silenced chromatin [174].  Following LPS activation these marks

were removed to allow IRAK-M transcription. Whether additional methyl-transferase,

demethylase or acetylase complexes affect IRAK-M expression such as ones adding

or removing K4 or K9 methyl marks or K24 acetyl marks remains to be elucidated.
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These findings demonstrate novel transcriptional and epigenetic regulation of IRAK-

M expression and highlight the importance of C/EBPβ, and the PRC2 complex for its

regulation. According to this model (Figure 24) in naïve macrophages a

transcriptional complex that keeps IRAK-M repressed and contains EZH2 is present

on its promoter and upon activation by LPS it is replaced by a complex containing

UTX that removes H3K27me3 and allows recruitment of transcription factors

including C/EBPβ to initiate its transcription. C/EBPβ binding is transient and

temporal coming in a second wave at 24 hours. Transient is also the removal of

H3K27me3 marks which return at 24 hours. Thus, in the context of acute

inflammation IRAK-M is induced within 24 hours but its transcriptional activation is

quickly silenced to avoid prolonged expression, which will result in incapability of the

cells to return to homeostasis and responsive status. At the acute stage NFκB/p65

contributes to IRAK-M expression and secures its potent induction. When LPS

stimulation sustains, which is the case in our experimental setting since LPS remains

in the medium, a second wave of C/EBPβ binding may secure prolonged expression

of IRAK-M to avoid cytokine storm and sepsis. Responsiveness of macrophages to

LPS is controlled at the epigenetic level which includes control of inflammatory

cytokines and miRNAs [175, 176] as well as cell metabolism [177], another

mechanism that regulates macrophage responsiveness. These two mechanisms are

potentially interconnected at the level of histone modification enzymes [176].
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The findings described herein are also important in the context of disease. IRAK-M

regulation is important in acute infections since over-expression of IRAK-M results in

attenuated host defense. For example, over-expression of IRAK-M promotes lung

epithelial human Rhinovirus replication and autophagy and inhibits the production of

IFNβ and IFNλ1 [178]. In contrast, IRAK-M is up-regulated in murine influenza

pneumonia and absence of IRAK-M results in increased mortality due to enhanced

early influx of neutrophils, high permeability edema, apoptosis of lung epithelial cells

and increased expression of inflammatory cytokines and chemokines and neutrophil

derived enzymes [179]. Different polymorphisms of the IRAK-M gene have been

associated to susceptibility to sepsis [180] and IRAK-M deficient lung macrophages

are refractory to sepsis induced impairment of cytokine expression and chromatin

remodeling [181]. Macrophages and monocytes retain a basal level of IRAK-M

expression, a fact that might regulate the responsiveness of these cells to

inflammatory stimuli including metabolic factors such as lipids and free fatty acids as

Figure 24. Schematic representation of the proposed

model for IRAK-M regulation. PRC2 and low levels of

C/EBPβ secure reduced expression of IRAK-M in naïve

macrophages, whereas, upon LPS stimulation, UTX and and

C/EBPβ induce IRAK-M transcription.
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well as apoptotic cells. Hence, factors that regulate IRAK-M expression will have an

impact on the magnitude of macrophage responses and will as well contribute to the

establishment of low grade systemic inflammation and the associated diseases such

as obesity and type II diabetes. Identifying the factors that regulate IRAK-M

expression might explain why responses to pathogens differ between individuals.

Inflammation does not only occur in the case of infection or tissue damage but is

active in a plethora of pathological conditions usually in a chronic, low-grade mode.

Obesity is considered a world-wide epidemic that has led to the dramatic increase in

metabolic diseases associated with this condition. It is characterized by a chronic

low-grade inflammation, the trigger of which is still uncertain but it is well established

that the degree of inflammation is correlated well with the severity of insulin

resistance and type II diabetes [182-184]. Chronic inflammation often presents in

three stages: an initial trigger (for example energy stress from positive energy

balance and hyper-anabolic adipocytes in obesity), an acute adaptive inflammatory

response (release of pro-inflammatory cytokines and chemokines that initiate the

inflammatory response enabling healthy expansion of adipocytes reducing energy

storage- which happens in expense of homeostasis) and finally a long-term

maladaptive phase (when the system strives to restore homeostasis) that leads to

complications [93]. Adipocytes have primary roles in controlling energy homeostasis.

They are not only responsible for energy storage and utilization but they can also

sense energy needs and secrete hormones and lipids that regulate other tissues. In

addition, it has long been known that adipocytes can act as immune-regulatory cells

by responding to inflammatory signals. When data from all cell lines (murine and

human) are combined, adipocytes express all TLR subtypes [185, 186] and the

expression of TLRs is dependent on the state of adipocyte differentiation and the
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source and species of the adipocytes used and TLR expression in the adipose tissue

is inducible and linked to downstream activation of NFκB and the subsequent

release of pro-inflammatory cytokines, chemokines and adipokines [95, 96]. Here, it

was confirmed that adipocytes derived from mouse embryonic fibroblasts can be

activated by the TLR-4 ligand LPS, a lipopolisaccharide from Gram negative

bacteria. Upon activation, they induce the expression of iNOS and they secrete

nitrites and TNFα. In addition, using immunofluorescence staining and confocal

microscopy, it was shown that adipocytes within the adipose tissue can as well be

activated by LPS and induce the expression of iNOS. This is important in the view

that LPS derived from the gut microbiota has been suggested to be an inflammatory

trigger in obesity [187]. In addition, adipocytes stimulated with IL-4 induced the

expression of Arginase 1, which has not been shown previously.

It has long been known that in obesity macrophages are recruited to the adipose

tissue [73] and there is a phenotypic switch from the M2 towards the M1 (pro-

inflammatory) phenotype [75]. Here, it was investigated whether the same applies for

fat cells as well. For this purpose, mice were put on a high fat diet for 8-10 weeks in

order to become obese. During the HFD feeding their total body weight was

measured and glucose tolerance and insulin sensitivity tests were performed to

confirm that they become obese and with deregulated metabolism. At the endpoint,

mice were sacrificed and the adipocytes of visceral fat were collected. The

expression of inflammatory markers was analyzed and it was shown that iNOS and

MCP-1 expression were increased in adipocytes of obese mice compared to their

lean counterparts. Former studies have shown that the majority of these

inflammatory markers are produced by immune cells and there is no data to

compare the inflammatory phenotype of adipocytes between lean and obese mice.
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Experimetns herein showed that adipocytes can acquire a pro-inflammatory

phenotype as well and suggest a role for these cells in the establishment of

metabolic inflammation in obesity.

