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ABBREVIATIONS

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

CFDA-SE: carboxyfluorescein diacetate, succinimietier

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 s@riotease
MLNSs: mesenteric lymph nodes

NLRs: nucleotide-binding domain, leucin rich repeataining 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



ABSTRAKT V CESTINE

Savci se rodi bezmikrobni, avSak rychle po poradu jejich epitelové
povrchy osidleny obrovskym mnozZstvim baktérii. NegahlejSi spotenstvi
mikrobi se nachazi v distalnimistg. Stevni mikroorganismy svym gtem de-
setkrat pevysuji naSe somatické a zardale buiky. Vztah mezi hostitelem a mi-
kroorganismy se vyvinul tak, Ze ®btrany z #j profituji. Studie na bezmikrobnich
mysSich prokazaly, Zeistvni mikroorganismy jsou nezbytné géany vyvoj imu-
nitniho systému. Kéovy vyznam pirozené imunity i komplexnich a dynamickych
interakcich hostitele a mikroorganiéije stale patrsi.

Hlavnimi cili této studie bylo: zaprvé, zjistit, adterilni dieta s vysokym
obsahem lipopolysachariduige podpdt vyvoj imunitniho systému u bezmikrob-
nich mysi, zadruhé, objasnit, zd#esni mikroorganismy a dieta s vysokym obsahem
lipopolysacharidu ovliiwuji citlivost k endotoxinovému Soku, a k@me, zhodnotit
roli adaptivni imunity pi jeho patogenezi.

Provedené experimenty jasdokazuji, Ze jak zivé i&vni mikroorganismy,
tak také sterilni dieta s vysokym obsahem lipopdpsridu zvysuiji citlivost
k endotoxinovému Soku. TéZ bylo prokazano, ze irdefioitni SCID mysi, které
postradaji zralé B a T lymfocyty, jsou cidjgi k endotoxinovému Soku nez
imunokompetentni Balb/c mysi. Tato studie potvrgsi hypotézu, Ze nejen Zivé
sttevni mikroorganismy, ale také sterilni dieta s kysn obsahem lipopolysacharidu
stimuluje vyvoj, maturaci a funkci imunitniho systé. Ziskané vysledky jsou v sou-
ladu, a déle roz#iji “hygienickou hypotézu” tim, Ze dokazuji, Ze eregivé organis-
my, ale také sterilni mikrobialni antigeny stimiiayvoj imunitniho systému. Na
zawr bychom chili zdaraznit, Ze kvalita diety by #&ea byt pravidel# testovana,
protoZe obsah lipopolysacharidu v dietiZze vyznamnym zisobem ovlivnit

vysledky experimerit



ABSTRACT IN ENGLISH

Mammals are essentially born germ-free but thenefiitl surfaces are
promptly colonized by astounding numbers of baatedion after birth. The most ex-
tensive microbial community is harboured by thaalimtestine. The gut microbiota
outnumbers ~10 times the total number of our sanzatd germ cells. The host-
microbiota relationship has evolved to become nilytl@neficial. Studies in germ-
free mice have shown that gut microbiota is esakfu the proper development of
the immune system. The pivotal role of the innatmune system in the complex and
dynamic host-microbiota interactions has becomeeagingly evident.

The principal aims of the present study were:[firgéb determine whether
LPS-rich sterile diet can promote maturation ofithenune system in germ-free
mice, secondly, to elucidate whether gut microbastd LPS-rich sterile diet influ-
ence the LPS susceptibility, and finally, to invgate a role of the adaptive immunity
in endotoxin shock.

Our data clearly show that both live gut microbiatel LPS-rich sterile diet
increase susceptibility to endotoxin shock. Furtiaer demonstrate that immunodefi-
cient SCID mice, which lack mature B and T celtg, more sensitive to endotoxin
shock than immunocompetent Balb/c mice. In additiee show that not only live gut
microbiota but also LPS-rich sterile diet stimutatee development, expansion and
function of the immune system. Our results are isterst with, and further expand
the “hygiene hypothesis” by confirming that notylive organisms but also sterile
microbiota-derived antigens drive the maturatiothefimmune system. Finally, we
would like to emphasize that the quality of dievsl be regularly tested, especially
in all gnotobiotic models, as the LPS content efdiiet may significantly alter the

outcomes of experiments.
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CHAPTER ONE

BACKGROUND

Gut Microbiota
Definition, Localization, Composition and Functions

The gut microbiota is a vast and complex commupiitihicroorganisms,
which normally lives in the gastrointestinal tratiie microbiota comprises mainly
bacteria, but viruses, fungi and protozoa’s are ptesent. The human intestinal mi-
croflora is estimated to contain 500 to 1000 symear@ the size of the population is
~10 times greater than the total number of our sicraad germ cells [1]. However, it
is highly probable that 99% of the bacteria conoenfiabout 30 or 40 species.

