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ABSTRACT

Mammals are essentially born germ-free but thenep#l surfaces are promptly
colonized by astounding numbers of bacteria sotar birth. The most extensive micro-
bial community is harboured by the distal intestifilee gut microbiota outnumbers ~10
times the total number of our somatic and gernscé&le host-microbiota relationship
has evolved to become mutually beneficial. Stutfiegerm-free mice have shown that
gut microbiota is essential for the proper develeptof the immune system. The pivotal
role of the innate immune system in the complex@dnthmic host-microbiota interac-
tions has become increasingly evident.

The principal aims of the present study were:lfiréb determine whether LPS-
rich sterile diet can promote maturation of the um@ system in germ-free mice, sec-
ondly, to elucidate whether gut microbiota and Li8-sterile diet influence the LPS
susceptibility, and finally, to investigate a rolethe adaptive immunity in endotoxin
shock. We have shown that the adaptive immunityg¢akey role in the control of hy-
per-inflammatory immune reaction in endotoxin shdslke have also demonstrated that
the presence of live gut microbiota and/or LPS-gtrile diet increases susceptibility to
LPS challenge in both immunocompetent and immunciéet mice. Further, we have
found that both live gut microbiota and LPS-ricerge diet drive the expansion of B and
T cells in Peyer’s patches and mesenteric lymplesothe most prominent was the ex-
pansion of CD4+ T cells including Foxp3-expressimggs in mesenteric lymph nodes.
We also investigated the effect of gut microbiatd &PS-rich sterile diet on theyT/T2

cytokine response and interleukin-10 production.N&'ee shown that gut microbiota and



LPS-rich sterile diet shift the “default” germ-frég2-skewed cytokine profile towards
Tyl-mediated response and stimulate interleukin-d@yotion.

To conclude, our data clearly show that both liuergicrobiota and LPS-rich
sterile diet increase susceptibility to endotoXinek. Further, we demonstrate that im-
munodeficient SCID mice, which lack mature B andells, are more sensitive to en-
dotoxin shock than immunocompetent Balb/c miceaddition, we show that not only
live gut microbiota but also LPS-rich sterile dséitnulates the development, expansion
and function of the immune system. Our resultscaresistent with, and further expand
the “hygiene hypothesis” by confirming that notyhie organisms but also sterile mi-
crobiota-derived antigens drive the maturatiorhefitnmune system. Finally, we would
like to emphasize that the quality of diet shoutdrégularly tested, especially in all
gnotobiotic models, as the LPS content of the mi@y significantly alter the outcomes of

experiments.



DEDICATION

This PhD thesis is dedicated to my entire familyovatways supported me in my
academic undertakings. | dedicate this thesis taleay wife Lucia and our sweet child-
ren Adam and Eva who have patiently supported regarch over the years in spite of
long hours of laboratory work. | also dedicate thissis to my parents and my brother
who have always shown support and interest in rikwinally, 1 would also like to
dedicate this thesis to my mother-in-law who wagagk ready to substitute my parental

liabilities.



ACKNOWLEDGMENTS

Foremost, | would like to thank my supervisor, Pidélena Tlaskalova-
Hogenova, who shared with me a lot of her expedigkresearch insight. She quickly
became for me the role model of a successful reseain the field. | also would like to
express my gratitude to Dr. Renata StepankovaiiBma Kozakova and Dr. Tomas Hud-
covic whose thoughtful advice often served to gieea sense of direction during my
PhD studies. Further, | would like to thank oumaal care technicians, who always pro-
vided me an excellent support. Finally, | am deepbteful to the Institute of Microbiol-

ogy for the trust and support.



TABLE OF CONTENTS

Page
TITLE PAGE ... oot ettt e e e e et e e e e e sab e e e e e e e e e e nnne [
ABSTRACT ettt mmmen ettt e e e e s e e et e e e e e s e e e e e s e e eeas ii
DEDICATION ...ttt e et e e e e e e et e e e e e e e e e e e mne e e e e e e e annneeees iv
ACKNOWLEDGMENTS ..ottt ettt e e Vv
LIST OF TABLES ...ttt e e eeeenn e e e e e e ns X
LIST OF FIGURES ... .ttt ettt Xi
CHAPTER
[. BACKGROUND ...ttt eeeet e et e e e e e e e e s ense e e ee e sennneeees 1
Gut Microbiota — Definition, Localization, Comgition and Functions................ 1
Gut Microbiota — Effects on the Innate ImmunetBy ............ccccvvviviiiniiiiinnnnnns 2
Microbe-associated Molecular Patterns — DefinitiFunction and Examples...... 6
Pattern Recognition Receptors — Definition, Fuomcand Examples ................... 9
Membrane-bound PRRs — Toll-like Receptors aedMannose Receptor ......... 10
Signaling via Toll-like RECEPLOIS ......coooieeeiiei e, 13
Cytoplasmic PRRs — Nod Proteins, Ipaf and Naiy, Nalp Proteins ................ 16
Signaling via NLR ProteiNS ........... ... e eeeeeiieiieiiiiieiieiieieeieeseeneseesneeeeeneeees 23
Secreted PRRs — Collectins, Pentraxins and yBez.............cccccceeeveeeeveennnnnnn, 27
Induction of the Innate ImmunNe RESPONSES......ccoooeiiiiiiiiiiiiiiiiieeee, 38.
Induction of the Adaptive Immune RESPONSES wueeeveviiiiiiiiiiiiiiiieiiieiieeeeeeeee 39
Beneficial and Harmful Effects of LPS ACHVItY............uuvuiiiiiiiiiiiiiiiiiiiiiiinnnes 1.4
Gut Microbiota — Effects on the Adaptive ImmuBystem..............eeveviiiiinnnnnnnns 47

Consequences of Insufficient Microbial Stimwat+ “Hygiene Hypothesis”....50

Vi



[I. SIGNIFICANCE OF THE STUDY .....ooitiiiiiiiiiemeeieeiiieeeeeeeeeveeseeeeseenennenennnnnes 52.

[[I. RESEARCH DESIGN .....uiiiiiiiiiiiiiiiiiiimmmmm s eseseeseeaeessaaaaaaaaaeaaaaaeaaessessessessnnns 53
V. SPECIFIC AIMS OF THE STUDY ..coiiiiiiieeeeeecr e 55
Specific Aim 1: Rearing of Germ-free Balb/c @@ID mice ............cccccevvvennnn.. 55

Specific Aim 2: To Determine the Concentratidri.BS in
MouSe Pelleted DIetS .........oiiiiiiiiceeeemrie e e eaeeee s 56

Specific Aim 3: What is the Influence of Gut ibiota and
LPS Content of the Sterile Diet on the Weigihtl Cellularity of

Lymphoid Organs? ..., 56
Specific Aim 4: Are Animals Susceptible to LRShe

Absence of Gut MICrobIOta? ........cooieeeeeee i 56
Specific Aim 5: What Is the Influence of LPS @emt of the

Sterile Diet on the Susceptibility to LPSlen Germ-free Conditions? ....57

Specific Aim 6: Do the Live Gut Microbiota arfkt
LPS Content of the Sterile Diet Modulate @@mposition of

Main Lymphocyte SubpopulationS? ... 57
Specific Aim 7: Do Gut Microbiota or LPS Contafitthe

Sterile Diet Influence the Proportion of F8x@xpressing Tregs? ............. 58
Specific Aim 8: Do Gut Microbiota and LPS Corttehthe

Sterile Diet Shift the JL/Ty2 Balance? ...........ococvviiiieiieiiiiiicceeeee 58

V. MATERIALS AND METHODS ..ottt 59.

EXPErimental IMICE ........oouiiiiiiiiiie it eeeemet e 59
Determination of LPS Content of Mouse Feed Belle...........cccvvvvveieiininiinnne, 59
EXPerimental DIELS........oooiiiiiiiiiiiii et e 60
Preparation of Cell SUSPENSIONS ........ocamaaamiiiiiiiiiiiiiiiiiiiiieieeiieeeiae e neeeees 60
In VivoChallenge with LPS.........ooo 61
[N ViItro SHMUIALION ....coeiiiiiiiiiiieeee ettt e 61
CFSE Proliferation ASSAY ............ueuetuaaaaaaaaaaes s aseaa e s aa e e ae e seeeeennnes 61
Staining of Surface and Intracellular Antigens...........coooeveie 62
Multiplex Cytokine Determination ...........o....eeeeeremrermmmimeeia——— 63
Data ANAIYSIS .. ..ot 63

vii



VL RESULTS oottt eeree et e e e e e e e et e e e e e e eeeteeeeaaaeeeeaann 64
Purified Diet May Have Almost 100 Times Lower&Eontent than a
Grain-Dased DIt ..........uuiiiii i e 64

The Effect of Gut Microbiota and LPS-rich Sterfidiet on the
Weight of Spleen and ThYMUS....... ..o 65

Gut Microbiota and LPS-rich Sterile Diet Incredbe Cellularity of
Mesenteric Lymph Nodes, Peyer’s Patches @heeS ... 66

Immunodeficient SCID Mice Are More Susceptilidr Vivo
LPS Challenge than Immunocompetent Balb/c MiC.u...vvvvvvvvrvennnee... 69

LPS-rich Sterile Diet IncreasésVivo Susceptibility of
Germ-free MiCE tO LPS.......oee e 69

Spleen Cells from Immunodeficient SCID Mice Shiomreased
Susceptibility tdn Vitro Stimulation with LPS Compared to

Immunocompetent Balb/C MiCe............cuuvvevvvvvviviviiiiiiniinnenivenenenenenen d Lo
Neither Live Gut Microbiota nor LPS-rich Sterlleet Influence

In VitroSusceptibility of Spleen Cells to LPS Stimulation.................... 71
Insufficient Microbial Stimulation Results inghrelative

Expansion of CD19+ B Cells in Mesenteric Lymyodes............cccceennnnn 75
LPS-rich Diet Stimulates the Expansion of CD4€4lls in

Mesenteric Lymph Nodes and SpIeen ... oeceevvvvvviiiiiiiiiiiiiiiiiiiiiiiiiinienns 76
The Proportion of CD8+ T Cells Remains Constamitll Lymphoid

Organs Irrespective of LPS Content of thet BreGut Colonization.......... 78
Gut Microbiota and the LPS-rich Diet Drive thedansion of

Foxp3-expressing CD4+ Tregs in Mesenteric pgrModes ..................... 79
Gut Microbiota Stimulates the Expansion of Foxeg®ressing

CD8+ Tregs in Peyer’s patches and Mesentgmaph Nodes .................. 80
The Ratio of CD4+Foxp3- T Cells (non Tregs) D43 Foxp3+

T Cells (Tregs) Remains Unchanged in All Lyro Organs .................. 82
In Vitro Proliferative Response of Spleen C&l&lot Influenced by

Gut Microbiota or LPS Content of the SteBlet ... 85
The Effect of Gut Microbiota and the LPS-richeDon

Tu1l/Th2 Balance and L7 CellS ... e e 86
Gut Microbiota Stimulates the Production of Amtilammatory

Cytokine Interleukin-10.............ccooiiiiiiiiiiiiiiiiiieeeceeeeeee e 86

viii



VIl. DISCUSSION

................................................................................................. 90
The Role of Adaptive Immunity and Regulatory &lI€ in Sepsis ..................... 90
LPS-driven Lymphocyte Expansion in Peyer’s Pascand

Mesenteric Lymph Nodes of Germ-free MiCBu.....ccooviiiiiiiiiiiiiniinnnn. 93
The Effect of Gut Microbiota and LPS-rich Diet the
Development of Regulatory T cells ......cocoeuvviiiiiiiiiiiiecce e, 94.
Microbiota-derived Antigens in Sterile Diet athet Hygiene Hypothesis .......... 95
How Microbiota-derived Antigens Influence the
Maturation of the Immune SyStem ...... e eeeeeeeeeeeeeeeeeeeeeeeeereeeeeneennennid e 9
LPS Content of the Sterile Diet and Gnotobidtiemal Models..............cco.ccu.... 98
VI CONCLUSIONS . ..ottt e e e e e e e e e eens 99
APPENDICES .. oottt e e et e e e e e e et e e et e e e e mae e e e anaae 101
YN Y o] o (=\V/ = L 1[0 1 1T 102
B CUIMTICUIUM VITAE .ttt ettt ettt e e e e e e e e e rmaaeea e eeneees 103
(O = U] o] [To%= 1[0 o F- T TR 105
REFERENGCES ... oo oo e e e 107



LIST OF TABLES

Table Page

6.1 FACS analysis of lymphocyte subpopulations...................eeveeeveeieenennn. 83



Figure
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
1.10
1.11
1.12
6.1

6.2

6.3

6.4

6.5-6

LIST OF FIGURES

Page

Consequences of innate immune recognitioodogier cells ................e.e. 5
LPS structure and TLR receptor COMPIEX...ccc.vvurrmmmmmiiiiiiiieiieeneeeees e 8
Toll-like receptors and their Igands ..........ccoeeeiiiiiiiiiiiniii e 12
3 o g F= LT o IR/ = I I P 14
NLR proteins and their I[gands .....ccccccceiiiiiiiiiiiieeeeeeeee 18
Cellular signaling of NLR proteins .......cccoeeeveieieiieeeeeeeee 25
Activation of NLR Proteins .........oceemeiuuiiiiummiiiiiiiiiiiiiiiiieiieiinnnnnennnnes 26
Structures of the COlIECHINS....... e, 28
MASPs couple MBL and ficolins to the comperhpathway................... 31
Activation of the complement cascade.....cc.....oooeeeeiiiiiiii. 33.
Structure of pentameric Pentraxin ...........ccccciiiiiiii e 35
Structure of [ySOZYME ... 37
Comparison of LPS content of mouse pelldiets .............cccciiiiininn 64
Germ-free mice have smaller spleens compared

CONVENLIONAI MICE ...ttt 66
Germ-free mice have lower total splenic Iogyte count ....................... 67

Gut microbiota and LPS-rich diet drive the
cellular expansion in mesenteric lymph nodesReykr’s patches ...68

Immunodeficient SCID mice are more susbépto
in vivo LPS challenge than immunocompetent Balb/c mice and
LPS-rich sterile diet increasasvivo susceptibility of
germ-free mice to LPS stimulation ...........cccevvvviviiiviviiiiiiiiiiiiiiinnnn, 69

Xi



6.7-12

6.13

6.14

6.15

6.16

6.17

6.18

6.19

In vitro susceptibility of spleen cells from Balb/c and
SCID mice to LPS stimulation is not influenced hg t
absence of gut microbiota or LPS content of thelstdiet.. ............... 71

Insufficient microbial stimulation leadsthe relative
expansion of CD19+ B cells in mesenteric lympldes ...................... 75

LPS-rich sterile diet induces the expansion
CD4+ T cells in mesenteric lymph nodes and splee...................... 77

Microbial stimulation does not affect thregmortion of
CD8+ T CelIS oot O

Both gut microbiota and LPS-rich steriletdnduce the
expansion of Foxp3-expressing CD4+ Tregs in MLNS.................. 79

Gut microbiota stimulate the expansion @fg3-expressing
CD8+ T cells in Peyer’s patches and mesenigmph nodes ............. 81

The ratio of CD4+Foxp3- T cells (non TregsCD4+Foxp3+
T cells (Tregs) remains constant in all lymphoidans...................... 82

In vitro proliferative response of spleetisto LPS is not
influenced by gut microbiota or LPS contentled sterile diet .......... 85

6.20-23 Microbial stimulation corrects,T/Ty2 imbalance present in

germ-free mice and induces production of intédle-10 .................... 87

Xii



CHAPTER ONE

BACKGROUND

Gut Microbiota
Definition, Localization, Composition and Functions

The gut microbiota is a vast and complex commuuoiitjmicroorganisms, which
normally lives in the gastrointestinal tract. Thembiota comprises mainly bacteria, but
viruses, fungi and protozoa’s are also present.filimean intestinal microflora is esti-
mated to contain 500 to 1000 species and the $ite @opulation is ~10 times greater
than the total number of our somatic and germ ¢g]lsHowever, it is highly probable
that 99% of the bacteria come from about 30 orptties.

The greatest numbers of bacteria and the mosteliffespecies colonize colon.
The activity of these bacteria makes the colomtbst metabolically active organ in the
body. The colonic bacteria make up about 60% ofihss of feces. Most of the bacteria
in the colon are Gram-negative, while those ingtmall intestine are Gram-positive. The
gut microbiota consists mainly of anaerobic baat#érat are difficult to analyze by con-
ventional culturing techniques. Populations of ggeeary widely among different indi-
viduals but stay fairly constant within an indivadwver time. Most bacteria come from
the gener®acteroidesClostridium FusobacteriumEubacteriumRuminococcusep-
tococcusPeptostreptococcuandBifidobacterium Other genera such &scherichia
andLactobacillusare present to a lesser extent. Species fromehesBacteroidesalone
constitute about 30% of all bacteria in the guggasting that that genus is especially

important in the functioning of the host.



