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1. Introduction

The mucosa of the gastrointestinal tract is, inithman body, the widest surface of contact with
the external environment. Under normal conditiaaduminal content is represented by a mixture
of combined nourishing elements and bacterial fléraingle layer of epithelial cells separates the
external environment from that inside, characteriby the presence of cells belonging to the
immune system strategically organized below théhepal barrier to point out the presence of a
continuous information interchange among the twaeirenments. The epithelial barrier actively
participates in the information interchange amondemal and internal environment. The
organization of the local immune response is sache able to discriminate among the signals
coming from the presence of the normal microbiatdland those of danger represented by the
presence of pathogens. From this it primarily feothe development of a tolerogenic immune-
response in the case of signals coming from thenalbmicrobial flora or the development of an
sustained inflammatory response in the casegofats coming from pathogens to accomplish

their elimination.
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Figure 1. Intestinal mucosa components particigatirthe host-microbiota interactions. (Turner
J.R.Nature Reviews Immunolo@®09; 9, 799-809).



1.1 Mucosal Homeostasis
1.1.1 Intestinal Microbiota

The human intestine constitutes one of the mictasasystems with great density of population
presents in nature. The human intestinal microbietth a quantity that ranges around‘*00**
microorganisms/ g colonic content with a biomask kg, outnumbers the microbial communities
attached to the other surfaces of the human bodytay are about 10 times higher than the total
number of our somatic and germinal cells. (Savage,,[1977). Thus, the intestinal microbiota of
humans accounts for a number of genes 100 timdé®hitpan human genome (BackhedeFal,
2005). The greatest part of these microorganisrasfaund in the colon where the densities of
population specifically reaches values of'410"* microorganisms / ml of luminal content.
Therefore, the human being can be considered a suganism made up by human and microbial
cells, with a genetic unit constituted by the vehgenes present in the human genome and in the
genome of the intestinal microbiota (microbiomagdkrberg J., 2000). The composition of the
intestinal microflora depends on the number andhentype of microorganisms with which the
subject comes into contact from the birth and ie finst years of life and on  the genetic
background of the same subject. The variety wirenmental interactions and the stochasticity of
the microbial populations with which the subjectnas into contact make the microbiota of a
single subject exclusive. In the context of a dpeaitestinal habitat, some microbial components
are autochthonous or "residents”, while othersadled allochthonous components, originate from
the ingested food, from the water or from othemgets present in the external environment
(pollutants) and this tight interactions makes #gosystem very dynamic. The relationship that is
established between the host and components ofnibembiota has often been described as
commensalism (a partner draws benefit while therottoesn't result influenced), but it is surely

more appropriated to define it as symbiotic or malfboth the partners increase their fitness).

The bacteria, fungi, protozoa, and viruses thatliitithe gastrointestinal tract combine to comprise
the host’s intestinal microbiota and are integoatligestive and metabolic processes necessary for
general health. Our knowledge of the compositiorthef human gut microbiota was limited to
culture-based studies until recent initiativesizitig high-throughput sequencing and molecular
phylogenetic approaches based on sequencing lzd68 rRNA genes made available a detailed
inventory of the normal human gut microbiota (EakbR.B.et al, 2005; Palmer Cet al, 2007;

Xu J. et al, 2007; Zoetendal E.Get al, 2002). Such comprehensive enumeration studies of
microbial diversity within the mammalian gut not lpnmproved our understanding of the
population composition and the dynamics and ecolafgthe gut micro-biota but also provided
evolutionary insight into the host—-microbe mutualisAlthough there are at least 55 divisions of
bacteria and 13 different divisions of archaea artlg the human distal gut microbial community

is dominated by members of just two bacterial divis, Bacteroidetes and Firmicutes, and one
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member of Archaeadylethanobrevibacter smith{Eckburg P.Bet al, 2005). In contrast to the low
levels of deep diversity, the microbial diversity the mammalian gut exhibits high levels of

variation at the level of species and strains.

In addition, the microbiota of the human intestisguantitative and qualitatively different in the
various compartements of the gastrointestinal t(Bgure 2) (Tiihonen Ket al, 2010; Savage
D.C., 1977; Berg R.D., 1996). On these differermdwrizontal stratification is inserted with the
presence of various microbial communities in thestinal lumen, in the layer of mucus, in the
crypts and directly adherent to the epithelialc@Rozee K.Ret al, 1982; Lee A., 1984).
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Figure 2. Common members of the intestinal micrzbim the different compartments of the
gastrointestinal tract. (Tiihonen Kgeing Research Revievi2010; 9: 107-16).

In numerical terms, esophagus and stomach sholewest bacterial load. The normal esophageal
microbiota is relatively simple and the preponderauitivable bacteria are optional anaerobia that
originates from the oral mucosa, like Streptococand Lactobacillus. Similarly the stomach,
contains low levels of lactobacillus and other aoiistant microorganisms (¢00%7 ml of
content), that usually come from the oral mucoshe Ticrobiota load increases with the
progression toward the ileum and colon that repritssthe gastrointestinal tract with the highest
concentration of bacteria that show remarkable obial difference [18-10"2 / ml of luminal
content, about 60% of the fecal mass (Guarner & Malagelada J.R., 2003)]. While in the small
intestine optional anaerobial bacteria are preserhe colon the microbiota is largely made up by

anaerobes.



The microbiota of the infant is seeded at birth @ndhitially undifferentiated across the various
body habitats. A variety of factors—including methof delivery (vaginal versus Cesarian
section), breast feeding, and weaning— influence ithfant microbiota. For example, the
microbiota of babies delivered vaginally are dorteda by Lactobacillus, Prevotella, and
Atopobium, whereas babies delivered by Cesariatiosetave a microbiota that more closely
resembles that of the maternal skin community, siiphylococci being a dominant early member
(Ravel J.et al, 2011). The dominance of aerobic bacteria at bstlltered during peri- and
postnatal development. The microbiota diversifiegrothe first few weeks of life to form a
complex anaerobe-dominated microbial community gblit E.K.et al, 2008). However, within
the second year of life the microbiota compositimromes more stable and similar to adult gut
microbiota, although some studies have reportetl dbalescents have a higher abundance of
bifidobacteria and clostridia than adults (Agan®Ral, 2011). During old age a final set of age-

related shift in the composition and function otrobiota is observed (Qi et al, 2012).
Functions of the microbiota

The intestinal microbiota has been demonstatée iovolved in metabolic, trophic and protective
functions (Nicholson J.Ket al, 2005). In addition microbiota contributes to tevelopment and

function of:
- Metabolic activity and trophic functions

The most important metabolic activity of intestingitrobiota is represented by the fermentation of
non digestible residues of the diet and/or of eedogs mucus produced by the epithelium. The
host's mucus, in addition to provide protectioniagtathe adhesion and the invasion of pathogens,
represents an important reservoir of glycans, muglgcosphingolipids, hyaluronic acid and
heparin (Hooper L.Vet al, 2002) and contribute to limit the potential daemgcaused from

drastic changes in the availability of polysacctkesiin the diet (Backhed &t al, 2005).

The intestinal bacteria draw the required energguth the metabolism of sugars and proteins
(activity known with the term of fermentation). Theodification of non digestible polysaccharides
of the diet (cellulose, hemicellulose, pectin, mhgestible starch) is achieved with bacterial
enzymes that modifies these latter substrates olatile (carbonic anhydride, hydrogen, etc.)
compounds and Short-Chain Fatty Acids (SCFA Thett®ggis of the fatty acids produces an
acidification of the intestinal pH, that constitsiten efficient system of defense against pathogens
microorganisms. The generation of SCFA, influerales the epithelial intestinal cells, facilitating
their growth and differentiation. In fact, butyratenstitutes the principal energetic source of the
epithelial cells of the colon (around 70% of thergetic intake). Acetate and propionate are, by
contrast, able to regulate the glucose metaboligrair absorption induces a lower glycemic

response after ingestion of oral glucose or a st@htheal. The microorganisms of the colon also
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develop a fundamental role in the synthesis ofmits, as B12 and K and in the absorption of

calcium, magnesium and iron.
- Protective function:

This function involves the inhibition of the pattrgflora. This is accomplished by the competition
for the nutritional substrates and the adherenepitbelial cells (Bernet M.Fet al, 1994). Germ-

free animal, result more sensitive to the infeigifaguchi Het al, 2002).
- Functions on the development of the immune systeni the host

The microbiota has also a pivotal role in the depelent of the immune mucosal system, both in
its development and function; in germ-free mice theestinal colonization is followed by an
enhanced number of intraepithelial lymphocytes ahd the lymphocytes infiltrating the lamina
propria as well as by an increased number aré @i the lymphoid follicles that show the
presence of germinal centers containing immunadiotproducing lymphocytes. The immune
response towards the microorganisms relies on lotlate and adaptive components as
immunoglobulin secretion. The greatest part of blaeteria that are found in the human feces
appear covered by specific IgA. The adaptive respanf secretory IgA towards the intestinal
microbiota allows the host to response to fluctradi in the bacteria concentration thus

contributing to the mucosal homeostasis (Macphefsdnand Uhr T., 2004).

1.1.2 The intestinal barrier

The intestinal barrier is constituted by a singlgel of epithelial cells that separates the intasti
lumen from the internal environment. The intedtimaithelium includes different types of cells:
the enterocytes that have absorptive function, gbklet cells appointed to the production of
mucus, the Paneth cells that have the ability talpce antimicrobial peptides and enteroendocrine
cells. Altogether the intestinal epithelium exterd a surface of 400 “tovering anatomical
structures organized so that to offer the maximwrfase in the smaller possible (conniving
valves, villi, microvilli) space. The integrity dhe epithelial barrier is crucial in protectingeth
host from the microorganisms and from the alimgnéantigens. The different described epithelial
cells contribute to this function: the enterocytagrate from the bottom of the crypts to constitute
the epithelium of surface endowed with tight juon8 constituted by trans-membrane proteins ,
claudin and occludin linked by non covalent bon8ach junctions develop a sealing function
forming around the cellular perimeter a continube#t called zonula that limits the passage of
water-soluble molecules; moreover they contribwietiie maintenance of the polarity of the

epithelial cells. The muciparous cells strengthea dpithelial barrier thanks to the production of



mucus that covers the whole intestinal surface. Mieins are the principals component of the
mucus that covers the epithelial surface of thetrgantestinal tract. The mucins is a glycoprotein
whose glucidic part, being highly absorbent, atgaclot of water increasing the stringiness. The
mucus is organized in a double layer with a delag@r to contact with the epithelial cells and one,
less dense, directed toward the intestinal luniére microorganisms of the intestinal flora

primarily occupy this layer reaching only in smakkasure the deep layer.

The Paneth cells of the small intestine and ceils analogous function in the colon are located
on the bottom of the crypts and, due to their bt produce antimicrobial pepetides, they limit

the concentration of the bacteria penetrated ilédep layer of the mucus.

The integrity of the epithelial barrier and theestinal homeostasis depends in great part on the
continuous information interchange between the ohicta and the cells of the innate immunity
with the contribution of the epithelial cells. Thid purpose myeloid cells (dendritic cells,
macrophage) as well as epithelial cells expresdacair receptors (Toll like receptor) and
intracellular receptors (NOD - Nucleotide-bindinggomerization domain) able to distinguish
molecular specific determinants, conserved over etlolution, of microbial (PAMPS) origin. The
microbiota / epithelial cells interaction triggessphysiological state of cellular activation with
production of cytokine and chemokine and anti-aptptfactors that stimulate the survival of the
epithelial cells, their proliferation and the rapieconstitution of the epithelial layer after the
damage. The same receptors are also implicatdeeiproduction of antimicrobial peptides by the

Paneth cells.

