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Euxaptotisg...

H napovoa SiatpiBn, anotéAeoua mMOAUETOUC EVvaoXOAnonG UOU OTOUG MTAYKOUG
TwV epyaotnpiwv ekmoviUnke ota nAaiola amokTnong tou StéakTtoptkou TitAou oto
epyaotrplo kKAwikn xnueiac vrmo tnv eniBAsyn tou kadnyntn Xpriotou Toatoavn.

H epyaotnplakn eumneipia ytiotnke amo moAAn Souldeild, moAAn okéyn, moAAég
UIKPEG XAPEC, TOAAEC €KTANEELS, OQUETPNTA EPWTNUATIKA, TTOAAEC ONULOUPYIKES
QOAPELEG, TMOAUWPEC oUlNTHOELS, QPKETA OAKPpUX KAl amoyonteUoelc. Kamotot
avipwrot otavnkav SimAa pou oe o6Ao autd, otripiéav tnv emdoyry pou va
evaoyoAnBw ue tnv Baoikn épeuva kot SV UEVEL LA TTAPA VO TOUG EUXAPLOTHOW
aro ta Badn tng kapdidg uou.

O kadnyntic Mauatdataknc kat n epevvitpia Nikn KpetooBaAn ntav autol mou yLo
pwTn opa Ue urtodextnkav otnv Kpntn oto epyaoTrpLlo Toug Kat pou €dwaoav ta
epodia kat tn duvaun va Eekviow.

O avipwrog mou ue otnpiée , ue mioteye, ue kadodbnynoe, pouv edwoe ™0
duvatotnTa va Kuvnynow ta OVELPA UoU, Hou avolée touc opilovteg pou, €Bale
TIPOJEOUIES yLa TO KAAO UOU, UE QVTIUETWITLLE UE NPEUL KL XAUOYEAD Kol CUVOALKA
Ue eaopalile ue tnv aképatn otaon tou NKA KAl OLKOVOULKA gival 0 Kavnyntrg
Xpriotog Toatoavng kat yL auto To AGyo Tou opeidw moAAd.

O kavdnyntr¢ Xapadaunog ZnnAtavaknc eivat eniong évac avipwino¢ onUAVTLKOS
yla uéva S1otL ue otriptée, Hou WIANOE EAKPLVA, QQLEPWOE TIOAUTIUO XPOVO OT
okotewva Sdwudtia tou confocal kat umoxpewdnke oe moAu “troubleshooting” yila
moAAa arotuxnuéva FISH.

OAa autda ta xpovia, gixa @iAloug KaAoU¢ o€ epyaotripla KOVTIVA, OE QVTIKPUOTA
napadupa nmou Euewvav Simda pou otnv  ateAeiwtn nepiodo pag SL6AKTOPIKNG
SlatpLBrig...

OAa auta ta xpovia, yvwploo datoua, ta omola ue cuuBoUAeuav, pou ebvav
duvaun, ue ekavav va arodpaow Ue ekOpouUES kat opelBaoieg kat pe otnplov Ue
ke TPOTTO ITOU UITOPOUCAV...

Oda auta ta xpovia, ouvepyaotnka He moAdd dtoua, yéAaoa, ekiaya,
npoBAnuatiotika, toakwinka (av kot eVTUXWS yLa Alyo kat pue Aiya) ...

AeV EXEL VONUA va TOUG OVoUQATIOW, 0 KaOEvac EEPEL..

EXEL VONUO VO TOUG EUXAPLOTHOW OUWE SLOTL XAPN O AUTOUG QITOKOULON OVEKTIUNTN
yvwon Kot EUneLpia, autoyvwoia Kkat wpipavon.
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Summary

Endotoxin tolerance occurs to protect the organism from hyperactivation of innate
immune responses, primarily mediated by macrophages. Regulation of endotoxin
tolerance occurs at multiple levels of cell responses and requires significant changes
in gene expression. During macrophage activation, induced expression of miR-155
and miR-146a contributes to the regulation of the inflammatory response and
endotoxin tolerance. Herein, we demonstrate that expression of both miRNAs is co-
ordinately regulated during endotoxin tolerance by a complex mechanism involving
mono-allelic inter-chromosomal association, alterations in histone methyl marks
and transcription factor binding. Upon activation of naive macrophages, Histone3
was tri-methylated at lysine4 (H3K4me3) and NFkBp65 was bound on both miR-155
and miR-146a gene loci. However, at the stage of endotoxin tolerance both miR
gene loci were occupied by C/EBPB, NFkBp50 and the repressive Histone3 marks
H3K9me3. DNA fluorescence in situ hybridization (DNA-FISH) experiments revealed
mono-allelic inter-chromosomal co-localization of miR-155 and miR-146a gene loci
at the stage of endotoxin tolerance, while RNA-DNA-FISH experiments showed that
the co-localized alleles were silenced, suggesting a common repressive mechanism.
Genetic ablation of Aktl, which is known to abrogate endotoxin tolerance,
abolished induction of loci co-localization and C/EBPB binding, further supporting
that this mechanism occurs specifically in endotoxin tolerance. This thesis
demonstrates that two miRNAs are co-ordinately regulated via gene co-localization
at the three dimensional chromatin space, similar transcriptional machinery and
Histone3 methylation profile, contributing to the development of endotoxin
tolerance. Further insight into the role of AKT in regulation of M1/M2 polarization,
revealed the essential role of these microRNAs in macrophage phenotype. Aktl
ablation promotes miR-155 expression in LPS-stimulated macrophage. Measuring
miR-155 in Akt2-depleted macrophages revealed that Akt2 ablation had the
opposite effect, reducing miR-155 expression in both resting and LPS-activated
macrophages. Therefore, down-regulation of miR-155 in Akt2-defiecient
macrophages results in up-regulation of its target C/EBPB and, consequently, in the

induction of Argl, a hallmark of M2 macrophage polarization. Akt2 deficiency



resulted, however, in a significant upregulation of miR-146a, which mediates M1
phenotype suppression and assure endotoxin tolerance. miR-146a transfection in
WT macrophages was able to inhibit iNOS induction while miR-146a suppression in
Akt2-depleted mice resulted in upregulation of iNOS expression. The physiological
and clinical significance of these miRs in sepsis was supported by further data in
humans. Critically ill patients with impaired immune responses (CARS syndrome)
are associated with increased miR-155 and miR-146 expression. In vivo transferring
of these miRs by using amphoteric liposomes seems to be highly promising,
underlining miR-155 and miR-146 as potential novel molecular biomarkers of

macrophage sensitivity and CARS syndrome and tools for therapeutic purposes.



NepiAnyn

H avoooloylkn avoyn €ival amapaitntn yla Ty mpooTtacic Tou opyaviopol amo thv Umep-
gvepyomoinon TNnNg 0voooMAOYIKAG amokplong kot SlapecolaBeital  Kuplwg pEOW
pokpodaywv. H puBulon tTng avoooAoyLlKAG avoxnG ouvieleitol o moAAAAG enimeda Kal
amattel onuovtikég alayéc otn yoviblakn ékdpacn. Katd tn Sadikacia NG
gvepyonoinong twv pokpoddaywv, n emayopevn ékdpacn tou miR-155 kat miR-146a
OUMBAAAEL oTn pUBULON TNG dAeypovwSoUG AmoOKPLoNG KoL TG AVOGOAOYIKNG OVOXAG. ITV
napovoa Slatplfn, amodelkvietal OtL N £kdppacn kal Twv Vo MiRNAs cuv-puBuiletal
KOTA TN SLAPKELA TNG OVOOOAOYIKNG avoxXNng MECW €vOG TOAUTIAOKOU HNXOQVIGUOU ToU
TEPAAUBAVEL XPWHOOWHUIKEG aAANAemISpaoelg, HeTaBoAEC oTo mpoTuno PeBuAiwong Twy
lOTOVWwV Kol HeTafoAréc otnv mpododeon petaypadlkwy mapayoviwy. Kotd Tnv
gvepyomnoinon twv poakpodaywyv, mopatnpeitol tpl-pebuliwon tng Aucivng 4 otnv LoTovn
H3 (H3K4me3) kat mpocbeon tou NFkBp65 0TOUC UMOKLVNTEG TWV Yovidiwv miR-155 kat
miR-146a. Qotd00, KATA TO 0TASLO TNG AVOOOAOYLKIG AVOXAG mapatnpeital tpl-pebuiiwon
™¢ Lotovng H3 otnv Auvoivn 9 (H3K9me3) kal mpdodeon Twv UETAYPADLKWY TTOPAYOVIWY
C/EBPB kot NFkBp50.

DNA-FISH melpapata amokaAupav tnv aAAnAeniSpoon twv yoviSlakwy Tonwv tou miR-155
Kot miR-146a oto éva alAfAlo, 0TO OTASLO TNG AVOCOAOYIKNG AVOXAG, EVW Telpapata RNA-
DNA-FISH £6¢cl€av OTL 0tav autol ot yoviSiakol tomol cuvevtomnilovtal, Sgv mapatnpeital
petaypadn twv yovidiwv toug, amodelkvloviag £vav Koo UNXaviwopo oilynong. Itnv
nepimtwon Twv AKT1-/- TOVTIKWY, 0T OToila KATapyeitol T0 GALVOUEVO TNG 0VOOOAOYLKNG
ovoxng, Oev mapatnpeital OGUVEVIOMIOUOC TWV YOVISLOKWY TOMwvY, umoothpilovtag
TIEPALTEPW OTL AUTOG O UNXAVIOHOC cupPaivel e8lkd Katd to otadlo NG ovoxng Twv
HoKpohaywv.

Emopévwg, 800 mMiRNAs ouv-puBuifovtal péow arAnAsmidpacnc Twv yoviSlakwv Toug
TOTIWVY, HECW KOWWV HETAYPADIKWVY TIApayOvVTwV Kol mapouolou podil peBuliwong tng
Lotovng H3, cupBarlovtag otnv avamtuén tTng avoooAoyLkAG avoxng. EmumAéov, n avaiuon
ToUu poAou tng AKT kivaong ota Stddopa otddla evepyomoinong Twv Hakpodaywy Kal gTov
M1 / M2 dawotumo avébet€e tn onuavtiky cupuBoAn autwyv twv microRNAs. H amaloidn
tou yovidiou Aktl mponyaye tnv ékdppacn Tou miR-155 ota LPS-Sleyepuéva pakpodaya. H
HETPNON Twv emumédwyv Tou MiR-155 o Akt2 - / - pakpoddya amokdlue to avtiBeto

anotéleopa. Q¢ ek tolToU, N pelwon ¢ ékdpacng tou miR-155 ota Akt2 - / - pakpodaya
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giYe WG amMoOTEAECUA TNV EMOywWYr TOU oTOXoU Tou, Tou C/EBPB Kal, KATA CUVETELQ, TNV
smaywyn tng Argl, mpwrteivng mou ekdpaletal octov M2 ¢dawvotumo. AvTIoTOXwG, N
arnahowdn tng Akt2 odnynoe og onuavtikn avénon tng ékdppacng tovu miR-146a, to omolo
nailel kpiowo poAo otV  KATAOTOAN Tou doatvotumou M1 kal otnv e€aoddAion NG
0voooAOYIKAG avoxng. H emaywyn tou miR-146a o WT pakpoddya nTav Lkavr va
oavaoTteilel Tnv emaywyn tng iNOS evw n Kota.otoAn Tou miR-146a os Akt2 - / - pakpodaya
gixe oav amotédeoua t™¢ avénon tng ékdpacng tng iINOS. H kAwiki onuacia twv
EUPNUATWY AUTWV 0T ofdn Kol TAV avoGoAoyLKA avoxr UmootnpixBnke amo mepaltépw
Tmelpapatika dsbopéva oe avBwmiva Seiypata. e Papéwg TAcYovieg aoBeveic pe
MELWHEVN avoooloyikn amokplon (cuvépopo CARS), Omwg auth xapaktnpiletal amd
MELWHUEVN QVTATIOKPLON —TOpAywyr KUTTOPOKIVWY OTO MAGOUQ ETELTA OO TNV eX Vivo
gMwacn tou Teptdeptkol alpartog pe LPS, mapatnpndnke avénon tng ékppacng tou miR-
155 kat miR-146. H in vivo petadopd autwv Twv Mirs pe tn BorBsla Atmoocwpdtwy ATov o
EMOUEVOC OTOXOG TOU €eMeTeVyOn, mpaypa mou kablotd autda ta Svo Mirs mbavoug

poplakol¢ Seikteg tou cuvdpdpou CARS kal epyaldeia yla BepameuTtikolg oKomoUC.
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Significance Statement

Endotoxin tolerance occurs to protect the organism from hyperactivation of innate
immune responses, primarily mediated by macrophages. Development of endotoxin
tolerance requires significant changes in gene expression, transcriptional
machineries and histone modifications to ensure temporal gene regulation.
Coordinate transcriptional regulation of genes can occur when gene loci come in
proximity and share common regulatory components. miR-155 and miR-146a are
small non-coding RNAs that regulate multiple cellular functions and play an
essential role in the development of endotoxin tolerance. In this thesis, it is shown
that these two miRNAs are coordinately regulated via mono-allelic inter-
chromosomal-association, sharing the same transcription factors and obtaining
similar histone methyl marks at the stage of endotoxin tolerance. These findings
support an additional level of gene regulation in endotoxin tolerant macrophages,
which ensures timely gene expression and limitation of energy and resource
expenditure in the cell. Moreover, the results firstly demonstrate that gene loci
harboring microRNAs are co-localized at the three-dimensional chromatin space to
ensure simultaneous regulation. Further insight into the role of AKT in regulation of
M1/M2 polarization, highlighted the essential role of miR-155 and miR-146a in
determination of macrophage phenotype. The physiological significance of the
findings was supported further by data in human samples. miR-155 and miR-146
expression is associated with CARS syndrome. In fact, this is of great clinical
significance rendering these micrornas potential novel molecular markers of
macrophage sensitivity and CARS syndrome. Finally, in vivo transferring of miRs by
using amphoteric liposomes seems to be highly promising, as they may be used for

therapeutic purposes.

12



Introduction

1l.Innate immunity

Immune responses are crucial for the protection of an organism against exogenous
or endogenous threats, such as pathogens and cancer respectively. Through
evolution vertebrates have developed a complicated recognition system in order to
effectively guard themselves, which involves both fast acting innate and slowly
activated adaptive immune responses. Innate immunity is an evolutionarily ancient
and universal system that is directed by cells with capacity to recognize pathogen
patterns and eliminate infection, thus provides the first line of host defense [1].
Such cells are macrophages, neutrophils, eosinophils, basophils and NK cells, or non
— professionally immune cells such as epithelial cells. The innate immunity has no
memory compared to adaptive or acquired immunity, which is characterized by
antigenic specificity, diversity, memory, and self/non-self recognition and is
mediated mainly via B and T lymphocytes [1]. The network of cells, especially
dendritic cells (DCs) and macrophages, are well equipped with various pathogen-
associated molecular pattern recognition receptors (PRRs) or damage associated
molecular pattern receptors to recognize these wide variety of microbes, dusts, and
pollutants and thus trigger the initiation events of inflammation (figure 1)[2],[3].
PRRs recognize relatively invariant highly conserved molecular patterns expressed
by microorganisms, the pathogen-associated molecular patterns (PAMPs) and
endogenous danger signals, damage-associated molecular patterns (DAMPs). The
best-known examples of PAMPs include lipopolysaccharide (LPS) of gram-negative
bacteria; lipoteichoic acids of gram-positive bacteria; peptidoglycan;
lipoarabinomannan of mycobacteria; double-stranded RNA, which is produced by
most viruses during the infection cycle; and R-glucans and mannans found in fungal
cell walls. Several families of PRRs have been characterized so far, including Toll-like
receptors, RIG-I-like receptors, NOD-like receptors, and C-type lectin receptors [4].
These PRRs are expressed not only in macrophages and DCs but also in various
nonprofessional immune cells such as epithelial cells [4, 5]. The mammalian Toll-like

receptors (TLRs) are important signaling receptors in innate host defense. There are
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at least twelve TLRs in mammalian species that differ from one another in their
expression pattern, their ligand specificities, the signaling pathways they utilize, and
the cellular responses they induce. Some of the TLRs can recognize more than one
ligand, and again, these ligands can be structurally unrelated to each other.
Available evidence suggests that TLRs respond also to endogenous molecules, most
of which are released from dead cells (DAMPs), suggesting that TLRs can survey
danger signals and are associated with sterile inflammation and have important
roles in the pathogenesis of inflammatory diseases [4, 5]. Engagement of TLRs
activates multiple signaling cascades leading to the induction of genes involved in
innate immune responses. Binding of ligands followed by dimerization of TLRs
recruits adapter proteins such as myeloid differentiation factor 88 (MyD88), TIR-
domain-containing adaptor protein-inducing IFN-b (TRIF), TIR-associated protein
(TIRAP), and TRIF-related adaptor molecule (TRAM). MyD88 associates with IL-1R-
associated kinases (IRAKs), TNFR-associated factor 6 (TRAF6), while TRIF activates
interferon related factors (IRFs). Both pathways result in activation of nuclear factor
NF-kB [6]. A well studied example is Toll Like Receptor 4 (TLR4), that is known to
bind the Lipopolysaccharide (LPS) which is present on the Gram negative bacteria
cell wall [3, 7]. Once LPS is recognized by TLR-4, ligand binding to this receptor
triggers the formation of an intracellular complex between IRAK-1, IRAK-4, MyD88,
and TRAF-6 [7] [3, 8-12]. This complex seems to play an important role in the
internal signaling provoked by LPS stimulation and it could be the first step in the

activation of the MAPK and NFkB pathways [13-15].
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Figure 1. TLRs and their ligands. TLR2 is essential in the recognition of microbial lipopeptides. TLR1 and TLR6
cooperate with TLR2 to discriminate subtle differences between triacyl and diacyl lipopeptides, respectively.
TLR4 is the receptor for LPS. TLR9 is essential in CpG DNA recognition. TLR3 is implicated in the recognition
of viral dsRNA, whereas TLR7 and TLR8 are implicated in viral-derived ssRNA recognition. TLR5 recognizes

flagellin. Thus, the TLR family members recognize specific patterns of microbial components.