OPN has been shown to have a role in the differentiation of mesenchymal stem cells

towards osteoblasts or adipocytes. Secreted OPN acts through its interactions with

several cell surface receptors, including various integrins (ανβ1, ανβ3, ανβ5, α4β1,

α8β1, α9β1) and CD44 [188]. Binding of OPN to these receptors elicits a broad

spectrum of functions such as cell-adhesion, survival, migration and immune

regulation [188]. Using OPN deficient murine mesenchymal stem cells, Chen Q et al

showed that absence of OPN skews differentiation towards the adipocytic lineage, a

phenotype that could be restored with the addition of OPN [117]. The effects of OPN

on MSCs differentiation were exerted through αvβ1 receptors and via C/EBPα

signaling [117]. In addition, AKT phosphorylation was shown to be increased in the

absence of OPN [117]. OPN has also been shown to affect adipose tissue

inflammation in obesity. Its expression is increased in obese mice and humans both

in the serum and adipose tissue [136, 137]. Nomiyama et al used OPN-/- mice to

study adipose tissue inflammation in obesity and found that OPN deficiency prevents

macrophage infiltration and that they are protected from adipose tissue and systemic

inflammation [137]. In another study, Kiefer et al showed the same results by using a

neutralizing anti-OPN antibody [138]. Here, it was investigated whether OPN has a

role in adipocytes that are activated by LPS. Therefore, adipocytes derived from

mouse embryonic fibroblasts of wild type and OPN-/- mice were used. Results

showed that absence of OPN resulted in over-activation of adipocytes by LPS. This

was in contrast to the initial hypothesis that absence of OPN would result in lesser

inflammatory response by the adipocytes. Hence, it is possible that OPN might have
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a different role in adipocytes than in macrophages. This is not the first time that OPN

is presenting with a dual role. It has previously been shown using the OVA model

that it also exerts different functions in allergic airway disease, depending on the

stage of the allergic reaction. When OPN was neutralized with an antibody before

the sensitization phase, the mice showed decreased airway hyper-responsiveness

and a milder Th2 response. In contrast, when OPN was neutralized before the

secondary challenge, the airway hyper-responsiveness and Th2 response were

worst [189]. Hence, OPN acts as a pro-inflammatory cytokine in the sensitization

phase and as an anti-inflammatory cytokine in the secondary challenge.

Signaling of OPN has been studied mostly in macrophages. When macrophages are

activated by LPS, OPN is up-regulated by PI3K, ERK, and JNK. ChΙP experiments

have shown that AP-1 binds to OPN promoter [128]. NFκB also plays an important

role in LPS-stimulated OPN expression [190]. Here, it was shown that absence of

OPN from adipocytes resulted in reduced levels of PPARγ mRNA and that LPS

treatment of the cells further reduced PPARγ levels, suggesting that OPN acts via

PPARγ in adipocytes but in an LPS-independent pathway. Furthermore, it was

shown that rosiglitasone, a PPARγ agonist, suppressed OPN mRNA expression in

adipocytes. This is in agreement with the signaling that has been shown to take

place in macrophages. Oyama et al have shown that PPARγ ligands suppress OPN

expression in macrophages. PPARγ inhibits the OPN promoter activity via interfering

with the binding of nuclear factors to AT-rich regions [129]. The data from the above

experimetns suggest that activation of adipocytes by LPS leads to the induction of

OPN that acts as an anti-inflammatory cytokine to reduce the inflammatory response

of adipocytes. OPN acts via inducing the expression of PPARγ in an autocrine way

and via a pathway that is independent from LPS (Figure 25).
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The findings in the present study show that adipocytes are cells capable of being

activated by inflammatory signals such as LPS and IL-4 that have long been known

to activate macrophages and polarize them towards the M1 or M2 phenotype

respectively. Following LPS activation adipocytes are able to produce pro-

inflammatory cytokines as well as inflammatory mediators such as nitrites. In the

obese state, adipocytes are as well activated and acquire a pro-inflammatory

Figure 25. Schematic representation of the proposed model for OPN action

in adipocytes. LPS acts via TLR-4 in adipocytes to initiate an inflammatory

response. OPN expression is activated alongside to act as a halt of this response.

Its secreted form acts in an autocrine way and via an LPS-independent pathway

to induce the expression of PPARγ and reduce the expression of pro-

inflammatoty genes.
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phenotype in contrast to the lean state, resembling the polarization states of

macrophages. Using knock-out animals we found that the protein osteopontin has a

role in adipocyte activation by LPS. Although it is considered a pro-inflammatory

protein because its absence reduces adipose tissue inflammation and improves

metabolic phenotype, in adipocytes it is possible to exert a different role and act as

anti-inflammatory.

Overall, the present study contributes to the knowledge on the regulation of

inflammation in macrophages by proposing a mechanism of transcriptional activation

of IRAK-M, a gene that encodes for a protein that acts to suppress TLR signaling to

avoid excessive inflammation. Extending our research to chronic low-grade

inflammation that is seen in obesity, we found that Osteopontin has a role in

inflammatory activation of adipocytes and proposed a possible mechanism of action.

Dissecting molecular mechanisms of metabolic inflammation will ultimately lead to

novel therapeutic approaches and strategies for obesity and metabolic diseases.
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6. FUTURE PROSPECTS

Metabolic diseases such as obesity and type II diabetes are characterized by

chronic, low-grade inflammation, known as metabolic inflammation

(metaflammation). This chronic inflammation has been shown to have pivotal role in

the pathophysiology of these diseases. Herein, it was studied how IRAK-M, a

negative regulator of inflammation is regulated at the transcriptional level. C/EBPβ

was identified as a transcriptional activator of the IRAK-M gene in macrophages

activated by LPS that is recruited to the proximal region of IRAK-M promoter shortly

after LPS stimulation. In addition, it was found that the PRC2 complex also regulates

IRAK-M transcription since knock-down of EZH2 results in IRAK-M over-expression.

ChIP experiments showed that before LPS stimulation, in naïve macrophages IRAK-

M promoter is tri-methylated on histone 3, lysine 27 (H3K27me3). Upon LPS

stimulation, a methylation mark is removed allowing chromatin to become

transcriptionaly active, consistent with epigenetic regulation of IRAK-M promoter by

the PRC2 complex.

A limitation of the work presented here on transcriptional regulation of IRAK-M is that

it is exclusively conducted in a cell line. Although cell line macrophages are useful it

would be of point to study whether the mechanism proposed for IRAK-M

transcriptional activation by LPS is also valid in vivo. In addition, further experiments

could be conducted to confirm the regulation of IRAK-M by the PRC2 complex. For

example, chromatin immune-precipitation experiments with antibody against Suz12,

the DNA-binding domain containing component of the PRC2 complex, would confirm

recruitment of the complex to IRAK-M promoter. In addition, transition of the

chromatin region of IRAK-M promoter from basal transcription to induced could be

strengthened by additional chromatin immuno-precipitation experiments with
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antibodies against other methylation marks, both for active and for silenced

chromatin such as dimethylation of lysine 9 on histone 3 (activatory) [175],

trimethylation of lysine 4 on histone 3 (activatory) [149], acetylation of lysine 27 on

histone 3 (silencing) [175], tri-methylation of lysine 9 on histone 3 (silencing) [191],

as well as for the recruitment of the responsible enzymes and complexes to IRAK-M

promoter.