The host-microbiota relationship is based mainlyrartualism, which is defined
as a biological interaction in which two or moresies benefit each other. The host pro-
vides an attractive niche with a regular supplywatrients and stable temperature. The
gut microbiota provides a host some useful fungjamcluding fermentation of the undi-
gested carbohydrates to short-chain fatty acid$-£gCstimulation of the growth of in-
testinal epithelial cells, prevention of the growftpathogenic bacteria by competing for
nutrients and adhesion sites, producing vitamind,ragulating fatty acid metabolism [2-

13).

Gut Microbiota
Effects on the Innate Immune System

One of the main functions of the immune systeno isi&intain a balance between
the protection of barrier surfaces from pathogertsthe establishment of a beneficial
relationship with commensal bacteria. The fact duahmensal bacteria do not trigger (in
contrast to pathogens) inflammatory responses icosal tissues of the normal, healthy
host is referred to as “commensal paradox” [14]ltMle mechanisms have been identi-
fied by which tolerance to commensal organismadsiced and maintained. In addition
to direct exclusion of bacteria and bacterial patdwia the physical barrier created by
tight junction proteins, epithelial cells themselywoducedactors that actively exclude
bacteria from the intestinal lamina propria. Twdlese are mucus, which is produced by
goblet cells, and small antibacterial peptidesykmas defensins. Mucus is composed of
mucin glycoproteins, which are highly hydrophiliolacules that can bind to complex

carbohydrates attached to the surface of absorepitbelial cells (the glycocalyx). This



layer of mucus and surface carbohydrates is actaféebarrier to bacterial attachment,
and is abnormal in patients with ulcerative calitis

The release of microbicidal molecules by barridisanstitutes a crucial
mechanism for maintaining the integrity of baregithelia by protecting the host against
commensal organisms as well as potentially harmfatobes. The mammalian microbi-
cidal repertoire includes several classes of aotimhial peptides such as secretory
leukocyte protease inhibitor (SLPI) [15], defendib§], murine cryptidin-related
sequence (CRS) peptides [17], and catheliciding fléhough several anti-microbial
peptides are constitutively expressed, depending®cell type and peptide studied,
their expression and release can be enhanced andimed by mediators such as
retinoic acid, vitamin D3, butyrate, proinflammataytokines (e.g. TNF, IL-1, IL-6,
and IFNy), as well as whole bacteria or MAMPs known toate TLRs [16-18], or
Nodl and Nod2 [19-21].

The intestinal homeostasis is regulated by mictedetection mechanisms of the
innate immune system. Innate detection mechanisvtdve the recognition of specific
microbe-associated molecular patterns (MAMPs) byous families of germ line-
encoded receptors, including transmembioiklike receptors (TLRs) [22] and cytosol-
ic nucleotide oligomerisaticsiomain (NOD) proteins [23], containing leucine-rieh
peats (NLRs). Investigation of the importance dhpgen recognition through PRRs by
specialized antigen-presenting cells (APCs) sudleasdrritic cells (DCs) has become a
major focus of study, because MAMP-PRR interactalowed by intracellular

signaling and gene expression together with antigeoessing and presentation have



been shown to play a central role in the initiatoddT- and B-cell immune responses
[22].

ECs possess microbial-detection mechanisms indualitghtly regulated and
specifically localized set of PRRs and their sigrgacomponents [24, 25]. ECs express a
whole range of TLRs including TLR2, TLR4, TLR9 ahtR5, but their polarity and
responsiveness serves to dampen positive sigraexample, TLR4 is poorly ex-
pressed, and after birth intestinal epithelialcbtcome tolerant to TLR4 signaling that
may be mediated by IL-4 and IL-1 [26, 27]. Furthere TLR5 is more highly expressed
at the basolateral surfaces, and the outcome oBHighaling depends on the site of
ligand exposure. Thus, basolateral TLR9 mediatesBlBctivation, while apical TLR9
appears to inhibit N&B activation [28], Furthermor&LR9" mice are more susceptible
to DSS caolitis than wild-type mice [28]. Consistevth an overall protective role for
TLR signaling in the epithelium, in DSS colitdyD88" mice are more susceptible to
disease, which results from the repositioning oERroducing stromal cells to intestin-
al crypts [29, 30]In vitro orin vivo studies also indicate that TLR2 signaling in eglitd
cells promoted PI3K/Akt-mediated cell survival WyD88 [31].

The enteric bacterial flora appears to be the nsdjorulus for the development of
the mucosal immune system, as demonstrated bynj@per development of mucosal
lymphoid tissue in germ-free animals [32]. Moreqwvaicrobial-detection mechanisms
by the innate immune system have been thoughtritsibate to the establishment of
mucosal lymphoid tissues as well as to the maimemaf barrier integrity, which

involves the modulation of cell turnover and tissegair functions, innate inflammatory



responses, antimicrobial protein expression, aadrtiuction of adaptive immune
responses. Collectively, these responses are thtwugiaintain a balance between
protection of mucosal surfaces from pathogens @enhamd, and the establishment of a

beneficial relationship with enteric bacteria oa tther.

Figure 1
Consequences of innate immune recognition by bracels: homeostasis versus

infection and barrier injury

(a) Under noninfectious, homeostatic conditions, exposf ECs to commensal
microbes and microbially derived constituents aattd membrane spanning as well as
intracellular PRRs to initiate the production of DIF§ MCP-1, and probably other media-
tors, which confer a local ‘physiologic inflammayostate for the maintenance of barrier
integrity and baseline defense mechanisms, inatme 6f direct antimicrobial mediators.
In parallel, these EC-derived factors conditionigeh-sampling DCs for a state of ‘in-
flammatory anergy,’ thereby favoring the primingTa®2, T43, and Trl cell responses
(characteristic effector T-cell cytokines are degik; IL-4, IL-5, TGFg, and IL-10) and
maintaining homeostasi@) Upon infection by pathogenic bacteria, or in stioas of
barrier injury, DCs sense two signals: the MAMPdrahslocated microbes and signals
emanating from the infected epithelial cells. Tbaaerted action of these signals results
in local and systemic inflammation. These evemisda the release of cytokines and
chemokines that recruit monocytes and neutropN#svly arriving monocytes give rise
to unconditioned DCs, which then become fully attis. These de novo DCs are cha-

racterized by their ability to primeyL and 17 immune responses for microbial clear-



ance (characteristic effector T-cell cytokines depicted; IFNy, IL-17A, and IL-17F).
DC, dendritic cell; EC, epithelial cell; MAMP, miacbe-associated molecular pattern;
MCP-1, monocyte chemotactic protein-1; PRM, patt@cognition molecule; J, T hel-
per cell; Trl, type-1 regulatory T cell; TSLP, thigretromal-derived lymphopoietin

(from Philpott et al., Trends in Immunology, 2007).
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Microbe-associated Molecular Patterns
Definition, Function and Examples

Microbe-associated molecular patterns, or MAMPs,samall conservative mole-

cular motifs consistently found on microbes. MAM#s ligands for host receptors of



the innate immune system called pattern recognigeeptors, or PRRs, which include
the transmembrane Toll-like receptors (TLRs) [22] ¢he cytoplasmic NLR proteins
(NLRs) [33]. They activate innate immune resporiseglentifying exogenous or endo-
genous ligands and their main function is to probest from infection and signal a tis-
sue damage. Bacterial lipopolysaccharide (LPS)msiclered to be the prototypical
MAMP. Other MAMPs include bacterial flagellin, lipgichoic acid from Gram-positive
bacteria, peptidoglycan, and nucleic acid variaotsnally associated with viruses, such

as double-stranded RNA (dsRNA) or unmethylated Gpigfs.

Lipopolysaccharide (LPS)

LPS is a major structural component of the outembrane of Gram-negative
bacteria, consisting of a hydrophobic domain knastipid A, a non-repeating core po-
lysaccharide, and polysaccharide (O) side chaiipsd 1A is embedded in the outer mem-
brane while the core polysaccharide with polysaideaside chains projects from the
surface. The lipid portion of LPS is highly consealyand extraction of lipid from bacte-
ria that cannot synthesize polysaccharide provedipid A to be the source of toxicity.
The polysaccharide side chains, also called O-sha@if©-antigens, are easily recognized
by the antibodies of the host; however, the O-amisgare very often modified by Gram-
negative bacteria to avoid detection.

LPS is an endotoxin that induces an extremely gtioflammatory response of
the innate immune system. LPS binds to the LPSitgngrotein (LBP) in the serum,

which transfers it to CD14 on the cell membraneicvin turn transfers it to another



non-anchored protein, MD2, which associates witht-lliee receptor-4 (TLR4).The re-
ceptor complex of CD14/TLR4/MD2 promotes the secredf nitric oxide and pro-
inflammatory cytokines such as tumor necrosis a(finFo) and interleukin-f (IL-13)
in macrophages and monocytes, and may lead tossapsven septic shock.

However, it should be mentioned that several recbsérvations doubt the clas-
sical model of sepsis. Some scientists suppomatien that the sepsis syndrome may be
caused by endogenous substances such as hepdade $igparan sulfate is a biologi-
cally active sacharide, which is released from s@ffaces and extracellular matrices by
almost every type of inflammation. It has been shdivat heparan sulfate and oligosac-

charides of hyaluronan activate dendritic cellsMi&4 [34, 35].

Figure 2
LPS structure and TLR receptor complex

(8) LPS is composed of lipid A (endotoxin), core dapzharide and O-antigen.
(b) Components of the TLR4-MD2—-CD14 receptor compléferent TLR4 regions are
shown: leucine-rich repeats (LRR), a hypervariaigigion (HYP) and the intracellular

TIR domain (from Bader et al., Nature Reviews, 2005
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Pattern Recognition Receptors
Definition, Function and Examples
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Pattern recognition receptors, or PRRs, are preo&xpressed by cells of the im-
mune system. Their main function is to detect madkssassociated with microbial pa-
thogens or cellular stress. The microbe-specifitemdes that are recognized by a given

PRR include bacterial carbohydrates such as LPS$ramhose, bacterial or viral nucleic



acids, peptidoglycans and lipotechoic acids of Gpasitive bacterial\-
formylmethionine, lipoproteins and fungal glucaBadogenous stress signals are called
danger-associated molecular patterns (DAMPSs) acldde heparan sulfate, hyaluronic
acid, fibrinogen, heat-shock proteins, uric acid athers. PRRs are classified according
to their ligand specificity, function, localizati@nd/or evolutionary relationships. On the
basis of function, PRRs may be divided into endod®RRs or signaling PRRSignal-

ing PRRs include the large families of membranerdlotoll-like receptors (TLRs) and
cytoplasmic nucleotide-bindirdpmain, leucine rich repeat containing (NLR) pnotei
Endocytic PRRs promote the attachment, engulfmeahide@struction of microorganisms
by phagocytes and are not involved in intracellsignaling. These PRRs recognize car-
bohydrates and include mannose receptors, glucaptas and scavenger receptors of

macrophages.

Membrane-bound PRRs
Toll-like Receptors and the Mannose Receptor

TLR are type | membrane glycoproteins, charactdrinea cytoplasmic
Toll/interleukin-1 receptor homology (TIR) signajilomain and an external antigen
recognition domain comprising 19-25 tandem leucice+epeat (LRR) motifs. In
humans, the ten functional TLR (TLR1-10) can bedstibed according to their
subcellular localization. TLR1, 2, 4, 5, 6 and 18 axpressed on the cell surface and
migrate to phagosomes after activation, whereas3T[ZR8 and 9 are expressed in
intracellular compartments in nearly all cell typpsncipally in the endosomes and the

endoplasmic reticulum, with the ligand-binding damsesampling the lumen of the
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vesicle [28, 36, 37]. TLR tend to form noncovaldimhers in the absence of ligand.
TLR2 preferentially forms heterodimers with eitAd&R1 or TLR6, whereas the other
TLR appear to associate as homodimers [38].

Innate immune responses begin with TLR (or otheRPiecognition of specific
microbial components widely expressed by bactéuizgi, protozoa and viruses.
Pathogen-encoded TLR ligands fall into three broatégories: lipids and lipopeptides
(TLR2/TLR1; TLR2/TLR6; TLR4), proteins (TLR5) andialeic acids (TLRS3, 7, 8, 9)
[38, 39]. TLR recognize groups of structurally damiand widely distributed molecules,
in contrast to the highly selective molecular-lessgdognition of T- and B-cell receptors.
The current view is that the cell surface TLR reéoeprecognize bacterial, fungal and
protozoan pathogens by recognizing external moéscoih these organisms, whereas
viral infection of cells is recognized by the ape®e of nucleic acids in intracellular
compartments.More recently, endogenous ligands alseebeen identified for most TLR
[38].

Pathogen recognition through TLR and other PRResettwree distinct functions
[40-42]: sensing the presence and type of the gatingorovoking an immediate
antimicrobial response and stimulating the develepinof long-lasting adaptive response
with effector functions appropriate to the typgpathogen. Thus, TLRs are key elements
of the innate and adaptive immunity.

The mannose receptor recognizes a range of carkatbgdoresent on the surface
and cell walls of microorganisms. It is primaribypeessed on macrophages and dendritic

cells and and its activation triggers endocytosis phagocytosis of the microbe. The
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mannose receptor belongs to the multilectin reegptatein group and, like the TLRs,

provides a link between innate and adaptive immyai3].

Figure 3
Toll-like receptors and their ligands

Schematic diagram of human Toll-like receptors shgvadaptors, cellular

orientation and examples of ligands (from Coffmbale Nature Medicine, 2007).
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Signaling via TLRs

TLRs function as dimers. Though most TLRs appe#nriction as homodimers,
TLR2 forms heterodimers with TLR1 or TLR6, each dirhaving different ligand speci-
ficity. TLRs may also depend on other co-receptordgull ligand sensitivity, such as in
the case of TLR4's recognition of LPS, which regsiiMD-2. CD14 and LPS Binding
Protein (LBP) are known to facilitate the presentapf LPS to MD-2. When activated,
TLRs recruit adaptor molecules within the cytoplasncells in order to propagate a sig-
nal. Four adaptor molecules are known to be inwblnesignaling. These proteins are
known as MyD88, MAL, Trif, and Tram. The adaptectivate other molecules within
the cell, including certain protein kinases (IRAKRAK4, TBK1, and IKKi) that ampli-
fy the signal, and ultimately lead to the induct@mrsuppression of genes that orchestrate
the inflammatory response. In all, thousands okgeare activated by TLR signaling, and
collectively, the TLRs constitutes one of the mustverful and important gateways for

gene modulation.