The greatest numbers of bacteria and the mosteiiffespecies colonize co-
lon. The activity of these bacteria makes the cthenmost metabolically active or-
gan in the body. The colonic bacteria make up abo% of the mass of feces. Most
of the bacteria in the colon are Gram-negative|entiose in the small intestine are
Gram-positive. The gut microbiota consists mairflaraerobic bacteria that are dif-
ficult to analyze by conventional culturing techuég. Populations of species vary
widely among different individuals but stay faidgnstant within an individual over
time. Most bacteria come from the genBeateroides, Clostridium, Fusobacterium,
Eubacterium, Ruminococcus, Peptococcus, Peptostreptococcus, andBifidobacterium.
Other genera such &scherichia andLactobacillus are present to a lesser extent.
Species from the genBacteroides alone constitute about 30% of all bacteria in the
gut, suggesting that that genus is especially itapoin the functioning of the host.

The host-microbiota relationship is based mainlyrartualism, which is
defined as a biological interaction in which twoneore species benefit each other.
The host provides an attractive niche with a regsigply of nutrients and stable
temperature. The gut microbiota provides a hostesoseful functions, including
fermentation of the undigested carbohydrates totsiain fatty acids (SCFA), sti-
mulation of the growth of intestinal epithelial lsglprevention of the growth of pa-



thogenic bacteria by competing for nutrients anlgeaibn sites, producing vitamins,

and regulating fatty acid metabolism [2-13].

Gut Microbiota
Effects on the Innate Immune System

One of the main functions of the immune systero imaintain a balance
between the protection of barrier surfaces fromh@géns and the establishment of a
beneficial relationship with commensal bacteriae Téct that commensal bacteria do
not trigger (in contrast to pathogens) inflammat@sponses in mucosal tissues of the
normal, healthy host is referred to as “commenagagox” [14]. Multiple mechan-
isms have been identified by which tolerance tormamsal organisms is induced and
maintained. In addition to direct exclusion of leait and bacterial products via the
physical barrier created by tight junction proteiggithelial cells themselves produce
factors that actively exclude bacteria from thestinal lamina propria. Two of these
are mucus, which is produced by goblet cells, anallsantibacterial peptides, known
as defensins. Mucus is composed of mucin glycopratavhich are highly
hydrophilic molecules that can bind to complex céwjairates attached to the surface
of absorptive epithelial cells (the glycocalyx).ikayer of mucus and surface
carbohydrates is an effective barrier to bactatti@chment, and is abnormal in
patients with ulcerative colitis.

The release of microbicidal molecules by barridisanstitutes a crucial
mechanism for maintaining the integrity of baregpithelia by protecting the host
against commensal organisms as well as potentiaiynful microbes. The
mammalian microbi-cidal repertoire includes sevelasses of antimicrobial peptides
such as secretory leukocyte protease inhibitor [S1B], defensins [16], murine
cryptidin-related sequence (CRS) peptides [17],@tbelicidins [18]. Although
several anti-microbial peptides are constitutivetpressed, depending on the cell
type and peptide studied, their expression an@selean be enhanced and/or induced

by mediators such as retinoic acid, vitamin D3yfate, proinflammatory cytokines



(e.g. TNFe, IL-1, IL-6, and IFNy), as well as whole bacteria or MAMPs known to
activate TLRs [16-18], or Nod1 and Nod2 [19-21].

The intestinal homeostasis is regulated by mictedgsection mechanisms
of the innate immune system. Innate detection m@shres involve the recognition of
specific microbe-associated molecular patterns (MPs)Mby various families of germ
line-encoded receptors, including transmembfaiklike receptors (TLRs) [22] and
cytosolic nucleotide oligomerisatislomain (NOD) proteins [23], containing leucine-
rich repeats (NLRs). Investigation of the importiof pathogen recognition through
PRRs by specialized antigen-presenting cells (ARGsh as dendritic cells (DCs) has
become a major focus of study, because MAMP-PR&antion followed by
intracellular signaling and gene expression togatlih antigen processing and
presentation have been shown to play a centralmdtee initiation of T- and B-cell
immune responses [22].

ECs possess microbial-detection mechanisms inaualiightly regulated
and specifically localized set of PRRs and thejnaling components [24, 25]. ECs
express a whole range of TLRs including TLR2, TLRAR9 and TLR5, but their
polarity and responsiveness serves to dampenysitinals. For example, TLR4 is
poorly expressed, and after birth intestinal efidheells become tolerant to TLR4
signaling that may be mediated by IL-4 and IL-1,[28]. Furthermore, TLR5 is more
highly expressed at the basolateral surfaces,fandutcome of TLR9 signaling de-
pends on the site of ligand exposure. Thus, basalaiLR9 mediates NkB activa-
tion, while apical TLR9 appears to inhibit NdB- activation [28], Furthermord,LR9
" mice are more susceptible to DSS colitis than-ifte mice [28]. Consistent with
an overall protective role for TLR signaling in thpithelium, in DSS colitislyD88
" mice are more susceptible to disease, which 8ol the repositioning of PGE2-
producing stromal cells to intestinal crypts [26].3n vitro orin vivo studies also
indicate that TLR2 signaling in epithelial celloproted PI3K/Akt-mediated cell sur-
vival via MyD88 [31].