Immune cells have been extensively studied in the context of metabolic inflammation

but besides the cells of the immune system, adipocytes have also gained attention

as cells that are more than storages for fat, since they contribute to the

establishment of metabolic inflammation by secreting adipokines. In the present

study, it was investigated whether adipocytes can acquire an inflammatory

phenotype upon activation with LPS and in the context of obesity. Results showed

that LPS stimulates adipocytes to produce TNFα, IL-10 and nitrites and that this

induction is affected by the secreted form of osteopontin. Experiments also showed

that adipocytes in obese mice also become pro-inflammatory in contrast to

adipocytes of lean mice. Osteopontin deficient mice had basal levels of the iNOS

enzyme in their white adipose tissue without any stimulus. Collectively, the results

suggest an anti-inflammatory role for osteopontin in adipocytes. However, a lot of

questions remain to be answered. We do not know the signaling cascade via which

OPN acts in adipocytes - besides PPARγ induction - and since it seems to be

independent of the LPS/TLR4 cascade it would be of point to identify the signaling

pathway and the receptor via which it signals in adipocytes. Furthermore, since all

experiments are conducted either in vitro or in mice, it would be of point to confirm

the inflammatory phenotype of adipocytes in human adipose tissue samples of lean

and obese individuals.
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Epigenetic and Transcriptional Regulation of IRAK-M
Expression in Macrophages
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During macrophage activation, expression of IL-1R–associated kinase (IRAK)-M is induced to suppress TLR-mediated responses

and is a hallmark of endotoxin tolerance. Endotoxin tolerance requires tight regulation of genes occurring at the transcriptional

and epigenetic levels. To identify novel regulators of IRAK-M, we used RAW 264.7 macrophages and performed a targeted RNA

interference screen of genes encoding chromatin-modifying enzymes, signaling molecules, and transcription factors involved in

macrophage activation. Among these, the transcription factor CCAAT/enhancer binding protein (C/EBP)b, known to be involved

in macrophage inactivation, was necessary for the induction of IRAK-M expression. Chromatin immunoprecipitation showed that

C/EBPb was recruited to the IRAK-M promoter following LPS stimulation and was indispensable for IRAK-M transcriptional

activation. Among histone 3–modifying enzymes, our screen showed that knockdown of the histone 3 lysine 27 (H3K27) meth-

yltransferase and part of the polycomb recessive complex 2, enhancer of Zeste 2, resulted in IRAK-M overexpression. In contrast,

knockdown of the H3K27 demethylase ubiquitously transcribed tetratricopeptide repeat X chromosome suppressed the induction

of IRAK-M in response to LPS stimulation. Accordingly, we demonstrated that H3K27 on the IRAK-M promoter is trimethylated

in unstimulated cells and that this silencing epigenetic mark is removed upon LPS stimulation. Our data propose a mechanism for

IRAK-M transcriptional regulation according to which, in the naive state, polycomb recessive complex 2 repressed the IRAK-M

promoter, allowing low levels of expression; following LPS stimulation, the IRAK-M promoter is derepressed, and transcription is

induced to allow its expression. The Journal of Immunology, 2017, 198: 1297–1307.

E
ffective recognition and elimination of pathogenic mi-
croorganisms is vital in mammals, and tight control of
these mechanisms is essential for homeostasis. Hence,

innate immune responses have evolved to protect organisms from
bacteria, fungi, and viruses using TLRs that recognize pathogen-

associated molecular patterns on microorganisms and initiate
proinflammatory responses (1). Bacterial LPS is sensed by TLR4
(2) on the surface of phagocytes to initiate the signaling pathway
that leads to the activation of MyD88/PI3K/AKT and NF-kB (3).
TLR4 signal transduction is mediated by a family of serine/

threonine kinases called IL-1R–associated kinases (IRAKs) (4).
IRAK-3, also known as IRAK-M, is the only member of the
IRAKs that lacks kinase activity; hence, it acts as a suppressor of
the TLR4 signaling pathway (5). This renders IRAK-M important
for dampening the inflammatory response after pathogen elimi-
nation and is indispensable for the establishment for endotoxin
tolerance (5). The role of IRAK-M in human disease also was
established. The importance of IRAK-M in disease development
and regulation was highlighted in studies using IRAK-M2/2 mice.
In addition to its contribution to endotoxin tolerance, IRAK-M is a
key player in different host defense mechanisms, including viral
and bacterial pneumonia (6–8). In humans, IRAK-M was shown to
be a key player in autoimmune diseases, such as systemic lupus
erythematosus (9). IRAK-M2/2 NOD mice are more prone to the
development of type I diabetes and the related glucose intolerance
as a result of the altered function of dendritic cells (10). IRAK-M
is also involved in obesity-induced atherogenesis (11), obesity-
induced metabolic inflammation (12), and adiponectin-induced
regulation of macrophage sensitivity to LPS (13), suggesting that
it can be activated under different conditions and diverse down-
stream signaling cascades.
Despite its importance and the relatively good understanding of

IRAK-M function, little is known about the transcriptional regulation
of the IRAK-M gene. The IRAK-M promoter is not fully charac-
terized, and the only firm association between specific transcription
factors and IRAK-M expression was shown in promoter-cloning as-
says (14). According to that report, the AP1 complex and NF-kB,
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both central transcriptional complexes induced upon TLR4 activation,
were shown to bind to and activate the IRAK-M promoter.
Transcriptional regulation of genes involves transcription factors

(activators and repressors) (15), as well as chromatin-modifying en-
zymes (histone methyltransferases, histone acetyl transferases, histone
deacetylases, and histone demethylases) that introduce epigenetic
marks on chromatin to activate or suppress transcription (16). One
major silencing epigenetic mark is the trimethylation of lysine 27 on
histone 3 (H3K27me3), which is catalyzed by the enhancer of Zeste 2
(Ezh2) methyl transferase, part of the polycomb recessive complex 2
(PRC2) (17). In contrast, this methylation mark can be removed by the
histone demethylase ubiquitously transcribed tetratricopeptide repeat
X chromosome (UTX) (18–21), thus activating transcriptionally si-
lenced regions. Macrophage activation by LPS promotes genome-
wide chromatin modifications to allow transcriptional profile
changes that promote endotoxin tolerance (22, 23). No information is
available on potential epigenetic regulation of the IRAK-M gene.
In this study, we used an small interfering RNA (siRNA)-knockdown

approach to analyze the transcriptional and epigenetic regulation of the
IRAK-M gene. siRNA knockdown and chromatin immunoprecipitation
(ChIP) experiments showed that CCAAT/enhancer binding protein
(C/EBP)b, a master regulator of macrophage function, is a transcrip-
tional activator of IRAK-M. In addition, we demonstrated that, in naive
unstimulated macrophages, the IRAK-M promoter is methylated on
histone 3 lysine 27 (H3K27), and C/EBPb did not bind on the pro-
moter. Upon LPS stimulation, the H3K27me3 silencing mark was re-
moved, and C/EBPb was recruited on the IRAK-M promoter to induce
its transcription.