1.1.3 GALT

The lymphoid tissue associated to the intesti@at (Associated Lymphoid Tissue, GALT),
represents the wider lymphoid tissue of the whaotgoism, considered the enormous surface of
the intestinal mucosa to which is in partnershiigyFe 1). The lymphoid cells are either organized
in follicles (Peyer’s patches in the small intestilymphoid follicles in the colon) or dispersed i
the lamina propria and in the layer of epithetialls. The lymphoid structures (Peyer’s patches,
colon’s lymphoid follicles) together with the mesemc lymph nodes represent the sites of
induction of the immune response. The dendrititscahce captured the antigens at the mucosa
surface migrate into these sites in order to gareshe antigens to T lymphocytes. The T
lymphocytes, once primed by the dendritic cellsufrerjthe role of effectors of the immune
response with different function (lymphocytes CD# -1, lymphocytes CDZ'h -2, lymphocytes
CD4'Th -17, lymphocytes regulators). They then migrmethe circulatory stream after the

acquisition, on the surface, of the expressiomtggrins ¢4p37, aER7) that allow their recognition



by the lymphoid intestinal tissue where, they migiaack to perform their effector functions in

the lamina propria (lymphocytes47+) and in the epithelium (lymphocyteEp7+).
Dendritic cells:

Dendritic cells migrate from the tissues to theosgary lymphoid organs in order to present the
antigen to the T cells. Although at the beginningytwere considered as activators of the immune
system in response to external stimuli (infectiagents), recently they have been recognized to
play a fundamental role in the induction and maiatee of host tolerance. Tolerance represents
the establishment of an immune-mediate processptieaents the inflammatory response toward
endogenous antigens, harmless food-derived antigreastigens associated to the microflora. The
circulating precursors of the dendritic cells aistributed in the peripheral tissue and in the
lymphoid organs, where they differentiate in twpeyg of dendritic cells characterized by different
functions: the plasmacytoid dendritic cells and ¢baventional dendritic cells. Dendritic cells are
in two functionally different conditions: naive anthture dendritic cells. Naive dendritic cells are
present in the peripheral tissue where they havimlynghagocytic functions, whereas mature
dendritic cells are found in the lymphoid organd #mey are specialized in the antigen presentation
and characterized by the expression of surfaceostimulatory molecules that are mandatory for
the activation of the T cells. Mature dendriticlsalerive from the naive ones after a process of
maturation triggered by inflammatory stimuli anatlipromotes the migration of the dendritic cells
in the lymph nodes. Under homeostatic conditiorventheless, there is a low but constant
migration of naive dendritic/semimature cells frahe peripheral tissue to the draining lymph
nodes. These cells are probably involved in theudtidn of the tolerance to self-antigens .
Dendritic cells isolated from the intestinal tissare endowed with particular functional features
including the ability to induce peripheral regulgté-oxp3cells, the differentiation of Th-17 cells
and the Ig-A switch in the B cells. These functi@me associated to different types of dendritic
cells that are distinguishable for the presenceiftérent surface antigens. At least three diffiere
functionally types of dendritic cells have beenaligd. CD103 dendritic cells expressing high-
level of CD11¢ able to promote, under the influence of retinaicland TGF B the development

of regulatory cells to limit the inflammatory respse response toward the microbial antigens.
Dendritic cells expressing high-level of CDI1bnd TLR5 able to induce the differentiation of Th
17 cells and a third type characterized by the esgon of the CD70 and CX3CR1 able to
response to the ATP of bacterial origin inducing tlifferentiation of Th-17 cells. Dendritic cells
able to induce Th-17 seem to be e also able tor fthw IgA switch in the B cells. Since the
intestinal dendritic cells probably derive from ®ieculating monocytes migrated inside the tissue,
the different functions of the dendritic cells stiy derive from the interaction with the
microenvironment. Different cellular types conttibudirectly or indirectly to the mucosal

conditioning of the dendritic cells: the epitheli@lls through the production of TSLP able to
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inhibit the synthesis of IL-12 and the productionT&F8 and retinoic acid able to direct the
dendritic cell toward the induction of regulatorglls. Stromal cells through the production of
TGF that inhibit the production of cytokine inflamtosy by resident macrophages. These

conditioned macrophages limit the ability of thexdetic cells to induce Th -17 cells.

T lymphocytes:

The CD4 T lymphocytes are classically classified in T kelgTh-1, Th-2, Th -17) and T
regulatory cells. The Th-1 lymphocytes are inflartona lymphocytes that releases IRNand are
involved in the immunity against the pathogenicdoellular agents, while the Th-2 lymphocytes
are mainly involved in the B cells response g growth factors as IL -4. The Th-17
lymphocytes produce a range of cytokine as IL-1TAL7F, IL-21, IL-22, IL-26 involved in the
activation of the neutrophils and in the immunepmese against extracellular bacteria and fungi.
Under pathological conditions, as in inflammatbowel disease, autoimmune diseases or in the
allergies, T lymphocytes are responsible for tlrntenance of the chronic inflammation and for
its polarization. For example, inflammatory bowidehse, are associated with Th-1 polarization in
the case of Crohn’s disease and to Th-2 polaoiz&ti the case of ulcerative colitis. The Th-17
response , that is present in both pathologiesmse® have a protective role, but under
pathological conditions as in the case of autoimendiseases, seems instead to develop a key role
in the occurence of chronic inflammation. The Tulagpry lymphocytes suppress the function of
the T effector cells and they are therefore esgktaticounteract the inflammatory responses (Zhu
J.and Paul W.E., 2010).

* T helper cells

T helper cells 1 (Thl) are characterized by tluelpction of interferony-(IFN -y) sustained by IL-

12 and IL-23 produced by the denditric cells aral/thre important for immune responses towards
intracellular pathogens (virus and bacteria). Timedmental transcription factors required for the
Th-1 differentiation and production of cytokine drdet and STAT. Particularly IFNy induces
the activation of STATL, IL-12 induces the actieatiof STAT4 and these two transcription factors
upregulate T-bet, that plays a fundamental rol¢hen Th -1 differentiation. T-bet is a negative
regulator of GATA-3, fundamental transcription farcin the Th2 differentiation. IFN-stimulates
the anti microbial activity of the phagocytes fawgr the clearance of the phagocytosed
microorganisms; in addition it stimulates the prctthn of IgG able to opsonise the bacteria and to
activate the complement; these two mechanismg tieophagocytosis and subsequent clearance
of bacteria. IL-2 produced by the same Th1l actautscrine growth factor and together with the
IFN-y stimulates the proliferation and differentiatidritoe cytotoxic CD8+ T lymphocytes that kill

the infected cells. Finally IFN-amplifies the differentiation of the CD4 T celts Th1 inducing the
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activation of the macrophages with production 6flR. T helper 2 cells (Th2) are characterized by
the production of IL-4, IL-5, IL-13 and IL-25 antidy play a critical role against the helminth
infections and allergic reactions. The TH-2 diffaration of T lymphocytes depends on the
presence of IL-4 that activates STAT 6, a transicnipfactor that induces the expression of GATA-
3, a transcription factor distinctive of Th2 celBATA -3 inhibits the intracellular signaling of

STAT4, that is required for Thl differentiationhd principal Th2 effector functions are

represented by activation and expansion of eokitpnd mast cells and IgE production. Such

functions are mediated by IL-4, IL-5 and IL -13guction.

From above, itis appreciable that the functional polarization Dfcells is not only influenced by
the type of antigen and its concentration, but dgathe presence of particular co-stimulation
signals, by the prevailing cytokines in the ennim@nt and by the transcription factors that,
through a positive or negative feedback activate iahibit a specific lineage program. In this
context it is useful to underline that recent stgdiave shown that IL-25, a family member of the
IL-17, produced by T cells , but also by mast s;elllveolar macrophages, eosinophils, and
basophils, pulmonary epithelial cells and integtepthelial cells, starts, promotes and expands th
Th-2 mediate response favoring the establishroésiome allergic diseases (CarusoeRal,
2011) and it inhibits the Th-17 response in animalels of autoimmune diseases as multiple

sclerosis and diabetes.

The T 17 helper cells (Th-17) have been receddgcribed as lineage with independent
differentiation. They are involved in the infemis by extracellular bacteria and fungi through th
production of IL-17A, IL-17F and IL -22. They diffentiate in presence of TGE and IL-6, which
activate STAT3, that positively regulate the tiaipgion factor RORt, a fundamental factor for
Th-17 differentiation. IL-23 represents, togethaethwl-21, an important factor for their survival
and for their expansion. A peculiar aspect of thelT cells is their plasticity. In literature thexee
evidences about the possibility that, in additiontheir differentiation from naive cells as a
consequence of the above described stimuli, theydeaive from regulatory Foxp3T cells in the
presence of high-level of IL-6. This inflammatomtakine would inhibit the expression of Foxp3
favoring the expression of RQR Recent data point out that also IL-1 could fatlus passage.
Finally, Th-17 cells, in presence of high-levellbf23 and reduced levels of TGFean express
IFN-y maintaining the expression of IL-17 that can lerlan definitely lost. These Th-17 derived
IFN-y cells producing cells are called simil Th -1. Theal step of conversion (IFN+ IL-17-) is
inhibited by CD4CD25 Foxp3 regulatory cells favoring the expansion of IL+I#N-y+ T cells
(Abdulahad W.Het al, 2011;. Morrison P.Jet al, 2011).
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* Regulatory cells

Regulatory cells are able to inhibit the respornse the proliferation of the effector T cells. Two
subpopulations of cells can be identified: natut&l4 CD25 (nTreg) regulatory T cells and
peripheral regulatory T cells. The natural regulatoells are originated in the thymus and
constitutively express on their cellular membrame €D25 (chain of the receptor of the IL-2 (IL-
2R)), the CTLA-4 (cytotoxic T lymphocyte-associatadtigen 4) and the GITR (glucocorticoid-
induced TNF receptor family-related gene). A ingladar marker that is essential for the
development and the function of regulatory cellsthe transcription factor Foxp3 (X-linked,
forkhead / winged helix transcription factor) (H&iand Sakaguchi S., 2004). Absence of Foxp3
is associated to a morbid condition linked to¢heomosome X, called "IPEX", characterized by
immune dysregulation, polyendocrinopathies, entiups. Foxp3 represses the promoters of the

genes involved the inflammation (Izcue A. and Pevii, 2007).

Peripheral regulatory cells are classically dividetb 3 groups: inducible Foxp3cells (iTreg),
regulatory T cells (Trl) and the Th3 cells. To #h&sgroups, a fourth group of cells has recently
been added: the cells that express on their sutfec@ GF B linked to its latency peptide called
Latency-associated-Peptide (LAP+) T cells. The eddfice among the different groups of
regulatory cells relies on the expression of Fatka® seems to characterize the iTregs alone and on
their prevalent mechanism of suppression: cytckmneeliated, respectively IL-10 and T@GF-
mediated for the Trl and Th-3 cells, contact-medidor the iTreg and probably for the LAP+
cells. Other studies have however shown that tbdygtion of IL-10 and TGIB-is essential for
the suppressive function of the Foxa2lls and that the expression of cell surface IseBm to
characterize also the activated Foxp3 cells. Asgme the classification of regulatory T cells into
inducible Foxp3cells (iTreg) and Foxp3Trl, Th-3) seems to be the most appropriate niias

it is becoming more and more evident that FOxAB™ cell population can represent a separate
group of regulatory cells, nevertheless its retetfop with the Trl and Th-3 cells it is still objext
study.

The number and/or function alterations of the wasidypes of regulatory cells are involved in
several chronic diseases, such as autoimmune dsseelsronic inflammatory bowel diseases and
allergies.

One of the major issues being debated is the pbgimt nature of TGH. On the one hand, it
regulates the homeostasis of nTregs and perpetreesippression of the effector cells (inhibiting
Th1l and Th2), and, on the other hand, as previqusilyted out, it succeeds, together with IL-6, in
inducing the Th-17 differentiation. A few studiemvie shown that murine CD4 (+) CD25 {xells
stimulatedin vitro with antiCD3/antiCD28 antibodies may perform th&ippressing action on the

effector cells using TGB-as effector mechanism; TQ¥is not in its secreted form but in the form
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of a factor linked to the cell membrane and suceaednediating an interaction with the receptors
present in the target cells. T@Fis synthesized in the form of precursor that isackd
intracellularly by endopeptidase. The proteolyselds two products that assemble into a dimer.
One is latency-associated peptide (LAP), and therots mature TGB- The presence of LAP
facilitates the transit to the cellular surface &m@ps TGH biologically inactive and prevents
interactions of TGH- with receptors. The LAP-associated mature To5Hs referred to as “latent
TGFf"; it is secreted as precursor and converted irbthigically active form in the extracellular
space through the removal of LAP. The mechanism@asléad to the removal of LAP are not fully
known, even though it is assumed that the throminodip present on the macrophages should be
able to affect the LAP-TGB-complex (Khalil N., 1999), releasing the activenficof cytokine.

Host/microbiota recognition and interaction
The various host/microbiota interactions descrit@gbve occur through the recognition of
bacterial/viral/fungal molecules by specific reapt arranged on both the cellular surface and

inside the cytoplasm.

1.1.4 Toll-like receptors

Toll-like receptors are a family of pattern recdignmi receptors (PRR) that have not changed in the
course of evolution. These receptors are exprasgedrious cells involved in the innate responses
to pathogens, recognizing a few molecular profdergressed by the pathogen-associated molecular
patterns (PAMPs) (Medzhitov R. and Janeway C.A. 1897). As a matter of fact, even non-
pathogenic bacteria, such as those of the intéstnaoflora, use the same structures for their
recognition by the epithelial cells and by the €ell the innate and acquired immunity of the host.
TLRs have the type | structure of transmembranéepre with multiple extracellular cysteine and
leucine-rich repeats (LRRs) and exhibit a singlell/interleukin-1 (IL-1) receptor (TIR)
intracellular domain which is similar to the intedlalar receptor domain of the IL -1 family.

There are 13 TLRs in human and mice that sharendasistructure and an ancestral gene. An
important characteristic of the signaling systenthet TLR1, TLR2, TLR4, TLR5, and TLR6 are
expressed on the cell surface and a set of TLRstesento nucleic acids -TLR3, TLR7, TLR8 and

TLR9 - are intracellular (Figure 3).
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Figure 3. TLRs localization. (Kaufmann S.MNature Reviews Microbiologd007; 5: 491-504)

The lipopeptides and the other components of thengyositive bacteria cells activate TLR2
together with TLR1 or TLR6; LPS activates TLR4,gdlin activates TLR5Poly I: C (a double-
stranded RNA (dsRNA) activates TLR3; unmethylatddADand CpG oligodeoxynucleotides (or
CpG ODN)) activate TLR9, while single-stranded RBiAd a few drugs activate TLR7.