The enteric bacterial flora appears to be the nwjomlus for the
development of the mucosal immune system, as denabers by the improper
development of mucosal lymphoid tissue in germ-&mignals [32]. Moreover,
microbial-detection mechanisms by the innate immaystem have been thought to
contribute to the establishment of mucosal lymphisislies as well as to the
maintenance of barrier integrity, which involves tihodulation of cell turnover and
tissue repair functions, innate inflammatory resgsy antimicrobial protein
expression, and the induction of adaptive immuspaases. Collectively, these
responses are thought to maintain a balance betpreggction of mucosal surfaces
from pathogens on one hand, and the establishrenbeneficial relationship with

enteric bacteria on the other.

Gut Microbiota
Effects on the Adaptive Immune System

Studies in germ-free (GF) mice have shown thangatobiota play a cru-
cial role in the development and maturation ofithmune system [14, 33-40]. There
are many differences between GF animals and coiovehtCV) animals. It was
demonstrated that the gut-associated lymphoiddjsshtich is the largest immune
organ, is immature in GF mice. The content of #miha propria CD4+ T cells, IgA
producing B cells and intraepithelial T cells idueed in GF mice [6, 41-47]. Peyer’'s
patches are hypoplastic with few germinal centé8$. [Comparative experiments
have also shown that the gene expression profildsedntestinal epithelial cells is
shaped by the presence of gut microbiota and fhragulated genes contribute to se-
cretion of antibacterial molecules at the intestmaface and the regulation of intes-
tinal angiogenesis [49-51].

The effects of gut microbiota are not only limitiedthe short-range interac-
tions on the gut-associated lymphoid tissue. Semgrigmphoid tissues and systemic
immunity are also affected. GF mice have lower seimmunoglobulin levels and

their mesenteric lymph nodes are smaller, lessleeland do not have germinal cen-
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ters [6, 37, 38, 52, 53]. Spleens of GF mice age amaller and the content of CD4+
T cells is reduced [35]. CD4+ T cells are a maglhutar component of the adaptive
immune system. CD4+ T cells are involved in acthgind directing other immune
cells. They are essential in determining B celitartty class switching, in the activa-
tion and growth of cytotoxic T cells, and in maxainig bactericidal activity of
phagocytes such as macrophages.

Activated CD4+ T cells could be functionally divitlento four major sub-
sets, designated I, Ty2, Ty17 and Treg populations. These subsets are generall
distinguished by their actions, including their gmation of specific cytokines and
involvement in different types of immune reactiohgl cells produce IF IL-2,
TNFa, and lymphotoxin and participate in cell-mediatesponses to intracellular
pathogens. 12 cells produce IL-4, IL-5, IL-6, IL-9, IL-10, anlil-13 and are in-
volved in responses to large extracellular pathegerch as parasites. The proper bal-
ance betweenyll and T,2 immunological responses is critical to overalfram and
animal health [54, 55]. A role of gut microbiotaastablishing this equilibrium has
been postulated [35, 56, 57,07 cells produce IL-17A and IL-17F and were inlgial
described as a pathogenic population implicatezliloimmunity; they are now
thought to have their own distinct effector andulatpry functions [58, 59].

Regulatory T cells are a specialized subpopulaifon cells, which sup-
presses activation of other immune cells and thaisitain immune system homeosta-
sis. Depletion or functional abrogation of thesksazan be a cause of autoimmune
diseases and allergies [60-64]. The latest researgfests that Tregs are best defined
by the expression of the transcription factor Fopgi364]. Mutations in the gene en-
coding Foxp3 result in the development of overwliegnsystemic autoimmunity in
the first year of life in both humans and mice.



CHAPTER TWO

SIGNIFICANCE AND AIMS OF THE STUDY

The intestinal mucosa is exposed to an enormoukdbbacterial and food
antigens. A single layer of epithelial cells sepesdost tissues from the gut luminal
content. The peaceful coexistence of the host ahdhicrobiota has evolved eons and
its impacts on the development, maturation andtfan®f the immune system are
not well understood.

It is well documented that a lack of early childHaxposure to infectious
agents, gut microbiota, and parasites increasegptilsility not only to allergic dis-
eases and asthma, but also ta-friven diseases including type | diabetes and in-
flammatory bowel diseases (IBD). This theory wast fpublished by David P. Stra-
chan in 1989 and called “hygiene hypothesis” [@5le major proposed mechanism is
that the developing immune system must receivecserft stimuli to adequately de-
velop regulatory T cells. What are the effects amthanisms of the microbial stimu-
lation on the development of regulatory T cells amdht is the role of innate immuni-
ty has to be still elucidated. Thus it is obvioliattthe deeper understanding of the
interactions between host immune system and gublyimta and/or microbial anti-
gens might have an impact on the development ofsteategies in the prevention and
therapy of allergic diseases, inflammatory bowskdses or even colorectal carcino-
ma [14]

The principal aims of the present study were t@#tigate the effects of
live gut microbiota and LPS content of the stedlilet on the development and matu-
ration of components of the immune system anddesasthe effects of live gut mi-
crobiota and LPS content of the sterile diet onsticeptibility to LPS. To address
these aims, we have established three groups efdifierent in terms of stimulation
with gut microbiota and their antigens: the grofis& mice fed a LPS low diet, the
group of GF mice fed a LPS-rich diet and the groi@V mice fed a LPS-rich diet.
To determine the role of the adaptive immunityhia tegulation of LPS susceptibility

6



we have used immunocompetent Balb/c and immunaddefiSCID mice, which lack

mature B and T cells.