Materials and Methods
Cell culture

RAW 264.7 murine macrophages were cultured in DMEM (Life Technol-
ogies, Carlsbad, CA) supplemented with 10% (v/v) heat-inactivated FBS,
10 mM L-glutamine, 100 IU/ml penicillin, and 100 mg/ml streptomycin.

Escherichia coli–derived LPS (100 ng/ml) (O111:B4, catalog no. L2630;
Sigma-Aldrich) was used as described in the Results. Cells were stained by
immunofluorescence or harvested, and cell pellets were washed in PBS and
stored at 280˚C for total RNA extraction or Western blot analysis.

Transfection and immunofluorescence

A total of 5000 RAW 264.7 mouse macrophages was plated per well in
384-well plates (Greiner Bio-One) containing 30 ml of DMEM. Cells were
starved for 10–12 h, transfected with 30 nM of the specified siRNA
(Supplemental Table I) using Lipofectamine RNAi Max (Invitrogen-Life
Technologies, Carlsbad, CA), according to manufacturer’s instructions for
24 h, and incubated in the presence or absence of 100 ng/ml LPS (L2630;
Sigma-Aldrich) for the indicated times. Cells were fixed with 4% parafor-
maldehyde, blocked with blocking buffer (5% FBS, 0.1% Triton X-100, 0.01%
saponin, 13 PBS) for 30 min, and incubated with primary Ab overnight at 4˚C
and with secondary Ab (including counterstain with DAPI-Hoechst) for 2 h at
room temperature (RT). Cells were washed five times with 13 PBS between
each step using a microplate washer. Images were acquired with Autoscope
(MetaMorph Software), and signal intensities (sum of all positive pixels di-
vided by the number of cells) were measured and analyzed using Definiens
Developer XD (24). Finally, scatter plots were generated using TIBCO Spotfire
software.

cDNA synthesis and quantitative PCR

One million RAW 264.7 mouse macrophages per sample were plated in 24-well
plates containing 0.5 ml of DMEM. Cells were starved for 10–12 h, transfected
with 30 nM of a specified siRNA using Lipofectamine RNAi Max, according to
the manufacturer’s instructions (Invitrogen-Life Technologies, Carlsbad, CA) for
24 h, and incubated in the presence or absence of 100 ng/ml of LPS for the
indicated times. Wells were washed with ice-cold PBS, and RNA was isolated
with the InviTrap RNA Cell HTS 96 Kit, according to the manufacturer’s in-
structions (STRATEC). Reverse transcription was performed with an Applied
Biosystems High-Capacity cDNA Reverse Transcription Kit (using 1 mg of
isolated RNA as template), according to the manufacturer’s instructions. Real-
time PCR was performed with the SensiMix SYBR Hi-ROX Kit (Bioline),
according to the manufacturer’s instructions. Amplification was performed in an

ABI PRISM 7900HT Fast Real-Time PCR System with 384-Well Block Module
for a maximum of 45 cycles, as follows: start steps of 30 min at 50˚C and 15 min
at 95˚C and repeat steps of 15 s at 95˚C, 30 s at 60˚C, and 30 s at 72˚C. The
primers used were EZH2 forward: 59-GTGCAGTTATTCCTTCCATGC-39
and reverse: 59-ACGCTCAGCAGTAAGAGCAG-39; UTX forward: 59-
GCACCACCTCCAGTAGAACAA-39 and reverse: 59-GTCTCATTTGGT-
GTTGCTGCAT-39; C/EBPb forward: 59-GACAAGCTGAGCGACGAGTA-
39 and reverse: 59-GCTTGAACAAGTTCCGCAGG-39; actin-b forward: 59-
GTCATCACTATTGGCAACGAGC-39 and reverse: 59-GCACTGTGTTGGCA-
TAGAGGTC-39; and IRAK-M forward: 59-TTCCTGGCACGTTCGAATCA-39
and reverse: 59-CGCTGCAGCAAAATCCGTTA-39.

ChIP

Chromatin from 153106 RAW264.7 cells or primary peritoneal thioglycollate-
elicited macrophages was prepared by fixation of the cell culture with 1/10th
volume of formaldehyde-containing buffer (11% formaldehyde, 100 mM NaCl,
1 mM EDTA, 0.5 mM EGTA, 50 mM HEPES [pH 8]) and incubation for 10
min at RT. For quenching the cross-linking, glycine was added for 5 min at RT, to
a final concentration of 125 mM, directly to the culture media. Scraping and
transfer of cells to a 15-ml conical tube and two washes with ice-cold 13 PBS
(supplemented with 1 mM PMSF) followed, and the cell pellet was incubated
with 10 ml of cell lysis buffer (5 mM PIPES [pH 8], 85 mM KCl, 0.5% Nonidet
P-40, 1 mM PMSF, complete protease inhibitors) for 10 min on ice. Cells were
lysed with 800 ml of SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-
HCl [pH 8.1]) for 10 min on ice. Chromatin was sonicated to 500–1000 bp long.
Immunoprecipitation (IP) was performed with the equivalent of 3–4 3 106 cells
per sample, diluted 10 times with ChIP dilution buffer (0.01% SDS, 1.1% Triton
X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl [pH 8], 167 mMNaCl supplemented
with protease inhibitors), and 5 mg of each Ab. Samples were rotated at 4˚C
overnight (1% of chromatin input was kept). The following day, each sample was
mixed with 20 ml of magnetic beads and rotated for 2 h at 4–C. Immunopre-
cipitated material was incubated for 5 min with each of the following buffers:
low-salt Wash Buffer A (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM
Tris-HCl [pH 8], 150 mMNaCl supplemented with protease inhibitors), high-salt
Wash Buffer B (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl
[pH 8.8], 500 mM NaCl supplemented with protease inhibitors), Buffer
C (20 mM Tris HCl [pH 8], 250 mM LiCl, 1 mM EDTA, 0.5% Nonidet
P-40, 0.5% Na-Deoxycholate, 0.5 M PMSF supplemented with protease in-
hibitors), and Tris/EDTA (pH 8). After the last wash, samples were incubated
with proteinase K (200 mg/ml), 0.5% SDS in Tris/EDTA for 2 h at 55˚C and
incubated overnight at 65˚C for the reversion of formaldehyde cross-links.
DNA was purified with phenol/chloroform extraction and was precipitated
with ethanol (1% glycogen and 10% CH3COONa). Immunoprecipitated
DNAwas resuspended in 40 ml of 100 mM Tris-HCl (pH 7.5). A total of 5%
of the immunoprecipitated DNA was used in quantitative PCR analysis, and
data were normalized using the following formula; 100*2^(adjusted input 2
cycle threshold IP). The following Abs were used in the ChIP experiments:
C/EBPb Ab (C-19) (sc-150X; Santa Cruz Biotechnology), anti–histone H3
Ab (D2B12) (#4620 Cell Signaling Technology; chip formulated), anti–
trimethyl-Histone H3 (Lys27) Ab (cat. no. 07-449; Upstate), anti-SMAD4
Ab (sc-7966X; Santa Cruz Biotechnology), anti-RelB Ab (sc-48366X; Santa
Cruz Biotechnology), and anti-p65 Ab (sc-8008X; Santa Cruz Biotechnol-
ogy). The primers used for ChIP PCR were IRAK-M promoter (distal
region) forward: 59-GCCCGATTGAGAGTAGGGTAAG-39 and reverse:
59-TCTAACAGAAGGGTATGCGAGC-39; IRAK-M promoter (proximal
region) forward: 59-AACCTCTTAGATCCATCGTGGC-39 and reverse: 59-
TGTTATGAACCGTTCTGTCCGT-39; and IRAK-M promoter (middle
region) forward: 59-GTGGGTACTGAATGCCCAGG-39 and reverse: 59-
GTGGGAAAATGAAGTGGGAGA-39.