Figure 4
Signaling via TLR

Bacteria-mediated signaling pathways. TLR4 sigrtapathways are shown as
representative. Stimulation with TLR ligands retsuilR domain-containing adaptors
including MyD88 and TIRAP to the receptor, and sedial activation of IRAK-4, IRAK-
1 and TRAF6 occurs. TRAF6- and UBC13-mediated utimation activates the TAK1
complex, resulting in the activation of the IKK q@ex and nuclear translocation of NF-

kB that initiates the expression of proinflammatoyyokine genes. TAK1 also activates
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MAP kinases, leading to the activation of AP-1,alihs also critical for the induction of
cytokine genes. TLR4 also recruits other TIR comgi adaptors, TRAM and TRIF,
which trigger induction of type | interferons vi@K1/IKK-i. On the other hand, intracel-
lular bacteria such as Listeria are recognizedhe tytoplasm by unidentified recep-
tor(s), and type | interferon is induced via a TBKK-i-dependent mechanism (from

Takeuchi et Akira, Current Opinion in Cell Biolog@Q07).
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TLR4 Signaling
MyD88-dependent Pathway

The recognition of bacterial LPS by TLR4 leadshe &ctivation of a signaling
pathway resulting in the production of pro-inflantorg cytokines via adaptor molecule
MyD88. MyD88 is shared by IL-1R family members aridRs for the signaling, with the
exception of TLR3. In TLR2 and TLR4 signaling, amat adaptor, TIRAP (TIR domain-
containing adaptor protein), is required for theru@ément of MyD88 to TLRs. TIRAP
localizes to the plasma membrane by binding to phaisdylinositol 4, 5-bisphosphate
(PIP2), and this binding recruits MyD88 to the T[4&]. MyD88 triggers sequential ac-
tivation of IRAK-4, IRAK-1 and TRAF6. Together witlin ubiquitination E2 enzyme
complex consisting of UBC13 and UEV1A, TRAF6 caraly the formation of a K63-
linked polyubiquitin chain on itself and on IKKNF-xB essential modulator (NEMO)
[45]. TRAF®6 also activates TGactivated kinase 1 (TAK1), which phosphorylates
IKK- B and MAP kinase kinase 6; these in turn modulageatiivation of NR<B and
MAP kinases, which induce genes involved in inflaabony responses. Deletion of
TAK1 and UBC13 in mice revealed that these molexplay a critical role in TLR-
mediated cytokine production, in addition to theie in embryonic development [46-
48]. TAK1 is essential for both NkB and MAP kinases, whereas UBC13 was dispensa-
ble for NF«B activation. It was shown that IRF-5 associatef WyD88, and regulates
the expression of cytokine genes, but not interfeyenes, in response to stimulation with
TLR ligands [49]. However, another report showeat IRF-5 was responsible for TLR7-
mediated type | interferon induction [50]. There&fpofurther studies are required to de-

termine the role of IRF5 in the regulation of theerferon pathway.
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TLR4 Signaling
TRIF-dependent Pathway

Detection of bacterial LPS via TLR4 also inducesduoiction of type | interferons
via the TRIF-dependent pathway. However, infecbbmacrophages with intracellular
bacteria, such ddgsteria monocytogenemndLegionella pneumophilappeared to in-
duce type | interferons independent of the TLReays}51]. The induction requires a
hemolysin, Lysteriolysin O (LLO), suggesting thia¢ tescape of bacteria into the cytosol
of infected cells is required for the inductiontygbe | interferonsListeria-induced inter-
feronf production is dependent on the presence of TBKIIBR3 [52, 53]. It was pro-
posed that genomic DNA frolristeria andLegionellawas responsible for the produc-
tion of type | interferons [51]. DNA- andsteriazmediated interferon responses were not
profoundly impaired in IPST mice (IPS1; an adaptor molecule linking retinaiida
inducible gene I (RIG-1) and TBK1). Thus, the rele@nd signaling pathways responsi-

ble for the induction of interferons by bacteria get to be identified.

Cytoplasmic PRRs
NLR Proteins (Nod Proteins, Ipaf and Naip, and N2ipteins)

The nucleotide-bindingomain, leucine rich repeat containing (NLR) progseare
a diverse family of cytoplasmic PRRs. These prataire characterized by a central
oligomerizatiordomain, termed nucleotide-binding domain (NBD) aratotein
interaction domain, leucine-rich repeats (LRRghatC terminus. The critical role of
NLR proteins in host-pathogen interactions wag firscovered in plants [54]. These

molecules, which respond to microbial virulencedas, are referred to as disease-
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resistance genes (R genes) [54]. NLR moleculetampare a diverse protein family and
mediate some of the most important mechanisms sifdefense against infection in
plants. It has been shown recently that some oRtlgene-virulence factor interactions
are not direct and the R genes seem to recognzereatic activities of the virulence
proteins on an intermediate host protein [55, 8 NLR protein family in animals is a
newly emerging class of innate immune moleculegiff$imilarity to plant R genes was
first suggested by the cloning of cytoplasmic casp@cruiting domain 4
(CARD4)/NODL1 [57, 58], and it was postulated eanhythat CARD4/NOD1 may act as
a cytoplasmic sensor of microbial products [57].

To date, it is known th&od1 and Nod2 detect bacterial cell wall components
whereadpaf and Naip detect bacterial flagellin, and NAQHRR/Pyrin1 (Nalpl1) has
been shown to detect anthrax lethal toxin. NLR girsicomprise a diverse protein
family indicatingthat NLRs have evolved to acquire specificity tomas pathogenic
microorganisms, thereby controlling host-pathogearactionsActivation of NLR
proteins results in inflammatory responsediated by NR<B, MAPK, or Caspase-1
activation, accompaniday subsequent secretion of proinflammatory cytakine
Mutationsin several members of the NLR protein family haeerblinkedo
inflammatory diseases, suggesting these molecldgsmportantoles in maintaining

host-pathogen interactions and inflammatesponses.
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Figure 5
NLR proteins and their ligands

Bacteria are internalized into the host cell by ghaytosis. Some bacteria survive
in the phagosomes by suppressing host defensgshagadlysosomal fusion, and others
have pathogenic mechanisms, which allow them tapesinto the cytosol. Bacteria,
which remain in the phagosomes, may use their gathio secretion system-generated
pores to leak MAMPs into the cytosol for recogmitily NLRs. Such a mechanism has
been suggested for flagellin perception by Ipaf Baip5. In addition, peptidoglycan
moiety perception by Nod1, conferring resistancexivacellular H. pylori, has been
suggested to be mediated by that bacterium’s tyetretion system. NLRs such as
Nod1, Nod2, and Nalp3 have been shown to confestaese to other bacteria (from

Kobayashi et al., Journal of Leukocyte Biology, 200
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Nod1 and Nod2
Nodl and Nod2 were the first NLRs reported to fiorcas intracellular microbial
recognition molecules. These two proteins were shimwecognize moieties of the
bacteriaktell wall component, peptidoglycan. Many bactera@assified by their cell
wall structure and thickness of the peptidoglyayet as Gram-positiveaving thick
peptidoglycan, or Gram-negative, having a tayer of peptidoglycan. Nod2 has been

shown to respond to MDEgnsisting of NAM-L-Ala-D-Glu [59, 60]. This moietg
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conservedh Gram-positive and Gram-negative organisms, sstgggethalNod2 may
confer resistance to a wide variety of bacterideBdNod2 has been proposed to sense
peptidoglycan from a varietf Gram-positive and Gram-negative heat-killed baat
andbacterial extracts [61]. However, it is interestthgt notall bacterial species
containing large amounts of peptidoglydeve strong Nod2 stimulatory activity [61].
This may suggeshat there is a specificity of Nod2 toward certarganismsbut the
nature of this specificity, whether it is the ligatself or the mode of ligand presentation,
is unclear. NodIgonversely, has been shown to detect GM-triDAP K@ic-MurNAc
tripeptide muropeptide) as well as simgdeptide versions containingeseDAP [62,

63]. The sensing of peptidoglycan moieties witeseDAP, found predominantly in
Gram-negative bacteria, suggests Mad1 restricts the growth of certain types of
bacteria. Studiesith heat-killed bacteria and their extracts alsticatedhat there is
vast variation in Nod1 stimulatory activity frooznganisms, which contain the minimal
IEDAP (isoglutamyldiaminopimelic acid) structurel]6lt is interesting that in those
studiesBacillus species hathe greatest Nod1 stimulatory activity and a strisiogl2
stimulatoryactivity. Nod1 and Nod2 have been implicated irtrreting growth of a
number of specific bacteria, suchlasnonocytogenemdsS. flexneri54, 63-65].
Although Hasegawa at. [61] show that liveisteria infection and infection witthe
listeriolysin O mutant, which does not alldwsteria toescape into the cytosol, are
capable of activating NkB in aNod1-dependent manner, the same study shows that
heat-killedbacterial cells and cell supernatants from ovetrighturedailed to induce

Nodl-dependent NkB activation. This suggedtsat the putative extracellular Nod1
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stimulatory molecules afimked toListeria viability. It is then possible that Noaday
have additional stimulatory molecules, which mayepeptidoglycan moieties, or that
bacterial and not host enzynaee required to generate Nodl ligands. Overall tindre
thenature of the specific growth restrictions is adirresulof sensing those specific
bacteria or a secondary resultefulation of antimicrobial peptide production agsult

of broad-range sensing remains to be determined.

Ipaf and Naip

Another set of proteins of the NLR family, whichviesbeen showto recognize
microbial structures, is Ipaf and Najoth proteingespond to flagellin, the main
component of the bacterial flagellum [66, 67]. Evipeental evidence using flagellin
mutantsn bacteria such é&almonellaandLegionellahas indicatethat those strains
were unable to signal through Ipaf or Naip5/Bircllds showed that both proteins detect
flagellin from SalmonellaandLegionellg suggesting redundancy between Ipaf and
Naip5.

Nalp3

Unlike theNLRs mentioned above, Nalp3 has been shown to nelsfgoseveral
ligands such as bacterial RNA, uric acid crystalsR, andpore-forming toxins [68-70].
Studies showinthat Nalp3 may sense bacterial RNA and uric acgydtafs
independentlpr partially independently of TLRs, suggest tharéhmay béwo distinct
pathways leading to the release of [L.{68, 70]. The active cytokine is generated by

cleavage of its pro-IL{1form by Caspase-1, which is produced as an inaggwgogen,
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also needing to be cleaved into an active form. NduRily proteinsuch as Ipaf and
Nalp3 have been implicated in regulating Caspaaetitation. However, additional
studies have shown that I3 telease from macrophages requires two stimuli,frora
TLR signaling, where pro-ILf1is generated, and the otlfierm a stimulus such as ATP,
which presumably induces oligomerizatenmd inflammasome assembly [69, 71, 72].
Recent studies showed that heat-killed bacteriaf&Rdligands such as LPS can induce
Caspase-activation in the presence of ATP in macrophagésidat inTLR4, MyD88,

or TRIF, suggestinthat bacterial products may activate Caspase-IhegaithATP in

a TLR-independent manner [71]. In addition, studigggest that Nalp3 does not sense
ATP directly but rather, intracellulgotassium depletion resulting from ATP signaling
[69, 73].Pathogen toxins, which insert themselves into heshbraned)ave been
proposed to alter intracellular potassium in a Ralppendennanner [69]. Such toxins
include: nigericin, a potassium ionopharaitotoxin, primarily a C& channel but also a
transporteof other cations; and listeriolysin O. Therefotasilikelythat exogenous ATP
may serve as a ,danger signal” leadingdtassium depletion. This suggests that some

NLRs may also sensmnmicrobial signals and molecules involved in delflense.

Nalpl
The ligands for Nalpl have been suggested to be EdRthenthrax lethal
factor of theBacillus anthracigoxin [74, 75]. Studies using MDP included considite
biochemicabnd kinetic analysis between MDP and Nalpl [75)itro reconstitution

experiments with those molecules showed that Naigd activatednd signaled
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efficiently for IL-1f production [75]. Thactivation of purified Nalp1 with pure MDP in
controlled reconstitutioeaxperiments raises the possibility that Nalpl matyneed the
aid of another protein to recognize MDP, suggedtiad interactiooay be direct,
although further studies are necessary to corifirsn One potential problem of the Nalpl
reconstitution experimenits that they were performed in vitro using purifigabtein An

in vivo study with a Nalp1 knockout is necessargaafirmMDP as a true ligand. As
mentioned previously, Nalpl was agwwn to respond to anthrax lethal factor [74],
which is a ZA*-dependengndoprotease, cleaving the N-terminus of MAPK kisas
alteringsignaling pathways, and leading to apoptosis. ibisknowrprecisely how

Nalpl responds to the lethal factor, but this cdaddhe firsNLR shown to respond
directly to a disease causing virulem@etor secreted by a bacterium. In plant systems,
the resistancgenes recognize specific microbial virulefeetors delivered into the host,
but this recognition has beshown in some cases to be indirect, where the Bggen
actuallyrecognize the virulence protein’s enzymatic agagibn another host protein [55,
56]. It is possible that the recognitiohthe lethal factor by Nalp1l may be through a

similar mechanism.

Signaling via NLR Proteins

As a sensor of microorganisms, NLR proteins argammmed t@ctivate host
defense mechanisms. Two major signaling pathwaye been described. One is NB-
and MAPK activation through serine/threonine kinase Rip2 [76-78]. A typicedmple

is signaling through Nod1 dtod2, which detect active moieties of bacterial
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peptidoglycanThe other is activation of Caspase-1 through thigatonof several
NLRs, including Nalpl1, Nalp3, Ipaf, and Naip. Thethway leads to IL{1secretion and
programmed cell death

The latest proposed model of NLR activation poségldhat inactivelLR
proteins may rest in an autoinhibited conformatimoughintramolecular inhibition of
the NACHT domain by LRRs [79]. The ligand recogmitiirst may cause a confor-
mational change of NLR proteifsucleotide triphosphate binding to the P-loop @& th
NACHT (NBD)domain changes its conformation further, which $etadoligomerization
of the molecules. Oligomerization of NLRs subsedjyerecruitsdownstream effector
molecules. In the casé Nod1 and Nod2, they recruit the downstream len&sp2,
which may cause autophosphorylation [Rip2 activates the downstream signaling
cascades including MAPKsd NF«B . In the case of Nalp3, it recrugso-Caspase-1
via the adaptor ASC [80The pro-Caspase-1 proteins cause autocleavagecavate
Caspase-itself [81]. It is still unknown how many NLR moleles are involved the

final oligomeric protein complex.
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Figure 6
Cellular signaling of NLR proteins

There are two major NLR signaling pathways, receptteracting protein 2
(Rip2)- and ASC-dependent pathways. Nod1 and Net#idactive moieties in bacterial
peptidolycan, GM-triDAP, and MDP, respectively. Naahd Nod2 signal through a ki-
nase, Rip2, which activates MB-and MAPKSs, leading to the activation of immune re
sponse genes. In contrast to the Rip2-dependehtvastt the ASC-dependent pathway
results in the activation of Caspase-1. NLRs, agNalp3, Nalpl, Ipaf, and Naip, acti-
vate Caspase-1 upon ligand recognition. Active @aspl has dual roles: production of
mature IL-J3 by cleavages of pro-ILAland induction of programmed cell death of host
cells, which may act as a host defense mechaniasmsigathogenic organisms (from

Kobayashi et al., Journal of Leukocyte Biology, 200
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Figure 7
Activation of NLR proteins

The current, proposed model of NLR activation iglagous to the activation of
Apaf-1, a critical mediator of apoptosis by theaufiondrial pathway. Without apoptotic
stimuli, Apaf-1 holds an auto-inhibited conformatioy binding of WD40 domains to
CARD. When Cytochrome-c released from mitochortanids to the WD40 domain (li-
gand binding), this event changes the conformatiofspaf-1, allowing access of ATP to
the NBD. ATP binding to the NBD of Apaf-1 chan@pesdonfirmation of Apaf-1 (nucleo-
tide binding) further, generating "active" Apafdnd Apaf-1 oligomerizes as a heptamer
protein complex using NBD as an oligomerization donoligomerization). The oligo-
merized Apaf-1 recruits the downstream effectospgaae-9, which causes auto-
cleavage. By analogy, ligand binding of Nod2 andpRamay result in a conformational
change, subsequent oligomerization, and recruitroédbwnstream effectors. Nod2 may
recruit the Rip2 kinase, which autophosphorylated activates downstream signaling
cascades. Nalp3 may recruit ASC adaptor and prop@ss-1, which activates self and
cleaves downstream substrates such as proglfrbm Kobayashi et al., Journal of Leu-

kocyte Biology, 2008).
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Secreted PRRs
Collectins, Pentraxins and Lysozyme

A number of PRRs do not remain associated wittcéfiehat produces them. The
most important examples of secreted PRRs are comaplereceptors including collec-

tins, such as mannose-binding lectin and ficolamg] pentraxin proteins including serum
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amyloid and C-reactive protein. Lysozymes, lip@hsferases and peptidoglycan recog-

nition proteins are other soluble molecule withastgrn recognition capacity.

Figure 8
Structures of the collectins

(a) Each polypeptide chain of the collectin family aoftpins is composed of an
amino-terminal cysteine-rich region followed bydlagen-like region, an alpha-helical
neck region and a carboxy-terminal globular domthiat is a C-type lectin and is re-
ferred to as the carbohydrate recognition domaiR[. (b) The polypeptide chains tri-
merize by coiled-coil interactions of the alphaib&l neck regions to form the basic sub-
unit of structure(c) Both mannose-binding lectin (MBL) and surfactamtein A (SP-A)
are hexameric structures in which six of the basilsunits are linked together via the
amino-terminal cysteine-rich regions and collagé&®lregions to give hexameric units
with 18 polypeptide chains. The resulting multipteays of CRDs give high-avidity bind-
ing to the repetitive macropattern of polysaccherigiands in microbial cell walls. Sur-
factant protein D (SP-D) forms a tetramer of thentric basic units (12 polypeptide
chains). Ficolins are also hexamers or tetramera similar structure, the main differ-
ence being the type of domain that comprises tHeobgdrate recognition domain.