The Specific Aims

To determine the concentration of LPS in mouseepedl diets

To analyze the effect of live gut microbiota andSLéontent of the sterile diet on the

weight and cellularity of lymphoid organs

To investigate the effect of live gut microbiotaddtPS content of the sterile diet on
the susceptibility to intraperitoneal LPS challeirg@gnmunocompetent and immuno-

deficient mice

To investigate the effect of live gut microbiotaddtPS content of the sterile diet on

thein vitro susceptibility of Balb/c and SCID spleen cellstionulation with LPS

To analyze the frequency of main lymphocyte subfaifons in Peyer’s patches, me-

senteric lymph nodes, spleen, peritoneal cavitytagohus

To analyze the effect of live gut microbiota andSLéontent of the sterile diet on the

proportion of Foxp3-expressing regulatory T cells

To investigate whether the live gut microbiota &RE content of the sterile diet shift

the T41/T2 balance and influence a production of anti-infi@ory cytokines



CHAPTER THREE

MATERIALS AND METHODS

Mice
Both conventional and germ-free Balb/c and SCIDemiere bred at the
animal facility of the Institute of Microbiology dhe ASCR in Novy Hradek and

were used at the age of 8-10 weeks.

Determination of LPS Content of Mouse Feed Pellets

We have tested all the pelleted diets which arengonty used in our ani-
mal facility. To determine LPS content of mousedli¢he pellets were ground, soni-
cated in non-pyrogenic water and filtered. LPS eoni@tion in the filtrate was meas-
ured using the Chromogenic Limulus Amebocyte Ly¢hatd ) Test (Cambrex,

USA) and expressed as endotoxin units (EU) per &fiagdiet.

Diets

Mice were fed ad libitum with either a purified t{&IN-93G, Harlan) or a
grain-based diet (ST1, Velaz). Both diets werdl&ed by irradiation. The AIN-93G
diet is the growth diet for rodents recommendedhigyAmerican Institute of Nutri-
tion. It is based mainly on purified ingredientfieTST1 diet is a grain-based diet,
which is based on wheat, oat, corn, wheat flouail stover fodder, soya pollard,
bone meal and scrap cake. The AIN-93G diet hasslf@0 times lower content of
LPS than ST1 diet.

Preparation of Cell Suspensions

The organs were cut with scissors, squeezed véthiage plunger and fil-
tered through a 70m cell strainer. Red blood cells in spleen celpsusions were
lysed with ACK lysing buffer. All the cells were wlaed twice in a culture medium.
To harvest resident peritoneal cells, 10 ml culmesglium per mouse was injected

into a peritoneal cavity. Collected peritoneal lg&dluid was centrifuged and then
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resuspended in harvest medium. The cells were edwartd adjusted to appropriate

cell concentration.

In Vivo Challenge with LPS
LPS was injected intraperitoneally (Ultrapure LRfjvogen, 10 ug/20 g

of body weight) and 90 min later the levels of prlammatory cytokines (TNé&and
IL-6) in sera were measured.

In Vitro Stimulation

Spleen cells were cultured at 2 >0l in 96-well flat-bottom culture plate
in RPMI-1640 medium containing 10% FBS, 2mM L-ghatae, 50um 2-ME, 100
U/ml penicillin, 100ug/ml streptomycin sulphate. The cells were stinadawith 100
ng/ml LPS (Ultra-Pure LPS, Invivogen) and jidyml ConA (Sigma-Aldrich, USA)
and incubated in a 5% G@t 37°C for 48 h. Culture supernatants were cabbefter
48 h and stored at -20°C. Cytokine profiles wereasined using a multiplex

cytokine analyzer (Luminex).

Proliferation Assay
Freshly isolated lymphocytes were resuspended DACSE solution (5
uM final concentration) and mixed rapidly. After Smat room temperature, the cells
were washed three times with PBS containing 5% RBSE-labeled cells were sti-
mulated with 1.5:9/ml ConA (Sigma-Aldrich, USA) in 96-well platesrfd8 h, and
then CFSE dilution was analyzed by flow cytometry.

Flow Cytometry and Intracellular Cytokine Staining

Phenotypic analysis of cells isolated from spleeymnus, MLNs, PPs and
peritoneal cavity was performed by flow cytometglls were pre-incubated with
anti-mouse CD16/CD32 mAb (eBioscience, USA) ana ttained with FITC, PE or
PE-Cy5 conjugated mAbs. Intracellular staining afuse Foxp3 was performed us-

ing PE anti-mouse Foxp3 Staining Set (eBioscieacedrding to the manufacturer’'s



protocol. The sample data were acquired on a FAGIREZdlow cytometer (Becton
Dickinson, USA) and analyzed with WinMDI softwad®éeph Trotter).