Macrophage activation phenotype
Macrophages have remarkable plasticity and extended flexibility that allows them
to efficiently respond to environmental signals and change their phenotype

respectively. These changes

iNOS

Akt1-|-| TNFa
IL-8

can give rise to different

populations of cells with

ACTIVATION Arginase
Ymi1

distinct functions. It has been Akt2-/- |Fizz1

EFECTOR

recognized that these changes RESOLUTION/TISSUE REPAIR

can be roughly categorized in

RECOGNITION

classical activation (M1) and

alternative macrophage
activation (M2) [16]. In general, ime ;

. . Figure 2.Polarization of macrophages and the involvement
classically activated € phag

of AKT isoforms

macrophages are “effector”

macrophages, activated through Toll-like receptors, interferon-y (INF-y), LPS and
tumor necrosis factor (TNFa) [16] (figure 2). These cytokines prime the cells towards
high production of iNOS and reactive oxygen species (ROS), IL-12 secretion and
high capacity to present antigen, leading to a type | response [16]. These cells
exhibit enhanced microbicidal or tumoricidal capacity, increased secretion of

cytokines and mediators, and higher expression of co-stimulatory molecules [17].
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Thus, M1 macrophages contribute to the development of inflammation and tissue
injury. On the other hand, alternatively activated macrophages are activated mostly
by interleukin-4 (IL-4) or IL-13. PAMPs that are expressed by helminths and
parasites as well as metabolic pathways of obesity and insulin resistance may also
drive the alternative activation of macrophages [18, 19]. M2 is characterized by high
levels of arginase-1 (Arg-1), found-in-inflammatory-zone-1 (Fizz1), chitinase-3-like-3
(Ym1), and macrophage galactose C-type lectin 1 and 2 (MGL1, 2) expression [20].
M2 macrophages participate in the resolution of inflammation, and are known to be
beneficial in the outcome of several inflammatory diseases [16, 21, 22] (Figure 3). In
M2 macrophages, arginase-1 antagonizes iNOS for the same substrate, L-arginine,
but produces urea instead of nitric oxide, compromising by this way the generation
oxidative stress [16, 21]. In general, the M2 phenotype is characterized by anti-
parasitic activity, tissue remodeling, wound healing and tumor sustained
progression through its immunoregulatory activity (Tumor Associated
Macrophages).

Another population of macrophages is the ‘tolerant macrophages”. Tolerance is
defined as the reduced capacity of a cell to respond to LPS activation after an initial
exposure to this stimulus ensuring that macrophages will not over-react to
sustained TLR stimuli [10]. Endotoxin tolerance is characterized by a decreased
production of cytokines in response to the proinflammatory stimulus. These cells
combine potent phagocytic activity with impaired capability for Ag presentation
[11]. Recent findings have shown that tolerant macrophages share many similar
characteristics with M2 macrophages and represent a distinct state of M2

polarization [23] .
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Figure 3. Schematic representation of macrophage plasticity and polarization in pathology. Dynamic changes
occur over time with evolution of pathology: for instance, a switch from M1 to M2 macrophage polarization

characterizes the transition from early to chronic phases of infection. Images adapted from reference [24].

Regulation of macrophage activation

Apart from the signaling cascades elicited by receptor stimulation, there is a
group of signaling pathways and regulatory genes which tune the polarization
program [25]. NFkB p65 subunit, STAT-1 phosphorylation and IRF-5 upregulation as
well as suppression of suppressor of cytokine signaling SOCS1 have been shown to
promote M1 activation [14, 21, 26-29]. For example, forced expression of IRF5 in
M2 macrophages drove M1-specific cytokines, chemokines, and costimulatory
molecules production and led to a potent Thl response. Moreover, induction of
M1-markers was impaired in irf5-/- macrophages[27]. Several other genes have
been found to specifically alter the ability of macrophages to undergo alternative
activation. The elements identified so far belong to the same families that control
classical activation, such as the NF-kB member p50, the IRF family member IRF4, the

C/EBP family member C/EBPB controlled by Creb, the STAT member STAT6 and NF-
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kB competitor PPAR- y [30-33]. Noncoding RNAs such as miR-155 have also been
shown to regulate macrophage polarization although their role in macrophage
polarization need to be further defined. In figure 4 the major transcription factor

pathways that control M1 and M2 activation are depicted.
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Figure 4. Signal pathways of macrophage polarization. The figure illustrates several mechanisms underlying
macrophage polarization and shows the feedback regulation between M1 and M2 signal pathways. The
feedback regulation between M1 and M2 are implemented by STAT1-STAT6, IRF5-IRF4, NF-kB-PPARy, AP1-
CREB, and AP1-PPARy, and they play essential roles in the initiation, development, and cessation of

inflammatory diseases [34].

Evidence shows that not only pathway-specific transcription factors and receptors,
but also cytosolic enzymes, and functionally distant genes can be regulators and
contribute to tuning and determining the macrophage activation profile. Within the
different signaling complexes, the PI3K pathway and its downstream mediators are
emerging as central for the elicitation and control of M1 and M2 macrophages. The
PI3K/Akt pathway do regulate macrophage activation pathways by regulating
cytokine and TLR4 receptor signaling [35] and by modulation of IKK phosphorylation
and NF-kB suppression[1]. However, the potential distinct function Akt isoforms in
macrophage differentiation remains elusive. Recently, our work has shown that

Aktl and Akt2 kinase isoforms have a major role in macrophage polarization.
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The role of Akt Kinases in macrophage activation.

Akt, also known as protein kinase B (PKB), is a family of three serine/threonine
protein kinases, Aktl, Akt2 and Akt3, important to control cell survival,
proliferation, differentiation and intermediary metabolism [36, 37]. The first two
are being expressed in most tissues including myeloid cells while the third is
expressed primarily in neuronal tissues. In general, Stimulation of macrophages
with the TLR4 agonist LPS activates PI-3K and its downstream targets, including Akt
kinases. Thus, activation of the PI-3K-Akt pathway suppresses LPS-activated MAPK
and NF-kB signaling cascades in monocytes and dendritic cells, resulting in
decreased production of TNF-a and other cytokines [38, 39]. Moreover, inhibition of
Glucogen Synthase Kinase-3 (GSK3) in vivo, a kinase that is phosphorylated and
inactivated by Akt, results in resistance to endotoxin shock [40] suggesting that
inhibition of Akt will render mice more sensitive to LPS. Consistent with these
observations, Akt overexpression in lymphocytes prevents sepsis-induced apoptosis
and improves survival in a cecal ligation and puncture (CLP) model of polymicrobial
sepsis [41]. Moreover, whereas macrophages deficient of the p85a subunit of PI-3K
are hyperresponsive, macrophages deficient of PTEN, a phosphatase that
antagonizes PI-3K, are hyporesponsive to signals associated with macrophage
activation [42]. Akt isoforms perform similar as well as unique functions within cells
as were revealed by knock-out mouse models. Knock out mice of Akt-1 exhibit
global growth defects (growth retardation) and reduced life duration, knockout of
Akt-2 results to insulin resistance and development of diabetes and Akt-3 knock out
seems to be implicated in the development of brain and neuronal survival [43, 44].
Despite their high homology, Akt isoforms regulate distinct physiological functions
via mechanisms including distinct tissue distribution of the Akt isoforms, differential
activation of the Akt isoforms by different PI3K kinases, and isoform specific
subcellular compartmentalization [45]. PI3 kinase is the major upstream regulator
and activator of Akt [46]. PI3K catalyzes the formation of a lipid second messenger,
PIP3 from PIP2. Then proteins that contain PH domains such as Akt kinases can bind
to PIP3 and can be activated. Activation of Akt is a complex process that can be

divided in three steps. First, Akt must translocate to the cell membrane through the
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interaction of its PH domain with PIP3 [47]. Binding to PIP3 induces a
conformational change in Akt (unfolding) which facilitates its further activation
through two additional independent phosphorylation events, in two specific sites
(Thr309 and Ser474) by upstream serine/threonine kinases, the PDK-1 and
mammalian target of rapamycin (mTOR) complex 2 (mTORC2/Rictor) [47]. Both
phosphorylation events are essential for the full activation of Akt [48]. Once upon
activation, Akt dissociates from the plasma membrane and phosphorylates many
substrates in the cytoplasm and the nucleus. Most of the substrates contain
conserved AKT phosphorylation sites (RXRXXS/T) [49]. There are also several
proteins such as protein phosphatase-2A (PP2A) and the PHLPP-1 (PH-domain
Leucine-rich repeat protein phosphatase-1) [50] that are direct or indirect inhibitors
of Akt. Apart from these, there are also several inhibitors of the upstream
molecules that indirectly inhibit the activation of Akt and the insulin signaling in
general. The most common is SHIP2 (SH2-containing inositol polyphosphate 5-
phosphatase-2) and phosphatase PTEN. Moreover, several natural and synthetic
inhibitors of PI3K, wortmannin and LY294002 respectively, reduce the level of PIP3
and prevent the phosphorylation and activation of Akt. Another study reported that
Aktl inhibition resulted in enhanced clearance and reduced intracellular growth of
Salmonella typhimurium and Mycobacterium tuberculosis [51]. The precise

mechanism by which Akt isoforms regulate macrophage activation is not known.

Inhibition of inflammatory response

The innate immune response is activated rapidly (within hours) compared with
adaptive immunity. Exposure of macrophages to endotoxin triggers a robust
response resulting in the transcription of numerous genes that contribute to the
inflammatory response. If inflammation is not resolved promptly, it progresses into
a chronic state in which the persistence of immune cells infiltrating the tissue is
associated with its destruction and fibrotic alteration. Also, overproduction of
cytokines by immune cells to overwhelm pathogens can lead to sepsis and can be
fatal [13]. Therefore, immune responses, physiologically, are tightly regulated to
avoid sustained activation and in many cases self-restricted via negative feedback

signaling loops. Inhibition of Toll-like receptor signaling is a major mechanism in
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suppression of immune response. For instance, in the case of TLR4, continual
stimulation with endotoxins shifts responsive cells into a transient anergic and
tolerant state, under which restimulation with LPS is unable to transduce the early
pro-inflammatory features, a phenomenon termed Endotoxin Tolerance [10]. This
altered status is believed to be the net result of an accordingly altered
transcriptional profile. Tolerant macrophages are characterized by the
downregulation of pro-inflammatory cytokines, the upregulation of anti-
inflammatory cytokines (and cytokine antagonists such as IL-1Ra) and decreased
antigen presentation capability, as conferred by the downregulation of MHC-II
molecules and CIITA. Thus, at the stage of endotoxin tolerance, a different set of
genes is expressed, that includes anti-inflammatory cytokines and negative
regulators of TLR signaling (Figure 5). It seems that activation of TLR signaling
pathway leads essentially to its own dampening. This involves either the
downregulation of key effector molecules in the TLR signaling pathway, such as the
TLR4 receptor [12], or the upregulation of negative regulators such as SOCS-1 [9],
A20 [8] and interleukin-1 receptor-associated kinase- M (IRAK-M), mitogen and
stress activated protein kinase (MSK) 1 and 2, TGF-b-activated kinase 1 (TAK1) and
the Src homology 2 domain-containing protein tyrosine phosphatase-1 and -2 (SHP-
1, -2)[52]. Regulation is also performed at a post transcriptional level, with the

modulation of miRNA expression via Akt kinases [14].
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Figure 5. Magniture of cellular response; at the stage of endotoxin tolerance, a different set of

genes is expressed, that includes anti-inflammatory cytokines and negative regulators of TLR

signaling.
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MiRNA regulation of macrophage activation

MicroRNAs (miRs) are small non-coding RNAs of about 19-22 nucleotides that

regulate multiple cellular functions via post-translational

expression, including ones involved in innate and
adaptive immune responses. MiRs bind to the 3’
untranslated region of target mRNA and direct
their post-transcriptional repression. In detail, miRs
are transcribed by RNA polymerase Il as part of
capped and polyadenylated primary transcripts
that are then cleaved by the Drosha ribonuclease Ill
enzyme to produce an approximately 70-nt stem-
loop precursor microRNA, which is further cleaved
by the cytoplasmic Dicer ribonuclease to generate
the mature microRNA and antisense microRNA
[53]. The microRNA s

products mature

incorporated into a RNA-induced silencing
complex, which recognizes target mRNAs through
base pairing with the microRNA and most
commonly results in translational inhibition or
destabilization of the target mRNA [53] (Figure 6).
Several miRs such as miR-146a, miR-221, miR-125b,

miR181c, miR-155 and let-7e, miR-98 have been

control of mMRNA

Ran-GTP /
N > Transport of \/\ Q ”

i

Ry"h
E/ —\
RNA Polymerase 11 o
y ! Transcription of %
DNA | ‘ s y pri-miRNA Z
RVTAY VAV Y N d
\J S 7 \ ™ ,‘S o
o, ‘,_Prrosha g

ty, § >~ Processing 7
R, . of pri-miRNAs

N into pre-miRNA é
& /7(.9 r/_‘

= Nucleus
o
R
R
S

pre-miRNA into A \
N the cytoplasm | Exportin 5/,‘

e R Pre-miRNA

Dicer AT
o XTI 1 :
...’
Processing of pre-miRNA
QURISG l into small RNA duplexes
Cytoplasm —
\}./ \ Delivery of RISC-miRNA
P complex to target mRNA
& ) v Sequence
Mature
miRNA
SUTR.  alil 3 UTR. ondil )
TMGpppG dddasiiisis PRERIREES P e Per T TT T ST 1111 AN
-K. Translation /

and stability
of mRNA

Figure 6. miRNA biosynthesis

identified to regulate TLR4 signaling and induce or maintain endotoxin tolerance

[54-56]. Among these miR-155, miR-21 and miR-146a, and let-7e appear to have a

central role (26-28). MiR-155, rapidly upregulated by NF-kB, is best characterized as

a pro-inflammatory miRNA because it enhances the production of inflammatory

cytokines in macrophages and other immune cell types. MiR-155 has been reported

to increase TNF-a production by stabilizing the TNFa transcript thus promoting M1

response and to targets the IL-13 receptor which promotes alternative macrophage

activation [57]. Interestingly, a recent study has shown that miR-155 delivery in

alternatively activated macrophages is sufficient to reprogram these cells toward a
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more pro-inflammatory M1 phenotype [58]. MiR-155 has been also shown to target
key molecules involved in TLR signal transduction TGF-beta-activated kinase 1
(TAK1)-binding protein (TAB)2, and SHIP1 [59]. SHIP1 negatively regulates the
PI3K/AKT1 pathway, therefore, SHIP1 repression by miR-155 may increase AKT1
signaling and promote alternative macrophage activation [60]. The aforementioned
data suggest that miR-155 induction by inflammatory signaling sustains or even
amplifies classical proinflammatory macrophage activation [61]. MiR-146a as a
potent inhibitor of inflammation blocks TLR signaling by targeting IRAK1 and TRAF6,
proteins that are important components of the myeloid differentiation primary-
response protein 88 (MyD88)-dependent pathway for NF-kB activation downstream
of TLR2, TLR4, TLR5, TLR7-TLR8 and TLR9. Mice with a targeted deletion of the miR-
146a locus were found to be hypersensitive to bacterial challenge to produce
excessive amounts of proinflammatory cytokines in response to endotoxin and
succumb to septic shock faster than the wildtype littermates [62]. MiR-146 deficient
mice also display severe tissue inflammation increased basal cytokine production,
as well as elevated titers of autoantibodies—all classical signs of autoimmunity.
Furthermore, aged knockout mice develop tumors in their secondary lymphoid
organs and undergo myeloproliferation, suggesting that miR-146a regulates
proliferation in immune cells [63]. Furthermore, miR-146a is necessary for the in
vivo suppressor function of Tregs [64] and it is found elevated in tolerant “M2-like”
macrophages [65]. MiR-146a has target sites in additional, though less well-
validated targets, which include IRAK2, STAT1, IRF5, SMAD4 and CXCRA4.