Western blot

RAW 264.7 cells were lysed in RIPA buffer (10 mM Tris [pH 8], 10 mM
EDTA [pH 8], 140 mM NaCl, 1% Triton, 1% Na deoxycholate, 0.1% SDS)
containing protease inhibitors (Roche). Lysates were electrophoresed
through a 10% SDS-polyacrylamide gel and transferred to a nitrocellulose
membrane. Membranes were processed according to standard Western
blotting procedures: 1 h blocking in 5% BSA, overnight incubation of
primary Abs, 1 h incubation with HRP-conjugated secondary Abs, visu-
alization with ECL system (Pierce) using a ChemiDoc XRS+ System (Bio-
Rad), and quantitation of protein by band intensity using Image Lab
Software (Bio-Rad). Abs used were anti-EZH2 (5246S, clone D2C9; Cell
Signaling Technology) and anti-tubulin (clone 1A2; Sigma-Aldrich).

Lentiviral production and macrophage infection

HEK 293T cells were cultured in DMEM supplemented with 10% v/v heat-
inactivated FBS (10270-106) and 1% penicillin/streptomycin (15070-063;
all from Life Technologies). Cells were grown at 37˚C in a 5% CO2
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incubator. HEK 293T cells growing on a 10-cm plate were transfected
using 15 ml TurboFect Transfection Reagent (R0531; Thermo Scientific)
and a mix of packaging, envelope, and transfer DNA vector (2, 1, and 3 mg
respectively). pVSVG envelope plasmid and pD 8.1 packaging plasmids
were kindly provided by Dr. C. Stournaras. lentiCRISPRv2 plasmid (cat.
no. 52961; Addgene) was used as control transfer DNA vector. Oligo1 (59-
CACCGTGAGACTGAGACAGCTCAAG-39) and oligo2 (59-AAACCTT-
GAGCTGTCTCAGTCTCAC-39) were hybridized and cloned in lenti-
CRISPRv2 vector in the BsmbI cloning position, according to the
manufacturer, and used as small-guide RNA Ezh2 containing transfer
DNA vector. After 24 h of transfection, the medium was replaced with
normal growth medium. At 48 and 72 h posttransfection, the medium
containing the viral particles was collected and filtered using a 0.45-mm
filter and used right away or stored at 280˚C. The collected virus-
containing medium was used 1:1 with normal growth medium supple-
mented with 10 mg/ml Polybrene to infect RAW 264.7 macrophages. After
24 h of infection, medium was replaced with normal growth medium.
Forty-eight hours after the infection, 2 mg/ml puromycin was added to the

medium. Infected macrophages were selected following exposure to pu-
romycin for 5–8 d and then used for treatments.

Statistical analysis

Data are expressed as mean 6 SD from independent experiments. Statis-
tical analysis was performed using GraphPad Prism version 5.00 for
Windows (GraphPad, San Diego, CA). Groups were compared using the t
test. The p values , 0.05 were considered statistically significant.

Results
siRNA screening for selected epigenetic regulators and
transcription factors identifies potential IRAK-M regulators

IRAK-M is induced upon endotoxin tolerance as a negative reg-
ulator of TLR4 signaling (5), but the molecular mechanism of its
transcriptional activation is not fully understood. RAW 264.7

FIGURE 1. IRAK-M induction by LPS. (A) Time course of IRAK-M induction by LPS at different time points following LPS stimulation. IRAK-M levels are

induced by LPS treatment (100 ng/ml) in mRNA (A) and protein (B). (C) IRAK-M protein levels are also induced by 1 mg/ml LPS treatment. (D) Immunofluorescence

staining for IRAK-M protein (green) with and without LPS treatment. Protein quantification was performed with Definiens XD Software. Original magnifica-

tion 3200. (E) IRAK-M mRNA dose response to LPS. IRAK-M induction by LPS is evident at 1 and 10 ng/ml, but more potent activation ($10-fold) occurs at a

dose$ 100 ng/ml. Data are mean6 SD and are representative of at least three independent experiments. *p, 0.05, **,##p, 0.01, ***p, 0.001. ns, not significant.
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macrophages were used to identify potential regulators of IRAK-M
in the naive state and upon LPS stimulation. To determine the
optimal dose for IRAK-M induction, we treated macrophages with
different doses of LPS for 48 h. The results showed that IRAK-M
was potently induced at concentrations . 100 ng/ml (Fig. 1E),
indicating that it contributes primarily to repression of macrophage
responses rather than training (25, 26). Time-course stimulation
showed that IRAK-M mRNA was induced after 6 h, peaking at 12
and 24 h following treatment with 100 ng/ml of LPS (Fig. 1A).
IRAK-M protein levels were also induced following treatment with

100 ng/ml LPS (Fig. 1B) or 1 mg/ml LPS (Fig. 1C) compared with
unstimulated cells (6-fold), as determined by a protein-quantitation
method using Definiens XD Software following immunofluores-
cence (Fig. 1B–D). To determine the contribution of epigenetic
regulators and transcription factors to IRAK-M expression, we
performed a targeted siRNA screening in naive and LPS-activated
RAW 264.7 macrophages. For this purpose, 46 previously validated
siRNA sequences (Cenix BioScience) targeting 34 molecules, in-
cluding key transcription factors, epigenetic regulators, and signaling
molecules (Table I), all participating in macrophage activation and
inactivation, were transfected into RAW 264.7 macrophages.
Twenty-four hours following transfection, cells were treated with
LPS for 48 h, and IRAK-M expression was quantified by fluorescent
microscopy using Definiens Developer XD software for image
analysis, as used previously (24). The results identified several
siRNAs that affect IRAK-M expression, either positively or nega-
tively (Fig. 2). Among the factors affecting IRAK-M expression was
the transcription factor C/EBPb; epigenetic repressors, such as
components of the PRC2; and epigenetic activators, such as UTX.