Multiplex Cytokine Determination

To determine cytokine profiles in culture supernggave have used the An-
tibody Bead Kits (BioSource, USA), which are desigro be analyzed with the Lu-
minex® 200™ System (Luminex Corporation, USA). The samplesevetained and

analyzed according to the manufacturer’'s recommenta

Data Analysis
The Student’s unpaired t-test and one-way anabfsiariance (ANOVA)

were used to determine significant differences betwthe control and experimental

groups. Values gb < 0.05 were regarded as significant.
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CHAPTER FOUR

RESULTS

Purified Diet May Have Almost 100 Times Lower LP8rient than a Grain-based
Diet

To study the effect of LPS content of the sterikt dn the development of
the immune system we had to first identify bothdrets with very low and very high
LPS content. The concentration of LPS was measwyathromogenic LAL test and
expressed in endotoxin units (EU) per pg of peliae diets sorted by LPS concen-
tration from the lowest to the highest were AIN-98i6t (Harlan, USA), 1410 diet
(Altromin, Germany), Standard diet (Charles Rivg¢8A), NIH-07 diet (Zeigler,
USA) and ST1 diet (Velaz, Czech Republic). In axpeximents we have used AIN-
93G diet, which is a purified diet, and ST1 diehjoh is a grain-based diet. These
diets have been selected on the basis of maximfferatice in the level of LPS con-

tent.

The Effect of Gut Microbiota and LPS-rich SterileeDon the Weight of Spleen and
Thymus

We have not detected any significant differencéh@éweight of thymus iso-
lated from CV or GF mice fed the low LPS diet (A88G) or LPS-rich diet (ST1).
However we have observed an increase in the weighV spleen compared to GF

spleen fed either diet (Fig. 2).

Gut Microbiota and LPS-rich Sterile Diet Increase Cellularity of
Mesenteric Lymph Nodes, Peyer’s Patches and Spleen

Spleens isolated from GF mice fed either diet Hawer total splenic lym-
phocyte count compared to CV spleens. The celtylafithymus and peritoneal cell
number were not affected by the LPS content okthgle diet nor gut microbiota. In

contrast, the overall MLN and PP cell numbers iaseel in GF mice fed the LPS-rich

11



diet (ST1) compared to GF mice fed the low LPS (MiN-93G). In addition, the cell
numbers further increased in the group of CV mice.

Immunodeficient SCID Mice Are More Susceptible to
In Vivo LPS Challenge than Immunocompetent Balb/c Mice

We observed that immunodeficient SCID mice, whastkimature B and T
cells, are significantly more susceptible to inedneal LPS challenge than im-
munocompetent Balb/c mice. The levels of pro-infizaory cytokines TN& and IL-
6 detected 90 min after LPS challenge were sigaifiy higher in SCID mice com-

pared to Balb/c mice.

LPS-rich Sterile Diet Increasés Vivo Susceptibility of GF Mice to LPS

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

Spleen Cells from Immunodeficient SCID Mice Showrbased
Susceptibility tan Vitro Stimulation with LPS Compared to
Immunocompetent Balb/c Mice

We found that spleen cells isolated from immunadefit SCID mice,
which lack mature B and T lymphocytes, are moreeypigble toin vitro stimulation
with LPS than spleen cells from immunocompetenbRamice. Spleen cells from
SCID mice showed an increasedsivo susceptibility, as measured by the production
of pro-inflammatory cytokines TNFand IL-6, in the full range of LPS concentra-
tions.

12



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

We observed than vitro susceptibility of spleen cells isolated from Balb/
mice or SCID mice is not affected by the absenagubdimicrobiota or LPS content of

a sterile diet.

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 LdR& (AIN-93G)
have higher proportion of CD19+ B cells than GFerfied the LPS-rich diet (ST1).
Accordingly, the group of GF mice fed the LPS-riiat (ST1) had a higher propor-
tion of CD19+ B cells in MLNs than the group of @vce. However we would like
to emphasize that the absolute numbers of CD19elIB in MLNs were lower in the
absence of sufficient microbial stimulation. Thegortion of CD19+ B cells in
Peyer’s patches, spleen and peritoneal cells rencainstant irrespective of the de-

gree of microbial stimulation.

LPS-rich Diet Stimulates the Expansion of CD4+ T<®
Mesenteric Lymph Nodes and Spleen

We have observed that the stimulating effect ofihiBS content of the
sterile diet leads to the expansion of CD4+ T dellsILNs and spleen. The presence
of gut microbiota further increased the proportidtCD4+ T cells in MLNs. We have
not observed a significant increase in the proportif CD4+ T cells of CV spleen
compared to GF spleen. The proportion of CD4+ TséelPeyer’s patches, thymus
and peritoneal cells remains constant regardleisedevel of microbial stimulation.

13



The Proportion of CD8+ T Cells Remains Constamlin.ymphoid Organs Irrespec-
tive of LPS Content of the Diet or Gut Colonization

Gut colonization has no effect on the proportio€®B8+ T cell in spleen,
as previously described [66]. In addition, we shibat the proportion of CD8+ T cells
not influenced by gut colonization or LPS contefthe sterile diet also in other lym-
phoid organs including MLNs, Peyer’s patches, thyraod peritoneal cells.