(from Robertson et al., Immunity: The Immune Respaminfectious and Inflammatory

DiseaseNew Science Press Ltd, 1999-2007).
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Mannose-binding Lectin

One very important collectin is mannose-bindindife(MBL), a major PRR of
the innate immune system that binds to a wide rafigeganisms. MBL has been shown
to bind to yeasts such &andida albicansviruses such adlV andinfluenza Amany
bacteria includingalmonellaandStreptococgiand parasites likeeishmaniaMBL pre-
dominantly recognizes certain sugar groups onuthiaee of pathogens but also binds
phospholipids, nucleic acids and non-glycosylatedgins. Serum MBL is bound to
another protein, a serine protease called MASPBL{Adssociated serine protease-2).
When MBL binds to its target the MASP protein aates the complement cascade by
cleaving the blood protein C4 into C4a and C4brfragt. The C4b fragments then bind
to the surface of the pathogen, and initiate tnen&bion of a C3 convertase. The
subsequent complement cascade catalyzed by C3rtaseeesults in creating a

membrane attack complex, which causes lysis op#tieogen [82, 83].

Ficolins
Ficolins are also members of the collectin familypmteins which are able to
recognize MAMPs on microbial surfaces. Upon bindimgheir specific MAMP, ficolins
may trigger activation of the immune system byaesithinding to cellular receptors for
collectins or by initiating activation of complentena the lectin pathway. The human
ficolins including L-ficolin, H-ficolin and M-ficain and murine ficolin-A were shown to
associate with the lectin pathway-specific serirgase MASP-2 and catalyse its

activation which in turn activates C4 and C4b-bo@2dto generate the C3 convertase
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C4b2a. There is mounting evidence underlining goéin nature of ficolins with a wide
range of carbohydrate moieties recognized on miatslirfaces. However, not all
members of the ficolin family appear to act asitepathway recognition components.
For example, murine ficolin-B does not associatién WASP-2 and appears to be absent
in plasma and other humoral fluids. Its stringesitutar localization points to other
functions within the immune response, possiblyrarts an intracellular scavenger to

target and facilitate clearance of MAMP-bearingrae[83-85].

Figure 9
MASPs couple MBL and ficolins to the complemertiveay

Mannose-binding lectin-associated serine prote@s&sSPs) couple some collec-
tins and some ficolins to the complement pathwd\ NH-ficolin and L-ficolin bind
MASPs. Before ligand binding, these MASPs lackifsignt protease activity. Binding of
multiple carbohydrate recognition domains of théemin or ficolin to a microbial cell
surface leads to conformational changes in the oude perhaps due to the geometry of
the ligand, which promotes proteolytic activatidrttee MASPs, which then can initiate
the complement cascade (from Robertson et al., hitynd’he Immune Response in In-

fectious and Inflammatory Diseasdew Science Press Ltd, 1999-2007).
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Figure 10
Activation of the complement cascade

The lectin pathway, the classical pathway, anddbernative pathway all lead to
the production of C3 convertases, proteolytic eregythat cleave C3. In the lectin path-
way and the classical pathway, the convertase neigged by cleavage of C4, binding of
C2 to the newly generated C4b and then cleava@®pfesulting in the C4bC2b com-
plex, which is the C3 convertase of these two pagbwThese cleavages are conducted
primarily by MBL-associated serine protease 2 (MASkh the lectin pathway and the
Clg-associated protease C1s in the classical pagh®@aqg and its associated proteases
are closely related to MBL and the ficolins anditl@ssociated proteases. In the alterna-
tive pathway, C3b or the water-reacted form of €8ruits factor B, which then becomes
a substrate for the protease factor D. This geresahe alternative pathway C3 conver-
tase, which is a complex between C3b and the lmeggnent of factor B (Bb). C3 is
cleaved by the C3 convertases into its two mapyrfrents, C3a, which promotes in-
flammation by triggering mast cells, and C3b, whiglkentral to the other effector func-
tions of complement (from Robertson et al., Immyuilihe Immune Response in Infec-

tious and Inflammatory Diseasdew Science Press Ltd, 1999-2007).
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Pentraxins

Pentraxins are a family of multimeric PRRs, whicé khighly conserved in evolu-
tion. Based on the primary structure of the subuhé pentraxins are divided into two
groups: short pentraxins and long pentraxins. Ctheaprotein and serum amyloid P-
component are classic short pentraxins producéukitiver, whereas the prototype of the
long pentraxin family is PTX3. Innate immunity ceind vascular cells produce PTX3 in
response to proinflammatory signals and Toll-ligeaptor engagement. PTX3 interacts
with several ligands, including growth factors,ragellular matrix components, and se-
lected pathogens, playing a role in complementatitin, facilitating pathogen recogni-
tion, and acting as a predecessor of antibodiesddition, PTX3 is essential in female
fertility acting on the assembly of the cumulus loous extracellular matrix. Thus,
PTX3 is a multifunctional soluble PRR acting asoaredundant humoural component of
of innate immunity and is involved in tuning inflamation, in matrix deposition and fe-
male fertility. Evidence suggests that PTX3 is efulsnew serological marker, rapidly

reflecting tissue inflammation and damage [86-88].

Figure 11
Structure of pentameric pentraxin

The pentraxins are a phylogenetically ancient fgrofloligomeric plasma pro-
teins, all of which bind G4 ions. The binding of G4 is necessary for the expression of
ligand-binding activities. These proteins have egdlvery little and hence they are high-
ly conserved. They exhibit remarkable conservatiostructure and binding specificities.

All of the pentraxins are oligomers arranged iniscdid-like pentagonal (rarely hex-
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agonal) cyclic symmetry. These proteins were ngoeetraxins because of their cyclic
configuration of five non-covalently bound identisabunits. (from Vishveshwara et al.,

The Biochemical Journal, 2005).

Lysozyme

Lysozyme is a family of enzymes which damage b&idteell walls by catalyzing
hydrolysis of 1,48-linkages between N-acetylmuramic acid and N-agetglucosamine
residues in a peptidoglycan and between N-acetgltiDosamine residues in
chitodextrins. It is abundant in a number of seenst, such as tears, saliva, and mucus.

Lysozyme is also present in cytoplasmic granulegb@fpolymorphonuclear neutrophils.
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Large amounts of lysozyme can be found in egg whltgsozyme serves as a non-
specific innate opsonin by binding to the bactesiaface, reducing the negative charge
and facilitating phagocytosis of the bacteriumadiition, it can act also as an lytic
enzyme attacking bacterial cell wall peptidoglycand hydrolyzing the glycosidic bond
that connectdl-acetylmuramic acid with the fourth carbon atonNedcetylglucosamine

[89, 90].

Figure 12
Structure of lysozyme

Neutron crystallographic structure of hen egg-why®ozyme obtained at 1.7
resolution using the Laue neutron diffractometerth@gonal views are shown with the
alpha-carbon backbone coloured cyan, oxygen at@dsind deuterium atoms yellow

(from Lehman et Wilkinson, Acta Crystallographit899).
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Induction of the Innate Immune Responses

Recognition of ligands by TLRs leads to a seriesigiialing events resulting in
the induction of acute responses necessary tthkilpathogen [91, 92]. These tasks in-
clude activation of the complement pathway and pbgipsis. In addition, anti-microbial
proteins and peptides are induced by TLRs in varill types, especially those of mye-
loid origin and also in Paneth cells of the gutlegium [93]. TLRs also induce activa-
tion of cytokines such as ILB1IL-6, TNF and chemokines (for example, KC-1 and
MCP-1) that collectively induce acute inflammatoegponses to pathogens. TLRs also
induce enhanced phagocytosis and killing by maagph. Induction of type | interfe-

rons by TLRs in response to viral DNA or RNA leaddgranscription of several anti-viral

38



proteins necessary to overcome viral infectionsefs®# TLRs are known to participate in
viral recognition, and the list includes TLR3, TLRILR8 and TLR9 [94-96]. The im-
portance of innate immune responses to microbfattion can be stressed by the fact
that such a response is sufficient to protect tst majority of existing animal species.
Vertebrate hosts, however, have evolved an additiomore sophisticated form of de-
fense system possessing properties of clonal eiggaaad memory. Accumulating evi-
dence suggests that functional activation of theptde immune system depends on sig-

nals from TLRs of the innate immune system.

Induction of the Adaptive Immune Responses

TLRs are also responsible for the induction of diiedcell maturation, which is
responsible and necessary for initiation of ad@&ptmune responses. An optimal acti-
vation of naive T cells requires signals througthbiiCR and CD28 molecules [97, 98].
These requirements are met only by a fully matuteeRposed to TLR ligands either in
the secondary lymphoid organ or the peripheraliéissEngagement of TLRs on DCs by
TLR ligands leads to up-regulation of both MHC aodstimulatory molecules [99]. Mi-
gration of this professional APC to the drainingigh node and subsequent interaction
with naive T cells ensures that immune respongemaunted only to pathogen-derived
antigens. The interaction of immature DCs and ndieells leads to tolerance or induc-
tion of suppressor T cells [100].

In addition to controlling the co-stimulatory pathyy DCs seem to contribute to

T cell activation by overcoming suppression medidig Treg cells. Experiments with
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MyD88-deficient mice revealed that LPS can indu€&maturation even in the absence
of MyD88. However, MyD88-independent signaling inds up-regulation of MHC and
co-stimulatory molecules but cannot induce seanaedifocytokines. Further experiments
showed that cytokines secreted in response to igaRds are necessary to overcome the
suppressive effect of Treg cells [101]. The cytekihat is essential for overcoming sup-
pression mediated by Treg cells is IL-6. This cytekalong with others secreted by DCs
in response to TLR ligands acts by making respoifideils refractory to suppression
and not by inactivating the suppressors. The adganof this mechanism is that contin-
ued functioning of Treg cells prevents activatidself-reactive T cells during an im-
mune response to infection. Cytokines secreted®y i response to TLR ligands are
insufficient to induce T cell activation in the @bse of induction of co-stimulatory mo-
lecules.

DC maturation induced by TLRs also involves seoretf cytokines and chemo-
kines that control the choice of the effector clalsadaptive immune responses. TLR
signaling in macrophages and DCs leads to secretitinl?2 that skews the resultant T
cell response towards Thl phenotype. Thl cellesetFNy, which has multiple effec-
tor functions. It activates macrophages and entsatinegr phagocytic and microbicidal
ability. It is also responsible for induction ofsk switching to IgG2a isotype in B cells
[102]. TLR-mediated responses also induce IgGlsaésintibody, which is important
for opsonization of microbes to facilitate uptakeghagocytes and also for activation of
the complement cascade. An important issue thatireso be resolved is whether dif-

ferent DC subsets controlyTell differentiation into effector cells.
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Beneficial and Harmful Effects of LPS Activity

Antimicrobial Defense
Activation of the immune system by MAMPSs, such &Sl is beneficial, and
helps the organism to recruit all humoral and ¢atlimmune components in order to
fight the invading pathogens. However, TLR mediatethte and/or adaptive immune
responses play an important role in a variety sédses, including sepsis, atherosclerosis,

kidney failure, liver disease or inflammatory bowledeases [103, 104].

LPS, TLR4 and Sepsis Syndrome

“Sepsis syndrome” is a condition characterizeddwef, tachycardia, tachypnea
and shock, regardless of the cause. The term ‘Segsers to the sepsis syndrome asso-
ciated with bacteria in the blood or large focusndéction [105]. The term “systemic
inflammatory response syndrome” (SIRS) refers &ospsis syndrome without detecta-
ble infection [106]. Sepsis, the sepsis syndromte&IRS account for greater use of criti-
cal health care and more deaths than any conditiwer than coronary artery disease
[107].

The classical model of sepsis states that injuipfection of tissues leads to en-
try of microorganisms such as bacteria. Penetratiingoorganisms, their components
and other microbial antigens trigger the productiad release of pro-inflammatory me-
diators, such as TN#-IL-1, IL-6 or IL-8, which act to stimulate immune resges re-

sulting in decreased tissue perfusion, multipleaartailure and eventually death.
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The role of Gram-negative bacteria in the pathogisna sepsis has to be still
elucidated. Although LPS can induce the sepsisreynd when injected into animals
[108] and humans [109, 110], it has been diffitaldemonstrate that LPS causes the
syndrome in those infected with Gram-negative bactd@he level of LPS in the blood of
septic patients does not predict the manifestawdsepsis or its outcome [111], and
agents that block LPS do not decrease the martifasaor improve the outcome of sep-
sis [112] and [113]. For example, McClosketyal.[114] showed that 32% of patients
with Gram-negative sepsis treated using anti-LRbadies and 33% of control subjects
died. Furthermore, the outcome of sepsis is notowgd by LPS-neutralizing agents
such as taurolidine or polymyxin B [112]. Of coyr&am-negative bacteria might have
agonists other than LPS for TLR4, or for other TiEHRwever, this would cast doubt on
the role of LPS and TLR4 in the classical modedeysis.

The classical model of Gram-negative sepsis plat&s! in a pivotal position:
when stimulated by LPS or other MAMPs from micramigms, TLR4 causes fever,
shock and death in sepsis. This concept is suppbytéhe fact that Sultzer's mutant mice
(C3H/HeJ), which have non-functional TLR4, and maeking TLR4 [115] do not de-
velop shock and do not die when given LPS. Howenvben C3H/HeJ mice are infected
with Gram-negative bacteria, the manifestationsepfsis worsen and the rate of death
increases. Thus, the LD50 for viruldegcherichia colin C3H/HeJ mice is less than ten
organisms, whereas the LD50 for wild-type miceQ<D00 organisms [116]. Thus, TLR4

appears to protect against rather than cause sheelpsis.
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TLR4 also paradoxically protects humans from Grasgative infection. Smirno-
vaet al.[117] found that TLR4 mutations, which are rare anobably disadvantageous
in humans [118], are over-represented in patiertts mveningococcal meningitis or sep-
ticemia. Similarly, Lorenet al.[119] genotyped 91 patients with septic shock faned
that some of those with the most severe manifestatiad TLR4 mutations (Asp299Gly
and/or Thr399lle) that impaired responses to LE®]1Thus, contrary to the predictions
of the classical model of sepsis, TLR4 function Imigrevent the sepsis syndrome.

To address some of the most difficult challengethéoclassical model of sepsis a
new model of sepsis was suggested. This modelpsisstates that TLR4, and perhaps
other TLR, are not ready to respond to MAMPs suehRS, but must first be released
from constitutive suppression. Injury or infectimgites inflammation, which activates
one or more proteases. Protease activation rel@a$&$ from constitutive inhibition,
and also liberates endogenous agonists of thetacé&mce released, TLR responds to
endogenous and/or exogenous activators to amplignnmation and initiate the sepsis

syndrome.

LPS, TLR4 and Other Diseases
Inflammatory process plays a fundamental role ¢ghesnic coronary artery dis-
ease (CAD) in terms of both the etiology of athel@®sis and the pathophysiology of
CAD. In patrticular, chronic inflammation plays aykele in coronary artery plague in-
stability and subsequent occlusive thrombosisetent studies, TLR4 signaling has been

shown to be involved in the pathogenesis of CARgl@shing a key link between the
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progression of coronary atherosclerosis and immesgonse to both foreign pathogens
and endogenously generated inflammatory ligandsa@md Mackman [121] have
shown that activated TLR4 elicits the productionnffammatory cytokines and chemo-
kines. Edfeldet al.[104] have also found that TLR4 is prominently egsed in endo-
thelial cells of human atherosclerotic lesion, poorly expressed in normal human arte-
ries. In the early atherosclerotic lesion, LPS atiebr ligands can stimulate the TLR4
expression on macrophages. The activated recegarthen initiate the signaling cas-
cade that induces the expression of inflammatotgliyes, proteases, and cytotoxic
oxygen and nitrogen radicals. These entities fursbeed up the progression of the athe-
rosclerotic lesion [122]. In advanced atherosclefetsion, LPS can induce the prolifera-
tion of vascular smooth muscle cells, as well asetkpression of elastin-degrading en-
zyme via TLR4 [123]. Besides that, in responsehtancokines, more smooth muscle
cells will also migrate to the sites of the lesi¢h24]. These predominant changes cause
the accumulation of cells, extracellular matrix gaments, thickening of the intima, as
well as the deformity of the arterial wall. Furthreare, TLR4 signaling might also be
involved in atherosclerotic plaque destabilizati@Gnenier and Grignon have demonstrat-
ed that LPS induces the expression of matrix nugiedteinase-9 (MMP-9) by TLR4 in
macrophages; MMP-9 has been shown to degrade eolfdyous cap, thus predisposing
plagque to rupture [125].