The ligands for TLR8 and TLR10 (present only in famns) and for TLR11-13 (present only in

mice) are not known (Figure 4).

Receptor | TLR2/1 or 2/6 TLR3 TLR4 TLR5 TLR7 TLR9
Ligands | Lipopeptides | Poly I:C, dsRNA LPS Flagellin ssRNA, resiquimod, imiquimod, loxoribine| Unmethylated DNA, CpG-DNA
Source Gram-positive‘ Viruses Gram-neg_ative Pactarial Viruses Bacteria
bacteria, fungi bacteria flagellum
N }\\Yiﬁ‘f % N \
s B % ‘ 7 Jﬁ; /-
Lol \5% TN %\ o zﬂ
Examples a 5% R - y A
\%, : o o
Sy J Resiquimod , Imiquimod
. '} Y % " 55
% r 2 >4 A
e d O 12901
Pam,CSK, Flagellin ssRNA o ., Loxoribine CpG-DNA

Figure 4. TLR ligands and interactions with recempt¢Moresco E.M.Current Biology2011; 21:

R488-93).

The TLRs are expressed by macrophages and neusoplsi well as by dendritic cells and
specialized phagocytes that are to stimulate timeune responses by activating the T-lymphocytes.
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Many “non-immune” cell types, including epithelialls, neurons, astrocytes, and fibroblasts, also
express TLRs and respond to their activation.
TLR signaling depends critically on four adaptootpins (Figure 5):

« MyD88 (Myeloid differentiation primary response ge(88));

« TIRAP (also called MAL);

* TICAML1 (also called TRIF);

* TICAM2 (also called TRAM) that directly bind to azited TLRs.
There are two signaling pathways: the MyD88-depahdrd the TRIF-dependent pathways.
All TLRs (except TLR3), utilize a MyD88-dependeratpbway after the dimerization of the TLR
receptor. As far as the signal transmitted by Tlifkdoncerned, a MyD88-dependent transmission
pathway is known to activate the cytokine produttmd a MyD88-independent pathway is known
to activate the type | interferon system.
Once activeted, MyD88 recruits IRAK 4, IRAK1 andAR2. IRAK kinases then phosphorylate
and activate the protein TRAF6, which in turn pdlguinates the protein TAK1 in order to
facilitate binding to IKK3. On binding, TAK1 phosphorylates IKK which then phosphorylatesi
causing its degradation and allowing NB-to diffuse into the cell nucleus and activate
transcription. TAK1 may also trigger MAP (mitogeati@ated protein) kinases with activation of
AP1 and CREB (cyclic AMP response element-bindingtean) (Kawai T. and Akira S., 2010).
Signal transduction from TLRs induces the expressid numerous genes required for the
inflammatory response, including inflammatory cytws (TNFe, IL-1, IL-6, IL-8, IL-12 and IL-
18), chemokines, antimicrobial molecules (such wdrdiytic enzymes, peptides, proteases), and
costimulatory molecules important for adaptive inmawactivation.
The TLR3 transmission pathway involves the recraittmof the TRIF adaptor protein and TRIF
activates the TBK1 and RIP1 kinases; TRIF/TBK1 algng phosphorylates IRF3 allowing its
translation into the cell nucleus and the produrctb interferons type | (IFNB). The activation of
TLR7 and TLR9 activates a MyD88-dependent sigragmission that may also activate the IRF7
(interferon regulatory factor 7) transcription faictvith the activation of interferons type | (IFN-

that are powerful anti-viral cytokines.
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Figure 5. Signaling TLRs. (Hennessy ENlature Reviews Drug DiscovePp10; 9: 293-307)

TLR2 recognizes peptidoglycan (PGN), the compomérihe bacterial cell-wall of several Gram-
positive pathogenic and commensal bacterial strains
Studies of TLR2-deficient mice or cells derivednrdhese animals have shown that TLR2 is
necessary for the response to PGN, the mycoplagropebtide that activates the macrophage-
activating lipopeptide-2 (MALP-2) (Takeuchi @t al, 1999, 2000, 2001), as well as for the
response to Lipoarabinomannan, a glycolipid assetiavith Mycobacterium tuberculosi§lones
B.V. et al, 2001). Besides, even the recognition of the &mdbtoicacids (lipidic components of the
cytoplasmic membrane associated with the teichoidsaof the Gram-positive wall) ardsteria
monocytogene&@ Gram-positive organism) would seem to involdR2.
According to a few studies, the capacity of TLRDibed such a variety of ligands is founded on its
ability to form heterodimers with other TLRs, ab@leTLR6 and TLR1 (Ozinsky Aet al, 2000;
Takeuchi Oet al, 2001).
The TLR4 receptor distinguishes both bacterial PAMENd viral PAMPs. However, the best
represented PAMP is LPS, an important element ef gkternal membrane of Gram-negative
bacteria.
The LPS-TLR4 bond is mediated by CD14 and MD-2 girat strengthened by LBP (LPS-Binding
Protein), a soluble protein present in the pladof6 induces several immunostimulant responses,
including the production of proinflammatory cyto&mas IL-12 and inflammatory chemokines.
Following the interaction with bacteria and/or wes, antigen-presenting cells (APCs),
macrophagic cells and dendritic cells, which expresRs on their surface, bind PAMPs and begin
a signaling series that stimulates the host's deferthrough the induction of ROS (Reactive
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Oxygen Species) and nitrogen.

Later, the activation of these cells leads to ttoelpction of proinflammatory cytokines that, inriur
upregulate costimulatory molecules, stimulatingrtieuration of dendritic cells and their migration
in the lymph-nodes.

The cell migration in both mice and humans is miedidy the chemokine receptors expressed by
the dendritic cells following the stimulation of.Rs (Rescigno Met al, 1999; Sallusto Fet al,
1999).

The dendritic cells, getting to the secondary lyoighorgans, stimulate the T cells through the
presentation of peptides associated with MHC mdés;linked with a secondary signal transmitted
by costimulatory molecules as CD80/86.

MHC are proteins codified by a multiplicity of genealled major histocompatibility complex. They
are entrusted with the task of binding the pepticigments produced by the degradation of foreign
protein antigens inside the target cell and trarisppthem to the surface. Hence, the T response,
mediated by the Th-1 or Th-2 polarization, is ingllat the lymph node level.

Based on the foregoing, it seems reasonable tdumby saying that TLRs are indispensable not
only in the initial infection phase, when they admnite to the innate immune response, but also in
the passage from innate immunity to adaptive respowhen they condition the response of the
dendritic cells responsible for educating T cefisthie antigenic recognition and for the response
guidance (Werling D. and Jungi T.W., 2003).

1.1.5NOD2

NOD2 (nucleotide-binding oligomerization domain-taining protein 2) belongs to the NLR
(NOD-like receptors) family of pathogens/microbs@sated molecular patterns (Strober &val,
2006; Inohara Net al, 2005).

TheNOD2/CARD15ene (Figure 6), found on chromosome 16 in thee@etromeric region 16q, is
the most important gene involved in the suscejftiytiib Crohn’s disease (CD).

NOD2 encodes a protein of 1,040 amino acids that igemged in macrophages, monocytes,
dendritic cells, epithelial intestine cells andhe Paneth cells located in the terminal ileum.

The protein comprises 2 N-terminal CARD domainseatral oligomerization domain (NOD), and
a C-terminal stretch of leucine-rich repeats (LRR3)e CARD (Caspase Activation Recruitment
Domain) domains are responsible for the bond wiitieioproteins with similar domains.

The NOD (Nucleotide Oligomerization Domain) medsatie oligomerization of the proteins
comprising the CARD domains, allowing the activataf the NF-kB transcription factor.

Just like the LRR (Leucine-Rich-Repeat) of the-liélk receptors, the LRR domain mediates the
response to the muramyl dipeptide component (MOP)eptidoglycan (PGN) of Gram-positive
and Gram-negative bacteria. The NOD2 protein a@naintracellular sensor in the innate immune

response to Gram-negative and Gram-positive bacteri
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NOD2/CARD15 gene

29 124

1 127 220 273 577 744 1020
CARDs NBD LRR

CARDs: Caspase-recruitment domains
NBD: Nucleotide-binding domain
LRR: Leucine-rich repeats

Figure 6.NOD2/CARD15ene structure.

The MDP stimulation activates NOD2 through an atitonformational change in the structure,
followed by oligomerization and exposure to the @ARomain (Figure 7). In its turn, the latter
binds to a downstream adapter molecule known aKRk& RIP2) through a CARD-CARD
interaction. The final result is the activationMAP-kinase (mitogen-activated protein kinase) and
NF-kB (nuclear factor-kB) that lead to the syntkesi various proinflammatory cytokines and/or

chemokines (Strober V¢t al, 2006).
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Figure 7. NOD?2 interactions. (Strober Yucosal Immunol2011; 4: 484-495)
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The MDP-induced NOD2 signaling acts also througRI€K-independent mechanism. NOD2
responddn vitro to viral sSSRNA orin vivo to viral infection (such as respiratory syncytaius)
with IRF3 activation (Sabbah Aet al, 2009). This response involves the binding of s&RN
NOD2, followed by translocation of NOD2 to the nubmndria and interaction with MAVS
(mitochondria anti-virus signaling protein), a nobondrial adaptor molecule. Finally, the MAVS
leads to activation of downstream signaling molesuthat lead, in their turn, to the production of
interferonf and NF«B activation. Overall, this NOD2 activation pathwiaysubstantially different
from the MDP-induced pathway in that it involveddifferent ligand and a distinct downstream
signaling pathway.

Studies conducted on mice and humans have showrthghdNOD2 stimulation of MDP in cells
translates into variable responses that, in mosts;aare lower than the responses obtained with
TLRs stimulation (Watanabe &t al, 2004). Although NOD2 stimulation itself results weak
responses, such stimulation has a considerableitapa increase TLR responses. Such increase
may result from the fact that TLR stimulation uprieges NOD2 expression, and combined
stimulation of cells through upregulated NOD2 and@ild&R has a synergistic effect similar to that
seen for other combinations of TLR stimulants @ditH.et al, 2005; Hirata Net al, 2008).

NOD2 responses can complement or enhance innatensmesponse mediated by TLRs or other
innate response elements and this occurs by wiftits position as an intracellular response factor
that, therefore, is involved in the neutralizatiohpathogens or in response to intracytoplasmic
danger signals. NOD2 responses can conceivablydadost defense function in areas of the body
where TLR expression is reduced because TLR fumchias been downregulated by constant
exposure to TLR ligands. In fact, a tolerance-aadrdown-modulation mechanism is activated in
these areas. This is what happens in the gaststimaé (Gl) tract where the commensal microflora
provide a source of TLR ligands that render guthegial cells or antigen-presenting cells tolerant
TLR ligands (Strober Wet al, 2006). Another mechanism by which NOD2 contrikute host
defense is by binding to the inflammasome proteltRR1; the complex binds pro-caspase |
through the CARD domains of NOD2 and/or the NLRRAding to the activation of caspase |,
which then acts on pro-ILBLor pro-IL-18 to form mature forms of these cytadrthat can then be
secreted (Hsu L.Gt al, 2008).

A new NOD?2 functional activity is represented kgyithplication in autophagy.

Autophagy is a complex intracellular protein deagtémh mechanism by which the cell forms
double-membrane vacuoles (autophagosome) that atétiyn fuse with lysosomes to eliminate
proteins arising from cellular stress responsegi(istiima N.et al, 2008). This mechanism also
involves the breakdown of ingested pathogenic l@cproviding antigens for antigen presentation
in the immune response useful for host defense.

Studies have shown that the NOD2 protein bindsntaatophagic protein, ATG16L1, and co-

localizes with NOD2 at the plasma membrane levkhyst facilitating the formation of an
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autophagosome around the invading bacteria (Trasdssl.et al, 2010).

NOD2 has an unequivocal function as a host deféater not only in relation to bacteria which
express peptidoglycan, and thus MDP, but alsolatioa to viruses and parasites.

NOD?2 intervenes in the intestine in defense ofttbst through the involvement of specialized gut
cells in the intestinal crypts called Paneth cellsich produce considerable amounts.afefensins,
which are NOD2-dependent anti-bacterial peptides.

Finally, the NOD2 prominence also derives from et that polymorphisms in the LRR region of
CARD15are genetic risk factors for the occurrence ohsdiseases as Crohn's disease, graft vs.
host diseases (GvHD), and allogeneic bone marramsplantation. In addition, the mutations in the
NOD region ofCARD15are causative of Blau’'s syndrome, a granulomaittfleanmation affecting

the eyes, skin, and joints.

1.2 INFLAMMATORY BOWEL DISEASES (IBD)

The inflammatory bowel diseases (IBD) comprise @tellisease (CD) and ulcerative colitis (UC)
(Baumgart D.C. and Sandborn W.J., 2007).