Other miRNAs that are important in controlling innate immune responses and
macrophage activation include miR-125b, let-7e, miR-223, miR-9, miR-21, miR-187
and miR-147 [66]. MiR-125b expression is upregulated in macrophages in response
to proinflammatory stimuli and finely tunes TNF-a production, NF-kB activation, and
IFN-g signaling in macrophages [60]. miR-125b has been shown to directly regulate
TNF-a 3'-UTR. Enforced expression of miR-125b drives macrophages to M1l
activation, whereas anti—-miR-125b treatment decreases CD80 surface expression
[24]. MiR-125b can also sustain pro-inflammatory cell activation by targeting the

transcription factor IFN regulatory factor (IRF)4 [67], which promotes alternative
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macrophage activation. Therefore, miRNA-mediated post-transcriptional regulation
is critical for innate immune cell response to microbial infection. Chen et al. have
shown that in human biliary epithelial cells (cholangiocytes), miRNA let-7i (one of
the isoform of miR-let-7) is downregulated in response to C. parvum or LPS,
whereas TLR4 is upregulated [68]. Their observation suggests that let-7i regulates
TLR4 expression in vitro. In mouse peritoneal macrophages, the induction of let-7e
expression in response to LPS decreases cell surface expression of TLR4, the mRNA
of which contains a let-7 target site. In this case, LPS signals activate Aktl, and let-
7e is upregulated in an Aktl-dependent manner. Thus, Aktl-/- macrophages have
exhibited increased responsiveness to LPS in culture and consistently Aktl-/- mice
do not develop endotoxin tolerance in vivo. Overexpression of let-7e in Aktl-/-
macrophages can restore tolerance to LPS in culture and in animals, indicating that
Aktl regulates the response of macrophages to LPS by controlling miRNA
expression [14]. Both miR-155 and miR-146a have attracted particular attention, as
they are responsive to a plethora of inflammatory stimuli including TLR ligands,
TNFa, IL-1b, type | and type Il interferons or RANKL in different cell types, including
macrophages [69-76]. Contribution of miR-146a and miR-155 in endotoxin tolerance
has been demonstrated in vivo in mouse models and in human disease. miR-146a
was indispensable for the development of endotoxin tolerance [77, 78].
Contribution of these miRNAs in endotoxin shock and tolerance can also occur
through their secretion in exosomes [79]. In humans, miR-146a appears to be
important in the development of innate immune tolerance observed in leukemic
patients [80]. Expression of both miRs has been associated with inflammatory
diseases including rheumatoid arthritis [81, 82], systemic lupus erythematosus [83],
nephropathy [84], atherosclerosis [85], infertility [86], periodontitis [87] and type 2
diabetes [88]. miRs are regulated at transcriptional and post-transcriptional level
[89]. miR-155 is transcribed within the BIC gene while miR-146a appears to be
intergenic [70]. Analysis of the gene promoters of these two miRNAs revealed that
both are regulated by NFkB [51, 70, 90], suggesting a common transcriptional

regulatory mechanism.

25



TLR4

e | e Jf n JSRRR

| Imvoss CYTOSOL
[ T |

— IRAKL ) IRAK4
TR l
—] TRaFs
RIP1 - J\
)
iR-146a — [IRF5
mif a [RF5 | Y
[Relh — /' |—» miR2L
NFKB

NUCLEUS

>
ES

Figure 7. Regulation of TLR signaling by microRNAs.

Epigenetic control of macrophage activation/inactivation

The term epigenetics refers to modifications that do not modify the genetic code
but instead control how information encoded in DNA is expressed in a tissue and
context-specific manner [91]. Epigenetic components and mechanisms are normally
interceded by posttranslational modifications (such as phosphorylation, acetylation,
methylation etc) of histones and other chromatin proteins that bind DNA, by
methylation and hydroxyl methylation of CoG DNA motifs, and by non-coding RNA
[92], [93], [94]. These epigenetic marks have been considered to be stable, possibly
transmissible to offspring, and to underlie steady differentiation into various tissues
and cell types that express distinctly different patterns of gene expression despite
containing identical DNA sequences and genomes. Lately it has become clear that
epigenetic chromatin marks are dynamically regulated in response to
environmental stimuli. Despite the fact that epigenetic marks are dynamically
regulated, they are normally more stable than the quickly fluctuating post-
translational modifications of upstream ‘traditional’ signaling proteins.
Subsequently, epigenetic changes that continue to carry on after the original
stimulus has ended, provide a mechanism for extending temporary short-lived
signals into a more stable and constant cellular response lasting quite a few hours

or days (or longer). A model that has been developed is that the ‘epigenetic
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landscape’ of a cell which includes the total patterns of DNA methylation, chromatin
modifications, and proteins pre-bound to gene regulatory regions (promoters and
enhancers) determines the accessibility for binding and therefore the genomic
localization of signaling transcription factors that are activated by acute signals.
[91]. Consequently, the pattern of gene expression in accordance to an external
stimulus is formed by the developmental history of a cell and previous
environmental exposures that have shaped the epigenetic landscape. The
epigenetic landscape, in turn, could be reformed in response to acute stimulation
and polarizing stimuli. Such remodeling of the epigenetic landscape helps to
eventually integrate signals and guides reprogramming of cells to change their gene
expression pattern in response to subsequent stimuli. This gene-specific regulation
occurs at the chromatin level and includes nucleosome remodelling and covalent
histone modifications. Histone methylation, as a mechanism for modifying
chromatin structure, is associated w ith gene regulation. Analysis of the epigenetics
of macrophage polarization until now has primarily focused on post-translational
modification of histones, with partial analysis of ATP-dependent nucleosome
remodeling. There is a huge amount of histone modifications, which can be
generally divided into positive and negative marks that promote or suppress
transcription, respectively. Table 5 shows the most broadly studied marks relevant
for macrophage activation / inactivation (polarization). Whereas trimethylation of
histone 3 lysine 4 (H3K4) is associated with active gene transcription, trimethylation
of H3K9, H3K27 and H3K79 are linked to silencing of gene expression. [95-97]. These
histone marks are ‘written’ and ‘erased’ by enzymes called chromatin regulators.
The pattern of histone marks forms a sort of ‘code’ that is ‘read’ by supplementary
chromatin regulators and transcriptional co-activators / co-repressors to determine
the rates of transcription initiation and elongation. Therefore, the equilibrium of
positive and negative histone marks at gene promoters and enhancers determines
transcription rates. The current chromatin state, defined by well-established
combinations of histone marks, determines basal transcription level, the extent and
kinetics by which a gene locus responds to extracellular stimulus[94]. A key concept
is that gene loci relevant for polarized macrophage phenotypes exist in three broad

states [2], [98], [91, 99]. First, there is a repressed state characterized by the
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presence of negative marks such as histone 3 lysine 9 trimethylation (H3K9me3)
and H3K27me3, absence of positive marks, and a closed chromatin conformation.
These genes are refractory to fast induction by activating stimuli. Second, there is a
poised state characterized by the existence of activating histone marks (H3K4me3,
H3K9, 14-Ac), chromatin conformation that is partially open, and in some cases, a
pre-bound RNA polymerase |l that is paused near the transcription start site.
Transcription at poised genes is controlled by concurrent presence of the repressive
histone marks such as H3K9me3 and H3K27me3, co-repressor complexes, and
partially closed chromatin that requires additional positive histone marks and ATP-
dependent nucleosome remodeling to be fully accessible to transcription factors.
Lastly, there is a third active state that is characterized by active histone marks, an
open chromatin conformation, and ongoing transcription. A complex biological
process such as endotoxin tolerance requires significant changes in gene expression
via specific transcription factors and histone modifications to ensure temporal gene
regulation [100, 101]. Histone acetylation is induced in response to TLR stimulation
in macrophages, and is involved in the expression of multiple pro-inflammatory
cytokine genes. Furthermore, trimethylation of H3K4 on cytokine gene promoters
was also shown to be induced in M1 macrophages in response to TLR stimulation,

indicating that a change in

[ Function | Location | Writer | Eraser |
P
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expression (figu re 8) [2] Figure 8. Histone marks that promote or suppress transcription
mPolycomb repressive

complex 2 (PRC2) composed of Ezh2, Suz12 and Eed mediate the methylation of
H3K27. On the other hand demethylases that are known to act on H3K27 by
catalyzing trimethylation of H3K27me3 to monomethylation H3K27me1l and harbor
a Jumoniji-C (JmjC) domain are Jmjd3 (also known as Kdméb), UTX and UTY, [88—90].

Importantly, the expression of Jmjd3 is induced by TLRs in macrophages via an NF-
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kB-dependent pathway. In view of the fact that H3K27 trimethylation is implicated
in the silencing of gene expression, it has been postulated that Jmjd3 is involved in
the fine-tuning of macrophage activation toward M1 by regulating a set of genes
such as Bmp2 and Hox [[102, 103]]. Expression of the M2 marker genes like Argl,
Ym1, Fizz1, MR and IL-13 was severely impaired in Jmjd3 deficient bone marrow
macrophages cultivated in the presence of M-CSF which induces M2 polarization.
This observation indicates that Jmjd3 is crucial for the expression of M2 marker
genes in bone marrow macrophages. Conversely, HDAC3 acts as a brake on IL-4-
induced M2 polarization by deacetylating putative enhancers of IL-4-induced M2
genes [104]. Consequently, Jmjd3 acts as a demethylase to induce M2 macrophage
polarization, although recent studies show a demethylase-independent role in
controlling chromatin remodeling [96]. Thus, both histone methylation and
acetylation are important for M2 polarization. In general chromatin
immunoprecipitation sequencing analysis shows that trimethylation of H3K27 is
enriched in the promoter regions close to the transcription start sites in bone
marrow macrophages. M2 marker genes, such as Ym1, Mrcl and Argl, were not
trimethylated at H3K27 either in the presence or in the absence of Jmjd3,
suggesting that these genes are not directly controlled by Jmjd3 through histone
modification. Conversely, H3K27 trimethylation of transcription factors such as Irf4
and CEBPb was differentially regulated between wild-type and Jmjd3 deficient
macrophages. Development of endotoxin tolerance in macrophages requires global
changes in gene expression, which is reflected in global changes of H3 methylation.
[6, 105-107]. A genome-wide analysis recently has shown the loss of H3K4me3
marks from the class of genes that they are not inducible in tolerant macrophages
selected genes upon development of endotoxin tolerance [6, 105]. However, no
information is yet available on histone modification changes of miRNA genes in the

process of endotoxin tolerance.
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Chromatin interactions

Accumulating evidence is consistent with the fact that the subnuclear localization of
chromatin is not random. It seems that each chromosome is localized in a limited
and specific space, called a ‘territory’, and DNA sequences within a chromosome are
organized into euchromatin or heterochromatin. As cellular differentiation
proceeds, changes in transcriptional activity are often coupled with changes in
subnuclear localization of chromosomes. For example, silent genes in developing B
and T cells are repositioned in the nucleus at pericentromeric heterochromatin.
Additionally, in some cases, large chromosomal loops containing active genes
extend outside of the defined chromosomal territories. In detail, genes contributing
toa

particular cellular function or cell fate can be coordinately regulated through long-
range chromatin interactions [108-115].

According to this mechanism, genes present on the same or different chromosomes

come in close proximity and utilize the same transcription factory by looping out of
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Figure 9. Genes present on the same or different chromosomes come in close proximity and utilize the same

transcription factory by looping out of their chromosome territories

their chromosome territories (Figure 9). Thus, genes are dynamically organized into
shared nuclear subcompartments, which ensure a common regulation of their
transcription. An example of such association is this of the Th2 gene locus with the
loci harboring the Th2 cytokines IL-4, IL-5 and IL-13, which are located on different

chromosomes [115]. These associated gene loci utilize common transcription
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factors to secure timely and coordinate gene regulation, necessary for massive
changes in gene expression that occur under conditions such as macrophage
activation and endotoxin tolerance. For the repositioning of specific genetic loci to
regions with active or silent transcription, transcriptional regulatory elements such
as locus control regions, enhancers or insulators are responsible.

Collectively, large chromosomal loops containing protein genes for a particular
cellular function or cell fate extend outside of the defined chromosomal territories
leading to dynamic intra- and interchromosomal interactions and subsequently to
co-ordinate regulation of these loci. Similarly to protein coding genes, recent results
have provide a novel insight into the 3D regulation of MIR transcription, highlighting
the existence of ‘transcription factories’ in the cell-defined chromatin space for co-
transcribing MIRs and protein-coding genes [116]. Besides this, Papantonis et al
have shown that miR-155 participates in NF-kB factories where TNF-a —responsive
genes - hosting miRNAs are co-associated and transcribed [117]. However, it is not
known whether chromatin interactions between gene loci harboring microRNAs
take place. In addition, whether intercromosomal associations facilitate expression
or silencing of genes during the development of endotoxin tolerance in

macrophages remains unknown.

Clinical significance of Endotoxin tolerance

Endotoxin tolerance is a phenomenon that renders cells or organisms exposed to
low concentrations of endotoxin (LPS) to enter into a transient unresponsive state
and become refractory to a further endotoxin challenge. Several studies have used
in vitro and in vivo models of endotoxin tolerance in order to reveal the molecular
mechanism. Randow et al showed that 1l-10 could lead to deactivation of
macrophages in response to LPS [118] while miR-146a, mimicking LPS induced
cross-tolerance, contributes to controlling TNF-a production and is critical for the in
vitro monocytic cell based endotoxin tolerance [65, 73]. However, the endotoxin
tolerant state is not restricted to sepsis and appears to be a general paradigm of
immunosuppression, as it has been observed for a number of pathologies such as

hepatic and renal ischemia, coronary occlusion, acute coronary syndromes, cystic
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fibrosis and even cancer [15, 119, 120], [121]. Several studies have elucidated the
mechanistic basis of immunosuppression across different diseases. Patients
suffering from gram-negative septicaemia [122] and acute coronary syndrome
[120], show a rapid increase in the negative regulator IRAK-M expression while
TNFa induction was poor in circulating monocytes. In cystic fibrosis patients, studies
demonstrated an endotoxin tolerant state in their circulating monocytes,
elucidating the significant role of TREM-1 [119]. In cancer, tumor associated
macrophages (TAMs) show an immunosuppressive phenotype similar to endotoxin
tolerance. TAMs show increased production of anti-inflammatory cytokines, IL-10
and TGFb and downregulation of inflammatory cytokines like IL-12p40 and TNFa
upon ex vivo LPS stimulation.