C/EBPb is a transcriptional activator of IRAK-M necessary for
LPS-induced activation

C/EBPb is a master regulator of macrophage differentiation and
function (27) that is required for macrophage polarization toward
the M2 state (28), for the induction of proinflammatory cytokines

Table I. Molecules targeted in the siRNA screening

Transcription
Factors Epigenetic Regulators

Signaling
Molecules

CEBPb EZH2 KDM2A Akt2
STAT1 UTX KDM3B IRAK-M
STAT3 KDM5A NSD1/KMT3B SMAD4
STAT6 MLL1 DOT1L/KMT4
CREB1 MLL2 BMI1
SP1 MLL3 SUZ12
NCoR 2 SIRT6 CARM1/PRMT4
PRDM1 PHF8 SETD7
IRF4 LSD1 ASH1/KMT2H
ARID5B NCoR 1
PU.1 / SFPI1 HDAC1

FIGURE 2. siRNA screening for transcriptional and epigenetic regulators of IRAK-M. RAW 264.7 cells were transfected with siRNAs targeting various

transcriptional and epigenetic regulators (Supplemental Table I). Twenty-four hours posttransfection, cells were treated with LPS (100 ng/ml) for 48 h, and

IRAK-M protein levels were quantified by Definiens software. Results are shown as a scatter plot analyzed and plotted by TIBCO Spotfire Software. The

y-axis represents fold change in expression compared with the median. The x-axis allows spreading and visualization of the different siRNAs used. Black

line represents the median. siRNA-treated cells above the median have increased IRAK-M induction by LPS (red circles) compared with control, whereas

siRNA-treated cells below the median show decreased IRAK-M induction by LPS (green circles) compared with control. At least two siRNA sequences

(i.e., p1 and p2) per gene target (names in circles) were used.
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FIGURE 3. C/EBPb binds to and is necessary for IRAK-M induction. (A–C) RAW 264.7 cells were transfected with siRNA targeting C/EBPb

(siC/EBPb) (two siRNAs, p1 and p2) or scrambled siRNA (SCR). (A) Twenty-four hours after transfection, cells were treated with LPS for 48 h, and

C/EBPb mRNAwas measured. (B) C/EBPb knockdown ameliorated the LPS-induced IRAK-M induction. (C) Immunofluorescence (Figure legend continues)
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upon TLR stimulation (29), and for the induction of endotoxin
tolerance (30). We hypothesized that IRAK-M transcriptional
activation might be regulated by C/EBPb. To test this hypothesis,
we used siRNA-mediated knockdown of C/EBPb and monitored
IRAK-M induction upon LPS stimulation. Two siRNA sequences
targeting the C/EBPb mRNA (i.e., p1 and p2) were used inde-
pendently to knockdown C/EBPb. Both of them were effective at
reducing C/EBPb mRNA levels down to 60% (p1) and to 50%
(p2) (Fig. 3A). Knockdown of C/EBPb in unstimulated mouse
macrophages reduced basal levels of IRAK-M mRNA, revealing a
novel role for C/EBPb in maintaining expression of IRAK-M
(Fig. 3B). Suppression of C/EBPb also resulted in reduced LPS-
induced IRAK-M at the mRNA (Fig. 3B, Supplemental Fig. 1)
and protein (Fig. 3C) levels. These data support that C/EBPb is
essential for basal and LPS-induced IRAK-M expression.

Regulation of the IRAK-M promoter: role of C/EBPb and
NF-kB

C/EBPb is a member of the C/EBP family of transcription factors
that contains a basic-leucine zipper domain to bind directly to DNA
sequences (31). Because the siRNA screening showed that C/EBPb
was required for IRAK-M transcriptional activation, we investi-
gated whether it bound on the promoter of the IRAK-M gene fol-
lowing LPS stimulation. Computational analysis for identifying
putative transcription factor binding sites on the promoter of IRAK-M
confirmed previously identified transcription factor binding sites
(14) (Fig. 3D) and revealed two putative C/EBPb binding se-
quences ∼60 and 100 bp upstream of the transcriptional initiation
site (Fig. 3D). Induction of IRAK-M by LPS occurred 6 h following
stimulation, peaking at 12 and 24 h (Fig. 1A). ChIP experiments
showed that, shortly after LPS stimulation of macrophages,
C/EBPb was recruited to and bound on the IRAK-M promoter.
Binding occurred 2 h following LPS stimulation and appeared to be
transient because it decreased to less than basal levels at 12 h and
peaked again at 24 h (Fig. 3E). These data demonstrated that, upon
LPS stimulation of mouse macrophages, C/EBPb is transiently
recruited to a regulatory region proximal to the transcription initi-
ation site of IRAK-M earlier than the accumulation of mRNA,
suggesting that C/EBPb binding is an early event, and additional
transcription factors contribute to sustaining IRAK-M expression. A
second wave of C/EBPb binding occurred at 24 h, possibly due to
the persistence of LPS stimulation that occurs in culture.
To determine which transcription factor(s) contribute to IRAK-M

induction following binding of C/EBPb, we examined binding of
NF-kB components on the IRAK-M promoter. Earlier studies
showed that NF-kB bound on the IRAK-M promoter (14). In ad-
dition, it was shown that the NF-kB component RelB contributes to
endotoxin tolerance (32, 33), a condition promoted by IRAK-M.
Our in silico and ChIP analyses confirmed NF-kB binding on the
IRAK-M promoter and showed that RelB transiently bound 2–6 h
following LPS stimulation (Fig. 3G), whereas NF-kB p65 bound on
the IRAK-M promoter at 6 and 12 h (Fig. 3F), possibly allowing
IRAK-M mRNA expression to reach its peak. These data suggest
that, upon LPS stimulation, C/EBPb and RelB were recruited to the
IRAK-M promoter and were later replaced by NF-kB p65 and that
a second wave of CEBP/b binding occurred 24 h following stim-
ulation to sustain its levels when LPS signals persist.

Earlier reports demonstrated the contribution of SMAD4 to
IRAK-M expression in human THP1 macrophages in response to
TGF-b or in LPS-tolerized cells (34). Nevertheless, direct binding
of SMAD4 on its promoter and a binding site were not identified
(34). Therefore, we performed in silico analysis to determine
potential SMAD-binding elements and found one located at21052
to 21061 bp from the transcriptional initiation site (Fig. 3D). ChIP
analysis showed that SMAD4 was present on the IRAK-M pro-
moter under unstimulated conditions but was not further recruited
after LPS stimulation (Fig. 3H), suggesting that it may be important
for maintaining its basal levels but not for the initial induction
by LPS because it depends on autocrine action of TGF-b, which
is secreted upon restimulation of endotoxin-tolerant macrophages
(34, 35).

Knockdown of Ezh2 results in IRAK-M overexpression

Ezh2 is a methyl transferase and a component of PRC2 that is
responsible for adding the silencing H3K27me3 mark on genomic
regions (36). Specifically, Ezh2 catalyzes H3K27me3 (37). LPS
stimulation of RAW 264.7 macrophages resulted in reduction of
EZH2 mRNA levels (Fig. 4A). Suppression of Ezh2 using siRNA
(Fig. 4A) resulted in augmented induction of IRAK-M following
LPS stimulation. This was evident at the mRNA (Fig. 4B) and
protein (Fig. 4C) levels, as seen by real-time RT-PCR and quan-
titative immunofluorescence analyses, respectively.
To further confirm the involvement of EZH2 in LPS-induced

IRAK-M induction, we performed CRISPR-Cas9–mediated knock-
out of the Ezh2 gene. Successful Ezh2 targeting by Ezh2 guide RNA
was evaluated by Western blot (Fig. 4E). LPS stimulation of cells
lacking the Ezh2 gene resulted in enhanced induction of IRAK-M, in
accordance with the siRNA-mediated knockdown of EZH2 mRNA
(Fig. 4F). These findings suggest that EZH2 exerts a suppressive role
on the IRAK-M gene, indicating that PRC2 negatively regulates
IRAK-M expression.