Ulcerative colitis is characterized by inflammatitivat is restricted to the colon: it starts in the
rectum and extends proximally in a continuous maane often affects the periappendiceal region.
On the other hand, Crohn’s disease affects anyopdine gastrointestinal tract - mostly the terrhina
ileum - in a non-continuous manner and, unlike naltee colitis; it is generally associated with
complications as stenoses, abscesses and fisttdam a histological point of view, ulcerative
colitis features an inflammation that affects fbe tmost part the superficial layers of the mucosa
(epithelium and lamina propria) with presence oftheglial damage and formation of cryptic
abscesses. Crohn’s disease is instead charactérjzadransmural inflammation affecting all the
layers of the mucosa up to the serosa, with presanabout 15% of all cases of non-caseificant
granulomas. In North America, the IBDs have andence of 2.2 to 14.3 cases per 100,000
individuals per year with respect to UC and 3.11406 cases individuals per year with respect to
CD, while in Europe they have an incidence of 87.1.8 cases per 100,000 individuals per year
(UC) and 3.9 to 7.0 cases per 100,000 individuatsypar (CD), respectively. UC is more frequent
than CD, regardless of the geographic area beingidered, with an estimated number of 780,000
individuals affected by UC and 630,000 which suffem CD in the United States (Loftus E.V. Jr.,
2004).

The geographic variability observed in the incidgnside by side with economic growth and the
increase in the per capita income, together wighpilevalence rate change observed in a few ethnic
groups after their migration to other geographeaar represent a further support to the theory that
environmental factors and lifestyles play a roléhi& onset of the disease (Loftus E.V. Jr., 2004).

The most creditable pathogenic hypothesis assunatgte onset of these diseases, in genetically
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predisposed individuals, is based on an altered uinemresponse to one’s bacterial flora. In
particular, environmental factors would seem teessrgenetically determined variations of the
immune response responsible for an altered coafrtile response to the microbiota. At the same
time, the action of environmental factors or thessguent alterations of the immune response to the
microbiota seems to favor the emergence of paintpathogenic strains (the so-called
pathobionts) that would contribute to the chroratian of the inflammation. All the aforementioned
components, microbiota, environmental factors, imenuresponse and genetic susceptibility

contribute with mutual interactions to the onseaalinically manifest disease (Figure 8).

Luminal microblal
antigens and ad|uvants

Geneatic : Immune
susceptibility IBD response

(1o ik

Environmental
triggers

Figure 8. Interaction of various factors that cimtte to IBD in a genetically susceptible host
organism. (Sartor R.BNat Clin Pract Gastroenterdliepatol2006; 3: 390-407)

Genetic alterations:

Even though the precise etiology of IBD is so féll siot clear, genetic analyses of familial
aggregation and concordance studies of monozygmtios have highlighted that genetic
determinants play a role in both the penetrancthefdisease and its heterogeneity. Linkage and
familial association studies have allowed the ifigation of a variety of loci responsible for IBD
susceptibility.

Quite recently, following the introduction of Gane-wide association studies for the identification
of single nucleotide polymorphisms (SNPs) assodiatéh a greater frequency of the onset of
certain diseases, numerous variations associatbdangreater risk of developing Crohn’s disease
and ulcerative colitis were identified in patiesigffering from IBD. The genes that are involved
range from those implicated in the intestinal pexbilty to those concerning the immune response.
The identification of single polymorphisms in tN®©D2 gene has represented the first recognized
risk factor for Crohn’s disease.

Nowadays, th&€ARD15/NOD2gene is viewed as the main gene involved in ChhsiEtering the
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gene variants identified in ti¢OD2 gene, three are associated with the susceptitli§D and are
present in about 40% of patients. TH®D2 gene is formed by 11 constant exons and a twelfth
alternative exon in region NOD2 encodes a protein of 1,040 amino acids containengous
functional domains. Over 30 mutations affecting énéreNOD2 gene have been identified. Out of
these 30 genetic variants, three have proved todependently associated with the susceptibility to
CD and represent 82% of the chromosomal mutations.

These three allelic variants are:

- R702W (C2104T), positioned on exon 4;

- G908R (G2722C), positioned on exon §;

- 1007fs (3020insC), positioned on exon 11.

The first two mutations may be considered non-cagive missense mutations. They have also
been identified as disease-causing mutations, eteugh they do not induce structure
modifications as the 3020insC variant does. Besi#@ésadditional minor and rare mutations have
been classified as mutations that could cause shise§dDCMs). The Leul007fiC (3020InsC)
mutation determines the formation of a truncateatgin lacking 33 distal amino acids in the LRR
domain that entails a loss of the functional attief the protein.

The other mutations are 2104 T~C, which causeseaplacement of arginine 702 by a residual of
tryptophan (R702W), and 2722 G~C, which causegdpacement of a glycine by an arginine at
position 908 (G908R). These variants modify thetgiric composition and, therefore, interfere
with the binding to MDP.

Microbiota Alterations

A huge number of micro-organisms are known to danthe gut and to form complex
communities or microbiota. The host-microbiota as#mns usually evolve maintaining a good
relationship. Bacteria provide the gastrointestimatt with nutritive substances and carry on the
function of preventing the colonization by pathogewpportunists. Furthermore, they contribute to
the anatomic development and functioning of theosal immune system (Duerkop Bei al,
2009). In adults, the “normal” microbiota comprises only bacterial species that support anti-
inflammatory responses but also micro-organismg, thader special conditions, can cause
inflammation (Round J.R. and Mazmanian S.K., 20I®erefore, microbiota has the potential to
evoke both pro and anti-inflammatory responsesthadcomposition of the bacterial communities
in the intestine is connected with the perfect apjen of the immune system (Round J.R. and
Mazmanian S.K., 2009). Both a decrease in the phiylaicutesandBacteroidetesind a reduction
of the member diversity were observed in patienth imflammatory bowel diseases (Frank DeXl.
al., 2007). Recently, a reduction of the bacteriaecalibacterium prausnitzibelonging to phyla
Firmicutes was associated with an early post-operative renae in patients with CD (Sokol ldt

al., 2008). Other studies have reported that a sudfgstople with Crohn’s disease harbor a strain
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of potentially invasiveEscherichia coliin their small intestine (Pineton de ChambruneGal,
2008).

An altered balance of beneficial versus aggressmirobial species could lead to a
proinflammatory luminal milieu that drives chronittestinal inflammation in a susceptible host.
Numerous studies have implicated several commemrggnisms, such aB. coli, Bacteroides,
Enterococcusand Klebsiella species, in the pathogenesis of human IBD. By raesht various
Lactobacillus and Bifidobacteriumspecies have predominantly protective effects laaek been
used therapeutically as probiotics (Sartor R.BQ430 Several groups showed alterations of the
microbial luminal mucosally-adherent flora in patie with Crohn disease, ulcerative colitis and
pouchitis (Swidsinski Aet al, 2002; Sartor R.B., 2004).

A fundamental and still unsolved problem is whetthgsbiosis is a factor of primary or secondary
predisposition for IBDs, since it may be relatedotber defects or compounded by them. Recent
studies have shown that dysbiosis is affected by thee genotype of the host, such as the presence
of alleles of susceptibilities (for instance NOD ATG16L1), and the IBD phenotype (a more
significant difference is reported in patients wital Crohn’s disease with respect to the conrols
It should be considered that major commensal osgasmibelonging to the Clostridiales order, such
as Faecalibacteriumand Roseburia appeared to be significantly reduced in patiemith ileal
Crohn’s disease (Frank D.Mt al, 2011; Willing B.P.et al, 2010). These genii are considerable
sources of short chain fatty acids, such as bwdysahich have proved to play a protective role in
the murine models of colitis. Furthermore, Clostnd Clusters IV (including=aecalibacterium
and XIV were recently shown to induce the accunutadf Treg FOXP3+ cells in murine colon
(Atarashi K.et al, 2011).

Dietary components can alter the composition andlemce of enteric commensal bacteria,
providing a potential explanation for the incre@s¢he incidence of IBD in Western countries in
the second half of the twentieth century and, nreaently, in Eastern countries, as they adopt
Western dietary practices. The dietary componemmsachieve opposite effects. For instance, short-
chain fatty acids, especially butyrate, are thdgpred metabolic substrates of colonocytes, and can
positively affect the mucosal barrier. Iron stimekgrowth and virulence of intracellular bacteria,
whereas aluminum is an adjuvant for bacterial dttien of immune responses (Perl De®.al,
2004).

Epithelial barrier and immune response alterations

It is believed that a few defects affecting theedtinal barrier, such as an increase in the imiasti
permeability and/or a defective repair of epitHetiall after transitory damages, may induce the
onset of IBDs by favoring a greater passage of mamantigens. Environmental factors, such as
intercurrent infections or the use of nonsteroaai-inflammatory drugs specifically acting at this

level could represent the cause setting off theetoakIBD. The inflammatory response in IBD is
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characterized by an increased production of pramfhatory cytokines (TNk; IL-6, IL-1p)
supported by cytokines produced by T cells. In @D12/23 stimulates the production of IR)-
which plays a leading role in giving rise to théh{Tfmediated) inflammation. In UC, the increased
production of IL-5 and IL-13 plays a leading patbpgtic role in the genesis and chronicization of
the (Th2-like-mediated) inflammation (Fuss let. al, 1996, 2004; Bouma G. and Strober W.,
2003).

A high expression of IL-17 and IL-23 has been foimdCD and UC (Rovedatti Let al, 2009),
even though it would seem that IL-23 regulatesTtheffector subsets in a different way in CD and
in UC, increasing the IFN-(Th1 cytokine) production by T CD4 cells + of tleenina propria in
patients with CD and the production of IL-17 in WKobayashi Tet al, 2008). The chronicization
of the inflammation is also supported by the presasf a relatively inadequate regulatory response.
In fact, it has been shown that, in active IBDs #ifector cells have an increased SMAD7 (an
intracellular inhibitor of TGH3 signaling) expression that is likely to preverg t(hGF8-mediated
suppression effect of the regulatory T cells (Mtedae G.et al, 2001; Boirivant Met al, 2006).
Therefore, during the active phases of the diseasegegulatory response could prove ineffective in
consequence of the presence of effector cellstaasiso the inhibition of the regulatory cells. In
short, results achieved up to now show that in IBBre is an increase in the inflammatory
infiltration with an increase in the local prodwctiof proinflammatory cytokines with respect to the
controls. Quite recently, an insufficient acutddnimatory response has been observed in patients
with CD, leading to the development of chronic anfimation as a result of the partial inefficiency
of the innate response (Smith A.kt.al, 2009).

Environmental triggers

Studies have implicated several environmental éniggn the pathogenesis of IBD. These factors
include smoking, which is protective in ulceratoditis but detrimental in Crohn's disease, die, t
use of antibiotics and nonsteroidal anti-inflammatalrugs (NSAIDs), stress and infection.
Unfortunately, the mechanisms by which these factoitiate the onset of disease or reactivate
quiescent IBD are not well understood. These triggefactors alter mucosal barrier integrity,
immune responses, or the luminal microenvironmezdch of which have an impact on
susceptibility to inflammation.

Infection and NSAIDs can transiently initiate amutcinflammation, break the mucosal barrier and
activate innate immune responses.

Smoking is perhaps the most thoroughly documentedr@mental contributor to IBD, but its
opposite effect on Crohn's disease and ulceratligis¢ respectively, is difficult to understand.
Nicotine, carbon monoxide and hypoxia have all beeggested to be mediators of the effects of
smoking on IBD (Birrenbach T. and Bocker U., 20G4snes J., 2004).

24



2. AIM

In these studies, we meant to investigate theioaktips between intestinal microbiota and immune
mucosal response. In particular, we delved intoitlaune mucosal response to the increase in
intestinal permeability, a condition that is nortyatonsidered to promote a local and systemic
inflammatory response to an increased load of &wéelbial components of the microbiota.