While endotoxin tolerance has been thought of as a protective mechanism against
septi

¢ shock and ischaemia, its incidence is associated with high risks of secondary

infections. It has been noted that
* Leukocyte activation
* Sepsis-associated
tissue injury

people who succumb from sepsis die  -Spemcitammaoy  Balanced

response (SIRS) response

after the end of the initial

* Leukocyte deactivation

* Sepsis-associated
immunosuppression

* Compensatory anti-inflammatory
response (CARS)

proinflammatory stimulus, probably ‘
from a second infection. Similarly, in
acute pulmonary syndromes and cystic

fibrosis, endotoxin tolerance relates to soou
pn?:msslon

an increased susceptibility to
nosocomial infectious. During sepsis or
other major inflammatory stresses, a
carefully orchestrated balance between

pro-inflammatory and anti-

inflammatory mediators within the host
organism is necessary in order to Figure 10. SIRS and CARS syndrome

counteract and restore homeostasis

from an inflammatory state (Figure 10). The excessive production of different or
redundant proinflammatory mediators (TNF-a, IL-1, IL-6, and IL-8) leads to a hyper-

inflammatory status and characterizes Systemic inflammatory response syndrome
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(SIRS). This potential destructive effect of excessive proinflammatory response has
to be reversed by the development of a compensatory anti-inflammatory response
syndrome (CARS). This systemic deactivation of the immune response is
characterized by cutaneous anergy, reduction of lymphocytes, decreased cytokine
response of monocytes to stimulation, decreased numbers of HLA antigen
presenting receptors on monocytes, expression of anti-inflammatory substances,
including IL-4, IL-10, IL-11, IL-13, soluble tumor necrosis factor receptors,
interleukin-1 receptor antagonists and transforming growth factors. However, a
deregulation of the balance between SIRS and CARS response can be lethal either
through uncontrolled inflammation or failure to defend against infectious
organisms. In fact, the balance of SIRS and CARS determines a patient's prognosis
after an insult. Moreover, many of the new medications meant to inhibit the
proinflammatory mediators may lead to deleterious immunosuppression. For this
reason there have been several studies with the aim to further understand the
correlation of CARS response and patient outcome and find CARS biomarkers as a
possible tool for prognosis and therapy. Despite the progress in revealing the
pathogenesis of CARS syndrome, the mechanisms that regulate this syndrome
(CARS) remain incompletely understood, while a biomarker for prognosis and
therapy is not found yet. The role of micro RNAs (miRNAs) in modulating immune
responses is appeared to be catalytic as they are involved in innate and adaptive
immune signaling pathways. Significantly, changes in miRNA expression have been
implicated in various disease states such as cardiovascular, autoimmune,
neurodegenerative, liver and inflammatory diseases, introducing the idea of
miRNAs as potential biomarkers for diseases. Many studies have been performed to
characterize the expression of various miRNAs both intracellularly and
extracellularly, advocating their potential role as biomarker for prognosis and
therapy. Diagnostic value of miRNAs was firstly noted in cancer and in acute stage
of diseases, such as drug induced liver injury. Recent studies demonstrate that miR-
150 and serum miR-146a and miR-223 might serve as potential biomarkers for
sepsis[123]. miR-155 and miR-146a are regulated by PI3K/Akt1 pathway and control
the magnitude of inflammatory responses. TLR signalling strongly induces miR-155

and miR-146a, enhancing or resolving the proinflammatory response, respectively,
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while ectopic expression of miR-146a/b inhibited 1I-6 secretion from primarly
human fibroblast [14, 22]. Furthermore, the expression of miR-155 and miR-146a
has been associated with inflammatory diseases including Rheumatoid arthritis [81,
82], Systemic Lupus Erythematosus [83], nephropathy [84], atherosclerosis [85],
periodontitis [87] and type 2 diabetes [88]. Subsequently, miR-155 and miR146a
dysregulation correlates with clinical manifestation an d inflammation, and
therefore may have potential role as biomarkers reflecting the severity of the
inflammatory response. Despite the ongoing studies, plasma remains one of the
best sources for measurement inflammatory mediators enabling a rapid
characterization of patient’s inflammatory status and correlation with mortality. As
predictor tool of the poor outcome, studies have focused on the anti-inflammatory
cytokine levels profile and mainly on the role of IL10, where high levels of it are
correlated with three or more organ dysfunctions and mortality. Even though the
causes of CARS can be diverse, patients share common features that are underlined
by impaired immune responses. The endotoxin tolerant state appears to be a
general paradigm of immunosuppression across different diseases. Studies
elucidating the molecular mechanism of endotoxin tolerance may provide clues in
understanding the mechanistic basis of immunosuppression in other pathologies
and give the possibility to manipulate macrophage responses by targeting

molecules that affect the tolerant state.

Delivery technologies of oligonucleotides for therapeutic use in vivo - Liposomal

formulations

RNA interference (RNAI) represents a highly promising approach for the selective
silencing of genes involved in the pathogenesis of inflammatory disease. RNAi by
oligonucleotides is a post-transcriptional pathway in which double-stranded RNA
(dsRNA) triggers the degradation of complementary mRNA in the cytoplasm of
eukaryotic cells. However, RNAi has only rarely been used in vivo in inflammatory
diseases, despite its potential for contributing to the understanding of disease
mechanisms and the development of novel therapeutics. This is due to the fact that

there is a lack of an effective delivery of oligonucleotides to immune cells and/or
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sites of inflammation. Numerous approaches for systemic and targeted delivery
technologies have been tested including the use of neutral liposomes [124] or
atelocollagen [125] in experimental allergic dermatitis, cationic liposomes in
experimental arthritis [126], and antibody-targeted stabilized nanoparticles in
experimental colitis [127]. Approaches based on cationic liposomes dominate today
due to the easy and reversible complex formation between oligonucleotides and
carrier and the efficient delivery of their cargo into cells. However, cationic carrier
systems bind oligonucleotides at their surface, leading to their serum aggregation
and rapid interaction with endothelial surfaces. This fact limits their in vivo
application, because of the limited penetration of such carriers into tissues and of
tolerability problems. Unlike cationic liposomes, amphoteric particles generated
from Novosom is a novel class of liposomes that are fully charge-reversible
particles, do not aggregate in the serum, penetrate beyond endothelia and
accumulate in the liver, spleen, and in sites of inflammation. These amphoteric
liposomes allow delivery of active substance (siRNA, antisense, decoy, etc.) inside
the cell either by local or systemic administration. The liposomal formulation is able
to change surface charge properties (zeta potential) with changes in solution pH.
The charge switch at acidic pH in fusion with the cell membrane during endocytosis
uptake, allowing escape of the nanocarriers into the cytoplasm to deliver the
therapeutic load. More precisely, these formulations are negatively charged under
physiological conditions. However, as the pH drops down to 5 or 4 during
endocytosis, the vector surface becomes neutral and eventually positively charged
which allows the release of the oligonucleotide cargo into the cytosol. This unique
property offers the advantage of stable and aggregate-free travel within the
bloodstream. This provides a known and controllable mechanism for endosomal
escape, a required feature for siRNA delivery. The product properties that play
significant role on the efficacy of the liposome are the following:

* Size particle

size

* Pl (Polydispersity index)
N/P: lipid/oligo

* Lipid concentration L

»
»
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* Oligo concentration P
* Lipid integrity

So far, there are siRNA delivery data in liver, inflammation and oncology. Andreakos
et al. have found that Nov038 is well tolerated, devoid of immune-stimulatory
effects, and efficacious in mediating systemic oligonucleotide delivery to sites of
inflammation [128]. In mice with collagen-induced arthritis, Nov038 enabled the
therapeutic administration of CD40-ASO and improved established disease via rapid
downregulation of CD40, inhibition of DC antigen presentation, and reduction in
collagen-specific T cell responses, as well as decreased levels of TNF-a, IL-6, and IL-
17 in arthritic joints. They found that this amphoteric carrier NovO38 penetrates
beyond endothelia and accumulates in sites of inflammation. The uniqueness of this
system is its amphoteric, charge- reversible character, achieved by the combination
of a novel, weakly cationic lipid, MoChol, which provides cationic charge at low pH,
and CHEMS, which is another pH-sensitive but anionic amphiphile, allowing delivery

of active substance inside the cell either by local or systemic administration.
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Materials and Methods

Animals

C57BL/6 mice were purchased from the Hellenic Pasteur Institute (Athens, Greece).
Akt17~and Akt1** mice [129, 130] were housed at the University of Crete School of
Medicine, Greece. All procedures described below were approved by the Animal
Care Committee of the University of Crete School of Medicine, Heraklion, Crete,
Greece and from the Veterinary Department of the Region of Crete (Heraklion,

Crete, Greece).

Cell culture

The murine macrophage cell line RAW264.7 and primary murine thioglycollate
elicited peritoneal macrophages were cultured as previously described [131] in
macrophage complete medium (DMEM: Dulbecco’s Modified Eagle Medium)
(GIBCO, Life technologies Corp, Carlsbad, CA) supplemented with 10% (v/v) FBS, 10
mM L-glutamine, 100 IU/ml penicillin and 100 pg/ml streptomycin. RAW264.7 cells
were tested by FISH analysis and found to be diploid at least on chromosomes 7, 8,
11, 16 and 17, and were kindly provided by Prof. P. Tsichlis, Tufts Medical School,
Boston, US. E.coli-derived LPS (100 ng/ml) (O111:B4; catalogue no. L2630; Sigma-
Aldrich) was used as described at the results section. Cells were harvested and
supernatants were collected at the indicated time points of LPS incubation and
stored at -80 °C until assayed for cytokine levels. Cell pellets were washed in PBS

and stored at -80 °C for total RNA extraction and subsequent analysis.
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ELISA

Cytokine concentration in serum for TNFa, and IL-10 was determined by ELISA at the
indicated time points using ELISA kits (R&D Systems), according to the

manufacturer’s instructions.

Transfection

Transient transfection using the Lipofectamine reagent (RNAimax, Life technologies
Corp, Carlsbad, CA) was performed as per the manufacturer’s instructions and as
described previously [73, 132, 133]. In short, a unique RNAi molecule was used in
each well prior to transfection and combined with diluted lipofectamine to form
complexes. Cells were added directly to the complexes and transfection was
performed while cells were attaching on to the well. 1x10° macrophages per well
were transfected with either 30nM of siRNA (small interfering RNA) for C/EBPf
(designed in Cenix Bioscience, Dresden, Germany) or negative control dsRNA in 24-
well tissue-culture plates in a volume of 500 uL serum-free/antibiotic-free DMEM
culture media. Cells were incubated at 37°C for 24 hours and then the medium was
replaced with the one prior to transfection. Transfection efficiency and biological
effect was assessed 48 or 72h hours post-transfection. For siAKT2 experiments, cells
were transfected with either 30 nM small interfering RNA (siRNA) for Akt2 designed
at Cenix Bioscience or with negative-control dsRNA. For miR-146a experiments,
transfection was carried out with 30 nM miR-146a mimic, and nontargeting controls

that were purchased from Ambion (Life Technologies).
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In Vitro Induction of Endotoxin Tolerance

An LPS-tolerance cell model using either the murine macrophage cell line RAW
264.7 or primary thioglycollate elicited peritoneal macrophages was adapted from
methods previously described with minor modifications [73]. Briefly, cells were
cultured in complete culture medium (DMEM: Dulbecco’s Modified Eagle Medium)
(GIBCO, Life technologies Corp, Carlsbad, CA) supplemented with 10% (v/v) FBS, 10
mM L-glutamine, 100 1U/ml penicillin and 100 pg/ml streptomycin) for 1 day and
viability was monitored by trypan blue staining and was found to be approximately
99%. Cells (300x 10° cells/ml) were seeded in 12 or 24-well tissue-culture platesin a
volume of 1 ml fresh complete medium and incubated with LPS (100 ng/ml) for 18
h. After two washes with tissue culture grade 1XPBS, cells were cultured in
complete culture media in a CO; incubator for 2 hours at 37 °C. In case of re-
stimulation, LPS (100 ng/ml, final concentration) was added for 2h. Supernatants

and cell pellets were harvested and stored at -80 °C until assayed.

RNA and miRNA isolation and quantitative PCR

RNA fro RAW264.7 macrophages or from primary thioglycollate-elicited peritoneal
macrophages was isolated using the Trizol reagent (Life technologies Corporation,
Carlsbad, CA). One pg of total RNA following DNAse treatment was used for cDNA
synthesis (TAKARA, Japan). The following oligonucleotides were used in semi-
quantitative RT-PCR approach: Pri-miR-155; Fwd: 5’-ACCCTGCTGGATGAACGTAG-3’;

Rev: 5-'CATGTGGGCTTGAAGTTGAG-3’; Pri-miR-146a; Fwd:5’-
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CACGGACCTGAAGAACACTGG-3’; Rev: 5'-AGAAATGAAATTAGAACACACATCAATCC-3;
C/EBPB; Fwd:5’- GGGGTTGTTGATGTTTTTGGTT- 3 Rev: 5-
TCACTTTAATGCTCGAAACGGA-3’; RPS9; Fwd:5'-GCTAGACGAGAAGGATCCCC-3’; Rev:
5’-CAGGCCCAGCTTAAAGACCT-3’; Hprtl; Fwd:5-CTGGTGAAAAGGACCTCTCG-3’;
Rev: 5’-TGAAGTACTCATTATAGTCAAGGGCA-3'. Ribosomal Protein S9 (RPS9) and
Hprtl served as control housekeeping genes. Annealing was carried out at 60°C for
30 sec, extension at 72°C for 30 sec, and denaturation at 95°C for 15 sec for 40
cycles in a 7500 Fast Real-Time PCR System (Life technologies Corp, Carlsbad, CA/
Applied Biosystems). The amplification efficiencies were the same as the one of
RSP9 or Hprtl as indicated by the standard curves of amplification, allowing us to
use the following formula: fold difference = 2*-(DCtA- DCtB), where Ct is the cycle
threshold. Reactions were performed in triplicate for statistical evaluation. To
isolate  micro-RNAs from RAW264.7 or thioglycollate-elicited peritoneal
macrophages, total RNA was isolated as described above. For cDNA synthesis and
gPCR of specific miRNAs, the following TagMan MicroRNA Assays (Life technologies
Corp, Carlsbad, CA) were used: mmu-miR-155; UUAAUGCUAAUUGUGAUAGGGGU;

hsa-miR-146a; UGAGAACUGAAUUCCAUGGGUU; SnoRNA135;
CUAAAAUAGCUGGAAUUACCGGCAGAUUGGUAGUGGUG. SnoRNA135 served as
housekeeping miRNA. Annealing and extension was carried out at 60°C for 30 sec
and denaturation at 95°C for 15 sec for 40 cycles in a 7500 Fast Real-Time PCR

System (Life technologies Corp, Carlsbad, CA).

Ex-vivo LPS-stimulated blood cytokine production in human peripheral blood

samples
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Peripheral blood samples from critically ill patients admitted in the ICU between
June and October 2009, were incubated with 100ng/ml LPS for 4h at 370 C.
Cytokine production in plasma of IL-8, IL-1B, IL-6 and IL-10 was measured by elisa
before or after the ex vivo LPS incubation. RNA was extracted from peripheral blood
leucocytes of critically ill patients by using trizol and miR-155 and miR-146
expression was evaluated by realtime PCR with Tagman technology (as described

above).

DNA and DNA-RNA fluorescence in situ hybridization

Cells attached onto poly-L-lysine-coated glass coverslips were incubated for 3 min in
Cytoskeletal (CSK) buffer (100 mM NaCl, 300 mM sucrose, 3 mM MgCl,, 10 mM
Pipes, 0.5% TritonX-100), fixed with 4% paraformaldehyde/1xPBS for 10 min,
washed three times with 1xPBS and stored in 70% ethanol at -20°C overnight.
Hybridization was carried out in 50% formamide, 2xSSC, 10% dextran sulphate, 1 ug
mouse Cot-1 (Invitrogen) and 100 ng fluorescently labelled BAC probe and after a 5
min denaturation of genomic DNA at 73°C coverslips were incubated for 16 hours at
37°C. Slides were washed three times for 5 min each in 2xSSC and mounted in
Prolong Gold antifade reagent supplemented with DAPI (Invitrogen). For the
generation of fluorescently-labeled DNA probes 2ug Bacterial Artificial
Chromosome (BAC) DNA [(miR-146a ID for BAC clone: RP23-390G17) (miR-155 ID
for BAC clone: RP24-278G19)], [(let-7e ID for BAC clone: RP24-308G19), [(TNF-a ID
for BAC clone: RP23-446C22) were labeled using a Nick translation kit (Roche/cat.

no 11745808910) supplemented with either 0.025 mM Spectrum Orange dUTP
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(Vysis), 0.025 mM Spectrum Green dUTP (Vysis) or 0.025 mM OBEA dCTP-647
(Invitrogen). The following primers were utilized in PCR reactions to confirm the
presence of each gene of interest in the BAC clones: MiR-146a; Fwd 5'-
GGCCTTCAGAGTTTGTTCCA- 3’; Rev 5'-GGCCTCATCTGGAGAGTCTG- 3’; MiR-155; Fwd
5-TTGCTGAAGGCTGTATGCTG- 3’; Rev 5'-ATCCAGCAGGGTGACTCTTG- 3’; Let7e; Fwd
5’-AAAGAAACAAGAAGACGGAC- 3’; Rev 5- ATCCCTTAGAGAAGACAATCTG- 3’ and
TNF-a; Fwd 5 -TTCCTCCTTATCTCTCATGC- 3’; Rev 5’-TGACTAAACATCCTTCGTCG- 3.
To detect DNA and RNA by FISH, cells attached onto poly-L-lysine-coated coverslips
were incubated for 3 min in CSK buffer (100 mM NaCl, 300 mM sucrose, 3 mM
MgCl;, 10 mM Pipes, 0.5% TritonX-100, 1 mM EGTA and 2 mM vanadyl-
ribonucleoside complex), fixed with 4% paraformaldehyde/1xPBS for 10 min,
washed three times with 70% ethanol and stored in 70% ethanol at -20°C
overnight. Hybridization was performed with biotinylated probes for 16 hours at
37°C after a 5 min denaturation at 73°C. The coverslips were washed at 37°C
sequentially with 2xSSC/50% formamide, 2xSSC, 1xSCC and 4xSSC. RNA signals
were amplified using the Renaissance TSA™ Biotin System (PerkinElmer). The
biotinylated DNA probes were prepared as follows: 1000bp genomic region
containing the pri-miR-155 or pri-miR-146a RNA sequence was PCR amplified and
cloned in a PCRII-TOPO TA cloning vector (Life Technologies). Nick-translated
biotin-labeled cloned DNA was used as a probe for the detection of the miR RNA
signals. The following pairs of primers were used for the amplification of the miR
loci: Pri-miR-155; 5’ACCCTGCTGGATGAACGTAG 3’; 5" CATGTGGGCTTGAAGTTGAG3’;

Pri-miR-146a; 5’AGCACTGTCAACCTGACACA 3’; 5 GGACCAGCAGTCCTCTTGAT 3'.
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Microscopy and image analysis

FISH signals were examined on a Leica SP8 confocal microscope unit and image
stacks were captured on a CCD camera with a step of 250 nm. The distances of
DNA-FISH signals were further analyzed using the Volocity image analysis software
(Improvision) by two independent investigators. Photomicrographs represent
merged confocal images but statistical analysis for locus proximity has been
performed for images of cells with preserved three-dimensional structure. As co-
localized we considered DNA FISH signals that were either touching (adjacent pixels)

or overlapping (overlapping pixels).