In many forms of liver diseases such as alcohalicam-alcoholic liver disease,
liver failure and inflammation are the result afascade of insults, which result in hyper-

activation of inflammatory pathways and liver injy26, 127]. Velayudham et al. [126]
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have shown that there is an up-regulation of TL&septors in liver granulomas and LPS
induced liver injury. Pathogen-induced TLR4 activatalso activates reactive oxygen
species (ROS), which is a major source of acutatoegte injury and death in the liver.
Up-regulation of peripheral blood monocyte exprassif TLR4 also occurs in patients
with chronic hepatitis C [128]. In addition, endoges gut-derived bacterial LPS have
also been implicated as important cofactors inptogenesis of liver injury.

Within the liver, LPS binds to LPS-binding protéltBP), which then facilitates its trans-
fer to membrane CD14 on the surface of Kupffersciglithe liver [129]. Moreover,

TLR4 can also interact with a protein ligand reeshfom damaged hepatocytes to ex-
tend an existing injury in the liver [130].

In other studies, there is evidence that high-nitgtgiroup box 1 (HMGB1) can
interact with both TLR2 and TLR4 to induce an inflmatory response during liver
ischemia/reperfusion (IR) injury similar to thattiated by LPS [131, 132]. HMGB1 is
an intracellular protein present in many specias filnctions in regulation and modula-
tion of gene transcription [132]. HMGBL1 is releaseddily from necrotic or damaged
cells, which may signal through TLR4 the preserfcadeancing tissue injury, initiating
an inflammatory response that further damages eiedlls [132].

Inflammatory bowel disease (IBD) is a group ofamfimatory conditions of the
large intestine and, in some cases, the smalltinees’he main forms of IBD are Crohn's
disease and ulcerative colitis. The main differelmeveen Crohn's disease and ulcerative
colitis is the location and nature of the inflamorgtchanges. Crohn's disease can affect

any part of the gastrointestinal tract, from mautlanus, although a majority of the cases
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start in the terminal ileum. Ulcerative colitis,aontrast, is restricted to the colon and the
rectum. Microscopically, ulcerative colitis is nested to the mucosa, while Crohn's dis-
ease affects the whole bowel wall. Finally, Croltiié®ase and ulcerative colitis present
with extra-intestinal manifestations (such as lipesblems, arthritis, skin manifestations
and eye problems) in different proportions.

The intestinal flora has long been thought to @lagle either in initiating or in
exacerbating the inflammatory bowel diseases (IBIdst defenses, such as those me-
diated by the Toll-like receptors (TLR), are créli¢o the host/pathogen interaction and
have been implicated in IBD pathophysiology. Deelatjal showed that TLR4 and its
signaling molecule TIRAP affect susceptibility ®D [133]. Recent studies have shown
that TLR4"~ and MyD88'~ knockout mice tend to be more prone to severeraiestl-
fate sodium-induced colitis than their wild-typtdrmates [134]. Interestingly, CRX-526
a TLR4 antagonist has been shown to prevent amnmflatory disease in the dextran
sulfate sodium and mdrfa@1b™" deficient mice models [135]. To explain these tant
dictory results we have to consider that constisusiignaling through TLR4 may result in
the production of tissue protective factors suchiLes and TNFe [133]. This is the sce-
nario in the MyD88~ knockout mice, while in the case of the CRX-526magy have
selective downregulation of one of the TLR-4/LP&nsiling pathways.

A recent hypothesis claims that some IBD casesaueed by an overactive im-
mune system attacking various tissues of the digestct because of the lack of tradi-
tional targets such as parasites and worms. Thdeuaf people being diagnosed with

IBD has increased as the number of infections bggiies, such as roundworm, hook-
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worm and human whipworms, has fallen, and the ¢mmdis still rare in countries where
parasitic infections are common. This is similathte hygiene hypothesis applied to al-
lergies.

Initial reports suggest that "helminthic therapydymot only prevent but even
cure IBD: a drink with roughly 2,500 ova of theichuris suishelminth taken twice
monthly decreased symptoms markedly in many patid¢inis even speculated that an
effective "immunization” procedure could be develdp-by ingesting the cocktail at an
early age [136]. Prebiotics and probiotics are shguncreasing promise as treatments
for IBD [137] and in some studies have proven tabeffective as prescription drugs

[138].

Gut Microbiota
Effects on the Adaptive Immune System

The Effect on GALT

Studies in germ-free (GF) mice have shown thangatobiota plays a crucial
role in the development and maturation of the imensystem [14, 139-146]. There are
many differences between GF animals and convent{@\§ animals. It was demon-
strated that the gut-associated lymphoid tissugwils the largest immune organ, is
immature in GF mice. The content of the lamina peo@D4+ T cells, IgA producing B
cells and intraepithelial T cells is reduced in @i€e [6, 147-154]. Peyer’s patches are
hypoplastic with few germinal centers [155]. Congie experiments have also shown

that the gene expression profiles of the intestpathelial cells is shaped by the presence
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of gut microbiota and that upregulated genes douitei to secretion of antibacterial

molecules at the intestinal surface and the reiguatf intestinal angiogenesis [156-158].

The Effect on Systemic Immunity

The effects of gut microbiota are not only limitedthe short-range interactions
on the gut-associated lymphoid tissue. Secondanpiid tissues and systemic immu-
nity are also affected. GF mice have lower serumumoglobulin levels and their mes-
enteric lymph nodes are smaller, less cellulardgmdot have germinal centers [6, 143,
144, 159, 160]. Spleens of GF mice are also smaitidrthe content of CD4+ T cells is
reduced [141]. CD4+ T cells are a major cellulamponent of the adaptive immune sys-
tem. CD4+ T cells are involved in activating ancedting other immune cells. They are
essential in determining B cell antibody class shitg, in the activation and growth of
cytotoxic T cells, and in maximizing bactericidatigity of phagocytes such as macro-

phages.

The Effect on [1/Ty2 Balance and 17 Cells
Activated CD4+ T cells could be functionally divitlento four major subsets,
designated {1, T42, T417 and Treg populations. These subsets are gendistiin-
guished by their actions, including their produstad specific cytokines and involvement
in different types of immune reactions;ITcells produce IFN IL-2, TNFo, and lym-
photoxin and participate in cell-mediated respongestracellular pathogensyZ cells

produce IL-4, IL-5, IL-6, IL-9, IL-10, and IL-13 ahare involved in responses to large
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extracellular pathogens such as parasites. Theephgtance betweenyI and {2 im-
munological responses is critical to overall huraad animal health [161, 162]. A role of
gut microbiota in establishing this equilibrium Heeen postulated [141, 163-165}1I
cells produce IL-17A and IL-17F and were initiaflgscribed as a pathogenic population
implicated in autoimmunity; they are now thoughthtwe their own distinct effector and

regulatory functions [166, 167].

The Effect on Regulatory T Cells (Tregs)

Regulatory T cells are a specialized subpopulation cells, which suppresses
activation of other immune cells and thus maintaimune system homeostasis. Deple-
tion or functional abrogation of these cells caralmause of autoimmune diseases and
allergies [168-172].

The latest research suggests that Tregs are Hewtdlby the expression of the
transcription factor Foxp3 [170-172]. The large ondly of Foxp3-expressing Tregs is
found within CD4+ helper T cell population and esgses high levels of the interleukin-
2 receptor alpha chain (CD25). Regulatory T cedimprise about 5-10% of the mature
CDA4+ helper T cell subpopulation in mice. Mutatiamshe gene encoding Foxp3 result
in the development of overwhelming systemic autoumity in the first year of life in
both humans and mice.

It is still controversial whether gut microbiotadamicrobiota-derived antigens
play a role in the development and maturation @igsr In the transfer model of colitis

developing in CD4+CD45RE" T cell reconstituted immune-deficient SCID mice we
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have shown that the presence of normal gut mictal@nhances a functional potency of
the Treg population. The inhibitory activity of CB@D45RB* T cells from GF mice
was significantly impaired compared to the popolaisolated from specific-pathogen
free mice [173]. It has been recently reported tuitmicrobiota is crucial for the genera-
tion and expansion of Tregs [174]. Ostman et @lored that CD25+ Tregs from GF
mice are less effective in suppressing proliferabbresponder CD4+CD25- T cells.
However, they did not find any difference in thegortion of CD4+Foxp3+ T cells be-
tween CV and GF mice. The only deficit of CD4+FoxpBcells in GF mice was de-
tected in the liver-draining celiac lymph nodesL Paradoxically, it was reported that
CD25+ Tregs from GF mice are as suppressive artdginee as those from CV mice
[176, 177] and Booki et al. recently reported theptide antigens derived from intestinal
microorganisms are not essential for the generaitnovivo proliferation or suppressive

activity of Tregs [178].

Conseqguences of Insufficient Microbial Stimulatmfithe Immune System
“Hygiene Hypothesis”

The incidence of several chronic inflammatory dilews has been increasing
markedly in developed countries. These comprigggilt disorders including asthma and
hay fever, some autoimmune diseases including lygiabetes and multiple sclerosis
and inflammatory bowel diseases. The “hygiene Hypsis”, which was firstly proposed
by Strachan in 1989, suggests that increases anichinflammatory disorders seen in

Westernized populations might be partially attréhlé to insufficient exposure to organ-
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isms including symbiotic microorganisms and paessihat were always part of mamma-
lian evolution. The diminished exposure to micr@mgms, parasites and their compo-
nents leads to a failure to adequately develop inoregulatory mechanisms. The me-
chanism by which these microorganisms promote theiration of immunoregulatory
pathways has to be still elucidated. However restdies suggest that microbiota and
helminthes, recognized by PRRs, promote the mabarat DCs into regulatory DCs that
drive regulatory T cell responses to the antigdribese organisms. The permanent pres-
ence of these antigens in the gut leads to contsmbackground production of anti-
inflammatory cytokines, such as IL-10 and T5>By Tregs. The resulting bystander sup-
pression of other immune cells may thus help tordegulate autoimmune diseases, in-

flammatory bowel diseases or asthma.
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CHAPTER TWO

SIGNIFICANCE OF THE STUDY

The intestinal mucosa is exposed to an enormowkdbbacterial and food anti-
gens. A single layer of epithelial cells separétest tissues from the gut luminal content.
The peaceful coexistence of the host and gut mictalhas evolved eons and its impacts
on the development, maturation and function ofith@une system are not well unders-
tood.

It is well documented that a lack of early childdaxposure to infectious agents,
gut microbiota, and parasites increases suscefptibdt only to allergic diseases and
asthma, but also toqI-driven diseases including type | diabetes andmmiatory bowel
diseases (IBD). This theory was first publisheddayid P. Strachan in 1989 and called
“hygiene hypothesis” [179]. The major proposed naeiém is that the developing im-
mune system must receive sufficient stimuli to adegly develop regulatory T cells.
What are the effects and mechanisms of the midrebraulation on the development of
regulatory T cells and what is the role of innaenunity has to be still elucidated.

Thus it is obvious that the deeper understandirtbefnteractions between host
immune system and gut microbiota and/or microhigiggns might have an impact on
the development of new strategies in the prevergrahtherapy of allergic diseases, in-

flammatory bowel diseases or even colorectal caroan[14].
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CHAPTER THREE

RESEARCH DESIGN

It has been well documented that the gut microli®&ssential for the develop-
ment, maturation and function of the immune sysfEne aim of the study was to inves-
tigate the effects of live gut microbiota and LR®itent of the sterile diet on the suscep-
tibility to endotoxin shock and to determine thale in the development and function of
the immune system.

To address this issue we have established threzimental groups different in
terms of stimulation with live gut microbiota an®8&. A group of germ-free mice fed
low LPS diet (AIN-93G), a group of germ-free mieelfLPS-rich diet (ST1) and a fully
stimulated group of conventional mice fed LPS-wleét (ST1). Our preliminary data
have shown that the effects of decreased stimualaticonventional mice fed low LPS
diet (AIN-93G) are negligible thus the group of gentional mice fed low LPS diet was
excluded from further analysis. What concerns gemetckground of experimental mice,
most of the presented data have been generateglimsimunocompetent Balb/c mice.
Immunocompromised SCID mice, which lack componehtsdaptive immunity, were
used to determine the role of adaptive immunitshepathogenesis of endotoxin shock.

However, to reveal the mechanisms by which gutebiata and their antigens
stimulate the adaptive immune system we have tasfon components of the innate im-
munity, which serve as a bridge between gut miataband the adaptive immunity. In
future projects we plan to use animal models ofendieficient for IRAK-M or Rip2 pro-

teins, which have increased and decreased signadnfl_R. By comparing their re-
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sponse to LPS under conventional and germ-freeionsl while simultaneously consi-
dering the level of LPS content of the diet, we lddike to reveal the mechanisms by

which gut microbiota interacts with the immune syst
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CHAPTER FOUR

SPECIFIC AIMS OF THE STUDY

The principal aims of the present study were t@#tigate the effects of live gut
microbiota and LPS content of the sterile dietlmdevelopment and maturation of
components of the immune system and to asses#¢aeseof live gut microbiota and
LPS content of the sterile diet on the susceptybib LPS. To address these aims, we
have established three groups of mice differetéims of stimulation with gut microbi-
ota and their antigens: a group of GF mice fed ldwSdiet, a group of GF mice fed
LPS-rich diet and a group of CV mice fed LPS-rioétdTo determine the role of adap-
tive immunity in the regulation of LPS susceptityilve have used immunocompetent

Balb/c and immunodeficient SCID mice, which lacktura B and T cells.

Specific Aim 1: Rearing of Germ-free Balb/c and BGllice

The long-term colonies of germ-free Balb/c and[3@lice have been es-
tablished by Dr Stepankova. Briefly, the mice hbeen delivered into germ-free condi-
tions by hysterectomy. Hysterectomy was perfornmegeistational day 19-20. The deli-
vered fetuses have been transferred to germ-fréle #Gter mothers to ensure breast
feeding of the newborns. After weaning, mice hagerbfed either a low LPS diet (AIN-
93G) or a LPS-rich diet (ST1). The sterility of gefree mice has been tested every week

using swabs, which were cultivated both for aercebanaerobes.
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Specific Aim 2: To Determine the Concentration &3.in Mouse Pelleted Diets.

For the purpose of the study it was essential &yae the load of microbiota-
derived antigens in mouse pelleted diets. The auraton of LPS was set as a measure
of overall bacterial presence in diets. To studyeffect of LPS content of the sterile diet
on the development, maturation and function of imengystem we had to first identify
both the diet with very low and very high LPS cantd he concentration of LPS was
measured by chromogenic LAL test and expresseddntexin units (EU) per pug of pel-
let. The diet with the lowest LPS level was pudfdiet AIN-93G supplied by Harlan-
Teklad and the diet with the highest LPS conceiomatas a grain-based diet called ST1
supplied by VELAZ. These two diets, selected onltagis of the maximum difference in
the level of LPS concentration, were used in gtlezkments.

Specific Aim 3: What Is the Influence of Gut Miciota and LPS Content of the Sterile
Diet on the Weight and Cellularity of Lymphoid Onms&®

To address this issue the weight of spleen andukysolated from conventional
and germ-free mice fed the low LPS diet (AIN-93@).8S-rich diet (ST1) was record-
ed. In addition the cellularity of spleen, thymosgsenteric lymph nodes, Peyer’'s patches
and a number of cells isolated from peritoneal tyavi conventional and germ-free mice

fed the low LPS diet (AIN-93G) or LPS-rich diet (§Thave been determined.

Specific Aim 4: Are Animals Susceptible to LPS e tAbsence of Gut Microbiota?

In Vivo Susceptibility to LPS
To address this aim, the conventional and germsfriee fed the low LPS diet

(AIN-93G) or LPS-rich diets (ST1) have been chaileth with LPS intraperitoneally and
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the levels of pro-inflammatory cytokines in seradbdeen measured. The determination

of a survival curve was not possible due to capdiititations.

Specific Aim 5: What Is the Influence of LPS Coritefithe Sterile Diet on the
Susceptibility to LPS under Germ-free Conditions?

In Vitro Susceptibility of Spleen Cells to LPS

To address this issue the spleen cells isolated émnventional and germ-free
mice fed the low LPS diet (AIN-93G) or LPS-rich t{€T1) have been stimulated with
different concentrations of LPS and ConA for 48 he levels of pro-inflammatory cyto-
kines in culture supernatants have been determisieg the Luminex multiplex analyz-
er.

In Vitro Proliferative Response of Spleen Cells to Stinntetvith LPS

To investigate the effect of live gut microbiotaddrPS content of the sterile diet
onin vitro proliferative response. The spleen cells from emtional and germ-free mice
fed the low LPS diet (AIN-93G) or LPS-rich diet (§Thave been isolated and stained
with CFSE. CFSE-labeled cells were stimulated wifferent concentrations of LPS and
ConA for 48 h, and then CFSE dilution was analyizg@ow cytometry.