In fact, the increase in intestinal permeabilityciensidered a condition that contributes to the
pathogenesis of the inflammatory bowel diseasasfative colitis and Crohn’s disease), and the
NOD2 gene polymorphism, considered a risk factor fer dinset of Crohn’s disease, is associated
with the presence of an increased intestinal pdoifiiganot only in patients, but also in relatives
who are carrier of the same genetic polymorphisher&fore, in these studies we have investigated
the mucosal response mechanisms that follows asitosty increase in the permeability of the
epithelial colon barrier. We performed our studiascontrol mice, and in mice with deletion of the

Nod2gene.
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3.RESULTS

A Transient Breach in the Epithelial Barrier Leads to Regulatory T Cell Generation and

Resistance to Experimental Colitis
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Abstract

Background and AimdPrevious studies have indicated that a defectivinedjal barrier leads to
inflammation of the underlying lamina propria. Netheless, it is likely that physiologic breaks in
the barrier must occur for homeostatic regulatorgells to develop. We determined the effect of
agents that disrupt epithelial tight junctions éatbl and AT1002, &/ibrio cholerae zonula
occludens toxin hexapeptide) on regulatory T-aedluiction and resistance to induction of colitis
by trinitrobenzene sulfonic acid (TNBSMethods The effects of ethanol and AT1002 on colon
immune function were evaluated by their capacityirtduce direct phenotypic or functional
changes in effector and regulatory cell populatiand their indirect effect on the development of
TNBS-induced colitis. The basis of regulatory alvelopment was evaluated withvitro studies

of isolated dendritic cell populations. The roleimfate immunity was evaluated by vivo gene
silencing studies utilizing Toll-like receptor (TQR-specific small interfering RNA (SiRNA).
Results Both ethanol and AT1002 induced persistent latesgyeiated peptide-positive CD4
regulatory T cells that, as shown in adoptive timnstudies, render mice resistant to the induction
of TNBS colitis. The development of these cellsuiegs the presence of an intact microflora and
the activity of CD11¢ dendritic cells. Their induction is also influedcly innate immune factors
operating through TLR-2, because attenuation of -PLRignaling byin vivo TLR-2 siRNA
administration prevents their developme@onclusion A mild and/or transient breach in
epithelial barrier function leads to dominant regaty T-cell responses that protect the mucosa

from inflammation.
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Introduction

The commensal organisms of the gut microflora aatasr number of mechanisms to reduce
colonization of the mucosal surface by pathogerganisms and the inflammation caused by these
organisms. However, if and when these organisms penetrateefignelial cell layer they are
themselves able to cause inflammation. This wasvslover a decade ago with mice that exhibit
inflammation in areas subjacent to epithelium wtight junction disruption due to expression of a
dominant N-cadherifi.More recently, an inflammatory state with a simifathogenesis was
observed in mice with epithelial cell-specific NEMteficiency and thus defective NdB function
that manifest impaired epithelial barrier functiclue to epithelial cell apoptosis and ulcer
formation® These and similar findings lead to the view thatimtact epithelium is a bulwark
against the development of Gl inflammation and tretous types of epithelial cell defects that
impairs barrier function is a potential cause aftsinflammatiort It is important to note, however,
that the normal epithelium does allow limited expesof mucosal immune elements to antigens in
the commensal microfloraOne possible reason for this apparent subversiospithelial cell
barrier function may be the need of the mucosdksy$o develop immunological tolerance toward
antigens in the commensal microflora, since inabsence of such tolerance mucosal inflammation

is likely to occur.

In the present study, we investigated this possidily asking if a transient increase in mucosal
permeability induced by either rectal administratiof ethanol or avibrio Cholerae zonula
occludens toxin hexapeptide (AT1002) (the lattsulbstance that specifically affects tight junction
integrity) would have any effect on the subsequaility to induce and sustain (TNBS)-induced
colitis. We found that both types of treatment,ilehtself inducing a mild and transient
inflammatory response, led to the induction of tatnry T cells and a state of resistance to the
induction of TNBS-colitis. These findings thus pise formal proof that limited exposure of the

mucosal immune system to the microflora is an ingarmechanism of tolerance induction.
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Materials and Methods

Mice

Studies were performed in 5- to 6-week-old male 8JIC57BL10 mice obtained from Charles
River (Calco, ltaly), Harlan (S. Pietro al NatisofigD], Italy), or Jackson Laboratories (Bar
Harbor, ME) and maintained in the animal facilitegghe Istituto Superiore di Sanita (Rome, Italy)
or at the National Institute of Allergy and Infemis Diseases, National Institutes of Health
(Bethesda, MD). All animal studies were approvedhsyAnimal Care and Use Committees of the

Istituto Superiore di Sanita and the National tgtis of Health.

Study Design

Mice were administered either 50% ethanol or AT1(220 pg/mouse in 15QL of phosphate-
buffered saline) (the latter kindly provided by Rasano, University of Maryland School of
Medicine, Baltimore, MD) via a 3.5F catheter inedrinto the rectum as previously described.
Mouse weight changes and histologic appearanc@eotolonic tissue were then determined at
various time points. In some experiments, mice welied at appropriate time points to obtain
lamina propria mononuclear cells (LPMCs) for vas@tudies described in the text. For studies of
effects of epithelial barrier disruption on coljtimice administered 50% ethanol, AT1002, or no
treatment were subsequently administered TNBS Zy5delivered in 15QuL of 50% ethanol
(Sigma-Aldrich, St. Louis, MO and Fluka, Milan, litaper rectum as previously describe@ihe
occurrence and course of colitis in the differemups of animals were evaluated as described in
the text.

Isolation and Culture of Lamina Propria Mononuclegaells (LPMC)

LPMCs were isolated from freshly obtained colompeamens using a modification of the method
described by van der Heijden and Stok some experiments, CD11and CD4 cells were
purified by magnetic cell sorting using CD11c (N¥bdicrobeads or a CD4T-cell Isolation Kit
(Miltenyi Biotec, Calderara di Reno, Italy or R&Dy8ems, Minneapolis, MN) following the
manufacturer’s instructions. The purity of LPMC CI21 and CD4 cells was >90% and >95%,
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respectively, as assessed by immunofluorescencengtaTo measure the capacity of LPMCs to
produce T-cell cytokines, the LPMCs were cultured a 10 cells/mL in 48-well plates (Costar;
Corning Inc, Turin, Italy) coated or uncoated witturine anti-CD3e antibody (clone 145-2C11;
BD-PharMingen, San Diego, CA) and containing corngplaedia supplemented withuh/mL of
soluble anti-CD28 antibody (clone 37.51; PharMingas previously describédTo measure the
capacity of LPMCs to produce interleukin (IL)-12p7be LPMCs were cultured at 1 x ®10
cells/mL in 48-well plates in media containing Stgpcoccus aureus Cowan strain | (1:10,000;
Calbiochem, Gibbstown, NJ), and interferon (IRN)t000 U; R&D Systems). After 48 hours of
culture, supernatants were harvested and assay¢aefpresence of cytokines (IL-12p70, IRN-

IL-10) by enzyme-linked immunosorbent assays, cotetlias previously describéd.

In Vitro Stimulation of CDZ4Lamina Propria T Cells by CD11¢.amina Propria Dendritic Cells

LPMCs obtained from 50% ethanol-treated or untctatéce were subjected to magnetic bead
sorting (Miltenyi Biotec) to obtain CD11@nd CD4 cells. A total of 2 x 18¥mL of the CD4 cells
from untreated mice was cocultured with 1 X/ CD11¢ cells from 50% ethanol-treated mice
or from untreated mice in the presence or absefic20qug/mL of anti-IL-10R monoclonal
antibody (1B1.3; DNAX Research, Palo Alto, CA).tAe end of 48 hours of culture, the cells were

collected, washed, and stained for latency-asstigeptide (LAP) expression.

LPMC Immunofluorescence Staining

Freshly isolated and washed LPMCs were subjecteéfctdlock with anti-CD16/CD32 (BD
PharMingen) and then stained with biotinylated -a/AtP (affinity-purified biotinylated goat anti-
LAP polyclonal antibody; R&D Systems) or biotinydat normal goat immunoglobulin G (R&D
Systems) as previously descrifeth some experiments, intracellular Foxp3 expressias
evaluated using the APC anti-mouse/rat Foxp3 Stgirbet (eBioscience, San Diego, CA)

following the manufacturer’s protocol.
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Intestinal Permeability Studies

To measure colonic permeability, mice were adménést 50% ethanol per rectum. At daily time

points, mice then received per rectum 2 mg/10 gybedfluorescein isothiocyanate-conjugated
dextran dissolved in purified water (4000 mol wigr8a-Aldrich). Whole blood was obtained via

eye bleed 1 hour after fluorescein isothiocyanagtrdn administration. Blood samples were
heparinized and centrifuged at 3000 rpm to obtaia;ghe latter was then analyzed by fluorometry
using a Victot (485/535 nm, gain 1480) plate reader (Perkin-E]méltham, MA).

Depletion of Gut Commensal Microflora

Depletion of gut microflora was accomplished asvimesly described by the administration of
ampicillin (1 g/L; Pharmacia, Milan, Italy), vancguin (500 mg/L), neomycin sulfate (1 g/L), and
metronidazole (1 g/L) in drinking water for 4 weék&valuation of the effect of antibiotic
treatment on intestinal microflora was permed with standard microbiological methods by
Plaisant srl (Rome, lItaly). Briefly, fecal matteasvremoved from colons using sterile technique,
placed in 15 mL conical tubes with thioglycolategighed, and vortexed until homogeneous.
Contents were diluted and plated on universal affdrential media for the growth of anaerobes
and aerobes. Colonies were counted after incubati@Y °C for 48 hours (aerobes) and 72 hours
(anaerobes). After counting, colonies were picketl adentified by biochemical analysis,

morphologic appearance, and Gram staining.

Adoptive Transfer of LPMC or Lamina Propria CD&ells Depleted of LAP-Positive T Cells

LPMCs or lamina propria (LP) CD4T cells isolated from the colons of mice treateithv60%
ethanol were depleted of LAP-positive cells by gsan CELLection Biotin Binder Kit (Dynal
Biotech ASA, Invitrogen SRL, San Giuliano Milanedwly). A total of 3.0 x 10 LPMCs, LP
CD4" T cells, LAP cell-depleted LPMCs, or LAP-depletied CD4 T cells were injected via tail

vein as describel.
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Histological Assessment of Colitis

Tissues removed from mice at indicated time poivdgse fixed in 10% neutral buffered formalin
solution (Sigma-Aldrich) and then embedded in daratut into tissue sections, and stained with
H&E. Stained sections were examined for evidenceaditis using criteria described in detail

previously®

In Vivo Inhibition of Toll-like Receptor 2 by Adngmation of Toll-like Receptor 2-specific Small
Interfering RNA

Sequences of toll-like receptor (TLR)-2—specificatinmterfering RNA (siRNA) for use in TLR2
silencing studies (Dharmacon, Lafayette, CO) were s a follows: 5'-
UCAAUGGGCUCGGCGAUUUUU-3' and 5-AAGAUGCGCUUCCUGAAUUU-3. The
sequence for the control siRNA was as follows: RAGGCUAUGAAGAGAUACUU- 3'. Forin
vivo transfection, 1 mg of siRNA was encapsulated inJHRBAector as previously describebllice

were administered siRNA according to protocols dbed in the text.

Western Blot

Western blot was performed with the lysates of eglftesplenocytes using rabbit anti-mouse TLR2
or TLR4 antibodies (eBioscience) and horseradishroxidise-conjugated anti-rabbit

immunoglobulin G antibody.

Statistical Analysis

Assessment of statistical differences wasterthined by parametric Student t tesand

nonparametric Mann-Whitney test as appropriate.
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Results

Intrarectal Ethanol Administration Leads to Mild Baic Inflammation and Increased Colonic

Permeability

Whereas induction of hapten-induced colitis requiaeministration of the hapten in an ethanol
carrier to break the epithelial barrier, we reasbtiat administration of ethanol in the absence of
the effector cell stimulant (the hapten) may hawemirary effect: the induction of regulatory cells
In initial studies to investigate this possibilityve determined the effect of intrarectal
administration of 50% ethanol in distilled wate0% ethanol) (15@QL), the same dose of ethanol
normally used to induce TNBS colitis. As shown igufe 1A and B, such ethanol administration
resulted in a small but transient loss of weightpared with (untreated) control mice. This was
accompanied at day 3 by the transient appearanaevofd inflammatory infiltrate in the colonic
LP, as well as scattered (mild) epithelial cellrdiion that resolved by day 7. In addition, as
shown in Figure 1C, the infiltrating LPMCs were abfe of producing significantly increased
levels of IFNy and IL-10, but not IL-4 (the latter data not shgmas compared with cells extracted
from control mice. Of interest, substantial amounitdL-10 were secreted by unstimulated cells,
suggesting that such IL-10 was being produced g eetivatedin vivo. Finally, as shown in
Figure 1D, this inflammatory response to intrareethanol administration was accompanied by a
transient change in colonic permeability, as mesbioy dextran/fluorescein isothiocyanate uptake
into the circulation. In related studies, we alsetedmined the effect of a second rectal
administration of 50% ethanol 12 days after thBahadministration. As shown in Supplementary
Figure 1A and B (see Supplementary material onlhenww.gastrojournal.org), the second
administration induced effects similar to thoseenbsd after the first administration, although in

this case the inflammation induced was somewhainisired.

Intrarectal Ethanol Administration Is Accompaniegithe Induction of LAP-Positive CDZ Cells

In further studies, we determined the percentageelld in the LP bearing markers associated with
regulatory T cells. As shown in Figure 2, 3 dayerintrarectal ethanol administration, there was a

significant increase in the proportion of both COB25" T cells and CD4T cells bearing latent
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transforming growth factor (TGH-(LAP) on their cell surface (CD4LAP-positive T cells)
compared with LP cells from control mice not treateith ethanol. These cell populations were
partially overlapping in that only about 25% of th&P-positive cells were also CD28 LPMCs
obtained from both mice treated and not treatetl atihanol (data not shown). Cells with a similar
array of markers were seen after a second adnatigsirof ethanol (Supplementary Figure 1C; see

Supplementary material online at www.gastrojouorg).

Because Foxp3 is a transcription factor assocwmi#gda major type of regulatory T cell, we also
determined Foxp3 expression in the COB25 and CD4 LAP positive T-cell populations
appearing in the LPMCs after ethanol administratdfe found that Foxp3 was coexpressed in
76% and 78% of CD€D25 LP T cells in the LPMCs of untreated mice and ethdreated mice,
respectively. In contrast, as shown in a represeatatudy depicted in Supplementary Figure 2
(see Supplementary material online at www.gastrojaiorg), Foxp3 was coexpressed in only
7%-13% and 9%-18% of CD4.AP-positive LP T cells from untreated and ethatneated mice,

respectively.