Chromatin immunoprecipitation

Chromatin from 15x10° 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, 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 1ImM PMSF) followed, and the cell pellet was incubated with 10ml cell lysis
buffer [5SmM PIPES (pH 8.0), 85mM KCl, 0.5% NP-40, 1ImM PMSF, complete protease
inhibitors] for 10 min on ice. The cells were lysed with 800 pl SDS lysis buffer (1%
SDS, 10mM EDTA, 50mM Tris—HCl pH 8.1) for 10 min on ice. Chromatin was

sonicated to an average length of DNA 500-1000 bp. Immunoprecipitation was
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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—HCI
pH 8.0, 167mM NaCl supplemented with protease inhibitors) and 5 pg of each
antibody. Samples were rotated at 40C overnight (1% of chromatin input was kept).
Next day each sample was mixed with 20 pL of magnetic beads and was rotated for
2 h at 40C. 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-HCI 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- HCI pH 8.8,
500mM NaCl supplemented with protease inhibitors), Buffer C [20mM Tris HCI (pH
8.0), 250mM LiCl, 1mM EDTA, 0.5% NP-40, 0.5% Na-Deoxycholate, 0.5 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 550C and then were incubated overnight at 650C 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 puL of 200mM 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: RNA Polymerase Il N-20
(sc899, Santa Cruz Biotechnology); NFkB p65 antibody-c-20x (sc 372x, Santa Cruz
Biotechnology); NFkB p50 antibody-c-19 (sc 1190, Santa Cruz Biotechnology);
C/EBPB antibody-c-19 (sc 150x, Santa Cruz Biotechnology); Anti-Histone H3

antibody (D2B12)/#4620 Cell Signaling (chip-formulated); Anti-Histone H3 (tri
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methyl K4) antibody (ab8580, Abcam); Anti-Histone (tri methyl K9) antibody
(ab6001, Abcam); Anti-Histone (tri methyl K27) antibody (Cat. No. 07-449, Upstate).
The following primer pairs were used for the amplification of the miR-155 and miR-
146a promoter regions in the ChIP experiments: MiR-146a: Fwd 5'-
ACTCCGTCTTGCAACGAACT- 3’; Rev 5-TCCCTTCTCAATTCCCTCCT - 3’; MiR-155: Fwd

5’TTTCGAGCCGGAGGTTCCA- 3’ Rev 5’-CGGCGACCCTTTTATAGCCC - 3.

Statistical analysis

All values were expressed as mean + SD. Comparison of results between different
groups was performed by non-parametric analysis (Mann-Whitney and t-test where
applicable), using GraphPadInStat (GraphPad Software, San Diego, CA). A P value

0f<0.05 was considered significant.
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Results

miR-146a and miR-155 are coordinately regulated in endotoxin tolerance

Several miRs (such as miR-146a, miR-221, miR-125b, miR-181c, miR-155 and let-7e,
miR-98) have been identified to regulate TLR4 signaling and induce or maintain

endotoxin tolerance.
MicroRNA gene signature in inflammatory processes in

Among these, miR-155 and primary macrophages

LPS-induced

miR-146a have been

implicated in both .

miR-155

miR-125b
——

macrophage activation and
miR-132 | TNFa-induc:
miR-16-1

IL1b-induced

development of endotoxin
miR-448

tolerance. miRNA arrays

Figure 1. miRNA arrays in primary macrophages revealed that miR-155,
have revealed that both miR-146a and miR-125b are being upregulated independent of the
inflammatory stimulus; LPS, IL-1b and TNFa all induce the expression of

. X these miRs.
miRs are being upregulated

from different inflammatory signals. LPS, IL-1b and TNFa all induce the expression of
these two miRNAs in macrophages (Figure 1). Since this induction was observed, |
questioned whether there is a possible common transcriptional regulatory
mechanism that affects the expression of these miRs. | analyzed the mechanism
that controls expression of miR-155 and miR-146a in response to LPS in naive and
endotoxin tolerant macrophages using the RAW264.7 cell line and mouse primary
macrophages. | found that both mature and immature (pri-miR) miR-155 and miR-
146a were induced upon LPS stimulation of naive macrophages while in endotoxin—
tolerant macrophages their expression was induced at much lower levels.
Chromatin immunoprecipitation (ChIP) analysis revealed that their genomic loci are

regulated by the same transcription factors, namely NFkB and C/EBPB. FISH
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experiments showed a monoallelic inter-chromosomal association between miR-
155 and miR-146a gene loci at the stage of endotoxin tolerance, which conferred
gene silencing. Genetic ablation of Akt1l, which was used as genetic tool to abrogate
endotoxin tolerance, changed miR155 and miR146a expression, altered NFkB/p65
and C/EBPB binding on their promoters and inhibited the induction of co-
localization of miR-155 and miR-146a gene loci, further highlighting the significance
of this association. These results demonstrate a coordinated mechanism regulating

the expression of miR-155 and miR-146a genes at the stage of endotoxin tolerance.

1. Induction of miR-155 and miR-146a expression by LPS is reduced at the stage of
endotoxin tolerance.

LPS stimulation activates macrophages and induces expression of both miR-155 and miR-
146a. Time-course analysis of miR-155 and miR-146a expression upon LPS treatment of
RAW264.7 macrophages revealed that pri-miR-155 and pri-miR-146a reached a peak
between 2 to 4 hours and then their levels declined (Figure 2A). The mature forms of the
same miRNAs were induced simultaneously; miR-155 peaked at 18 hours and declined
thereafter reaching the levels of miR-146a, suggesting that there is an additional, post-
transcriptional level of regulation (Figure 2B). When macrophages became endotoxin
tolerant, following an established protocol according to which they become hypo-

responsive to a subsequent LPS stimulation (Figure 3 and [73]), mature

miR-155 and miR-146a levels were not further increased (Figure 2C), while their transcripts

were only moderately induced (Figure 2D). These findings suggested the potential
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coordinated transcriptional regulation of miR-155 and miR-146a gene expression at the

stage of endotoxin tolerance.
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Figure 2. miR-155 and miR-146a are not further induced by LPS at the stage of endotoxin
tolerance.

(A) The microRNAs transcripts for pri-miR-155 and pri-miR-146a were measured in stimulated RAW264.7
macrophages with LPS for the indicated time course. (B) The mature forms of miR-155 and miR-146a were
measured in stimulated RAW264.7 macrophages with LPS for the indicated time course (C) Steady state RNA
levels of mature miR-155 and miR-146a were measured in naive, activated for 2h with LPS, endotoxin tolerant
and LPS-restimulated for 2h tolerant RAW264.7 macrophages (D) Pri-miR-155 and pri-miR-146a levels were
measured in naive, activated for 2h with LPS, endotoxin tolerant and LPS-restimulated for 2h tolerant
RAW?264.7 macrophages Results represent 3 independent experiments; (+tSD) *p, 0.05, **p, 0.01, ***p, 0.001

compared to unstimulated or tolerant macrophages.
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RAW 264.7

naive 2hLPS tolerized tolerized + 2h LPS

Figure 3. Induction of endotoxin tolerance.

TNF-a was measured in culture supernatants from naive, activated for 2h with LPS, endotoxin
tolerant and LPS-re-stimulated for 2h tolerant RAW264.7 macrophages. Results represent 3
independent experiments; (xSD) *p, 0.05, **p, 0.01, ***p, 0.001 compared to unstimulated or

tolerant macrophages.

2. Transcriptional regulation and H3 methylation status of miR-155 and miR-146a genes in
naive and endotoxin tolerant macrophages.

To evaluate the status of the transcriptional machinery of miR-155 and miR-146a genes at
the endotoxin tolerant state of macrophages, we assessed the binding of RNA Polymerase Il
to their respective regulatory sequences using chromatin immunoprecipitation (ChlP)
assays. RNA Polymerase Il binding was augmented following 2h LPS activation of naive
macrophages and was reduced in tolerant or LPS-restimulated tolerant macrophages
(Figured), in accordance with the reduced transcription of these miRs. Accordingly,
trimethylation of K4 of histone H3 (H3K4me3), a mark associated with transcriptionally
active chromatin was increased upon LPS stimulation of naive macrophages on both miR-
155 and miR-146a promoters (Figure 4B). H3K4me3 levels dropped upon LPS restimulation
of tolerant macrophages, supporting a negative regulation of miR expression at that stage.
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In agreement with this observation, trimethylation of K9 of H3 (H3K9me3), found in
silenced chromatin, was increased in the tolerant state, and then dropped upon LPS
restimulation (Figure 4C). These findings show that both miRs obtain the activation mark
H3K4me3 at the initial activation stage, while at the stage of endotoxin tolerance both miR
promoters were occupied by the repressive mark H3K9me3. Upon LPS-restimulation of
endotoxin tolerant macrophages, the ratio H3K4me3 to H3K9me3 did not change whereas

both active and repressive histone methylation marks were reduced.
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Figure 4. H3 methylation status of miR-155 and miR-146a genes in naive and endotoxin tolerant

macrophages.
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Cell lysates from naive, activated for 2h with LPS, endotoxin tolerant and LPS-re-stimulated for 2h tolerant
RAW?264.7 macrophages were used in ChIP experiments with a monoclonal antibody directed to (A) RNA Pol II,
(B) H3K4me3, (C) H3K9me3. Precipitated DNA was amplified using primer pairs against a region of the miR-155
and miR-146a promoters. All H3K modifications were normalized against total levels of H3. Results represent 3
independent experiments; (£SD) *p, 0.05, **p, 0.01, ***p, 0.001 compared to unstimulated macrophages, # p,

0.05, ## p, 0.01 compared to cells activated with LPS for 2h.

To identify transcription factors likely involved in the regulation of both miR-155 and miR-
146a transcription, we analyzed their promoter regions, based on published data [70, 134,
135] and on relevant software (Genomatix, Rvista, Patch) (Figure 5A). Both regulatory
sequences included putative NFkB and C/EBPB binding sites. ChIP experiments revealed
that binding of p65, the activation component of the NFkB complex, increased upon LPS
stimulated macrophages and not in LPS-tolerant macrophages. However p50, the inhibitory
component of the NFkB complex, was bound on both promoters at the stage of endotoxin
tolerance, but not upon LPS-treatment of naive macrophages (Figure 5B, C). C/EBPB, a
transcription factor associated with both transcriptional activation and suppression,
including silencing of miR-155 [136, 137], was bound on the promoter of both miRNA genes
in the naive state. C/EBPB binding was reduced upon LPS activation only on the miR-155
promoter and it occupied both miR-155 and miR-146a promoters in tolerant and
restimulated tolerant macrophages (Figure 5D). Knock-down of C/EBPB in RAW264.7 cells
(Figure 6A) resulted in up-regulation of pri-miR-155 and pri-miR146a in endotoxin-tolerant
macrophages, indicating that C/EBP participates in transcriptional suppression complexes
at the stage of LPS-tolerance (Figure 5E). Furthermore, C/EBPB depletion resulted in
increased TNF-a secretion upon LPS stimulation, supporting the role of C/EBPB as a

negative transcriptional regulator (Figure 6B).
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Figure 5. Transcriptional regulation of miR-155 and miR-146a genes in naive and endotoxin

tolerant macrophages.

miR-155 and miR-146a promoters include similar transcription factor binding sites. Schematic representations
of miR-155 (upper) and miR-146a (lower) gene loci on mouse chromosomes 16 and 11 are shown, respectively.
Putative binding sites for NF-kB (gray) and C/EBPB (black) transcription factors are shown (boxes). (B-D) Cell
lysates from naive, activated for 2h with LPS, endotoxin tolerant and LPS-re-stimulated for 2h tolerant
RAW264.7 macrophages were used in ChIP experiments with a monoclonal antibody directed to (B) NFkB/p65
and (C) NFkB/p50 (D) C/EBPB. Precipitated DNA was amplified using primer pairs against a region of the miR-
155 and miR-146a promoters. Results represent 3 independent experiments; (+SD) *p, 0.05, **p, 0.01, ***p,
0.001 compared to unstimulated macrophages. , # P, 0.05, ## p, 0.01 compared to cells activated with LPS for
2h. (E) Pri-miR-155 and pri-miR-146a RNA levels were measured in naive, activated for 2h with LPS, endotoxin
tolerant and LPS-re-stimulated for 2h tolerant RAW264.7 macrophages upon transfection with siRNAs for
C/EBPB or control siRNA (siNegF). Results represent 3 independent experiments; (xSD) *p, 0.05, **p, 0.01, ***p,

0.001 compared to transfected macrophages with siNegF.
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Figure 6. Suppression C/EBPB in stimulated RAW264.7 cells resulted in increased TNF-a secretion.
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A. C/EBPB levels were measured in naive, activated for 2h with LPS, endotoxin tolerant and LPS-re-stimulated
for 2h tolerant RAW264.7 macrophages upon transfection with siRNAs for C/EBPB or control siRNA (siNegF), in
order to validate the efficacy of the siC/EBPB. Results represent 3 independent experiments; (+tSD) *p, 0.05, **p,
0.01, ***p, 0.001 compared to transfected macrophages with siNegF. B. TNF-a was measured in culture
supernatants from naive and 16h LPS-stimulated RAW264.7 macrophages in which siRNAs targeting C/EBPP or
control siRNA (siNegF) was transfected. Results represent 3 independent experiments; (£SD) *p, 0.05, **p, 0.01,

***p, 0.001 compared to macrophages transfected with siNegF.

3. Monoallelic co-localization of miR-155 and miR-146a gene loci in endotoxin tolerant
macrophages.

Gene transcription can be coordinately regulated via the same transcription complex when
two gene loci are found in close proximity [114]. As both miRNAs were regulated by the
same transcription factors and responded similarly to LPS at the stage of endotoxin
tolerance, we examined whether miR-155 and miR-146a gene loci come in close proximity.
For this purpose, we analyzed the subnuclear localization pattern of the gene loci for miR-
155/bic and miR-146a, which are located on mouse chromosomes 16 and 11 respectively,
by DNA fluorescence in situ hybridization (DNA-FISH). Assessment of the percentage of cells
bearing co-localized FISH signals of the two miR loci based on the distance between the two
FISH signals. The results showed that the aforementioned loci came into proximity upon
endotoxin tolerance in RAW264.7 macrophages and this co-localization became even more
prominent in LPS-restimulated tolerant macrophages (Figure 7A), suggesting
interchromosomal association. The observed differences in the percentage of cells
harboring co-localized miR-155 and miR-146a alleles were not due to differences in the cell
volume, as this was not found to decrease at the LPS tolerant stage (Figure 8A). The
observed co-localization of the two loci was mono allelic in the conditions analyzed (Figure
7A), indicating that only one of the two alleles of each miRNA locus participates in this

association. Analyzing the subnuclear localization pattern of gene loci for let-7e, a micro-
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RNA known to participate in macrophage activation and endotoxin tolerance, no co-
localization with miR-155 gene locus was observed, indicating that the association of miR-
155 and miR-146a is specific rather than coincidental (Figure 8B). In addition, FISH analysis
of miR-155, miR-146a and TNFa, a cytokine gene known to be silenced at the stage of
endotoxin tolerance, did not reveal co-localization of the TNFa locus with any of the miRNA
gene (data not shown), suggesting that associations may be restricted to certain groups of

genes.