Specific Aim 6: Do the Live Gut Microbiota and LEE®ntent of the Sterile Diet Modify
the Composition of Main Lymphocyte Subpopulations?

To address this aim the single cell suspensionatesbfrom Peyer’s patches, me-
senteric lymph nodes, spleen, peritoneal cavitytagichus of conventional and germ-
free mice fed the low LPS diet (AIN-93G) or LPSkridiet (ST1) have been surface

stained with FITC and PE conjugated anti-mouse @iad, PE conjugated anti-mouse
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CD8 mAb and PE conjugated anti-mouse CD19 mAb. rBegnt non-specific staining
the cells have been blocked with anti-mouse CD1@ZmDAb prior to staining. The data
were acquired on a FACSCalibur flow cytometer (BadDickinson, USA) and analyzed
with WinMDI software (Joseph Trotter).

Specific Aim 7: Do Gut Microbiota or LPS ContenttbE Sterile Diet Influence the Pro-
portion of Foxp3-expressing Requlatory T Cells?

To analyze the effect of live gut microbiota andSLébontent of the sterile diet on
the frequency of Foxp3-expressing regulatory Tscitle cell suspensions from Peyer’s
patches, mesenteric lymph nodes, spleen, peritaagdly and thymus of conventional
and germ-free mice fed the low LPS diet (AIN-93@).8S-rich diet (ST1) have been
isolated. The single cell suspensions were sudtaaed with FITC conjugated anti-
mouse CD4 mAb or FITC conjugated anti-mouse CD8 raAd intracellularly stained
with PE conjugated anti-mouse Foxp3 mAb. The propas of CD4+Foxp3+ and
CD8+Foxp3+ T cells have been analyzed by flow cgtiyn

Specific Aim 8: Do Gut Microbiota and LPS Contehtlte Sterile Diet Shift the
Tn1/Ty2 Balance?

To determine whether the live gut microbiota an&ld®ntent of the sterile diet
correct 1/Ty2 imbalance present in germ-free mice | have isdlapleen cells from
conventional and germ-free mice fed the low LP$ @&N-93G) or LPS-rich diet (ST1).
The cells have been stimulated with LPS and ConmA&h and the production of IFN

IL-4, IL-10 and IL-12 was determined by Luminex bzar.
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CHAPTER FIVE

MATERIAL AND METHODS

Experimental Mice

All mice were bred at the animal facility of thestitute of Microbiology of the
AS CR (Novy Hradek, Czech Republic) and were usedeaage of 8-10 weeks. Germ-
free (GF) Balb/c and SCID mice were caesarean-eéém@nd maintained in flexible plas-
tic isolators. Faecal samples from GF mice weraced under both aerobic and anaero-
bic conditions on a weekly basis and prior to tkgegiment to validate continued steril-
ity of the colony. The conventional (CV) mice weegularly checked for the absence of
potential pathogens according to an internatioreghablished standard (FELASA). All
the experiments were performed in the Departmeirhofunology and Gnotobiology of
the Institute of Microbiology of the AS CR. All thhesearchers who handled the animals
have been certified by the Central Committee fom#al Welfare. The Institute of Mi-
crobiology is authorized by the Central CommitteeAnimal Welfare to carry out ex-
periments on laboratory animals. The local ethitadlelines are in compliance with Di-
rective 86/609/EEC on the protection of animaldduse experimental and other scien-

tific purposes and Recommendation 2007/526/ECetilwropean Commission.

Determination of LPS Content of Mouse Feed Pellets

We have tested all the pelleted diets, which areraonly used in our animal fa-
cility. Namely AIN-93G diet (Harlan Winkelmann GmbBermany), 1430 diet with

gluten-free modification (Altromin, Germany), ClreslRiver’s standard diet (Charles
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River, USA), rodent NIH-07 22.5-5 diet (Ziegler, Alsand ST1 diet (Velaz, Czech Re-
public). To determine LPS content of mouse didis,tellets were ground, sonicated in
non-pyrogenic water and filtered. LPS concentraiiothe filtrate was measured using
the Chromogenic Limulus Amebocyte Lysate (LAL) TgSambrex, USA) and ex-

pressed as endotoxin units (EU) per 1 ug of a diet.

Experimental Diets

Mice were fed ad libitum with either a purified d{@&IN-93G, Harlan) or a grain-
based diet (ST1, Velaz). Both diets were sterilizgdradiation. The AIN-93G diet is
the growth diet for rodents recommended by the Agaerinstitute of Nutrition. It is
based mainly on purified ingredients, such as starch, vitamin free casein, maltodex-
trin, sucrose, soybean oil and powdered cellulopplemented with mineral and vitamin
mix. The ST1 diet is a grain-based diet, whichasedal mainly on wheat, oat, corn, wheat
flour, snail clover fodder, soya pollard, bone meeadl scrap cake. The AIN-93G has al-

most 100 times lower content of lipopolysacchafideS) than ST1 diet.

Preparation of Cell Suspensions

The organs were cut with scissors, squeezed vathiage plunger and filtered
through a 7Qum cell strainer (BD Falcon, USA). Red blood cetispleen cell suspen-
sions were lysed with ACK lysing buffer (ph 7.3) ®omin at room temperature. All the
cells were washed twice in complete RPMI-5 medi@ngifha-Aldrich, USA) and resus-

pended in appropriate buffer (i.e. RPMI medium, BAlGlffer). To harvest resident peri-
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toneal cells, 10 ml RPMI-5 medium per mouse wascitgd into the peritoneal cavity.
Collected peritoneal lavage fluid was centrifuged &hen resuspended in harvest me-

dium. The cells were counted and adjusted to apjatepcell concentration.

In Vivo Challenge with LPS

LPS was injected intraperitoneally (Ultrapure LR®jvogen, 10 pg/20 g of body
weight) and 90 min later the levels of pro-inflantorg cytokines (TNE and IL-6) in

sera were measured.

In Vitro Stimulation

Spleen cells were cultured at 2 X/l in a 96-well flat-bottom culture plate in
RPMI-1640 medium containing 10% FBS, 2 mM L-gluta®i50um 2-ME, 100 U/ml
penicillin, 100ug/ml streptomycin sulphate. The cells were stinedatith 100 ng/ml
LPS (Ultra-Pure LPS, Invivogen) and Li§/ml ConA (Sigma-Aldrich, USA) and incu-
bated in a 5%Cgat 37°C for 48 h. Culture supernatants were catbetiter 48 h and
stored at -20°C. Cytokine profiles were determinethg a multiplex cytokine analyzer

(Luminex).

CESE Proliferation Assay

Freshly isolated lymphocytes were resuspended BEC3olution (uM final
concentration) and mixed rapidly. After 5 min abmotemperature, the cells were

washed three times with 10 volumes of PBS contgibi#b FBS. CFSE-labeled cells
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were stimulated with 1.pg/ml ConA (Sigma-Aldrich, USA) in 96-well platesrfd8 h,

and then CFSE dilution was analyzed by flow cytaget

Staining of Surface and Intracellular Antigens

Phenotypic analysis of cells isolated from splékynus, MLNs, PPs and perito-
neal cavity was performed by flow cytometry. Thédaing mAb with matching isotype
controls were used: FITC-conjugated anti-mouse CBBePharmingen, USA), PE-
conjugated anti-mouse CD19 (BD Pharmingen, USA)(-tonjugated anti-mouse CD4
(BD Pharmingen, USA), PE-conjugated anti-mouse C@%aPharmingen, USA), PE-
Cy5-conjugated anti-mouse CD25 (eBioscience, UERN)C-conjugated mouse 1gG2b,
(BD Pharmingen, USA), FITC-conjugated rat IgG2#&eBioscience, USA), PE-
conjugated rat IgG2&, (eBioscience, USA), PE-conjugated mouse Ig@BD Pharm-
ingen, USA). Cells were resuspended in FACS byR&S containing 0.1% Naj\and
0.5% FBS) to a concentration of 2 x'tBl and pre-incubated withug of anti-mouse
CD16/CD32 (eBioscience, USA) per million cells #omin on ice prior to staining. Pri-
mary antibodies were diluted to predetermined ogiticoncentrations in 50 of FACS
buffer and dispensed into each well of a 96-wetingtiter plate. 5Qul of cell suspension
was added to each well and incubated for 20 mi#t@tin the dark. After staining, cells
were washed twice and resuspended inil@ACS buffer. Intracellular staining of
mouse Foxp3 was performed using PE anti-mouse FBiqiing Set (eBioscience) ac-

cording to the manufacturer’s protocol. The sandala were acquired on a FACSCali-
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bur flow cytometer (Becton Dickinson, USA) and arzald with WinMDI software (Jo-

seph Trotter).

Multiplex Cytokine Determination

To determine cytokine profiles in culture superngtave have used the Antibody
Bead Kits (BioSource, USA), which are designedeabalyzed with the Lumin&x
200™ System (Luminex Corporation, USA). The samplesavgtained and analyzed
according to the manufacturer’'s recommendation&flgr beads of defined spectral
properties conjugated to analyte-specific captatédadies and samples were pipetted
into the wells of a filter bottom microplate (Mplore, USA) and incubated for 2 h. After
washing the beads, analyte-specific biotinylatetgater antibodies were added and in-
cubated with the beads for 1 h. After removal afesss biotinylated detector antibodies,
streptavidin conjugated to R-Phycoerythrin was ddde 30 min. After washing, the
beads were analyzed with the Luminex 20iistrument. By monitoring the spectral
properties of the beads and the amount of R-Phyttuér fluorescence, the concentra-

tions of analytes were determined.

Data Analysis

The Student’s t-test (unpairédest) and one-way analysis of variance (ANOVA)
were used to determine significant differences betwthe control and experimental
groups. Values gb < 0.05 were regarded as significant and are ddrintthe figures. *

indicates p<0.05 and ** indicates p<0.01.
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CHAPTER SIX

RESULTS

Purified Diet May Have Almost 100 Times Lower LP8rEent than a Grain-based Diet

We have decided to use LPS concentration as a meeaSaverall bacterial con-
tamination in diets. To study the effect of LPS teor of the sterile diet on the develop-
ment of the immune system we had to first iderttibyh the diets with very low and very
high LPS content. The concentration of LPS was orealsby chromogenic LAL test and
expressed in endotoxin units (EU) per pg of pellee diets sorted by LPS concentration
from the lowest to the highest were AIN-93G diea(ldn, USA), 1410 diet (Altromin,
Germany), Standard diet (Charles River, USA), NIHdet (Zeigler, USA) and ST1 diet
(Velaz, Czech Republic). In our experiments we hased AIN-93G diet, which is a pu-
rified diet, and ST1 diet, which is a grain-basest.dl'hese diets have been selected on

the basis of maximum difference in the level of Ld®@tent (Fig. 1).

Figure 1
Comparison of LPS content of mouse pelleted diets

To determine the load of microbiota-derived antggenmouse diets the concen-
tration of LPS was measured. The pellets were gipsonicated in non-pyrogenic water
and filtered. LPS concentration in the filtrate wasalyzed using the Chromogenic Limu-
lus Amebocyte Lysate (LAL) Test (Cambrex, USA)jsaexpressed as endotoxin units

(EV) per kg of a diet. Results represent the mean (£ SE)wfieasurements.
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The Effect of Gut Microbiota and LPS-rich Sterileebon the Weight of Spleen and
Thymus

We have not detected any significant differencenweight of thymus isolated
from CV or GF mice fed the low LPS diet (AIN-93Q)IdPS-rich diet (ST1). However
we have observed an increase in the weight of & spcompared to GF spleen fed

either diet (Fig. 2).
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Figure 2
Germ-free mice have smaller spleens compared teetdional mice

We have found that the weight of spleen was sigmifiy lower in the absence of
gut microbiota. In contrast, the weight of thymusswot affected by gut microbiota or
LPS content of the sterile diet. Results repregentmean (+ SE) of at least 20
mice/group. Statistical analyses were performedth wie Student’s t-test (unpaired t-test)

and one-way analysis of variance (ANOVA).
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Gut Microbiota and LPS-rich Sterile Diet Increabe €ellularity of Mesenteric Lymph
Nodes, Peyer’'s Patches and Spleen

Spleens isolated from GF mice fed either diet Hawer total splenic lymphocyte
count compared to CV spleens. The cellularity ghtbis and peritoneal cell number is
not affected by the LPS content of the sterile datgut microbiota (Fig. 3). In contrast,

the overall MLN and PP cell numbers increased im@de fed the LPS-rich diet (ST1)
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compared to GF mice fed the low LPS diet (AIN-93[@)addition, the cell numbers fur-

ther increased in the group of CV mice (Fig. 4).

Figure 3
Germ-free mice have lower total splenic lymphocgient

Spleens isolated from CV mice have significantijéi cellularity than spleens
isolated from GF. Both groups of GF mice had simsjalenic cell counts irrespective of
the LPS content of the diet. All groups of mice $iadllar total thymocyte counts. Results
represent the mean (+ SE) of at least 10 mice/grQtatistical analyses were performed
with the Student’s t-test (unpaired t-test) and-wagy analysis of variance (ANOVA). *

indicates p<0.05 and ** indicates p<0.01.
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Figure 4
Gut microbiota and LPS-rich diet drive the celluxpansion in MLNs and PPs

MLNs and PPs isolated from GF mice were reducesize, number (not shown)
and cellularity compared to those from CV mice. $ize, number and cellularity of
MLNs and PPs were even lower in GF mice fed thellB® diet (AIN-93G). We have not
observed any significant difference in the numbigresitoneal cells isolated from perito-
neal cavity of CV and GF mice regardless of LPSemirof the diet. Results represent
the mean (£ SE) of at least 10 mice/group. Staatnalyses were performed with the
Student’s t-test (unpaired t-test) and one-way wsialof variance (ANOVA). * indicates

p<0.05 and ** indicates p<0.01
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Immunodeficient SCID Mice Are More Susceptibldridv/ivo LPS Challenge than Im-
munocompetent Balb/c Mice

We observed that immunodeficient SCID mice, whatklmature B and T cells,
are significantly more susceptible to intraperit@nePS challenge than immunocompe-
tent Balb/c mice. The levels of pro-inflammatoryaiines TNk and IL-6 detected 90
min after LPS challenge were significantly higheSCID mice compared to Balb/c
mice. The increased susceptibility of SCID mice paned to Balb/c mice might be ex-
plained by the absence of regulatory componengslaptive immunity. However, we
emphasize that the difference in LPS susceptibilityivo between SCID and Balb/c
mice was detected only under conventional condstmmunder germ-free conditions
when the mice were fed LPS-rich diet (ST1). ThuB,@ce fed the low LPS diet (AIN-
93G) show similar LPS susceptibility irrespectivdle presence of adaptive immunity

(Fig. 5 and 6).

LPS-rich Sterile Diet Increasds Vivo Susceptibility of Germ-free Mice to LPS

We observed that both germ-free Balb/c mice anthgfeze SCID mice fed the
LPS-rich diet (ST1) are more susceptible to intrépeeal challenge with LPS compared

to germ-free mice fed the low LPS diet (AIN-93G)g.F5 and 6).

Figure 5 and 6
Immunodeficient SCID mice are more susceptible tovo LPS challenge than immuno-

competent Balb/c mice and LPS-rich sterile dieteases in vivo susceptibility of germ-
free mice to LPS stimulation

The conventional or germ-free Balb/c and SCID rfeckeither a LPS low diet

(AIN-93G) or a LPS-rich diet (ST1) were challengadaperitoneally with 10 pg LPS
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and after 90 min serum concentrations of pro-inflaamory cytokines were detected. Re-

sults represent the mean (x SE) of at least 8 mroap. Statistical analyses were per-

formed with the Student’s t-test (unpaired t-tesi) one-way analysis of variance

(ANOVA). ** indicates p<0.01
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Spleen Cells from Immunodeficient SCID Mice Showrbased Susceptibility 1o Vitro
Stimulation with LPS Compared to ImmunocompeternbRBaVice

We found that spleen cells isolated from immunazefit SCID mice, which lack
mature B and T lymphocytes, are more susceptihle wdro stimulation with LPS than
spleen cells from immunocompetent Balb/c mice. &pleells from SCID mice showed
an increasedh vivo susceptibility, as measured by the productionrofipflammatory
cytokines TNIe and IL-6, in the full range of LPS concentrati¢hgy. 7 and 12).

Neither Live Gut Microbiota nor LPS-rich Sterileddilnfluencen Vitro Susceptibility
of Spleen Cells to LPS Stimulation

We observed than vitro susceptibility of spleen cells isolated from Balbiice
or SCID mice is not affected by the absence oinguatobiota or LPS content of a sterile

diet (Fig. 7 and 12).