To further characterize the ethanol-induced LAPpasiT-cell population, we performed marker

studies on LPMCs obtained 3 days after ethanol midiméation, before and aftén vitro depletion

of LAP-positive T cells. We found that LPMCs afepletion exhibited a 50% reduction in the

number of cells expressing LAP, but no change enrthmber of cells expressing Foxp3, and thus
obtained further evidence that the LAP-positive éllscwere largely Foxp3 negative (data not
shown). In addition, the LPMCs after depletion &xieid an approximately 75% reduction in ex

vivo production of IL-10 or TGH as compared with LPMCs before depletion; this sstgd that

LAP-positive T cells were also producers of thegelines (data not shown).

Ethanol Administration Renders Mice Resistant te Subsequent Induction of TNBS-Induced
Colitis via the Induction of LAP-PositiveD4" T Cells

In further studies, we tested whether the regwalocells appearing after ethanol administration
influence the severity of subsequently induced TN&fhtis. Accordingly, we compared the

severity of colitis in mice with TNBS-induced cdditthat were pretreated with intrarectal 50%
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ethanol 12 days before with the severity of coliismice with TNBS-induced colitis not so
pretreated. As shown in Figure 3A and B, mice pattrd with ethanol exhibited less severe
TNBS-induced colitis, as indicated by their sigraintly lower loss of body weight, decreased
histologic evidence of intestinal inflammation, alegver colitis scores, compared with mice not
pretreated with ethanol. In addition, as shown igufe 3C, cytokine production by LPMCs
obtained from mice pretreated with ethanol exhibige significant reduction imn vitro IFN-y
secretion compared with mice not pretreated wittamodl. Finally, observation of mice protected
from induction of colitis for 7-10 days followingsolution of colitis disclosed that pretreatment

with ethanol did not lead to delayed induction ofitcs.

In additional studies shown in Supplementary FigBrésee Supplementary material online at
www.gastrojournal.org), we found that (1) the potites effect of ethanol administration was quite
prolonged in that at least partial protection wilsroted 5 weeks after such administration; (2) a
shown in Supplementary Figure 4 (see Supplememiaterial online at www.gastrojournal.org),
protection was not strain specific because it wss seen in C57BL/10 mice; and (3) as shown in
Supplementary Figure 5 (see Supplementary matarlade at www.gastrojournal.org), correlating
with the fact that ethanol administration is asates with increased ethanol administration in IL-

10-deficient C57BL/10 mice did not lead to proteotfrom subsequent induction of TNBS colitis.

To determine if the previously described ethandliced resistance to TNBS-induced colitis was
indeed due to regulatory T cells, we next performoeltitransfer studies in which naive mice were
adoptively transferred LPMCs or purified LP CD®-cell populations from ethanol-treated mice
before induction of TNBS colitis. In these studigse transferred cells were 65%-80% depleted of
LAP-positive cells as determined by flow cytometiadies. As shown in Figure 4A and B and
Supplementary Figure 6 (see Supplementary matemlaie at www.gastrojournal.org), naive SJL
mice administered LPMCs or purified LP CD#% cells obtained from ethanol-treated mice and
then depletedh vitro of LAP-positive cells exhibited a similar severgfy TNBS-induced colitis as
control mice administered LPMCs from mice with TNBSuced colitis or mice with TNBS-
induced colitis who had not been subjected to ethpretreatment or cell transfer. In contrast,
mice administered LPMCs or purified LP CD# cells from ethanol-treated mice not depleted of
LAP-positive cells exhibited a reduced severitydlitis. Finally, as shown in Figure 4C, the effect
of transfer of LPMCs or CDA4T cells or these cells depleted of LAP-positivilsctom ethanol-
treated mice correlated with vitro LPMCs or CD4 T-cell production of both IL-12p70 and IFN-
y. It should be noted, however, that despite theafisery large numbers of mice, the number of

data points obtained in these cytokine studieslinagng and could not be subjected to statistical
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analysis; thus, these data are supportive of tesstally validated weight and colitis score data

but are not in themselves definitive.

Taken together, these studies provide strong ewv@ldhat intrarectal ethanol administration
induces LAP-positive CD4regulatory T cells that then render mice resistarthe induction of
TNBS colitis.

Induction of Transient Tight Junction Porosity imetAbsence of Epithelial Damage by AT1002

Also Confers Resistance to Induction of TNBS Goliti

Intrarectal administration of 50% ethanol causedy aminimal morphologic changes in the
epithelial layer, so its ability to alter gut perabdity was presumed to be due mostly to its
previously observed effect on the integrity of tiginctions'® To obtain independent evidence that
loss of tight junction integrity was sufficient kead to expansion of regulatory cells and resiganc
to TNBS-induced colitis, we determined if pretreatmwith an agent with a focused effect on tight
junction integrity, the hexapeptide active domafnttee V choleraezonula occludens toxin AT
1002, caused the same effects as pretreatmenethigimol:' ' Accordingly, we subjected mice to
intrarectal administration of AT1002 (25f in 150 uL phosphate-buffered saline) based on a
previously established protocol for inducing inaea intestinal permeability but no epithelial cell
damage with this agefit’® We found that intrarectal administration of AT10di2 not result in a
loss of body weight (data not shown) and, likewasgeshown in Figure 5A, was accompanied by a
mild LP inflammation without morphologic evidenckepithelial cell damage. However, as shown
in Figure 5B and C, LPMCs obtained from mice 3 dafger administration of AT 1002 did exhibit

a mild increase inn vitro IFN-y and IL-10 production as well as a significant eage in the
percentage of CO4LAP-positive T cells in the LPMC population. Filyalas shown in Figure 5D
and E, mice pretreated with AT1002 and then aditeiresl TNBS 12 days later to induce TNBS
colitis exhibited less severe TNBS colitis thanreated mice. These data show that changes in
epithelial barrier function specifically due to rarnsient change in the integrity of the epithelial
tight junctions are sufficient to cause the genenadf LP LAP-positive T cells and the associated

increased resistance to the development of TNBiscol
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CD4'LAP-Positive Cells Expansion Is Dependent on tleséhce of an Intact Bacterial Flora

To evaluate the influence of bacterial flora onaetti-induced increases in LP LARells, we
treated a group of mice for 4 weeks with a coclda#d antibiotics (see Materials and Methods) to
partially sterilize the gastrointestinal tract befthe administration of 50% ethanol. Such treatmen
led to an approximately 100-fold decrease (as medshy colonyforming units in samples of
material from various parts of the colon) in bottrabic and facultative anaerobic bacteria; in
addition, as assessed by standard bacteriologdiestuthe residual flora was not qualitatively
changed. As shown in Figure 6A, antibiotictreateédenost significant weight following ethanol
administration, and unlike mice not given antilistithey did not return to normal weight after 7
days. In addition, as shown in Figure 6B, the eté@ LP population of antibiotic-treated mice
displayed no increase in LAP-positive cells andslaswn in Figure 6C, transfer of LPMCs from
these mice to recipients did not confer protecfimm TNBS-induced colitis. Thus, intrarectal
administration of 50% ethanol requires the presasfcan intact microflora for the induction of

LAP-positive cells.

Myeloid Dendritic Cells Induce the Expansion of CDAP-Positive T Cells

In further studies to determine the role of myeldehdritic cells (DCs) in the protective effect
induced by ethanol, we purified CDI19Cs from LPMCs isolated from ethanol-treated and
untreated mice and then cultured the DCs thus mdxdaivith purified CD4 T cells from LPMCs
isolated from naive untreated mice. Then, at theé ehthe culture period, we determined the
number of LAP-positive cells by flow cytometry. Akown in Figure 7, in 2 independent studies,
coculture of CD11t DCs isolated from ethanol-treated mice with naB@4" T cells, with no
other stimulatiorin vitro provided, was associated with a higher percentge\P-positive cells
as compared with the percentage of LAP-positivésdebm coculture of CD1IcDCs isolated
from untreated mice with naive CDZ cells. Of interest, this CD11®C effect was dependent on
the availability of IL-10 because addition of ahti1OR antibody prevented the increase in the
number of LAP-positive cells (data not shown). Thaetata suggest that myeloid DCs are

responsible for the induction of COUAP-positive cells.
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TLR2 Signaling Is Critical for the Generation of RAositive Regulatory Cells

Prior studies have established that TLR signalkngecessary for induction of regulatory T cells in
mucosal tissue§:** To examine the role of one such TLR, TLR2, in atiidnduced induction of
regulatory T cells, we determined the ability otmiwith reduced TLR2 expression duédrtwivo
administration of TLR2-specific siRNA to developgtgatory T cells upon intrarectal ethanol
administration. Accordingly, mice were pretreateithwl00 pg of either TLR2-specific or control
siRNA on the day before and on the day of intradegthanol administration. As shown in Figure
8A, by Western blot analysis of spleen whole gedhtesmice administered TLR2-specific SIRNA
exhibited decreased TLR2 but not TLR4 expressiasiown in Figure 8B, mice pretreated with
TLR2-specific siRNA, but not control siRNA, exhibd a more protracted loss of weight upon
intrarectal ethanol administration compared witltenireated with ethanol alone. In addition, as
shown in Figure 8C, mice pretreated with TLR2-speciRNA and killed at day 4 after ethanol
administration did not exhibit a significant incseain CD4 LAP-positive LP T cells, whereas
mice pretreated with control siRNA exhibited a #igant increase. This correlated with the fact
that, as shown in Figure 8D, LPMCs from mice adstared TLR2-specific siRNA exhibited
reduced IL-10 but no change in IRNproduction upon stimulation with anti-CD3/anti-C®h
vitro as compared with mice administered control siRR#ally, as shown in Figure 8E and F,
mice administered TLR2-specific sSiRNA in associatigith ethanol did not exhibit resistance to
induction of TNBS colitis, whereas mice administes®ntrol SiRNA in association with ethanol
did exhibit such resistance. These data thus italiteat the ethanol-induced generation of LAP-

positive regulatory T cells is dependent on TLRfhaling.
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Discussion

In light of previous data showing that disruptidntle epithelial barrier leads to inflammation of
the LP? it was quite unexpected that administration ofg2ras (ethanol and AT1002) that cause
transient and mild disruption of barrier functiom followed by the expansion of a persistent
population of regulatory T cells that greatly irnases resistance to the subsequent induction of
TNBS colitis. The basis of such regulatory T-celpansion became apparent in studies showing
that such expansion depended on the presence wfierturbed gut microflora and, in addition,
was associated with the presence of LP DCs witlopemsity to induce regulatory cells upon
exposure to microflora antigens. It can therefarecbncluded that transient and limited disruption
in barrier function leads to a dominant regulatonynune response to gut microflora antigens and
that the cross talk between the microflora andniibgosal immune system, even when somewhat

exaggerated by epithelial barrier disruption, hastaanti-inflammatory effect.

The nature of the regulatory T cell induced by ieardisruption was also somewhat unexpected.
The identifying feature of this cell is its expressof surface TGH in the form of TGH3 bound

to LAP. Of note, while a substantial number of t#éP-positive regulatory T cells were CD2%
substantial number did not bear this marker. Perimagre importantly, while most of the CD25
cells were Foxp3 positive, most of the LAP-positoadls were Foxp3 negative. This leads to the
possibility that most of the LAP-positive regulatotells developing under the circumstances
studied here were actually more closely relatethéo Tr-1 regulatory cell than to the “natural”
(Foxp3) regulatory cell, even though the latter cell s been shown to bear surface LAP.
This view is favored by previous studies of reguigtLAP-positive cells developing in mice
treated with probiotics showing that the regulatogll involved was dependent on IL-90n
addition, it is favored by our finding that IL-10efitient mice do not display resistance to
induction of TNBS colitis upon intrarectal preadistration of ethanol and induction of LAP-
positive regulatory T cells by myeloid DGs vitro is inhibited by anti-IL-10R. Finally, the
existence of Tr-1-like regulatory cells bearingface LAP is supported by recent studies showing
thatin vitro suppression by such cells is inhibited by anti-1[&5&s well as by studies showing that

populations of LAP-positive cells lacking Foxp3 kauppressor functiofi’’

Extensivein vivo depletion studies showing that plasmacytoid DCewet necessary for ethanol-
induced regulatory T cells (data not shown) ledtaughe supposition that myeloid DCs were
critically necessary for such induction. This sugipon was subsequently supported ibyvitro

studies showing that ethanol administration letheéoappearance of myeloid DCs with the capacity
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to induce CD24 LAP-positive T cells. Previous studies of mucosafeloid DC populations
showing that mucosal DCs that produce T6r that bear surface LAP support the development
of regulatory T cells in the mucosa are in accorth whis finding, although in these cases the
regulatory cell induced was a Foxp&Il!® Thus, in this case, the capacity of the inducir@ tb
produce IL-10 rather than TE@Fmay be its most salient feature. This is suppdotethe fact that,

as already mentioneih vitro induction of such cells by myeloid DCs was blockedthe addition

of anti-IL-10R to the culture. In addition, the ding that ethanol-induced regulatory cells do not
develop in the absence of effective TLR2 signalimgyotent inducer of IL-10, also supports the

importance of the latter cytokine in regulatory glténduction.