While bi-allelic gene expression can be considered the default state, several cases have
been reported where genes are transcribed only from one of the two alleles, while the
other remains in a heterochromatic inactive state [138-141]. To determine the allelic
expression profile of miR-155 and miR-146a, we performed RNA-DNA FISH experiments in
naive, 2h LPS-stimulated, endotoxin tolerant and LPS-re-stimulated endotoxin tolerant
RAW?264.7 macrophages, detecting either the miR-155 transcript (RNA) and the primary
miR-155 gene locus (DNA) or the primary miR-146a transcript (RNA) and the miR-146a gene
locus (DNA) (Figure 8C). We measured the percentage of cells expressing miR-155 or miR-
146a from one or both alleles. We found that the monoallelic to bi-allelic expression ratio
of miR-155 and miR-146a was increased upon induction of endotoxin tolerance. The
percentage of cells with bi-allelic expression of miR-155 and miR-146a was significantly
reduced from 25% to 2% and 20% to 4.5%, respectively (Figure 8D, E). To examine whether
the inter-chromosomal association of the two miR loci occurred in transcribed or silenced
alleles, we performed RNA-DNA FISH experiments simultaneously detecting the miR-155 or
miR-146a primary transcript together with the miR-155 and miR-146a gene loci (Figures 7B,
7C). The results showed that co-localization occurred primarily between alleles that were

not transcribed, which was more prominent when endotoxin tolerant cells were re-
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stimulated with LPS (Figures 7B, 7C). This observation indicated that the close proximity of

miR-155 and miR-146a gene loci resulted in silencing of miRNA transcription.

The reduction of miRNA expression in endotoxin tolerant cells was grater than what can be
accounted from silencing one allele, suggesting that transcription from the non-co-localized
allele may also be suppressed and remain in a state of low expression. At the stage of
endotoxin tolerance binding of the transcriptional repressors C/EBPB and NFkB p50 was
increased, while binding of the transcriptional activator NFkB p65 was decreased.
Accordingly, in endotoxin tolerant cells the ratio of p65/p50 bound on miR-155 locus
decreased 11 fold and the same ratio decreased 6-fold on miR-146a locus (Figure 9A).
Therefore the NFkB complexes in endotoxin tolerant cells favored the inhibitory p50
isoform, suggesting that the alleles that are not co-localized were also affected. The
transcriptional repressor C/EBPB was increased 3-fold on both promoters at the stage of
endotoxin tolerance (Figure 5D), when compared to LPS-stimulated cells, also suggesting
that this change may also affect the alleles that are not co-localized. Thus, changes on
transcription factor binding observed at the stage of endotoxin tolerance may not be
restricted to the co-localized allele but also affect the non-co-localized allele, allowing

reduced levels of expression.
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Figure 7. Monoallelic co-localization of miR-155 and miR-146a gene loci.

DNA FISH experiments were performed in naive, activated for 2h with LPS, endotoxin tolerant and LPS-re-
stimulated for 2h tolerant RAW264.7 macrophages for the detection of miR-155 and miR-146a gene loci. Graphs
depict the percentage of cells harboring miR-155 and miR-146a gene loci co-localization. The measurements
were performed in three-dimensionally preserved cell nuclei and 1000 cells were scored totally in 3
independent experiments for each state; (¥SD) *p, 0.05, **p, 0.01, ***p, 0.001 compared to unstimulated
macrophages. Scale bar 2uM. (B, C) RNA-DNA FISH experiments performed in naive and endotoxin tolerant

RAW 264.7 macrophages with a subsequent exposure to LPS for the simultaneous detection of either the
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nascent miR-155 gene transcript and the miR-155 and miR-146a gene loci or the nascent miR-146a gene
transcript and miR-155 and miR-146a gene loci. Arrows have been added to highlight miR-146a staining. Scale
bar 2uM. Graphs depict the percentage of endotoxin tolerant and re-stimulated macrophages with miR-155 and
miR-146a gene loci co-localization, monitoring in parallel the transcription status of the locus. The

measurements were performed in three-dimensionally preserved cell nuclei and 500 cells were scored in total
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Figure 8. Allelic expression profile of miR-155 and miR-146a.

A. For the DNA-FISH experiments presented in Figure 3A for each cell scored (total number of cells: 1000), we

measured the longest diameter of each individual cell. The measurements were performed in three-
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dimensionally preserved cell nuclei using the Volocity software. The average diameter of the cells we have
scored was 5.7+0.5 um for naive and 2h LPS stimulated macrophages and 7.410.5 um for tolerant and re-
stimulated endotoxin tolerant macrophages. Results represent 3 independent experiments; (+SD) *p, 0.05, **p,
0.01, ***p, 0.001 compared to unstimulated macrophages. B. DNA FISH experiments were performed in naive,
activated for 2h with LPS, endotoxin tolerant and LPS-re-stimulated for 2h tolerant RAW264.7 macrophages for
the detection of miR-155 and let-7e gene loci. The graph depicts the percentage of cells harboring miR-155 and
let7e gene loci co-localization. The measurements were performed in three-dimensionally preserved cell nuclei
and 500 cells were scored totally in 2 independent experiments for each state; Scale bar 2uM. C. RNA-DNA FISH
experiments performed in naive, activated for 2h with LPS, endotoxin tolerant and LPS-re-stimulated for 2h
tolerant RAW264.7 macrophages to simultaneously detect either the nascent miR-155 gene transcript and miR-
155 gene locus or the nascent miR-146a gene transcript and miR-146a gene locus. The percentage of cells with
either mono- or bi-allelic expression was measured in three-dimensionally preserved cell nuclei and 500 cells
were scored in total in 2 independent experiments for each state. The graphs depict the monoallelic/ bi-allelic
expression ratio and the percentage of cells with bi-allelic expression of miR-155 (D) and miR-146a (E) in LPS

stimulated naive and tolerant RAW264.7 macrophages.
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Figure 9. miR-146a levels are lower in Akt1” macrophages

A. Ratio of p65/p50 binding in miR-155 and miR146a promoter locus at the stage of LPS stimulation and
endotoxin tolerance . B. TNF-a and IL-10 were measured in culture supernatants from endotoxin tolerant and
LPS-restimulated primary Thioglycollate Elicited Peritoneal Macrophages (TEPMs) from WT and Akt1” mice.
Results represent 3 independent experiments; (xSD) *p, 0.05, **p, 0.01, ***p , 0.001 compared to WT TEPMs
macrophages. C. The microRNA transcript for pri-miR-146a and mature miR-146a were measured in stimulated
primary Thioglycollate Elicited Peritoneal Macrophages (TEPMs) from WT and Akt1” mice for the indicated time

points.

4. Co-localization of miR-155 and miR-146a gene loci is not induced in Akt1”

macrophages
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To extend the aforementioned observations to primary cells, we used thioglycollate-elicited
and LPS stimulated peritoneal macrophages (TEPMs) from C57BL/6 mice. Re-stimulation of
tolerized wild-type TEPMs resulted in reduced expression of both the mature (Figure 10A,
left panel) and the microRNA transcripts (Figure 10B, right panel) of miR-155 and miR-146a
(Figure 10A, B). Similar to RAW264.7 cells, in TEPMs co-localization of the two miRNA loci at
the stage of endotoxin tolerance was associated with transcriptional silencing since the co-
localized alleles did not express their miRNA transcripts (Figure 10C).

When Aktl” TEPMs were used as genetic tool for abrogation of endotoxin tolerance
[Reference [14] and (Figure 9B)], pri-miR-155 was more potently upregulated in response to
secondary LPS stimulation, compared to wild type macrophages (Figure 10C). Furthermore,
LPS- re-stimulated endotoxin tolerant wild type macrophages displayed enhanced induction
of pri-miR-146a compared to Akt1” macrophages (Figure 10D). The overall levels of pri-
and mature miR-146a were lower in Akt1” macrophages, possibly due to the fact that they

do not develop endotoxin tolerance (Figure 9B).
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Figure 10. Differential expression profile of miR-155 and miR-146a in TEPMS of Akt1”'mice.

Expression of mature and microRNA transcripts of miR-155 (A) and miR-146a (B) was measured in naive,

activated for 2h with LPS, endotoxin tolerant and LPS-re-stimulated for 2h tolerant primary thioglycollate
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elicited peritoneal macrophages (TEPMs) from wild type (WT) mice. Results represent 3 independent
experiments; (£SD) *p, 0.05, **p, 0.01, ***p, 0.001. (C) RNA-DNA FISH experiments performed in 2h LPS
activated and endotoxin tolerant TEPMs macrophages for the simultaneous detection of either the nascent
miR-155 gene transcript and the miR-155 and miR-146a gene loci or the nascent miR-146a gene transcript and
miR-155 and miR-146a gene loci. Graph depict the percentage of LPS-activated and endotoxin tolerant
macrophages with miR-155 and miR-146a gene loci, monitoring in parallel the transcription status of the locus.
The measurements were performed in three-dimensionally preserved cell nuclei and 500 cells were scored in
total in 3 independent experiments for each state. (D, E) Expression of pri- miR-155 and pri-miR-146a was
measured in WT and Aktl” macrophages at the stage of endotoxin tolerance and following secondary LPS

stimulation. Results represent 3 independent experiments; (+SD) *p, 0.05, **p, 0.01, ***p, 0.001.

To verify that the transcriptional machinery regulating transcription of these miRNAs is the
same in primary macrophages as in RAW264.7 cells, we performed ChIP experiments to
detect the recruitment of NFkBp65 and C/EBPB on miR-155 and miR-146a regulatory
elements. NFkBp65 was bound on both promoters upon LPS activation of primary naive
macrophages, which was abrogated in LPS-re-stimulated endotoxin tolerant cells. In Akt1”
macrophages, NFkBp65 was still recruited to the promoters of miR-155 and miR-146a genes
(Figure 11A, B left panel), in accordance with their active transcription state. C/EBPB was
bound on both promoters of endotoxin tolerant and re-stimulated tolerant wild type
macrophages but not in Akt1”" cells (Figure 11C, D right panel), further confirming its
contribution in suppressing the expression of these miRs. According to the different
expression profile of pri-miR-155 and pri-miR-146a and altered NFkB/p65 and C/EBPB
binding on their promoters in Akt1” macrophages, no increase in the co-localization of miR-
155 and miR-146a gene loci was observed. This finding further supports the significance of

this association at the endotoxin tolerant stage (Figure 12A, B).
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Figure 11. Differential regulation of NFkB and C/EBPB in TEPMs from Akt1”" mice

Cell lysates from naive, activated for 2h with LPS, endotoxin tolerant and LPS-re-stimulated for 2h tolerant

TEPMs from WT or Aktl” mice were used in ChIP experiments using monoclonal antibodies directed to

NFkBp65 (A,B) and C/EBPB (C,D). Precipitated DNA was amplified using primer pairs against regions of the miR-

155 and miR-146a promoters. Results represent 3 independent experiments; (+SD) *p, 0.05, **p, 0.01, ***p,

0.001 compared to unstimulated macrophages.
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=
3

23
S

% of co-localized cells

WT
TEPMS
2hLPS

Pri-miR-155 Pri-miR-146a
tolerized

WwT
TEPMS
Tolerized

(A, B). DNA-FISH experiments were performed in naive, activated for 2h with LPS, endotoxin tolerant and LPS-
re-stimulated for 2h tolerant TEPMs from WT (A) or Akt1” (B) mice for the detection of miR-155 and miR-146a
gene loci. Graphs depict the percentage of TEPMs harboring co-localized miR-155 and miR-146a alleles. The
measurements were performed in three-dimensionally preserved cell nuclei and 500 cells were scored in total
in 2 independent experiments for each state; (+SD) *p, 0.05, **p, 0.01, ***p, 0.001 compared to unstimulated

macrophages.
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Figure 13. miR-155 and miR-146a share common regulatory events during macrophage activation and
development of endotoxin tolerance. A. Schematic representation of transcription factor binding and histone
modification at the activation and endotoxin tolerance stages. B. At the naive state, C/EBPB and p50 were
bound on the promoter of both miRNA genes. Upon LPS treatment, the transcription is induced from one or
both alleles, which are marked with H3K4 tri-methylation, and NFkB-p65 was recruited while C/EBPB binding
was reduced. At the stage of endotoxin tolerance one of the two alleles of each gene came into proximity
conferring transcriptional silencing. C/EBPB and NfkB-p50 occupied both miR-155 and miR-146a promoters in

tolerant and re-stimulated tolerant macrophages, which were primarily marked by H3K9 tri-methylation.
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Regulation of microRNAs by Akt isoforms and their role in macrophage

polarization

Aktl controls macrophage response to LPS by regulating microRNAs

Akt kinases play central role in innate immunity as they are activated by TLRs and
cytokine receptors and contribute to the inflammatory response. Aktl and Akt2
kinases were recently found that hold a key role in the regulation of macrophage
activation phenotype. The role of Aktl in the regulation of microRNA expression in
LPS stimulated macrophages was examined further. LPS-treated Aktl- /-
macrophages expressed higher cytokine production (figure 14), failed to induce let-
7e (data not shown) and expressed higher levels of miR-155 and pri-miR-155 (figure
15, figure 16). In silico analysis and transfection studies revealed that let-7e controls
TLR4 while miR-155 targets SOCS1 and that these miRNAs are under the control of
Aktl. Given the increased response of Aktl- /- macrophages to LPS and reduced
induction of SOCS1 (figure 17), we questioned whether ablation of Aktl interferes
with the development of endotoxin tolerance. When macrophages are exposed to
an initial LPS stimulus they initiate tolerance mechanisms and upon re-stimulation
they fail to effectively produce pro-inflammatory cytokines. BMDMs were,
therefore, tolerized with an initial LPS treatment for 6 hours, culture media were
changed and cells were exposed to a second LPS stimulus for different time periods.
The results showed that while Aktl+/+ macrophages became tolerant to
subsequent LPS stimulation and produced low amounts of pro-inflammatory
cytokines, Aktl-/- macrophages continued to produce pro-inflammatory cytokines

in response to the second LPS stimulus. Therefore, Aktl- /- macrophages were
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hyperresponsive to LPS and failed to develop endotoxin tolerance in culture and in
vivo (figure 18). The molecular mechanism is described in more detail. In mouse
peritoneal macrophages, the induction of let-7e expression in response to LPS
decreases cell surface expression of TLR4, the mRNA of which contains a let-7 target
site. In this case, LPS signals activate Aktl, and let-7e is upregulated in an Aktl-
dependent manner. Our transfection studies have revealed that let-7e represses
TLR4 and that miR-155 represses SOCS1, two proteins critical for LPS-driven TLR
signaling, which are thought to regulate endotoxin sensitivity and tolerance. Thus,
Aktl-/- macrophages have exhibited increased responsiveness to LPS in culture
and consistently Aktl-/- mice do not develop endotoxin tolerance in vivo.
Overexpression of let-7e in Aktl-/- macrophages can restore tolerance to LPS in
culture and in animals, indicating that Aktl regulates the response of macrophages

to LPS by controlling miRNA expression [14].
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Figure 14. LPS-treated Akt1- /- macrophages expressed higher cytokine production
Primary macrophages from Aktl+/+ and Aktl- /- mice were stimulated for 4 hours with LPS. TNF-a and IL-6
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expression was analyzed by elisa. Results are representative of three independent experiments (+SD);
**p<0.01***p<0.001.
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Figure 15. LPS-treated Aktl- /- macrophages expressed higher levels of miR-155

Primary macrophages from Aktl+/+ and Aktl- /- mice were stimulated for 4 hours with LPS and miR-155
expression was analyzed by real time RT-PCR. Results are representative of three independent experiments

(£SEM); ***p<0.001.
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Figure 16. Aktl regulates miR-155 at the transcriptional level

Expression of the pri-miR-155 was measured in LPS-stimulated Aktl+/+ and Aktl- /- primary BMDMs.
**%5<0,001 compared to LPS-stimulated Aktl+/+ macrophages; ###p<0.001 compared to unstimulated
AKT1+/+ macrophages.
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Figure 17. Aktl regulates the expression of SOCS1

Primary thioglycollate-elicited peritoneal macrophages from Aktl- /- and Aktl+/+ mice were treated with LPS
for 6, 12 or 24 hours. The LPS- induced expression levels of SOCS1 mRNA were measured by Real-Time PCR.