Figure 7 and 12
In vitro susceptibility of spleen cells from Ballaicd SCID mice to LPS stimulation is not
influenced by the absence of gut microbiota or cBi&ent of the diet

Spleen cells isolated from conventional or gerne-t8alb/c and SCID mice fed
either a LPS low diet (AIN-93G) or a LPS-rich diegre stimulated with different con-
centrations of LPS for 48 h. The concentrationprotinflammatory cytokines in super-
natants were determined by ELISA or a multiplexiyares (LumineX). Results represent

the mean of at least 6 mice/group.
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Insufficient Microbial Stimulation Results in theeRtive Expansion of CD19+ B Cells
in Mesenteric Lymph Nodes

We have found that MLNs of GF mice fed the low Ld#& (AIN-93G) have
higher proportion of CD19+ B cells than GF mice fied LPS-rich diet (ST1). Accord-
ingly, the group of GF mice fed the LPS-rich di®T() had a higher proportion of
CD19+ B cells in MLNs than the group of CV micedF13). However we would like to
emphasize that the absolute numbers of CD19+ B teNMLNs were lower in the ab-
sence of sufficient microbial stimulation (Table The proportion of CD19+ B cells in
Peyer’s patches, spleen and peritoneal cells rengainstant irrespective of the degree of

microbial stimulation.

Figure 13
Insufficient microbial stimulation leads to theatle expansion of CD19+ B cells in

MLNSs

The absence of stimulation by gut microbiota an&itieh diet (ST1) results in
the relative expansion of CD19+ B cells in MLNswéwer the absolute cell numbers of
all major lymphocyte subpopulations including CD1B<kells, CD4+ and CD8+ T cells
were significantly lower (Table 1). Results représe mean (+ SE) of at least 10
mice/group. Statistical analyses were performedth wie Student’s t-test (unpaired t-test)

and one-way analysis of variance (ANOVA). * indésgp<0.05 and ** indicates p<0.01.
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LPS-rich Diet Stimulates the Expansion of CD4+ M| Mesenteric Lymph Nodes
and Spleen

To determine the role of gut microbiota and LPStenhof the diet in the devel-
opment of major T cell subpopulations, includingds, we have isolated cells from
Peyer’s patches, MLNs, spleen, thymus and peritonguCV and GF mice fed either a
low LPS diet (AIN-93G) or a LPS-rich diet (ST1). &distinct cell surface and intracel-
lular markers have been analyzed by flow cytomé&tg.have observed that the stimulat-
ing effect of high LPS content of the sterile desids to the expansion of CD4+ T cells in
MLNs and spleen. The presence of gut microbiotén&srincreased the proportion of
CDA4+ T cells in MLNSs. In contrast to published dgtd1], we have not observed a sig-
nificant increase in the proportion of CD4+ T celfsCV spleen compared to GF spleen.
This discrepancy could be explained by the fadt it group of Kasper compared germ-
free outbred Swiss Webster mice to conventionakidiBalb/c mice thus the stimulating

effect of gut microbiota was determined in two grewf mice with different genetic
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background. In addition, the stimulating effecttod LPS-rich diet (ST1) might be re-
sponsible for the complete restoration of CD4+ llsda GF spleen to proportions found
in CV mice. The proportion of CD4+ T cells in Péggratches, thymus and peritoneal

cells remains constant regardless of the leveliofahial stimulation (Fig. 14).

Figure 14
LPS-rich diet induces the expansion of CD4+ T dallsILNs and spleen

We have observed that LPS-rich diet (ST1) driveeitpansion of CD4+ T cells
in GF MLNs and spleen. The stimulating effect afrgicrobiota further increased the
proportion of CD4+ T cells in MLNs. The proportiohCD4+ T cells in PPs, thymus
and peritoneal cells remained constant. Resultseggnt the mean (+ SE) of at least 10
mice/group. Statistical analyses were performedh wie Student’s t-test (unpaired t-test)

and one-way analysis of variance (ANOVA). * indésap<0.05 and ** indicates p<0.01.
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The Proportion of CD8+ T Cells Remains Constarftlili.ymphoid Organs Irrespective
of LPS Content of the Diet or Gut Colonization

Gut colonization has no effect on the proportiol€@f8+ T cell in spleen, as pre-
viously described [180]. In addition, we show ttieg proportion of CD8+ T cells is in-
dependent of gut colonization also in other lymghaigans including MLNs, Peyer’s
patches, thymus and peritoneal cells. In accordaittethese findings we have not ob-
served any effect of LPS content of the diet onpifugortion of CD8+ T cells in lym-

phoid organs of GF mice (Fig. 15).

Figure 15
Microbial stimulation does not affect the proportiof CD8+ T cells

FACS analysis showed that the proportion of CD8sells remains constant in
all lymphoid organs regardless of both gut colotimaand LPS content of the diet. Re-
sults represent the mean (+ SE) of at least 10 fgwoep. Statistical analyses were per-
formed with the Student’s t-test (unpaired t-tesifl one-way analysis of variance

(ANOVA).
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Gut Microbiota and the LPS-rich Diet Drive the Erp®n of Foxp3-expressing CD4+
Tregs in Mesenteric Lymph Nodes

To investigate the effect of gut colonization arflS_content of the sterile diet on
the development of Tregs we have analyzed the ptiopmf Foxp3-expressing CD4+
Tregs in Peyer’s patches, MLNSs, spleen, thymuspaniioneal cells in CV mice and GF
mice fed either a low LPS diet (AIN-93G) or a LA&ardiet (ST1). We have found that
both gut microbiota and the LPS-rich diet drive ¢éxpansion of CD4+Foxp3+ Tregs in
MLNSs (Fig. 16). We have not detected any signiftadifference in the proportion of

Tregs in other lymphoid organs.

Figure 16
Both gut microbiota and LPS-rich sterile diet indube expansion of Foxp3-expressing

CD4+ Tregs in MLNs

To study the effect of gut microbiota and LPS-gt#rile diet on the proportion of

CD4+Foxp3+ Tregs we have analyzed PPs, MLNs, splimus and peritoneal cells
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of CV and GF mice fed either a low LPS diet (AINGD8r a LPS-rich diet (ST1). We
have found that both gut microbiota and LPS-ricétdirive the expansion of
CD4+Foxp3+ Tregs in MLNs. Our data show that midaih-derived antigens, such as
LPS, increase the proportion of CD4+Foxp3+ Treg$ShR MLNs. However the stimulat-
ing effect of gut microbiota is essential for th# development of CD4+Foxp3+ Tregs.
Results represent the mean (£ SE) of at least T@/group. Statistical analyses were
performed with the Student’s t-test (unpaired t}taad one-way analysis of variance

(ANOVA). * indicates p<0.05 and ** indicates p<0.01
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Gut Microbiota Stimulates the Expansion of Foxp®ressing CD8+ Tregs in Peyer’s
Patches and Mesenteric Lymph Nodes

We have detected a stimulating effect of gut mimtzbon CD8+Foxp3+ Tregs.

The proportion of CD8+Foxp3+ Tregs increased indPsypatches and MLNs. The ef-
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fect of LPS-rich diet on the expansion of CD8+Fok@3egs in all lymphoid organs of

GF mice was not significant (Fig. 17).

Figure 17
Gut microbiota stimulates the expansion of Foxp@ressing CD8+ T cells in PPs and

MLNSs

FACS analysis revealed an increase in the proporibCD8+Foxp3+ Tregs in
CV PPs and MLNs compared to GF PPs and MLNs. Tieetedf LPS-rich sterile diet on
the expansion of CD8+Foxp3+ Tregs in all lymphordans was not significant. Results
represent the mean (+ SE) of at least 10 mice/grQiatistical analyses were performed
with the Student’s t-test (unpaired t-test) and-aag analysis of variance (ANOVA). *

indicates p<0.05 and ** indicates p<0.01
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The Ratio of CD4+Foxp3- T Cells (non Tregs) to CBdxp3+ T Cells (Tregs) Remains
Unchanged in All Lymphoid Organs

We would like to emphasize that the non Tregs/Trage remains constant in all
lymphoid organs and is not influenced during thephocyte expansion driven by gut

microbiota or LPS (Fig. 18).

Figure 18
The ratio of CD4+Foxp3- T cells (non Tregs) to CHbxp3+ T cells (Tregs) remains

constant in all lymphoid organs

We have observed that the ratio of CD4+Foxp3- Tsdel CD4+Foxp3+ T cells
remains unchanged in all lymphoid organs regardlgsisoth gut colonization and LPS
content of the diet. Results represent the me&@Hpof at least 10 mice/group. Statisti-
cal analyses were performed with the Student'stt{tenpaired t-test) and one-way

analysis of variance (ANOVA).
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Table 1
FACS analysis of lymphocyte subpopulations in cotimeal and germ-free Balb/c mice
fed either a low LPS diet (AIN-93G) or a LPS-rigbtdST1)

The single cell suspensions were stained with thr@oeional antibodies as de-
scribed under "Methods" and analyzed by FACS. RIPMBbN cell numbers represent
the overall cell pool isolated from one mouse. Diata summary of at least four inde-

pendent experiments and values represent the m&th +
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Number of positive lymphocytes (x 10°)

Lymphoid organ/tissue Subpopulation CV STl GFST1 GF AIN
Peyer's patches Total 469 | £ |0.16 1.57 | £|0.19 0.67 | £ | 0.09
CD19+ 293 | +]0.10 1.00 | £ | 0.12 0.40 | £ | 0.05
CD3+ 1.38 | + | 0.05 0.44 | £ | 0.05 0.21 |+ | 0.03
CD4+ 0.95 | + | 0.03 0.33 | £ | 0.04 0.16 | £ | 0.02
CD8+ 0.27 | £ | 0.01 0.08 | £]0.01 0.04 | £ | 0.01
CD4+Foxp3+ 0.15 | £ | 0.01 0.04 | £]0.01 0.02 | £ | 0.00
CD8+Foxp3+ 0.02 | £ | 0.00 0.00 | £ | 0.00 0.00 | £ | 0.00
Mesenteric lymph nodes | Total 17.81 | + | 0.69 7.82 |+ |0.57 496 | +|0.96
CD19+ 439 |+]|0.17 296 | +£]0.21 248 | +|0.48
CD3+ 12.10 | £ | 0.47 470 | £ | 0.34 236 |+ |0.46
CD4+ 8.70 | £ | 0.34 340 | £]0.25 153 |+|0.30
CD8+ 241 | £ ]0.09 1.03 | + | 0.07 0.64 | £ 0.12
CD4+Foxp3+ 1.42 | £ | 0.05 0.48 | £ | 0.04 0.22 | £ | 0.04
CD8+Foxp3+ 0.06 | £ | 0.00 0.02 | £ | 0.00 0.01 | £ | 0.00
Spleen Total 83.14 | +| 528 | 62.48 | +|3.46| 66.21 |+ |4.12
CD19+ 46.14 | £+ | 293 | 3559 |+ |197| 36.44 |+ 227
CD3+ 2474 | + | 157 | 2054 |+|1.14| 16.93 |+ | 1.05
CD4+ 1632 | +£]1.04| 1235 |+ |0.68| 11.18 |+ |0.70
CD8+ 7.00 | £ | 0.44 5.36 | £ | 0.30 531 |+ |0.33
CD4+Foxp3+ 3.03|+]0.19 2.16 | £]0.12 227 | +|0.14
CD8+Foxp3+ 0.12 | £ | 0.01 0.12 | £ ] 0.01 0.11 |+ ] 0.01
Peritoneal cells Total 2,55 |+ 041 2.65 |+ | 0.06 250 |+ |0.35
CD19+ 1.80 | +|0.29 2.22 | £ 0.05 219 |+ |0.30
CD3+ 0.11 | £ | 0.02 0.08 | £ | 0.00 0.07 | £ | 0.01
CD4+ 0.22 | £ ] 0.04 0.18 | £ | 0.00 0.16 | £ | 0.02
CD8+ 0.06 | £ | 0.01 0.06 | £ | 0.00 0.05| + | 0.01
CD4+Foxp3+ 0.03 | +£|0.01 0.03 | £ | 0.00 0.03 | £ | 0.00
CD8+Foxp3+ 0.00 | £ | 0.00 0.00 | £ | 0.00 0.00 | £ | 0.00
Thymus Total 207.03 | £ | 9.23 | 205.76 | + | 8.46 | 205.76 | + | 7.98
CD4-CD8- 870 |+|030| 1072 |+|0.50| 11.87 |+ |0.20
CD4+CD8+ 155.27 | + | 8.13 [ 151.59 | + | 7.26 | 146.52 | + | 7.18
CD4+CD8- 30.23 |+ | 1.82| 2881 |+|1.72| 31.39|+] 239
CD8+CD4- 13.04 | £ 0.67 | 1193 |+ | 0.57 9.88 | £ | 0.57
CD4+Foxp3+ 1.35| + | 0.05 1.25| + | 0.03 1.15| £ | 0.02
CD8+Foxp3+ 0.66 | £ | 0.02 0.66 | £ | 0.02 0.65| £ | 0.01
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In Vitro Proliferative Response of Spleen Cells Is Notuaficed by Gut Microbiota or
LPS Content of the Sterile Diet

Spleen cells isolated from CV mice and GF micediglder a low LPS diet (AIN-
93G) or a LPS-rich diet (ST1) were stained with @GFBE fluorescein and stimulated
with concanavalin A (ConA). After 72 h the CFDA-SEining profile of spleen cells
negative for CD19 antigen (B cell marker) was anadiyby flow cytometry. No signifi-
cant difference was found between the groups ob6¥ GF mice fed either diet (Fig.
19). Thus we conclude that neither gut microbiaialtPS content of the sterile diet in-

fluence non-specific proliferative response of spleellsin vitro.

Figure 19
In vitro proliferative response of spleen cellsi@ influenced by gut microbiota or LPS

content of the sterile diet

Spleen cells isolated from CV mice and GF miceeféebr diet were stained with
CFDA-SE fluorescein and stimulated with ConA. Af2ih the cells were analyzed by
FACS. Histograms in this figure show the CFDA-Sfingtg profile of lymphocytes
negative for CD19 antigen (B cell marker). Prolddon was measured as the percent-
age of cells showing decreased staining intendiQEDA-SE compared to the intensity
of the CFDA-SE9" population. Open histograms represent unstimulatattrol cells.

The presented data are from a representative exyasri. Each experiment was repeated

at least three times with similar results.
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The Effect of Gut Microbiota and the LPS-rich Dost T41/T2 Balance and 17 cells

To characterize the effect of LPS content of tleeilst diet on T,1/Tn2 balance,
we have stimulated splenocytes with ConA and LRSdmtermined cytokine profiles.
We have found that the “default” germ-fregZfskewed cytokine profile is partially cor-
rected in GF mice fed the LPS-rich diet (ST1) coraddo GF mice fed the low LPS diet
(AIN-93G). Further we show that the production ofll2, which is a key factor that
drives Tyl-cell differentiation, is decreased in the absesfagut microbiota or the LPS-
rich diet (Fig. 20 — 23). It has been recently shahat IL-12 and IFM inhibit T417-cell

development, thus suppressinglT- mediated autoimmune diseases [181, 182].

Gut Microbiota Stimulates the Production of Antflammatory Cytokine Interleukin-10

Spleen cells from CV and GF mice fed either a Id®5Ldiet (AIN-93G) or a
LPS-rich diet (ST1) were stimulated for 48 h withrfa and LPS. We have found that
ConA stimulated spleen cells from CV mice produgaificantly higher concentrations

of IL-10. The effect of LPS content of the stediet on IL-10 production was not sig-
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nificant. LPS stimulated spleen cells did not praelany detectable levels of IL-10 (Fig.

23).

Figure 20 - 23
Microbial stimulation corrects J1/T,2 imbalance present in germ-free mice and induces

production of interleukin-10

Spleen cells from CV and GF mice fed the low LRS(AIN-93G) or LPS-rich
diet (ST1) have been stimulated with ConA and P88 h. The production of IFNIL-
4, 1L-10 and IL-12 cytokines was determined by Inexianalyzer. Results represent the
mean (+ SE) of at least 6 mice/group. Statistiazlgses were performed with the Stu-
dent’s t-test (unpaired t-test) and one-way analgdivariance (ANOVA). * indicates

p<0.05 and ** indicates p<0.01.
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CHAPTER SEVEN

DISCUSSION

The Role of Adaptive Immunity and Requlatory T GéH Sepsis

Sepsis syndrome is a common and frequently fétatal condition. It represents
a major health care problem worldwide. Around 780,@eople are affected by sepsis
each year in the United States [183]. In France,ilcsidence of severe sepsis has been
estimated at nearly 60,000 episodes in 2001 [IB4se are highly lethal diseases, and
mortality ranges from 20% in sepsis to over 60%saptic shock [185]. Severe sepsis
itself represents the number one cause of mortadityoncoronary European intensive
care units [186].