In summary, the present studies establish thae@serd exposure to intestinal microflora or their
products via a transiently disrupted epithelialriesrcan have the paradoxical effect of increasing
the resistance of the mucosa to inflammation \végitiduction of regulatory T cells. Such cells then
have the capacity to protect mice against the dewatént of TNBS-induced colitis, a mucosal
inflammation depending on both innate and adaptivaune responses. This finding is important
to our understanding of the origin of human inflaatany bowel disease because it is assumed by
some investigators that subtle changes in bawigestion alone may be a cause of such disease. On

the contrary, these findings suggest that in scamsessubtle changes may have a protective effect.

Supplementary Data

Note: To access the supplementary material accoyimgathis article, visit the online version of

Gastroenterologyat www.gastrojournal.org, and at doi: 10.10534tga2008.07.028.
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Figure Legends

Figurel. Effects of intrarectal administration d¥% ethanol (15QuL). (A) Weight curves of
ethanol-treated and untreated mice. Each poinesepits the cumulative mean weidghSE from 3
independent experiments, each consisting of grafp$0 mice. *P<.05, ethanol-treated mice
versus untreated mice. (B) Representative H&E-sthinmicroscopic sections (original
maghnification x50) of colon at different time pardfter ethanol administration: (a) ethanol-treated
mouse at day 1, (b) day 3, (c) day 5, and (d) dsftef intrarectal ethanol administratiomnge)
Microscopic view of epithelium (x400). (An vitro IFN-y and IL-10 production by LPMCs
isolated from the colons of SJL mice 3 days afteamol administration. Cultures were performed
in the absence of any stimulamipén bary or in the presence of anti-CD3/CD28dsed bark
Data represent the meanSE from 3 independent experiments. In each expgerincultures of
pooled cells extracted from 5 mice per group weeefggmed. IFNy, P = .02 anti-CD3/28
stimulated cells from 50% ethanol-treated versuseated mice; IL-10, P = .03 unstimulated cells
from 50% ethanol-treated versus untreated mice,®®# anti-CD3/28 stimulated cells from 50%
ethanol-treated versus untreated mice. (D) Int@stipermeability as measured by rectal

administration of fluorescein isothiocyanate/dextrd < .05 versus day 0.

Figure 2. Effect of a single intrarectal adminigtla of 50% ethanol on the generation of
CD3'CD4" LP T cells expressing CD25 and LAP. Mice wereekilat day 3 after treatment. Data
indicate the percentage of positive cells in the3@D4" gated population. The percentage of
CD4-positive cells was not statistically differantthe 2 groups (ethanol-treated mice, 32.8%
3.18%; untreated mice, 34.16&04.8%).

Figure 3. Effect of intrarectal administration di% ethanol on induction of TNBS colitis. (A)
Weight changes of mouse groups after TNBS admitistr. Each point represents the cumulative
mean weight£SE) from 5 separate experiments. In each experineach group consisted of at
least 5 mice. *P< .05, 50% ethanol-pretreated mieesus untreated mice. (B) Histologic
evaluation of the effect of preadministration of&@thanol on subsequent TNBS-induced colitis.
Mice were killed at 3 days after TNBS administrati¢a) Photomicrograph (original magnification
x50) of an H&Estained paraffin section of a reprgative colon from a mouse after induction of
TNBS colitis. (b) Photomicrograph (original magodtion x50) of an H&Estained paraffin section
of a representative colon from a mouse after indoatf TNBS colitis following preadministration

of 50% ethanol. Histologic scores (see scoringidtin Materials and Methods) of colons of the
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various groups of mice after induction of TNBS tisjieach group consisted of 5 mice. (€yitro
IFN-y production by LPMCs isolated from the colons o€enon day 3 after TNBS administration.
Cultures were performed in the absence of any &imuyopen bary or in the presence of anti-
CD3/CD28 ¢losed bars Data represent the meanSE from 4 independent experiments. In each
experiment, cultures of pooled cells extracted ffomice per group were performed. IFNP =

.03 anti-CD3/28 stimulated cells from 50% ethan@tgeated versus untreated mice.

Figure 4. Depletion of LAP-positive cells from denbPMCs or purified LP CD4 T cells of
ethanol-pretreated mice before adoptive cell temabolishes the protective effect of the LPMCs.
(A) Weight changes of groups of mouse recipientd BMCs obtained from mice treated with
ethanol ¢iamond$, recipients of LAP-positive cell-depleted LPMCltained from mice treated
with ethanol §quare$, recipients of LPMCs obtained from mice treateithWfNBS (riangles,

and mice treated with TNBS alornd.(Recipient mice were administered TNBS per reciudays
after adoptive transfer of LPMCs. Each experimegtalip consisted of at least 5 mice, and each
data point represents the mean vatu8E for each group. Histologic scores of colonsnafe in

the various groups were obtained as described ieridés and Methods. *P <.05 mice recipients
of Eth LPMC vs mouse recipients of Eth LPMC LARFNBS LPMC, and mice treated with TNBS

alone. (B) Weight changes of groups of mouse reoigi of LPMCs obtained from mice treated
with ethanol ¢iamond3, recipients of purified LP CD4T cells obtained from mice treated with
ethanol ¢losed circle} recipients of LAP cell-depleted LP CD4T cells obtained from mice
treated with ethanolopen circle}, and mice treated with TNBS along.(Recipient mice were
administered TNBS per rectum 5 days after adoptemesfer of LPMCs. Each experimental group
consisted of at least 4 mice, and each data pepresents the mean valtteSE for each group.
Histologic scores were obtained as described ireN&s and Methods. P < .05 mice recipients of
Eth LPMC and Eth CD4vs mouse recipients of Eth CQ4.AP-, and mice treated with TNBS
alone. (C) Cytokine production by LPMCs isolatednfr recipient mouse colons 4 days after
induction of TNBS colitis. Cultures were performadhe absence of any stimulaopén bar¥ or

in the presence of IFM-positive SAC or anti-CD3/CD28 for IL-12 and IRNstimulation ¢losed
barsg), respectively. Data shown represent values obthafrom a representative experiment of an
LP CD4 T-cell transfer study and 2 experiments from anMIP transfer study. In each
experiment, culture supernatants were obtained fpomled cells extracted from all mice per

group.
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Figure 5. Effect of intrarectal administration ofT2002. (A) Photomicrographs (original
magnification x100) of H&E-stained paraffin secsomf (a) an untreated colon and (b) a
representative colon 3 days after intrarectal athtmation of AT1002. (B)n vitro IFN-y and IL-10
production by LPMCs isolated from the colons of enien day 3 after AT1002 administration.
Cultures were performed in the absence of any &imiuyopen bary or in the presence of anti-
CD3/CD28 ¢losed bark Data represent the meanSE from 3 separate experiments. In each
experiment, cultures of pooled cells extracted ffarmice per group were performed. (C) Cells
expressing CD25 and LAP in LPMCs isolated 3 dayer &T1002 administrationc(osed baryor
untreated miceapen bary. Data indicate the percentage of positive cellthe CD3CD4" gated
population. Data represent the meaB8E from 3 separate experiments. P = .02, LAP-pesitlls

of AT1002-treated versus untreated mice. (D) Wedtanges of mice with TNBS-induced colitis
after intrarectal administration of AT1002. Eachrpoepresents the cumulative metu$SE from 3
separate experiments. In each experiment, eaclp gronsisted of at least 5 mice. *P < .05,
AT1002-pretreated mice versus untreated mice. (Edotdgic scores of colons of groups of mice

killed at day 3 after TNBS administration; see supkriteria in Materials and Methods.

Figure 6. Effect of depletion of commensal micradlo(A) Weight changes after 50% ethanol
administration. Each point represents the cumudativean weightst SE from 2 different
experiments; in each experiment, each group caubist at least 5 mice. *P = .04, 50% ethanol
versus antibiotics/50% ethanol. (B) CD25 and LAPRression in LPMCs 3 days after intrarectal
ethanol administration from mice that were adméristl antibioticsdpen bar} or untreated mice
(closed bark LAP expression in LPMCs of untreated naive m(geey bard. Data indicate the
mean percentage of positive cells in the QTB4" gated population. (C) Weight changes of
groups of mice recipients of LPMCs obtained frontenireated with ethanobgen triangley
recipients of LPMCs obtained from mice treated wdtitibiotics/ethanolglosed triangley and
mice treated with TNBS alon&)( Recipient mice were administered TNBS per reciutiays after
adoptive transfer of LPMCs. Each experimental groopsisted of at least 5 mice, and each data

point represents the mean vatu&E for each group.

Figure 7. Percentages of LAP-positive cells in fioedi LP CD4 T-cell populations following
coculture for 48 hours with CD11dendritic cells isolated from the LP of mice adisiiered 50%

ethanol or untreated mice.
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Figure 8. Effect of administration of siRNA specifior TLR2 on ethanol induction of LAP-
positive cells. (A) Western blot analysis of TLR2arLR4 expression in untreated mi¢ang 1),
mice administered 50% ethantdr{e 9, mice administered 50% ethanol that received com@nt
control siRNA (ane 3, or mice administered 50% ethanol that receiveacomitant siRNA for
TLR2 (lane 4. (B) Weight changes of groups of mice after adstiation of siRNA to TLR2 or
control siRNA to mice pretreated with 50% ethariedch point represents the cumulative mean
weight+ SE from groups consisting of at least 5 mice. *P5% siRNA TLR2/50% ethanol versus
50% ethanol. (C) LAP expression in LPMCs isolatetbys after intrarectal ethanol administration
of mice administered concomitant TLR2 siRNA or cohsiRNA. Data indicate the mean SE
percentage of positive cells in the CO®4" gated population. (D)n vitro IFN-y and IL-10
production by LPMCs isolated from the colons of enit days after ethanol concomitant siRNA
administration and cultured in the presence of@mB/CD28. Data represent the mea®SE from

2 separate experiments comprising data from cwtofepooled cells extracted from 5 mice per
group. (E) Weight changes of groups of mice aftdB% administration. Each point represents the
cumulative mean weight SE from 2 separate experiments in which each gomunsisted of at
least 5 mice. *P < .05, siRNA TLR2/50% ethanol/TNB®rsus 50% ethanol/TNBS. (F)
Photomicrograph (original magnification x50) of dA&E-stained paraffin section of a

representative colon from each group after indactibTNBS colitis.

Supplementary Figure Legends

Supplementary Figure 1. Effect of a second inttatesdministration of 50% ethanol on regulatory
T-cell development. To determine the effects of@osd intrarectal administration of 50% ethanol,
mice were administered 50% ethanol 12 days aftefitht administration. (A) Weight changes of
untreated micedpen bary and mice administered ethanol a second ticleséd bargs Each point
represents the cumulative mean weighSE from 5 separate experiments in which each group
contained at least 5 mice; *P < .05 for mice tleterved a second 50% ethanol administration
versus untreated mice. The mice receiving a seadministration of ethanol exhibited weight loss
compared with untreated mice; however, in this cHsgy returned more quickly to their original
weight than after a single administration of etHa(B) In vitro IFN-y and IL-10 production by
LPMCs isolated from the colons of mice that recdigesecond administration of ethanol versus
untreated mice. Data represent means from 4 sepexgeriments; in each experiment, cultures
consisted of pooled cells extracted from 5 micegueup. LPMCs extracted from mice 3 days after
a second administration of 50% ethanologed bary exhibited increased IFM-and IL-10

production, but these increases were not as geeaftar an initial administration of ethanol. (C)
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Percentage of CDED25 T cells and CD4LAP-positive T cells in the COED4" gated LPMC
population. CDACD25" T cells and CD% LAP-positive T cells were increased compared with
these cells in LPMCs from untreated mice, but thess no difference between these values and

those obtained after a single administration oheth

Supplementary Figure 2. Phenotypic characterizatiohAP and Foxp3 in CDED4" gated T
cells of untreated or ethanol-treated mice. LPsdsthlated from untreated and ethanol-treated mice
were stained with LAP and Foxp3-specific antibodied analyzed by fluorescence-activated cell

sorting.

Supplementary Figure 3. Duration of protective effef ethanol administration. Different groups
of mice were administered TNBS intrarectally on d&y 24, and 36 after intrarectal administration
of 50% ethanoldlosed circley or phosphate-buffereagen circley. Groups of mice consisted of

at least 5 mice.

Supplementary Figure 4. Effects of intrarectal adstiation of 50% ethanol are not strain specific.
(A) Weight curves of ethanol-treated and untreaB&¥BL10 mice. Each point represents the
cumulative mean weight SE, each consisting of groups of 10 mice. *P < difanol-treated
mice versus untreated mice. (B) Effect of a singtearectal administration of 50% ethanol on the
generation of CDXD4" LP T cells expressing LAP. Mice were killed at daafter treatment.
Data indicate the percentage of positive cellshim €©D3CD4" gated population. (C) Effect of
intrarectal administration of 50% ethanol on induetof TNBS colitis. Weight changes of mouse
groups after TNBS administration. Each point repnés the cumulative mean weigltSE). In
each experiment, each group consisted of at leasté. *P < .05, 50% ethanol-pretreated mice

versus untreated mice.