Results represent 3 independent experiments (£SEM). **p<0.01, ***p<0.001 compared to unstimulated cells.
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Figure 18. AKT1 kinase regulates endotoxin tolerance via microRNAs

69



Akt2 ablation results in reduced levels of miR-155 and increased expression of its

target C/EBP, a key regulator of M2 polarization.

The M2 phenotype in Akt2-/- macrophages was due to increased C/EBPB expression,

mediated by down-regulation of miR-155.

Further insight into the molecular mechanism of miR-155 and miR-146a regulation
upon different stages of macrophage activation, revealed the essential role of Akt
kinases in determining M1/M2 polarization via these microRNAs. Activated
macrophages are described as classically activated or M1 type and alternatively
activated or M2 type, depending on their response to pro-inflammatory stimuli and
the expression of genetic markers. It is known that M1 macrophages stimulated
with LPS express high levels of TNF-a, IL-6, and iNOS, produce high levels of the
iNOS catalytic product, NO [21], and are prominent in the acute phase of
inflammation whereas LPS-stimulated M2 macrophages produce reduced levels of
all these molecules. M2 macrophages are characterized by high levels of arginase-1
(Arg-1), found-in-inflammatory zone-1 (Fizz1), chitinase-3-like- 3 (Ym1), and
macrophage galactose C-type lectin 1 and 2 (MGL1, MGL2) and participate in the
resolution of inflammation.

Data from our lab have shown that LPS stimulated Aktl-/- macrophages also
express high levels of iNOS and produce high levels of NO, TNFa, and IL-6 [22].
However, LPS stimulated Akt2-/- macrophages produce low levels of these
proinflammatory mediators (figure 19). The aim of our study was to analyze the role
of AKT kinase in polarization of macrophages and in regulation of miRs, giving a
further sight in modulating macrophage response. These data suggest that the

ablation of Aktl may give rise to an M1, whereas the ablation of Akt2 may give rise
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to an M2 macrophage phenotype. Thioglycollate elicited Akt2-/- peritoneal
macrophages expressed high levels of Argl at both the mRNA and protein levels
and exhibit high Argl enzymatic activity. Moreover, LPS treatment induced Argl
activity in WT and Akt2-/-, but not in Aktl-/- macrophages [22] (figure 20B).
Expression of high levels of Argl and increased arginase activity is one of the
hallmarks of M2 macrophages. Argl converts L-arginine to urea and ornithine,
competing with iNOS, which converts it into NO. By inhibiting NO production, Argl
promotes the M2 phenotype and contributes to the suppression of the M1
phenotype. Arginase activity can also be induced by IL-4, which promotes M2
differentiation of macrophages. The expression of Argl and the M2 polarization of
macrophages are regulated primarily by C/EBPB and STAT6 [142]. We found that
Akt2-/- macrophages express elevated levels of C/EBPB compared with their
respective WT controls or Aktl-deficient cells (figure 20A). On the other hand,
STAT6 phosphorylation was not affected by the ablation of either Aktl or Akt2 in
macrophages. These results suggest that the M2 phenotype promoted by Akt2
ablation or knocking down was due to altered C/EBPB expression[22]. Indeed,
chromatin immunoprecipitation (ChlIP) experiments showed increased binding of
C/EBPB on Argl promoter in Akt2-/- macrophages (Figure 21). C/EBPB expression is
regulated posttranscriptionally by the microRNA miR-155, which targets its 3" UTR
[142]. Earlier work from our group had shown that Akt1 ablation promotes miR-155
expression in LPS-stimulated macrophage [14]. Measuring miR-155 in Akt2-/-
macrophages revealed that Akt2 ablation had the opposite effect, reducing miR-155
expression in both resting and LPS-activated macrophages (Figure 22A). These

results suggest that the down-regulation of miR-155 in Akt2-/- macrophages
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results in the up-regulation of its target C/EBPB and, consequently, the induction of
Argl, a hallmark of M2 macrophage polarization. Introduction of miR-155 into
Akt2-/- macrophages suppressed C/EBPB and Argl expression and resulted in
increased LPS-induced iNOS expression (figure 22B), suggesting that miR-155 up-
regulation can restore the M1 phenotype in these cells. Suppression of miR-155
with antisense-miR-155 augmented C/EBPB and Argl levels in Aktl-/-
macrophages and suppressed LPS-induced iNOS expression. Induction or
suppression of miR- 155 modulated C/EBPB, Argl, and LPS-induced iNOS expression
in WT macrophages. Overall, these results indicated that miR-155 was, at least
partly, responsible for the differential phenotype observed in Aktl-/- and Akt2-/-
macrophages. Collectively, Argl is primarily regulated by the transcription factors C/
EBPB and STAT6. Ablation or knockdown of C/EBPB abrogates Argl expression and
M2 differentiation. Ablation or knockdown of Akt2 enhances C/EBPB expression and
its binding to the Argl promoter, suggesting that the M2 phenotype observed in
Akt2-/- macrophages is mediated by C/EBPB. C/EBPB is regulated by miR-155,
which is differentially regulated by Aktl and Akt2 in macrophages. The ablation or
knockdown of Akt2 inhibits the expression of miR-155, suggesting that the up-
regulation of C/EBPB and Argl in Akt2-/- macrophages is, at least partly, due to

miR-155 suppression.
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Figure 19. In LPS -treated Akt2-/- macrophages, lower levels of IL-6 and TNF-a are produced.

Primary macrophages from WT and Akt2- /- mice were stimulated for 24 hours with LPS. TNF-a and IL-6
expression was analyzed by elisa. Results are representative of three independent experiments (+SD); *p,
<0.05**p<0.01***p<0.001.
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Figure 20. Akt2-/- macrophages expressed high levels of C/EBPB and Argl.
Expression of C/EBPB (D) or Argl (E) was measured by realtime RT-PCR in macrophages transfected with miR-

155 or as-miR-155 or scrambled RNA (control).
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ChIP of C/EBPB in WT and Akt2-/- macrophages and PCR quantification using primers flanking the
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Figure 22. In naive and LPS -treated Akt2-/- macrophages, miR-155 and iNOS are downregulated

(a) miR-155 expression was evaluated in LPS-stimulated (24 h) and unstimulated WT and Akt2-/- macrophages.

(b) iNOS expression was measured by real-time RT-PCR in macrophages transfected with scrambled RNA

(control),miR-155, or asmiR-155 and stimulated with LPS for 6 h.
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Akt2 suppression and miR-146a induction promote the M2 macrophage phenotype

As analyzed previously, ablation or knockdown of Akt2 leads to a M2 phenotype by
enhancing C/EBPB expression. Further insight into M2 phenotype is supported by
data recently published from our lab [135]. My aim was to further examine the
molecular mechanisms involved in the regulation of the macrophage phenotype M2,
focusing on the roles of Akt2 and miR-146a that it is already known as suppressor of M1
phenotype and significant regulator of endotoxin tolerance. At first place, in co-operation
with Cenix Bioscienece, we designed siRNAs for AKT2 for transfection of RAW264.7 cells and
primary macrophages (BMDMs) and validated their efficacy (figure 23). In parallel, we
evaluated the expression pattern of M1/M2 polarization marker (IRAK1, TRAF6), knocking
down the AKT2 with the siRNA (figure 24). Finally, given the important role of miR- 146a in
suppression of excessive macrophage activation and induction of endotoxin tolerance, we
transfected RAW264.7 and primary macrophages with mimic miR146a, and analyze the
expression of affected genes such as IRAK1, TRAF6, iNOs, TNF-a (figure 25,26). Overall, we
found that Akt2 deficiency resulted in a significant upregulation of miR-146a, which
is of critical importance in suppressing the M1 phenotype (figure 27). miR-146a
transfection in WT macrophages was able to inhibit iNOS induction while miR-146a
suppression in Akt2-/- mice resulted in upregulation of iNOS expression.
Furthermore, overexpression of miR-146a in WT macrophages induced expression

of the transcription factor C/EBPP (data not shown).
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Figure 23. Validation of the efficacy and the stability of the siAKT2
(a) Expression of AKT2 was measured by real time PCR in RAW264.7 macrophages that were transfected
with different siRNAs for Akt2 (AKT2_1, AKT2_2, AKT2_3), and different modifications of the same
siRNA (AKT2_1 modification a/b/c, AKT2_2 modification a/b/c, AKT2_3 modification a/b/c).
(b) Expression of AKT2 was measured by real time PCR in naive and activated with 4h LPS primary
BMDMs that were transfected with different siRNAs for Akt2 (AKT2_1, AKT2_2, AKT2_3), and different

modifications of the siAKT2 AKT2_2 modification a/b/c)

A 15-
0
©
>
2 1.04
<
=
£
o 0.5+
x
<
0.04 T
untransfected Akt2 mod.A
B C
159 1.54
«n 2
° °
> >
210 =10
< <
=
z &
£ £
§ 0.5+ % 0.54
& g
0.0 T 0.04 T
untransfected Akt2 mod.A untransfected Akt2 mod.A

Figure 24. Evaluation of IRAK1 and TRAF6, knocking down the AKT2 with the siRNA
(a) Expression of Akt2 mRNA was measured by real time PCR in RAW264.7 macrophages transfected with the

siAKT2_2mod a, evaluating the efficacy of the siRNA.
(b) Expression of IRAK1 mRNA was measured by real time PCR in RAW264.7 macrophages transfected with the

SiAKT2_2mod a.
(c) Expression of TRAF6 mRNA was measured by real time PCR in RAW264.7 macrophages transfected with the

SiAKT2_2mod a.
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Figure 25. Dose optimization of mimic miR146 in macrophages with different concentrations

(a) Expression levels of INOS were evaluated by real time PCR in naive and activated with LPS (for 4h) RAW264.7
macrophages transfected with different doses (30nM & 15nM) of mimic miR-146a and negative factor as

control (NF1&NF2)
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Figure 26. MiR-146a effect on macrophage phenotype

(a) Expression levels of IRAK1 were evaluated by real time PCR in naive and activated with LPS (for 4h)
RAW264.7 macrophages transfected with different doses (30nM & 15nM) of mimic miR-146a and
negative factor (NF1&NF2)

(b) Expression levels of TRAF6 were evaluated by real time PCR in naive and activated with LPS (for 4h)
RAW264.7 macrophages transfected with different doses (30nM & 15nM) of mimic miR-146a and
negative factor (NF1&NF2)

(c) Expression levels of INOS were evaluated by real time PCR in naive and activated with LPS (for 4h)
RAW264.7 macrophages transfected with different doses (30nM & 15nM) of mimic miR-146a and
negative factor (NF1&NF2)

(d) Expression levels of TNFa were evaluated by real time PCR in naive and activated with LPS (for 4h)
RAW264.7 macrophages transfected with different doses (30nM & 15nM) of mimic miR-146a and

negative factor (NF1&NF2)
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Figure 27. miR-146a levels are higher in Akt2”" macrophages

miR-146a expression was evaluated in unstimulated WT and Akt2-/- macrophages *P < 0.05 compared with

macrophages from WT mice.
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Functional significance of miR-155 and miR-146a in sepsis in humans

Association of miR155 and miR146 expression with LPS responsiveness of peripheral
lymphocytes and the development of Compensatory anti inflammatory response

syndrome (CARS)

Elucidating the role of miR-155 and miR-146a in macrophage polarization and endotoxin
tolerance, it remains clear that these microRNAs participate in regulating immune
responses of septic patients or patients with compensatory anti-inflammatory response
syndrome (CARS). In fact, the mechanisms that regulate this compensatory anti-
inflammatory response syndrome (CARS) remain incompletely understood. Even
though the causes of CARS can be diverse, patients share common features that are
underlined by impaired immune responses. These critically ill patients often present
impaired immune responses as a result of an exaggerated anti-inflammatory
response to their initial inflammatory stimulus, resulting in susceptibility to
infections and increased mortality. The impairment of patients’ immune response
can be evaluated by the ex-vivo LPS-stimulated blood cytokine production (figure
28A). The LPS responsiveness was evaluated in peripheral blood samples from
critically ill patients admitted in the ICU between June and October 2009, including
sepsis, trauma, and H1N1-infected patients. Specimens were divided as non-
responsive (group A) and responsive (group B) to LPS treatment as measured by
cytokine production following exposure to LPS (figure 28B). To further investigate
the physiological and clinical significance of these miRs in sepsis, their expression
profile was analysed in peripheral blood cells from both groups. The results showed

that miR-155 and miR-146 levels were higher in samples of patients whose
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peripheral blood did not respond to LPS compared to those that responded,
suggesting that increased miR-155 and miR-146a may be causally associated with
the development of CARS (figure 29). HIN1 patients, a cohort of patients with
severe CARS, had reduced LPS-stimulated blood cytokine production. In addition
H1N1-infected patients had higher serum levels of IL-10, both prior and after LPS
stimulation, compare to other critically ill patients with reduced LPS-stimulated
blood cytokine production, indicating that in H1N1l-infected patients, this
impairment in immune responses is associated with high levels of IL-10 in the serum
(figure 30). In total, miR-155 and miR-146 expression was increased in critically ill
patients with impaired immune responses underlying that these miRs may be used
as potential novel molecular biomarkers of macrophage sensitivity and CARS

syndrome.
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Figure 28. Ex vivo LPS responsiveness of peripheral blood samples from critically ill patients

(A) Schematic presentation of the experiment: Peripheral blood samples from critically ill
patients admitted in the ICU between June and October 2009, were incubated with
100ng/ml LPS for 4h at 370 C. (b) Cytokine production in plasma of IL-8, IL-1B, IL-6 and IL-10
was measured by elisa before or after the ex vivo LPS incubation. Specimens were divided
as responsive and non-responsive to LPS treatment depending on the analysis of cytokine

production.
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Figure 29. Increased miR-155 and miR-146a expression in non-responsive to LPS group

RNA was extracted from peripheral blood leucocytes of critically ill patients that they devided into two
groups depending on their responsiveness to ex vivo LPS (group A and B) and miR-155 and miR-146 expression

was evaluated by realtime PCR.
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Figure 30. HIN1-infected patients present severe CARS

(a) 1110 cytokine was estimated by elisa in patients with CARS with or w/o infection of HIN1. (b)
Peripheral blood samples from H1N1-infected patients were incubated with 100ng/ml LPS for 4h at
370 C. Cytokine production in plasma of IL-8 and IL-10 was measured by elisa before or after the ex

vivo LPS incubation
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In vivo transfer of nucleic acids for therapeutic purposes

Production of liposomal formulations carrying miRNAs or antagomirs

Given the importance of miR-155 and miR-146a in the regulation of endotoxin tolerance
and in modulating macrophage responses in cell culture models, mouse models and in
patients, our aim was to investigate potential ways for transferring miRNAs in vivo for
therapeutic purposes. Numerous approaches for systemic and targeted delivery
technologies have been tested for the development of novel therapeutics. Despite
the fact that cationic liposomes have been demonstrated as promising and are
commonly used, their limited use in vivo is because of their limited penetration into
tissues. Amphoteric particles generated from Novosom is a novel class of liposomes
that are fully charge-reversible particles, do not aggregate in the serum, penetrate
beyond endothelia and accumulate in the liver, spleen, and in sites of inflammation.
The aim of my study was the production of certain liposomal formulations carrying
a single or multiple miRNAs & antagomirs based on Novosom technology, the
validation of the efficacy of their delivery and the evaluation of their target
supression. | generated liposomal formulations such as let7e, as-let7e, miR155, as-
miR-155 or the combination of those such as let7e / as-miR-155 or miR155/as-
let7e, in order to be evaluated in certain mouse models (for example, injected with
a lethal dose of LPS - LPS shock, low dose of LPS - endotoxin tolerance or DDS colitis
model). Firstly, my aim was to evaluate different liposomal formulations (Nov038
and Nov719) in macrophages (CD11b) & dendritic cells (CD11c) based on the
percentage of cells with the liposomal uptake (figure 31 A and B). After the injection
of liposomal formulation intravenously, | collect splenocytes and analyse them by
FACS. | observed that the percentage of cells with the liposomal uptake using
Nov038 formulation was more efficient than using Nov719 (figure 32). 24 hours
following intravenous injection of the Nov038-Let7e formulation in mice, | observed
a subsequent suppression of TLR4 expression in FITC-positive splenocytes. Finally, 2
hours after the intravenus injection of the liposomal formulations, intraperitoneal
injection of 1mg LPS was performed in mouse and within 6 hours after LPS,

spleenocytes were collected for further analysis (figure 33B). Thus, as expected, the

86



liposomal uptake of Nov038-As-Let7e led to the augmentation of TLR4 expression

(figure 33C). In fact, similar experiments based on the in vivo transferring of miR-

155 and miR-146a by using amphoteric liposomes is highly promising, underlining

miR-155 and miR-146 as potential tools for therapeutic purposes.
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Figure 31. Evaluation of liposomal formulations
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24h following intravenous injection of liposomal formulations (Nov038, Nov038-let7e and Nov038-as

let7e) (Nov719, Nov719-let7e and Nov719-aslet7e), splenocytes from C57BL/6 mice were collected

and the percentage of macrophage cells (CD11b) (A) or dendritic cells (CD11c) (B) with the liposomal

uptake was analyzed by FACS.
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TLR4 expression on FITC-Positive splenocytes from mice,
24 hours followinginjection of liposomal formulations
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Figure 32. Nov038-Let7e formulation lead to subsequent suppression of TLR4 expression
24h following intravenous injection of liposomal formulations (Nov038, Nov038-scramble, Nov038-
let7e and Nov038-as let7e) or (Nov719, Nov719-scramble, Nov719-let7e and Nov719-aslet7e), TLR4

exression was evaluated in FITC-positive splenocytes from C57BL/6 mice by FACS.
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TLR4 expression on CD11b macrophages
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Figure 33. The liposomal uptake of Nov038-As-Let7e led to the augmentation of TLR4 expression
upon LPS

(a) Schematic presentation of the following experiment: 2 hours following the intravenus injection of
the liposomal formulations (Nov038, Nov038-scramble, Nov038-let7e and Nov038-as let7e)
intraperitoneal injection of 1mg LPS was performed and within 6 hours after LPS, spleenocytes from
C57BL/6 mice were collected and (b) the percentage of macrophage cells (CD11b) or dendritic cells
(CD11c) (A) with the liposomal uptake was analyzed by FACS (c) TLR4 exression was evaluated in
macrophage cells (CD11b) by FACS.
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Discussion

Endotoxin tolerance occurs to protect the organism from hyper-activation of innate
immune responses, rendering macrophages hypo-responsive to subsequent stimuli.
During sepsis or other major inflammatory stresses, a carefully orchestrated
balance between pro-inflammatory and anti-inflammatory mediators within the
host organism is necessary in order to counteract and restore homeostasis.
Deregulation of the balance between inflammatory response and tolerance can be
lethal either through uncontrolled excessive inflammation leading to sepsis and
extensive tissue damage or failure to defend against infectious organisms.