Gut Microbiota and the LPS-rich Diet Drive the ErRpin of
Foxp3-expressing CD4+ Tregs in Mesenteric Lymph ééod

We have found that both gut microbiota and the kieSdiet drive the ex-
pansion of CD4+Foxp3+ Tregs in MLNs. We have naedied any significant dif-
ference in the proportion of Tregs in other lymphoigans.

Gut Microbiota Stimulate the Expansion of Foxp3+egsing 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 incredadeleyer’s patches and MLNs.
The effect of LPS-rich diet on the expansion of @B8xp3+ Tregs in all lymphoid
organs of GF mice was not significant.

The Ratio of CD4+Foxp3- T Cells (non Tregs) to
CD4+Foxp3+ T Cells (Tregs) Remains Unchanged ingthphoid Organs

We would like to emphasize that the non Tregs/Tratie remains constant
in all lymphoid organs and is not influenced durthg lymphocyte expansion driven
by gut microbiota or LPS.
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In Vitro Proliferative Response of Spleen Cells Is Notuerficed by
Gut Microbiota or LPS Content of the Sterile Diet

CFDA-SE-stained spleen cells were stimulated with&Aand LPS. After
72 h the CFDA-SE staining profile was analyzedlbwfcytometry. No significant
difference was found between the groups of CV aRdri&e fed either diet. Thus we
conclude that neither gut microbiota nor LPS contéithe sterile diet influence non-
specific proliferative response of spleen cegilsitro.

The Effect of Gut Microbiota and the LPS-rich Dot
T,1/T,,2 Balance and J17 cells

To characterize the effect of LPS content of tieeilstdiet on [1/T2 bal-
ance, we have stimulated splenocytes with ConAL&f8 and determined cytokine
profiles. We have found that the “default” germeffg,2-skewed cytokine profile is
partially corrected in GF mice fed the LPS-richtd®T1) compared to GF mice fed
the low LPS diet (AIN-93G). Further we show thas groduction of IL-12, which is
a key factor that drivesyL-cell differentiation, is decreased in the absesfaut mi-
crobiota or the LPS-rich diet.

Gut Microbiota Stimulate the Production of
Anti-inflammatory Cytokine Interleukin-10

Spleen cells from CV and GF mice fed either a Id®8Ldiet (AIN-93G) or
a LPS-rich diet (ST1) was stimulated for 48 h vitbnA and LPS. We have found
that ConA stimulated spleen cells from CV mice praslsignificantly higher concen-
trations of IL-10. The effect of LPS content of #terile diet on IL-10 production was
not significant. LPS stimulated spleen cells ditl mmmduce any detectable levels of
IL-10.
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CHAPTER FIVE

DISCUSSION

The Role of Adaptive Immunity and Reqgulatory T Géfi Sepsis

The role of conventional T cells and the involvetaisub-populations of
regulatory T cells in the pathogenesis of sepsig li@en underestimated during the
last decades. As a result of their ability to iattmot only with cells of the innate
immune system but also with other cells of the éidapmmune system, T cells play
a central role in the anti-infectious immune resas effectors and regulators of this
response. The regulatory role of the adaptive initpum sepsis has been
demonstrated by the description of an increasedalityr a decreased bacterial
clearance, and a dysregulated, pro-inflammatoryumemresponse after polymicrobial
septic challenge in the model of immunodeficieny R& mice lacking mature B and
T cells [67, 68].

Regulatory T cells are a component of the immurséesy that suppresses
activation of other immune cells and thus maint&msiune system homeostasis. The
latest research suggests that Tregs are best dddfjynihe expression of the transcrip-
tion factor Foxp3 [62-64]. Mutations in the gene@ding Foxp3 result in the devel-
opment of overwhelming systemic autoimmunity in fin&t year of life in both hu-
mans and mice. However, regulatory T cells hava lsbewn to play a role not only
in autoimmunity, but also in cancer, allergy, arahsplantation in animal models and
in humans.

Regarding the functional role of Treg cells in iyfinduced, dysregulated
immune response, Heuer et al. [69] reported thatrimouse model of septic shock
induced by cecal ligation and puncture (CLP), thepdive transfer of Treg cells be-
fore and after CLP had a protective and dose-depgraffect on survival. Murphy et
al. [70] recently reported that burn injury primeeate immune cells for a
progressive increase in TLR4 and TLR2 agonist-iedygro-inflammatory cytokine

production and that this inflammatory phenotypexaggerated in adaptive immune
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system-deficient (Ragl(-/-)) mice. They have shdwat CD4+CD25+ T cells when
adoptively transferred to Ragl-/- recipient mice @apable of reducing TLR-
stimulated cytokine production levels to wild-tylesels, whereas CD4+CD25- T
cells have no regulatory effect. These findinggyesy a previously unsuspected role
for CD4+CD25+ T regulatory cells in controlling hasflammatory responses after
injury.