Inflammation was thougt initially to play a keylean the host response to septic
challenge [187]. Subsequently, several anti-inflaatory agents were tested for the
treatment of sepsis resulting in the failure of rwous clinical trials [188]. This suggests
that we still do not adequately understand the dyidg pathological process of sepsis,
which leads to multiple organ dysfunctions.

It is now generally accepted that along with theese inflammatory response
aimed to eliminate the pathogen, regulatory medmsiare initiated to control this
potentially damaging response. It has been sughéisée this regulatory process can, if
itself not controlled properly, result in seriougstiinctions of immunological responses
during sepsis. In fact, patients with sepsis pregestures of immunodeficiency; these

abnormalities include T cell anergy, a shift tg2Tresponse, lower expression of MHC

90



class Il molecules, increased production of arftammatory cytokines such as IL-10
and increased apoptosis of immune cells [187].

The role of conventional T cells and the involvemeh subpopulations of
regulatory T cells in the pathogenesis of sepsi® lieeen underestimated during the last
decades. As a result of their ability to interaat anly with cells of the innate immune
system but also with other cells of the adaptivenime system, T cells play a central role
in the anti-infectious immune response as effecdmis regulators of this response. The
regulatory role of the adaptive immunity in sepbias been demonstrated by the
description of an increased mortality, a decredsederial clearance, and a dysregulated,
pro-inflammatory immune response after polymicrbbeptic challenge in the model of
immunodeficient Ragl-/- mice lacking mature B ancells [189, 190].

Regulatory T cells are a component of the immurséesy that suppresses activa-
tion of other immune cells and thus maintains imensystem homeostasis. The latest
research suggests that Tregs are best defineclBxfiression of the transcription factor
Foxp3 [170-172]. The large majority of Foxp3-exsiag Tregs is found within CD4+
helper T cell population and expresses high levkthe interleukin-2 receptor alpha
chain (CD25). Regulatory T cells comprise abouD3%slof the mature CD4+ helper T
cell subpopulation in mice. Mutations in the geneagling Foxp3 result in the develop-
ment of overwhelming systemic autoimmunity in thistfyear of life in both humans and
mice. However, regulatory T cells have been shawpldy a role not only in autoim-
munity, but also in cancer, allergy, and trans@tan in animal models and in humans.

They may also play a role in infectious diseasegalrticular, it has been recently dem-
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onstrated that LPS can directly activate Treg aesTLRs [191, 192].Thus, these cells
could directly respond to “danger-like signals”.

Regarding the functional role of Treg cells in mpinduced, dysregulated im-
mune response, Heuer et al. [193] reported thatmmouse model of septic shock induced
by cecal ligation and puncture (CLP), the adoptraesfer of Treg cells before and after
CLP had a protective and dose-dependent effectimival. Murphy et al. [194] recently
reported that burn injury primes innate immunescidl a progressive increase in TLR4
and TLR2 agonist-induced proinflammatory cytokimeduction and that this
inflammatory phenotype is exaggerated in adaptivaine system-deficient (Ragl1(-/-))
mice. They have shown that CD4+CD25+ T cells widpévely transferred to Ragl-/-
recipient mice are capable of reducing TLR-stimedatytokine production levels to
wild-type levels, whereas CD4+CD25- T cells haveegulatory effect. These findings
suggest a previously unsuspected role for CD4+CDREsgulatory cells in controlling
host inflammatory responses after injury.

Our observations of significantly increased LPScepsibility of immuno-
deficient SCID mice compared to immunocompetenbBainice are consistent with the
published studies and demonstrate the essentimbf@daptive immunity and regulatory
T cells in the control of sepsis.

Based on the known properties of Treg cells , erésults of the mentioned
studies and our results, one could postulate aofoleeg cells in the supression of pro-

inflammatory cytokine production after septic ckalje or severe injury.However, the
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precise mechanisms (IL-10/T@lproduction, CTLA4 interaction, apoptosis) involvied

this process remain to be elucidated.

LPS-Driven Lymphocyte Expansion in PPs and MLN§&efm-free Mice

It is generally accepted that live gut microbictassential for the development
and maturation of the mammalian immune system139;146]. Multiple studies
revealed that animals kept under germ-free condititave reduced cellular components
of mucosal and systemic immunity. GF mice have fowembers of CD4+ T cells, IgA
producing B cells and intraepithelial T cells irt gamina propria [6, 141, 151, 195-197].
PPs and MLNs are smaller, less cellular (lower nemslof B and T cells) and do not
have germinal centers [6, 10, 143, 144, 155, 1S98eens of GF mice are also smaller,
less cellular and the proportion of CD4+ T cellsaduced [141]. Our studies confirm the
important role played by gut microbiota. In additieve show that microbiota-derived
antigens present in the sterile diet stimulatedénelopment of the immune system even
in the absence of live gut microbiota. In the pnestudy, we show that LPS-rich sterile
diet partially corrects the profound immunologidaficiences found in GF mice. We
demonstrate that LPS-rich diet stimulates the esiparnof all major lymphocyte
subpopulations in GF MLNs and PPs, including CDBOeells, CD8+ T cells and CD4+
T cells. The proportions of CD19+ B cells, CD8+dllg and CD4+ T cells in PPs of GF
mice remain constant during the LPS-driven expamsiocontrast, we observed a
significant increase in the proportion of CD4+ Tisat the expense of CD19+ B cells in
MLNs of GF mice. Our observation of the significamtrease in the proportion of CD4+

T cells in spleen of GF mice fed LPS-rich dietidine with recent studies showing that
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monocolonization of germ-free animals wiacteroides fragiligesults in CD4+ T cell

expansion [141].

The Effect of Gut Microbiota and LPS-rich Diet dretDevelopment of Tregs

It is still controversial whether gut microbiotadamicrobiota-derived antigens
play a role in the development and maturation @igsr In the transfer model of colitis
developing in CD4+CD45RE" T cell reconstituted immune-deficient SCID mice we
have shown that the presence of normal gut mictal@nhances a functional potency of
the Treg population. The inhibitory activity of CB@D45RE™ T cells from GF mice
was significantly impaired compared to the popolaisolated from specific-pathogen
free mice [173]. It has been recently reported gjudtmicrobiota is crucial for the genera-
tion and expansion of Tregs [174]. Ostman et gloreed that CD25+ Tregs from GF
mice are less effective in suppressing proliferabbresponder CD4+CD25- T cells.
However, they did not find any difference in thegortion of CD4+Foxp3+ T cells be-
tween CV and GF mice. The only deficit of CD4+FoxpBcells in GF mice was de-
tected in the liver-draining celiac lymph nodesHJL Paradoxically, it was reported that
CD25+ Tregs from GF mice are as suppressive artdgiiee as those from CV mice
[176, 177] and Booki et al. recently reported theyptide antigens derived from intestinal
microorganisms are not essential for the generaitiovivo proliferation or suppressive
activity of Tregs [178].

Recently, it has been reported that CD4+CD25+ Tedlg express several TLRs

including TLR4 and that the exposure of CD4+CD2%edrcells to the TLR4 ligand
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LPS induced up-regulation of several activationkaes and enhanced their survival or
proliferation [199, 200]. The proliferative respergoes not require APCs and is
augmented by TCR triggering and IL-2 stimulatioB9]L These findings provide the first
evidence that CD4+CD25+ Treg cells respond dirdctiyro-inflammatory bacterial
products. Thus, the observed expansion of Treggemby gut microbiota and their
antigens, might be mediated not only indirectlyDi@s but also directly via Tregs’
TLRs.

Our results are consistent with the results ofustneet al. and Ostman et al.,
which demonstrate the important role of gut micotdiin the development and function
of Tregs. We show that both live gut microbiota &fRb-rich sterile diet expand the ab-
solute cell numbers of Foxp3-expressing CD4+ TsdellMLNs and PPs (Table 1). In
addition, we observed that the stimulating effddi@h gut microbiota and LPS-rich
sterile diet significantly increased the proportadfrCD4+Foxp3+ Tregs in MLNs. How-
ever, we would like to emphasize that the rati€bd+Foxp3- T cells to CD4+Foxp3+
Tregs remains constant in all lymphoid organs peesive of the level of microbial sti-

mulation.

Microbiota-derived Antigens in Sterile Diet and tHggiene Hypothesis

A lack of early childhood exposure to infectiougats increases susceptibility to
allergic diseases. This theory was first publishgdavid P. Strachan in 1989 and called
“hygiene hypothesis” [179]. Now it is used to explthe higher incidence of allergic

diseases, inflammatory bowel disease, multiplergsig, and type | diabetes in developed
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countries. The hygiene hypothesis has expandetthade also symbiotic bacteria in-
cluding gut microbiota and parasites as importandiuators of immune system devel-
opment. The increase of hygienic standards andtaféemedical care over the last dec-
ades have diminished or eliminated exposure teeth@sroorganisms and parasites dur-
ing early postnatal development. Early childhood ofsantibiotics is associated with an
increased risk of developing asthma and allergordiers [201]. The extensive use of
cleaning products, including chlorination produddsalso linked to the rise of childhood
asthma [202]. The widespread use of anti-micrdioiadl additives and other methods of
food preservation reduced diversity and modifiegldcbmposition of gut microbiota in-
fluencing thus the host-gut microbiota subtle bedarn addition, the extensive use of
food preservatives reduced not only the load oésted live microbiota but also the con-
tent of microbiota-derived antigens leading thud¢oreased stimulation of the immune
system. The major proposed mechanism explaininhtygiene hypothesis” is that the
developing immune system must receive sufficientugt in order to adequately develop
Tregs, or it will be more susceptible to autoimmdiseases and allergic diseases, be-
cause of insufficiently repressegTand T2 responses, respectively [203]. Our data
confirm the proposed mechanism as we have fouritth gut microbiota as well as
LPS-rich diet drive the expansion of CD4+Foxp3+dgeren MLNSs. In addition, we ob-
served a stimulating effect of gut microbiota orll production from spleen and a shift
of T41/Ty2 balance from the “default’jR towards T1-mediated response. Our results
are in line with the results of Bamias et al. wiserved a significant decrease in the

frequency of Tregs and IL-10 production from MLNSGF mice and conclude that the
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regulatory component of the mucosal immune systetie absence of live gut microbi-

ota, is compromised [204].

How Microbiota-derived Antigens Influence the Mattion of Immune System

Several mechanisms by which gut microbiota antt #rgigens may influence
the development of the immune system have beeropeab According to the current
knowledge the nature of TLR and NOD ligands seletyidetermines the cytokine pro-
duction by DCs and thus modulates T-cell differatn.

Gut intraluminal antigens are sampled by DCs éRkyer’s patches and the in-
testinal epithelium and carried to the MLNs via #iferent lymphatics. In the MLNs the
DCs induce T-cell activation and differentiatiornelDCs are activated through the rec-
ognition of microbial antigens, such as LPS, via&RTand NOD receptors. The activation
of DCs leads to the production of cytokines andreggion of co-stimulatory molecules.
The presentation of processed antigens bound to BIBKS Il results in the activation
and differentiation of T cells. The cytokines séedeby activated DCs play a critical role
in T-cell differentiation. The pivotal cytokinesatcontrol T-cell differentiation are IFN
and IL-12 (T41), IL-4 (Ty2) and TGRS and IL-6 (T417) and TGFB (Tregs). The acti-
vated CD4+ T cells then migrate to effector tisswbsre they help to orchestrate the
immune responses.

MLNSs are the key site for the induction of mucasdérance to intestinal anti-

gens. Our data show that the stimulating effegutfmicrobiota and microbiota-derived
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antigens is essential for the maturation of CD4eell subpopulations including Tregs in

MLNSs.

LPS Content of the Sterile Diet and Gnotobiotic Aal Models

Last but not least, we would like to emphasize thatcontent of microbiota-
derived antigens in sterile diets has a signifiedféct on the development and function
of the immune system under germ-free conditionsthus the quality of diet should be

tested in all gnotobiotic models.
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CHAPTER EIGHT

CONCLUSIONS

Our results clearly show that both live gut micaghiand LPS-rich sterile diet in-
crease susceptibility to LPS. Further, we demotestiaat immunodeficient SCID mice,
which lack mature B and T cells, are more senstoviePS challenge compared to im-
munocompetent Balb/c mice. Thus we conclude treattaptive immune responses play
a key role in the pathogenesis of endotoxin shock.

In addition, we demonstrate that the microbiotaael antigens, such as LPS,
present in the sterile diet induce the developraadtmaturation of the mammalian im-
mune system in the absence of live gut microbiOta. data show that LPS-rich sterile
diet in germ-free mice promotes the expansion ol @B cells, CD4+ and CD8+ T
cells including Foxp3-expressing T cells in MLNgldPPs, increases the proportion of
CDA4+ T cells in MLNs and spleen, increases the @rtign of CD4+Foxp3+ T cells in
MLNs and shifts the J2-mediated immune response towar@d4-mediated response.

The stimulating effects of LPS-rich sterile diethm the effects of live gut mi-
crobiota. Thus our results are in line with, andHar expand the “hygiene hypothesis”
by demonstrating that not only live organisms idahg gut microbiota and parasites but
also the sterile microbial antigens contaminatireg during food processing stimulate
the maturation of the immune system. We specuhatiethe higher incidence of bothyIr
and T42-mediated diseases seen in developed nations begiite to an immune dysre-
gulation caused by insufficient microbial stimutettiduring the early development of the

immune system. The very low numbers of CD4+FoxpB2g$ found in MLNs of GF

99



mice fed the low LPS diet could thus lead to anaimega functioning of the immune sys-

tem.
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Appendix A

Abbreviations

AIN-93G: a purified diet (the low LPS diet)

CFDA-SE: carboxyfluorescein diacetate, succinimigstier

CV: conventional

DAMPs: danger-associated molecular patterns

DCs: dendritic cells

ECs: epithelial cells

GF: germ-free

LBP: lipopolysaccharide binding protein

LPS: lipopolysaccharide

MAMPs: microbial-associated molecular patterns

MASP: mannose-binding lectin (MBL)-associated sgriotease
MLNs: mesenteric lymph nodes

NLRs: nucleotide-binding domain, leucin rich rep@#&R) containing proteins
PC: peritoneal cells

PPs: Peyer’s patches

PRRs: pattern recognition receptors

ST1: a grain-based diet (LPS-rich diet)

TLRs: Toll-like receptors

Tregs: regulatory T cells
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Appendix B

Curriculum Vitae

Born: January 27, 1973, Prague, Czech Republic

Education and Employment:

1991-1998 2" Faculty of Medicine, Charles University in Prague
1998-1999 Department of Neurology, Hospital Kralovske VinatyaPrague
PhD. Project — The diagnostics and therapy of bxaimors
1999-2000 Military service — General practitioner at Militappint in Stribro
2000-2008 Institute of Microbiology of the AS CRy.
Department of Immunology and Gnotobiology, Novy ik
PhD. Project (2000 - 2002) — The study of etiolagg pathogenesis of
experimental models of autoimmunity (IBD and ANKENT
PhD. Project (2004 - 2008) — The role of gut mieotdoin the develop-
ment and maturation of the immune system — thendefef PhD. thesis

planned in September 2008

Stays:
1995 Oxford School of English, Oxford, United Kdan
1996 Department of Neurosurgery, University of Wiingy, Germany

2002-2003 Department of Infectious Diseases and ImmunologguRy of Veteri-
nary Medicine, University of Utrecht, the NethedanMarie Curie Fel-

lowship
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Research projects:

Generation of Hsp-specific IL-10 producing CD4+utegory T cellsin vi-

tro andin vivo

Intestinal flora as a regulator of peripheral talere for self-antigens
2003 Department of Immunology and Histology, UniversifyGroningen, the

Netherlands.

Current projects:

Project number: 202020 {#ramework programme of the EU)

Project title: IPODD—IBD: proteases offer new tasg®r drug discovery (2008 — 2010)
Project number: S500200572 (GAAV)

Project title: The development of new tools for thagnostics and therapy of Crohn’s
diseases and ulcerative colitis

Field expertise:

High experience in the field of mucosal immunoloBytensive training in cell and mo-
lecular biology and immunology.

Language skills:

English — fluent (TOEFL), German and Russian — wuykevel
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