Development of endotoxin tolerance is characterized by significant changes in gene
expression, chromatin structure and histone modifications [2]. Such global changes
must be coordinated to ensure timely gene expression and limit energy and
resource expenditure in the cell. At the signaling level, endotoxin tolerance involves
suppression of TLR4 signals via negative regulatory proteins, anti-inflammatory
cytokines-mediators and miRNAs. miR-155 and miR-146 play essential role in the
process. While mir-155 contributes to the initial activation by targeting negative
regulators of TLR signals [14], in the endotoxin tolerance phase it is involved in the
negative regulation of macrophage activation partly by targeting TAB2, a mediator
of interferon signaling [143]. On the other hand, miR-146a primarily contributes to
suppression of activation signals and the development of endotoxin tolerance [73,
132, 133], and cooperates with miR-155 [69]. Herein we demonstrate that at the

stage of endotoxin tolerance these two miRNAs are regulated in a coordinated
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fashion that involves not only the same transcription factors and histone
methylation marks but also an intricate mechanism of monoallelic silencing.
Development of endotoxin tolerance in macrophages requires global changes in
gene expression, which is reflected in global changes of H3 methylation. According
to these changes, genes that are expressed acquire activatory H3 methyl marks,
such as K4me3, and ones that require to be silenced acquire repressive methyl
marks on H3, such as K9me3. In the present study we demonstrate that upon initial
LPS stimulation both miR genes were activated and acquired H3K4me3 marks [95].
At the endotoxin tolerant state, reduced H3K4me3 and increased H3K9me3 levels
were observed at their promoters, indicating a silencing event [144]. This is in
agreement with genome-wide analysis showing loss of H3K4me3 marks from
selected genes upon development of endotoxin tolerance [6, 105]. Transcription of
both miR-155 and miR-146a is regulated by the NFkB transcription complex [70, 74].
Herein, we demonstrated that whereas the p65 subunit of NFkB was bound on their
regulatory elements at the initial activation stage, LPS-restimulation of endotoxin
tolerant macrophages resulted in recruitment of NFkBp50, which is known to
suppress transcription [10]. In accordance with our findings, p50/NFkB has
previously been implicated in controlling macrophage inactivation and tolerance
[30].

C/EBPB was also found to bind on both promoters at the stage of endotoxin
tolerance and its presence was vital to suppress transcription of these genes. It is
involved both in transcriptional activation and suppression and recent evidence has
implicated C/EBP in the transcriptional silencing of miRNAs such as let-7i, miR-145,

miR-155 [137, 145]. Accessibility of promoters to C/EBPB depends on H3
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methylation status at the C/EBPB binding region, as demonstrated previously [146,
147]. Indeed, H3 methylation was detected in the proximal region of the miR-155
and miR-146a promoters. C/EBPB has been shown to interact with the SWI/SNF
nucleosome-remodeling complex, protein arginine N-methyltransferase-4 (PRMT4)
[148], which may potentially affect histone methylation patterns. Moreover, global
changes in macrophage enhancer regions on H3K4 methylation marks partly
depends on C/EBPs, as demonstrated by global nuclear run-on coupled to deep
sequencing analysis [149, 150]. These studies indicate a close association of H3
methylation changes and C/EBPPB binding, which may also apply on miR-155 and
miR-146a promoters. Akt signaling regulates miRNA expression in macrophages [14,
131, 132, 137], while it has been demonstrated to regulate C/EBP activation either
via direct phosphorylation [137], or indirectly via GSK3 [151] or p300/CBP [152].
Interestingly, even though re-stimulation of endotoxin tolerant macrophages with
LPS induced binding of p65 and not of CEBPB in Aktl-/- macrophages, induction of
pri-miR-146a was lower in the absence of Aktl. This finding suggests that an
alternative transcriptional repressive mechanism exists, which depends on Aktl and
affects miR-146a but not miR-155.

Upon endotoxin tolerance, expression of both mature forms of microRNAs is
elevated in comparison to that observed in basal levels or upon 2h LPS activation.
The physiological and clinical significance of this finding is confirmed by analysing
the expression of miR-155 and miR-146a in peripheral blood cells of septic patients
and patients with compensatory anti-inflammatory response syndrome (CARS).
According to this syndrome, patients have developed endotoxin tolerance, an

impairment of immune responses, responsible for potentially lethal infections and
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sepsis. We demonstrated that the critically ill patients with impaired immune

responses, as characterized by reduced responsiveness of peripheral blood to LPS,

are associated with increased miR-155 and miR-146a expression, while, this

impairment in immune response of H1N1-infected patients is mainly associated

with high levels of IL-10 in the serum. Therefore, miR155 and miR-146a expression

levels observed in peripheral blood cells of patients with impairment of immune

responses were elevated. In fact, this finding is, in general, supportive of our main

results and it is of great clinical significance rendering these micrornas potential

novel biomarkers of CARS syndrome.

Transcriptional regulation of genes can occur in a coordinated manner to ensure
simultaneous regulation. For this purpose gene loci come in proximity and are
regulated by the same transcriptional machinery [153]. mir-155 has been previously
shown to participate in such ‘transcription factories’” upon TNFa stimulation [117].
Herein, we demonstrated that miR-155 and miR-146a gene loci came into proximity
at the stage of endotoxin tolerance. Additionally, we showed that the associated
alleles of miR-155 and miR-146a were not transcribed, suggesting a common
silencing mechanism. In endotoxin tolerant cells, expression was restricted mainly to
one allele and bi-allelic expression was significantly reduced. Further confirmation of
the significance of the association between miR-155 and miR-146a comes from the
observation that in Akt1” macrophages, which fail to develop endotoxin tolerance
[14], the association of these gene loci is not induced. Overall, these results
demonstrate a coordinated mechanism regulating the expression of miR-155 and
miR-146a genes. Upon LPS treatment, the transcription is induced from one or both

alleles, which are marked with H3K4 methylation and NFkB-p65 recruitment.
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However, at the stage of endotoxin tolerance one of the two alleles of each gene
comes into proximity in a silencing environment (Figure 13). Hence, my findings
support the importance of coordinated regulation at the three-dimensional
chromatin space of gene loci harbouring microRNAs, during endotoxin tolerance.
This mechanism may not be restricted to miR-155 and miR-146a but may apply to
additional groups of genes that contribute to the same biological condition.
Elucidating the molecular mechanisms that orchestrate endotoxin tolerance might
lead to modulation of macrophage responses. For this reason further insight into the
role of microRNAs in regulating macrophage activation and M1/M2 polarization,
revealed the essential role of AKT kinase. Based on the envoromental stimulus,
macrophages can possess the classical (M1) phenotype that express high levels of
inducible NO synthase (iNOS), generate NO, secrete IL-12b, and are prominent in the
acute phase of inflammation or alternative activation (M2) phenotype that
participate in the resolution of inflammation and are characterized by high levels of
arginase-1 (Arg-1), found-in-inflammatory zone-1 (Fizz1), chitinase-3—like- 3 (Ym1),
and macrophage galactose C-type lectin 1 and 2 (MGL1, MGL2). As far as Aktl is
concerned, we observed that Aktl depleted macrophages were hyperresponsive to
LPS and failed to develop endotoxin tolerance in culture and in vivo. Aktl ablation
induced miR-155 expression in LPS-stimulated macrophage and downregulated its
target SOCS1, a protein with vital role in dampening LPS macrophage activation.
However, measuring miR-155 expression in Akt2-depleted macrophages revealed
that miR-155 is reduced in both resting and LPS-activated macrophages. Down-
regulation of miR-155 in Akt2-defiecient macrophages resulted in up-regulation of its

target C/EBPB and, consequently, in the induction of Argl, a hallmark of M2
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macrophage polarization. Overall, ablation or knockdown of Akt2 leads to a M2
phenotype via downregulation of miR-155 and subsequent induction of its target,
C/EBPB. Moreover, Akt2 deficiency resulted in a significant upregulation of miR-146aq,
which mediates M1 phenotype suppression and assures endotoxin tolerance. In fact,
miR-146a transfection in WT macrophages was able to inhibit iNOS induction while
miR-146a suppression in Akt2-depleted mice resulted in upregulation of iINOS
expression. Evidence presented here confirmed that both mir-155 and miR-146a lie
under the control of AKT kinase and participate in macrophage polarization and
endotoxin tolerance. Understanding the mechanism through which Akt and miRs are
regulated and in parallel modulate the inflammatory response, will allow us to
selectively target molecules that positively or negatively regulate the inflammatory
response. In vivo transferring of miRs by using amphoteric liposomes is indeed highly
promising, underlining that miR-155 and miR-146 could be used as potential novel
molecular biomarkers of macrophage sensitivity and tools for therapeutic purposes.
Besides, MRX34 a double-stranded RNA mimic of the tumor suppressor miR-34,
encapsulated in these liposomal nanoparticle formulations is the first microRNA
mimic to enter clinical trials against cancer. Given the importance of Akt and miRNAs
in inflammation, sepsis and autoimmune diseases, these findings may have

significant translational implications.

Future prospects

Endotoxin tolerance is a complex phenomenon as it requires significant changes in

gene expression, transcriptional machineries and histone modifications to ensure
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temporal gene regulation. In summary, this study focuses on the mechanism of
transcriptional regulation of miR-155 and miR-146a during endotoxin tolerance.
Both miRNA genes are subjected to endotoxin tolerance, via a complex molecular
mechanism characterized by acquisition of specific chromatin features and
transcription factors binding at miRNA promoters. Moreover, this study reveals that
miR-155 and miR-146 genetic loci become spatially associated upon endotoxin
tolerance in a monoallelic manner to mediate coordinated silencing of the two
miRNAs. Overall, this study supports the existence of interchromosomal interaction
as an additional level of gene regulation in endotoxin tolerant macrophages, which
ensures timely gene expression, limitation of energy and resource expenditure in
the cell. On the basis of these findings, there are several questions to be further
investigated. Firstly, it is unclear whether co-localization of miR-155 and miR-146 in
tolerized macrophages is a cause or consequence of silencing. It would be very
interesting to block such co-localization (for instance by pharmacological
manipulation of the nuclear organization) and afterwards measure the effect on
miRNA re-induction, shedding light on the exact role of this co-localization in
microRNA regulation. Additionally, it is important to be further investigated
whether co-localized miRNAs are also spatially associated with heterochromatic
regions or areas marked by repressive histone marks. Moreover, this study reveals
that C/EBPB was bound on both promoters at the stage of endotoxin tolerance and
its presence was vital to suppress transcription of these genes. C/EBPB is involved
both in transcriptional activation and suppression and recent evidence has
implicated C/EBP in the transcriptional silencing of several miRs (let-7i, miR-145,

miR-155). Accessibility of promoters to C/EBPB depends on H3 methylation status at
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the C/EBPB binding region. It has been shown to interact with the SWI/SNF
nucleosome-remodeling complex and Protein arginine N-methyltransferase-4
(PRMT4), indicating a close association of H3 methylation changes and C/EBPB
binding [141][148]. Further experiments should be performed elucidating the
repressive role of C/EBPB to miRs upon endotoxin tolerance. Immunostaining of
C/EBPB in colocalized miR loci will give evidence for the putative role of CEBPB in
mediating miRNA association. Moreover, knocking down C/EBPB and performing
DNA FISH with miR probes at the same time will reveal the possibility that its
presence is indispensable for the interaction. As far as methylation status is
concerned, both miRs obtain the activation mark H3K4me3 at the initial activation
stage, while at the stage of endotoxin tolerance both miR promoters were occupied
by the repressive mark H3K9me3. Upon LPS-re-stimulation of endotoxin tolerant
macrophages, the ratio H3K4me3 to H3K9me3 did not change whereas both active
and repressive histone methylation marks were reduced. However, miRNAs are just
slightly re-induced after the second LPS stimulus in endotoxin tolerant
macrophages. This needs further explanation by validating miRNA re—induction via
knocking down specific methyltransferases (i.e PRC2 or G9a). DNA accessibility by
FAIRE (Formaldehyde-Assisted Isolation of Regulatory Elements) has a utility as
positive selection for genomic regions associated with regulatory activity.
Therefore, FAIRE performed in tolerant versus naive macrophages will give more
information about the chromatin status of miRNA promoters. This study provides
evidence that genetic ablation of Aktl, which was used as genetic tool to abrogate
endotoxin tolerance, changed miR-155 and miR-146a expression, altered NFkB/p65

and C/EBPB binding on their promoters and inhibited the induction of co-

99



localization of miR-155 and miR-146a gene loci, further highlighting the significance
of this association. It would be interesting to check whether AKT kinase regulates
proteins that participate in the nuclear organization. Further insight into the role of
AKT in regulation of M1/M2 polarization, highlighted the essential role of miR-155
and miR-146a in determination of macrophage polarization. Akt kinases, miR-155
and miR-146a seem to be key molecular determinants of macrophage polarization.
It was demonstrated that Aktl depleted macrophages were hyperresponsive to LPS
and failed to develop endotoxin tolerance in culture and in vivo via inducing miR-
155. However, ablation or knockdown of Akt2 leads to a M2 phenotype via
downregulation of miR-155 and upregulation of miR-146a, which mediates M1
phenotype suppression and assures endotoxin tolerance. Overall, evidence
presented here confirmed that both mir-155 and miR-146a lie under the control of
AKT kinase and participate in macrophage polarization and endotoxin tolerance.
Understanding further the mechanism through which Akt and miRs are regulated
and modulate at the same time the inflammatory response, will allow us to
selectively target molecules that positively or negatively regulate the inflammatory
response. Cell culture studies by introducing mimic of miR-146a into cancer cell
lines derived from patients with autoimmune disorders may lead to dampen
macrophage inflammation. Therefore, in vivo transferring of miR-146a by using
amphoteric liposomes seems to be highly promising, as it may be used for
therapeutic purposes to patients suffering from sepsis or autoimmune disorders.
Finally, the finding that miR-155 and miR-146 expression is associated with CARS
syndrome in human samples seems to be of great clinical significance. In fact,

microRNAs measurement in peripheral blood cells or even in serum, underlies their
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usefulness as novel molecular biomarkers of macrophage sensitivity and CARS

syndrome.
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