Knockdown of UTX results in reduced IRAK-M induction

Epigenetic silencing always acts in concert with epigenetic acti-
vators on regulatory regions poised to react to a stimulus. The UTX
gene encodes for the UTX protein, a histone demethylase that
primarily removes the H3K27me3 mark upon transcriptional de-
repression. Because EZH2 was shown to suppress IRAK-M, we
asked whether UTX, which has an antagonizing function to EZH2,
would have opposite effects on IRAK-M transcriptional activation.
siRNA screening analysis indicated that suppression of UTX re-
duced IRAK-M induction by LPS (Fig. 2). To confirm the role of
UTX in IRAK-M regulation, we transfected RAW 264.7 macro-
phages with two siRNA sequences to suppress UTX expression
(Fig. 5A). As expected, UTX knockdown in RAW 264.7 macro-
phages inhibited IRAK-M induction, which was evident at the
mRNA (Fig. 5B) and protein (Fig. 5C, 5D) levels.

LPS induced demethylation of H3K27 on the IRAK-M promoter

To confirm that IRAK-M is regulated at the level of histone 3
methylation on its promoter, we investigated whether the epige-
netic mark of PRC2 (H3K27me3) was found on the IRAK-M
promoter region. ChIP experiments were performed with an
anti-H3K27me3 Ab and using two sets of primers: a proximal

staining for IRAK-M (green) in macrophages after LPS treatment of SCR- and siC/EBPb-treated cells (original magnification 3200). (D) Schematic

representation of the IRAK-M gene promoter region showing transcription factor binding sites, as shown in (14), and including the C/EBPΒ and SMAD4

binding sites. (E) ChIP experiments with Ab against C/EBPb showed recruitment to the IRAK-M promoter after LPS stimulation. ChIP experiments revealed

binding of p65 (F), RelB p65 (G), and SMAD4 (H) on the IRAK-M promoter. Data (mean 6 SD) represent the average of at least three independent

experiments. *p , 0.05, **p , 0.01, ###,***p , 0.001 versus control.
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FIGURE 4. EZH2 knockdown results in IRAK-M overexpression. (A–C) RAW 264.7 cells were transfected with siRNA targeting EZH2 (siEZH2) (two

siRNAs, p1 and p2) or scrambled siRNA (SCR). (A) Twenty-four hours posttransfection, cells were treated with LPS for 48 h, and EZH2 mRNA was

measured by RT-PCR. In the same cells, IRAK-M was measured and showed that EZH2 knockdown enhanced the LPS-induced IRAK-M induction at the

mRNA (B) and protein (C) levels. (D) Immunofluorescence staining for IRAK-M (green) in macrophages after LPS treatment in SCR- and siEZH2-

transfected cells. Deletion of EZH2 using CRISPR/Cas9 system (E) enhanced IRAK-M expression (original magnification 3200) (F). Data (mean 6 SD)

are representative of at least three independent experiments. *p , 0.05, **p , 0.01, ***,###p , 0.001 versus control.

The Journal of Immunology 1303

 by guest on July 4, 2018
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/


primer detecting a region 200 bp upstream of the transcription ini-
tiation site and a distal primer 2 kb upstream of the same site. The
results showed that both regions carried H3with methylation at K27 at
the naive state, which, upon LPS stimulation, was reduced (Fig. 6),
coinciding with maximal induction of IRAK-M. At later time points,
H3K27me3 marks were restored, potentially to avoid prolonged
expression of IRAK-M and persistent immunosuppression (Fig. 7).

Discussion
Molecules that mediate TLR4 signaling are tightly regulated to
effectively induce or suppress TLR4 signals. Sustained and potent

TLR4 signaling can result in excessive inflammation, which may
lead to tissue destruction and septic shock. IRAK-M, a homolog of
IRAKs lacking its catalytic domain, is induced upon activation of
macrophages and binds TRAF-6, thus inhibiting TLR4 signaling
and suppressing macrophage activation. IRAK-M is induced by the
same TLR signals that promote activation of macrophages and by
signals that control or fine-tune macrophage activation. In the
current study, we used an siRNA screening approach to investigate
the contribution of a series of transcription factors and epigenetic
modifiers to the regulation of IRAK-M expression following LPS
stimulation in macrophages. The results identified C/EBPb as a key

FIGURE 5. UTX knockdown results in decreased IRAK-M expression. (A–D) RAW 264.7 cells were transfected with siRNA targeting UTX (siUTX) (two

different siRNAs, p1 and p2) or scrambled siRNA (SCR). Twenty-four hours posttransfection, cells were treated with LPS for 48 h, and UTXmRNAwas measured

by RT-PCR. (A) UTX siRNA sequences were effective in knocking down UTX mRNA. UTX knockdown decreased the LPS-induced IRAK-M induction at the

mRNA (B) and protein (C) levels. (D) Immunofluorescence staining for IRAK-M (green) in macrophages after LPS treatment in SCR- and siUTX-transfected cells

(original magnification 3200). Data (mean 6 SD) are representative of at least three independent experiments. *p , 0.05, ***p , 0.001 versus control.
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transcription factor for induction of IRAK-M and revealed that H3
modifications on the IRAK-M promoter participate in its regulation.
Promoter analyses showed that expression of IRAK-M depends on

NF-kB, AP1, and CREB (14), factors that are induced by different
macrophage-activation signals, including LPS (13, 14, 38). Com-
putational analysis and ChIP experiments revealed that C/EBPb also
bound on the proximal region of the IRAK-M promoter and that
suppression of C/EBPb abolished basal and LPS-induced ΙRΑΚ-M
expression. C/EBPb is a transcription factor that is known to con-
tribute to macrophage inactivation and M2-type polarization by in-
ducing the expression of several genes, including Arginase 1 and
miR-146a, whereas deletion of C/EBPb inhibited M2 polarization
(28, 39–42). We showed recently that C/EBPb also regulates
miR-155 and miR-146a at the stage of endotoxin tolerance (30), a
condition that also depends on IRAK-M (43). Our results indicated
that IRAK-M is regulated by C/EBPb, providing additional evidence
for the importance of C/EBPb as a central regulator of macrophage
inactivation. Binding of C/EBPb occurred early after LPS stimula-
tion following a reduction below the basal binding levels and a
second wave of binding at 24 h. At 6 and 12 h post-LPS stimulation,
NF-kB p65 binds on IRAK-M, potentially securing potent and
transient induction of IRAK-M transcription. At 24 h and if TLR
stimulation persists, C/EBPb binds again to secure persistence of
IRAK-M expression. In vivo, LPS is neutralized in the liver, and
stimulation of TLR4 is sustained only during active bacteremia.
Thus, temporal C/EBPb and NF-kB binding secures an initial in-
duction of IRAK-M to block potential cytokine storm and prevent
sepsis, whereas a second wave of C/EBPb binding occurs only when
LPS (and bacteremia) persists. This temporal induction of C/EBPb
may be important for avoiding persistent immunosuppression when
the pathogen (and subsequent LPS stimulus) is eliminated.