Our observations of significantly increased LPScepsbility of
immunodeficient SCID mice compared to immunocompteBalb/c mice are
consistent with the published studies and demaestine essential role of adaptive
immunity and regulatory T cells in the control epsis. Based on the known
properties of Treg cells , on the results of thati@ed studies and our results, one
could postulate a role of Treg cells in the supogssf pro-inflammatory cytokine
production after septic challenge or severe infdoyvever, the precise mechanisms
(IL-10/TGFB production, CTLA4 interaction, apoptosis) invohiadhis process
remain to be elucidated.

LPS-Driven Lymphocyte Expansion in
PPs and MLNs of GF Mice

It is generally accepted that live gut microbiota essential for the
development and maturation of the mammalian imnmayséem [14, 33-40]. Multiple
studies revealed that animals kept under germeieditions have reduced cellular
components of mucosal and systemic immunity. GFerhave lower numbers of
CD4+ T cells, IgA producing B cells and intraepltlkeT cells in gut lamina propria
[6, 35, 45, 71-73]. PPs and MLNs are smaller, ¢edisilar (lower numbers of Band T
cells) and do not have germinal centers [6, 1038748, 74]. Spleens of GF mice are
also smaller, less cellular and the proportion D#€ T cells is reduced [35]. Our
studies confirm the important role played by gutnoibiota. In addition, we show that
microbiota-derived antigens present in the stelig¢ stimulate the development of

the immune system even in the absence of live derotiota. In the present study,
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we show that LPS-rich sterile diet partially cotsethe profound immunological
deficiences found in GF mice. We demonstrate ti8rich diet stimulates the
expansion of all major lymphocyte subpopulation&hMLNs and PPs, including
CD19+ B cells, CD8+ T cells and CD4+ T cells. Tmeportions of CD19+ B cells,
CD8+ T cells and CD4+ T cells in PPs of GF miamaian constant during the LPS-
driven expansion. In contrast, we observed a samif increase in the proportion of
CD4+ T cells at the expense of CD19+ B cells in MLdd GF mice. Our observation
of the significant increase in the proportion of £20T cells in spleen of GF mice fed
LPS-rich diet is in line with recent studies shogvthat monocolonization of germ-

free animals wittBacteroides fragilis results in CD4+ T cell expansion [35].

The Effect of Gut Microbiota and LPS-rich Diet dret
Development of Tregs

It is still controversial whether gut microbiotadamicrobiota-derived anti-
gens play a role in the development and maturatfdrregs. In the transfer model of
colitis developing in CD4+CD45RB" T cell reconstituted immune-deficient SCID
mice we have shown that the presence of normahgrbbiota enhances a functional
potency of the Treg population. The inhibitory wit}i of CD4+CD45RE™ T cells
from GF mice was significantly impaired comparedhe population isolated from
specific-pathogen free mice [75]. It has been régeaported that gut microbiota is
crucial for the generation and expansion of Tré@g.[Ostman et al. reported that
CD25+ Tregs from GF mice are less effective in sapging proliferation of respond-
er CD4+CD25- T cells. However, they did not findatifference in the proportion of
CD4+Foxp3+ T cells between CV and GF mice. The defficit of CD4+Foxp3+ T
cells in GF mice was detected in the liver-draintejac lymph nodes [77]. Paradoxi-
cally, it was reported that CD25+ Tregs from GFergece as suppressive and protec-
tive as those from CV mice [78, 79] and Booki etratently reported that peptide
antigens derived from intestinal microorganismsrareessential for the generation,

in vivo proliferation or suppressive activity ofelgs [80].
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Recently, it has been reported that CD4+CD25+ Tedig express several
TLRs including TLR4 and that the exposure of COB25" Treg cells to the TLR4
ligand LPS induced up-regulation of several acibratmarkers and enhanced their
survival or proliferation [81, 82]. The proliferadi response does not require APCs
and is augmented by TCR triggering and IL-2 stiriata[81]. These findings
provide the first evidence that CD4+CD25+ Tregsedispond directly to pro-
inflammatory bacterial products. Thus, the obsemguhnsion of Tregs, driven by
gut microbiota and their antigens, might be mediatet only indirectly via DCs but
also directly via Tregs' TLRs.

Our results are consistent with the results ofu8tnaet al. and Ostman et al.,
which demonstrate the important role of gut micotdiin the development and func-
tion of Tregs. We show that both live gut microbieind LPS-rich sterile diet expand
the absolute cell numbers of Foxp3-expressing CD4ells in MLNs and PPs. In
addition, we observed that the stimulating effddiath gut microbiota and LPS-rich
sterile diet significantly increased the proportafrCD4+Foxp3+ Tregs in MLNSs.
However, we would like to emphasize that the rafi€D4+Foxp3- T cells to
CD4+Foxp3+ Tregs remains constant in all lymphaigbas irrespective of the level

of microbial stimulation.