Macrophage inactivation was associated with histone modifica-
tions, which change the expression pattern of genes in macrophages
to promote endotoxin tolerance and prevent endotoxin shock (22,
23). These changes promote silencing of a set of genes that mediate
proinflammatory events and allow the expression of another group
of genes that promote suppression of proinflammatory signals and
resolution of inflammation. Histone modifications are regulated by
different methyl transferases and demethylases controlling H3 ly-
sine methylation levels. PRC2 was implicated in macrophage dif-
ferentiation (44) and myeloproliferation (45), but no information is
available on its role in macrophage activation or inactivation. Our
data showed that suppression of EZH2, a methyl transferase that is
a key component of PRC2, augmented LPS-induced IRAK-M ex-
pression. In contrast, suppression of UTX, a demethylase of the
KDM6 subfamily that is involved in proinflammatory responses of
macrophages (46), suppressed LPS-induced IRAK-M expression.
PRC2 via EZH2 mediates H3 methylation at K27, a modifica-

tion that renders chromatin inactive and suppresses transcriptional
activation (47), whereas UTX demethylates K27, reversing the
effect (18). In this study, we demonstrated that IRAK-M was also
regulated at the chromatin level and that histones bound on its
promoter acquired modifications upon LPS stimulation. Accord-
ingly, H3 bound on the IRAK-M promoter was trimethylated at
K27 in the naive state when IRAK-M was not expressed. Upon
LPS stimulation, H3K27 on the IRAK-M promoter was demethylated,
thus allowing its transcription, a condition required for endo-
toxin tolerance.
Regulation of inflammatory genes is epigenetically controlled to

avoid a cytokine storm and secure the state of endotoxin tolerance
(48), a condition to which IRAK-M contributes by suppressing
IRAK-mediated signals that activate the TRAF6/NF-kB cascade.

FIGURE 6. LPS induces K27 demethylation of H3 on the IRAK-M promoter. RAW 264.7 cells were treated with LPS (100 ng/ml), and chromatin was

isolated at 0, 2, 6, 12, and 24 h poststimulation. ChIP anti-H3K27me3 Ab, followed by quantitative PCR, showed demethylation of H3K27 upon LPS

stimulation on the IRAK-M promoter in its proximal region (A) and its distal region (B) relative to the IRAK-M gene transcription initiation site. Data are

mean 6 SD. *p , 0.05, ***p , 0.001 versus control.

FIGURE 7. Schematic representa-

tion of the proposed model for IRAK-M

regulation. PRC2 and low levels of

C/EBPb secure reduced expression of

IRAK-M in naive macrophages,

whereas, upon LPS stimulation,

UTX and C/EBPb induce IRAK-M

transcription.
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Thus, induction of IRAK-M may be part of the feed-forward
mechanism involved in establishing endotoxin tolerance. In this
process, proinflammatory genes, such as TNF-a or IL-1b, are also
regulated at the level of H3 modification to induce their expression
at the activation state. Indeed, the TNF-a gene is epigenetically
controlled (49) and primed by IFN-g by the aposition of
H3K27me3 and aposition of acetylation of lysine 27 on histone 3
on its promoter (50), allowing early induction of its expression.
Acetylation of the promoter is regulated by SIRT1 and SIRT6 and
highlights activation of the promoter, allowing recruitment of
NF-kB and transcriptional activation (51, 52), and it provide a
potential link between inflammatory response and metabolism
in the context of sepsis (53). Upon macrophage activation,
dimethylation of lysine 9 on histone 3 was removed from the
TNF-a promoter, and H3K4me3 was added (32, 33). IL-1b, another
cytokine central for the acute inflammatory response, is also silenced
by epigenetic mechanisms, including trimethylation of lysine 9
on histone 3 (54, 55). Similar mechanisms occur in the regulation
of inflammatory microRNAs, for which we showed previously that
miR-155 and miR-146a were regulated at the H3 methylation level
by obtaining trimethylation of lysine 4 on histone 3 marks at the
activation state and H3K9me3 at the endotoxin tolerance state
(30). In this study, we identified that PRC2 epigenetically regu-
lated IRAK-M expression, providing an additional feed-forward
mechanism for endotoxin tolerance. IRAK-M possessed H3K27me3
marks that are characteristic of silenced chromatin (56). Fol-
lowing LPS activation, these marks were removed to allow
IRAK-M transcription. It remains to be elucidated whether ad-
ditional methyl transferase, demethylase, or acetylase complexes
affect IRAK-M expression, such as ones adding or removing K4
or K9 methyl marks or K24 acetyl marks.
Overall, our findings demonstrate novel transcriptional and

epigenetic regulation of IRAK-M expression and highlight the
importance of C/EBPb and PRC2 for its regulation. According
to this model (Fig. 7), in naive macrophages a transcriptional
complex that keeps IRAK-M repressed and contains EZH2 is
present on its promoter; upon activation by LPS, it is replaced by
a complex containing UTX that removes H3K27me3 and allows
recruitment of transcription factors, including C/EBPb, to initiate
its transcription. C/EBPb binding is transient and temporal,
coming in a second wave at 24 h. The removal of H3K27me3
marks is also transient; they return at 24 h. Thus, in the context
of acute inflammation, IRAK-M is induced within 24 h; however,
its transcriptional activation is quickly silenced to avoid pro-
longed expression, which results in the inability of the cells to
return to homeostasis and responsive status. At the acute stage,
NF-kB p65 contributes to IRAK-M expression and secures its
potent induction. When LPS stimulation is sustained, which is
the case in our experimental setting because LPS remains in the
medium, a second wave of C/EBPb binding may secure pro-
longed expression of IRAK-M to avoid a cytokine storm and
sepsis. Responsiveness of macrophages to LPS is controlled at
the epigenetic level, which includes control of inflammatory
cytokines and microRNAs (30, 33, 54), as well as cell meta-
bolism (52), another mechanism that regulates macrophage
responsiveness. These two mechanisms are potentially inter-
connected at the level of histone-modification enzymes (53). A
limitation of the study is that these observations were made in a
cell culture model, which necessitates the exploration of the
proposed mechanism in vivo in animal models. Moreover, it
remains to be determined whether the same transcriptional and
epigenetic regulators control the IRAK-M expression, endotoxin
tolerance, and sepsis-induced immunosuppression observed in
immunoparalyzed sepsis patients.
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