Microbiota-derived Antigens in Sterile Diet and the
Hygiene Hypothesis

A lack of early childhood exposure to infectiougaty increases suscepti-
bility to allergic diseases. This theory was fppablished by David P. Strachan in
1989 and called “hygiene hypothesis” [65]. Nowsitised to explain the higher inci-
dence of allergic diseases, inflammatory bowelatise multiple sclerosis, and type |
diabetes in developed countries. The hygiene hgsitthas expanded to include also
symbiotic bacteria including gut microbiota andgsites as important modulators of
immune system development. The increase of hyg&amdards and effective medi-

cal care over the last decades have diminishetinoinated exposure to these micro-
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organisms and parasites during early postnatallagvent. Early childhood use of
antibiotics is associated with an increased ristteafeloping asthma and allergic dis-
orders [83]. The extensive use of cleaning produictsuding chlorination products,
is also linked to the rise of childhood asthma [84]e widespread use of anti-
microbial food additives and other methods of fpoelservation reduced diversity
and modified the composition of gut microbiota irgfhcing thus the host-gut micro-
biota subtle balance. In addition, the extensiveafdood preservatives reduced not
only the load of ingested live microbiota but atlse content of microbiota-derived
antigens leading thus to decreased stimulatiohefrhmune system. The major pro-
posed mechanism explaining the “hygiene hypothési#iat the developing immune
system must receive sufficient stimuli in ordeattequately develop Tregs, or it will
be more susceptible to autoimmune diseases angialtiseases, because of insuffi-
ciently repressedL and T,2 responses, respectively [85]. Our data confirenpto-
posed mechanism as we have found that both gubbiite. as well as LPS-rich diet
drive the expansion of CD4+Foxp3+ Tregs in MLNsatfdition, we observed a sti-
mulating effect of gut microbiota on IL-10 prodwetifrom spleen and a shift of
Tw1/TH2 balance from the “default”’ R towards Tj1-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 regulatory component of the mucosal immuneesysin the absence of live gut

microbiota, is compromised [86].

How Microbiota-derived Antigens Influence the
Maturation of Immune System

Several mechanisms by which gut microbiota anit Hrgigens may influ-
ence the development of the immune system havefreposed. According to the
current knowledge the nature of TLR and NLR ligasekectively determines the cy-
tokine production by DCs and thus modulates T-difiérentiation.
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Gut intraluminal antigens are sampled by DCs éRleyer’s patches and
the intestinal epithelium and carried to the MLN& the afferent lymphatics. In the
MLNSs the DCs induce T-cell activation and diffeliation. The DCs are activated
through the recognition of microbial antigens, sastLPS, via TLR and NLR recep-
tors. The activation of DCs leads to the productibnytokines and expression of co-
stimulatory molecules. The presentation of proagssgigens bound to MHC class Il
results in the activation and differentiation o€élls. The cytokines secreted by acti-
vated DCs play a critical role in T-cell differeatibn. The pivotal cytokines that con-
trol T-cell differentiation are IFiNand IL-12 (}1), IL-4 (T42) and TGFB and IL-6
(Tyl7) and TGH3 (Tregs). The activated CD4+ T cells then migrateffector tis-
sues where they help to orchestrate the immunemnsss.

MLNs are the key site for the induction of mucaséérance to intestinal
antigens. Our data show that the stimulating efi@gut microbiota and microbiota-
derived antigens is essential for the maturatioB@4+ T cell subpopulations includ-

ing Tregs in MLNs.

LPS Content of the Sterile Diet and Gnotobiotic rAal Models
Finally, we would like to emphasize that the cohtgfmicrobiota-derived

antigens in sterile diets has a significant eftacthe development and function of the
immune system under germ-free conditions and theigjiality of diet should be

tested in all gnotobiotic models.
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CHAPTER SIX

CONCLUSIONS

Our results clearly show that both live gut micathiand LPS-rich sterile
diet increase susceptibility to LPS. Further, wadestrate that immunodeficient
SCID mice, which lack mature B and T cells, are ensensitive to LPS challenge
compared to immunocompetent Balb/c mice. Thus welode that the adaptive im-
mune responses play a key role in the pathogeagsisdotoxin shock.

In addition, we demonstrate that the microbiotaweer antigens, such as
LPS, present in the sterile diet induce the devekmnt and maturation of the mamma-
lian immune system in the absence of live gut niiota. Our data show that LPS-
rich sterile diet in germ-free mice promotes thpasion of CD19+ B cells, CD4+
and CD8+ T cells including Foxp3-expressing T cellMLNs and PPs, increases the
proportion of CD4+ T cells in MLNs and spleen, ieases the proportion of
CD4+Foxp3+ T cells in MLNs and shifts thgZFmediated immune response towards
Thl-mediated response.

The stimulating effects of LPS-rich sterile dietnit the effects of live gut
microbiota. Thus our results are in line with, dmdher expand the “hygiene hypo-
thesis” by demonstrating that not only live orgamsincluding gut microbiota and
parasites but also the sterile microbial antigemmgaminating diet during food
processing stimulate the maturation of the immurséesn. We speculate that the
higher incidence of bothiL and T,2-mediated diseases seen in developed nations
might be due to an immune dysregulation causeddyfficient microbial stimulation
during the early development of the immune sysfEme. very low numbers of
CD4+Foxp3+ Tregs found in MLNs of GF mice fed the/ILPS diet could thus lead

to an impaired functioning of the immune system.
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