Supplementary Figure 5. The effect of administratad 50% ethanol on resistance to TNBS-
induced colitis is IL-10 dependent. Weight curvégthanol-treated and untreated wild-type (WT)
C57BL10 or C57BL10 IL-10 KO mice after TNBS admin&ion. Each point represents the
cumulative mean weight-GE) of at least 5 mice per group. Mice were kibe® days after TNBS

administration
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Supplementary Figure 6. Depletion of LAP-positiedi< from donor LPMCs or purified LP CD4
T cells of ethanol-pretreated mice before adoptiek transfer abolishes the protective effect. (A)
Histology of (a) groups of mouse recipients of LP&@btained from mice treated with ethanol, (b)
recipients of LAP-positive cell-depleted LPMCs obe&l from mice treated with ethanol, (c)
recipients of LPMCs obtained from mice treated withBS, and (d) mice treated with TNBS
alone. Recipient mice were administered TNBS peture 5 days after adoptive transfer of
LPMCs. Recipients of LPMC cells from LAP-depletadiT?éNBS-induced colitis mice did not differ
in severity compared with mice treated with TNB®n&; recipients of LPMCs from ethanol-
treated mice revealed only minimal inflammatory ridpes. (B) Histology of (a) groups of mouse
recipients of LPMCs obtained from mice treated veithanol, (b) recipients of purified LP CD#
cells obtained from mice treated with ethanol récjpients of LAP-positive cell-depleted LP CD4
T cells obtained from mice treated with ethanot] ét) mice treated with TNBS alone. Recipient
mice were administered TNBS per rectum 5 days affeptive transfer of LPMCs. Recipients of
LP CD4 T cells from LAP-depleted ethanol-treated mice wid differ in severity compared with
mice treated with TNBS alone; recipients of LPMGCsparified LP CD4 T cells from ethanol-

treated mice revealed only minimal inflammatory ralpes.
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Abstract

Based on previous studies demonstrating that albr@fthe colonic epithelial barrier is associated
with a microbiota-dependent increase in LP regwatcells, we investigated if the lack of
spontaneous intestinal inflammation observed\ipd2-/- mice was due to enhanced intestinal
regulatory function. We found that the LP CD4+ dll @opulation ofNod2-/-mice contains an
increased percentage of CD4+ regulatory T cellsihgd GFf/latency peptide (LP CD4+LAP+ T
cells) both under baseline conditions and followang intentional breach of the colonic barrier
induced by ethanol administration. In addition, feand thatNod2-/- mice manifest decreased
severity of TNBS-colitis and that TNBS-colitis iMod2-/- or Nod2+/+ mice is ameliorated by
adoptive transfer of LP cells from ethanol-treateide before, but not after, depletion of LAP+ T
cells. This increased regulatory T cell responseNod2-/- mice could explain whyNOD2

polymorphisms in humans are not in themselvesaeffi to establish inflammatory lesions.
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Introduction

NOD?2 (nucleotide-binding oligomerization domaini)a member of the NLR (NOD, leucine-rich
repeat (LRR)-containing protein) family of intralcghr microbial sensors that has gained
prominence because polymorphisms in @&RD15gene encoding this protein is the single most
important genetic risk factor in Crohn’s dise&s® The NOD2 LRR sensor recognizes muramyl
dipeptide (MDP), a component of the peptidoglycaespnt in the bacterial cell wall and thus
NOD?2 is likely to be an innate immune factor thattgipates in the control of organisms that
enter the lamina propria. This has led to the vikat abnormal Nod2 function associated with
LRR polymorphisms leads to blunted clearance ahsorganisms and thus an inflammatory
response mediated by innate immune functions uedkm Nod2® ®. However, another view is
based on evidence that Nod2 is a negative regubtdL.R signaling and its deficiency results in
enhanced production of Thl polarizing cytokineshie TLR-rich gut micro-environmefft. Mice
with Nod2deficiency have characteristics that bear on théstion. For instance it has been shown
that Nod2-/- mice exhibit increased CD4+ T cell IRNproduction that is dependent on the
presence of the intestinal microbiota and thigum, leads to increased bacterial translocatitm in
the Peyer’'s patches (PP) and increased PP epithelimeability due to induction of myosin light
chain kinase, a factor that down-regulates tigimcjion integrity. Furthermore, such T cell-
epithelial cell cross-talk under the control of TIsigynaling, which is increased Mod2-/-mice,
but can be down-regulated Mod2+/+ mice by administration of MDP (Nod2 ligand). Thiis
appears that bacterial translocatioNiod2-/-mice results from an absence of Nod2 regulation of
TLR function® . These findings favor the second hypothesisinglab polymorphicNOD2 in

Crohn’s disease, namely that the latter leads pehgesponsivene$§s).

Despite the above mentioned permeability chanyesl2-/- mice do not develop overt intestinal
inflammation, suggesting that Nod2 abnormalities rawt sufficient to cause spontaneous and full-
blown inflammatory lesions in themselves. Possielating to this, we previously demonstrated
that a transient breach of the colonic epitheleirier and an associated transient increase in the

intestinal permeability is characterized by a ninta-dependent increase in the generation of
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regulatory cytokines and cells. In particular, lsuweaches were associated with the expansion
Foxp3-negative CD4+ T cells expressing surface PG&ssociated with the latency associated
peptide (LAP) (CD4+LAP+ T cells) that render micesistant to the induction of 2,4,6-
trinitrobenzene sulfonic acid (TNBS)-induced cslit'Y. Thus, the lack of spontaneous
inflammation in mice withNod2 deficiency may be due to an enhanced mucosal atmyl
response. To explore this hypothesis we investigtite mucosal regulatory response of mice with
Nod2 deficiency following a breach of the colonic barriWe found that the lamina propria of
Nod2-/-mice, when compared tdod2+/+ (WT) mice, contains an increased percentage CD4+ T
cells that are CD4+LAP+ regulatory T cells; furtimere, we found using cell transfer studies that
these regulatory cells are likely to be responsiblethe decreased severity of TNBS-colitis
observable inNod2-/-mice . Thus, an increased regulatory T cell respda microbiota iMNod2-

/- mice could indeed explain wHyOD2 polymorphisms in humans are not sufficient to ldigh

inflammatory lesions in the absence of other abatitias.

56



Results

Nod2-/- mice exhibit increased colonic permeapgissociated with an expanded subpopulation of

LP CD4+LAP+ T cells.

Since it has been reported thdbd2-/- mice show increased PP permeability and bacterial
translocatiorf?, in initial studies we assessed colonic permegtalndin vivo cytokine production

in untreatedNod2-/-mice. As shown in Figure 1, we found tiNad2-/-mice exhibit a significant
increase in baseline colonic permeability when camg with Nod2+/+ mice as measured by
uptake of intra-rectal FITC-dextran into the serumioreover, as also shown in Figure 1, this
permeability change was associated with a sigmifid@crease inn vivo IL-12p70 production as
measured by LP tissue content of this cytokineMgls as TNFe, data not shown), suggesting that
the permeability change had led to increased sttiaun of LP macrophages and/or dendritic cells
by innate stimuli derived from the intestinal mibiata. One might predict that this increased IL-
12p70 production would be accompanied by increased cell IFNy production, but, as shown

in Figure 1,in vivo IFN-y production inNod2-/- mice was not increased as assessed by
measurement of tissue content of this cytokineshttuld be noted, however, thidbd2-/-LP T
cells showed some evidence of enhanced Thl ditiatem in that stimulation of purified LPMC

with anti-CD3/CD28 exhibited a significant increasdFN-y productionin vitro.

To examine if the above lack of IFjNproductionin vivo could be due to down-regulation of LP T
cell production of this cytokine we next determindédthe Nod2-/- lamina propria contained
increased regulatory factors. As shown in Figyrpahel E flow cytometric studies revealed that
Nod2-/-lamina propria CD4+ T cells populations contaiaesignificantly increased percentage of
LP CD4+LAP+ T cells and, moreovedpd2/- mice lamina propria exhibited a significantnease

in tissue content of TGB; as compared to cells and tissues respectively fod2+/+ mice
(Figure 1, panel F). However, we did not observénarease in the percentage of CD4+ Foxp3+ T
cells within the LP CD4+ T cell populatiolN¢d2-/- 11.33 %=+ 1.42 vsNod2+/+: 10.68%=+0.71,
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meant SE ; p=0.65). The above findings thus proind&l support for the possibility that the lack
of increased IFN¢ secretionin vivo in Nod2-/- mice is in fact due to down-regulation of pro-

inflammatory T cell differentiation by regulatorglts that do not express Foxp3.

Enhanced expression of CD4+LAP+ T Cells in Nod#ifee is dependent on an intact intestinal

microbiota.

In previous studies it was shown that the inteftmiarobiota acting through myosin light chain
kinase (MLCK)-mediated effects on epithelial tighhctions was responsible for changes in the
permeability of the Peyer's patch epithelium Niod2-/- mice ®. We reasoned that a similar
mechanism may obtain with respect to the increaseabers of LP CD4+LAP+ T cells observed
in Nod2-/-mice inasmuch as we have shown previously thatdinoh of increased numbers of the
latter cells in WT mice is also dependent on thesence of an intact intestinal microbiffa In
initial studies to examine this question we treatéde with ampicillin for 3 weeks and evaluated
the frequency of LP CD4+LAP+ T cells in the treatatte (as well as in the untreated control
mice). As shown in Figure 2, panel A, while ampicidministration toNod2+/+ mice did not
significantly affect the percentage of LP CD4+LAP+cells, administration tdlod2-/- mice was
associated with a significant reduction of the patage of LP CD4+LAP+ cells and at the end of
the treatment period LP CD4+LAP+ levelsNiod2-/-mice were comparable to thoseNnd2+/+
mice. Thus, the increased numbers of LP CD4+LAReells inNod2-/- mice is dependent on the

presence of an intact intestinal microbiota.

With this information in hand, we next turned otteation to role of MLCK in the expansion of
LP CD4+LAP+ T cells ilNod2-/-mice. To this end, we determined LP CD4+LAP+ T lewels
in Nod2-/-andNod2+/+ in mice pre-treated with an agent, ML-7, that basn shown to block
the kinase activity of MLCK and thus inhibit itsfeft on intestinal permeabilit{). In initial
studies shown in Figure 2, panel B, we first vedfithis effect by showing that ML-7
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administration led to a reduction in serum coneditn of intrarectally administered FITC-dextran
in both Nod2-/-andNod2+/+ mice. Then, as shown in Figure 2, panel C, we sldothat ML-7
administration led to a statistically significameduction in the number of LP CD4+LAP+ T cells
in Nod2-/-mice that was now not statistically different frohat inNod2+/+mice. Taken together,
these studies suggest that an intact intestinaloita is necessary for the induction of increased
LP CD4+LAP+ T cells inNod2-/- mice and that such induction acts, at least in, péa MLCK

effects on intestinal permeability.

The role of CD11c+ dendritic cells in LP CD4+LAP+cEIl expansion in Nod2-/- mice.

In previous studies we showed that CD11lc+ denddélis (DCs) from ethanol-treated mice
induced a greater increase in LP CD4+LAP+ T cefi®rg co-cultured CD4+ T cells than an
identical population of dendritic cells from untreé mice. This, taken with the observation that
suppression ofn vivo TLR2 responses by TLR2 siRNA administration hadoavn-regulatory
effect on induction of LP CD4+LAP+ T cells, suggsbsthat TLR-stimulated CD11c+ DCs were
driving LP CD4+LAP+ T cell expansidh”. Applying this information to a further examirtiof
the role of CD11c+ DCs in the increased of LP CDAPE T cells inNod2-/- mice, we co-
cultured purified lamina propria CD11c+ cells fridod2-/-andNod2+/+ with isolated LP CD4+
cells from Nod2-/-andNod2+/+ mice (at a 1:2 ratio) in various combinations #meh assessed
LAP+ expression after 48 h of culture. As showrrigure 3, panel A, co-culture of CD11c+ DCs
with CD4+ T cells fromNod2-/- mice, was associated with a larger increase in4+.ARcells as
compared to the increase in LAP+ T cells in cowel$ of CD11c+ DCs and CDA4+T cells from
Nod2+/+ mice. Furthermore, increases seen in co-cultur€Dbd 1c+ DCs fronNod2-/-mice and
CD4+ T cells were equal regardless of the sourcE@4+ T cells. These data thus suggest that
DCs fromNod2-/-mice are more efficient in inducing the expansibh AP+ T cells as compared

to DCs fromNod2+/+ mice.
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In previous studies we also showed that TLR2 datian was responsible for the increased in LP
CD4+LAP+ cell level observed after ethanol-indu@ettease of epithelial permeability(11). We
performed co-culture experiments in the presencth@fTLR2 stimulant Pam3CSK4 to further
investigate the role of lamina propria dendritilscen LP CD4+LAP+ cell expression. As shown
in Figure 3, panel B, TLR2 stimulation of CD11clsdtom Nod2-/-mice co-cultured with CD4+
cells from eitheNod2-/-or Nod2+/+ mice did not increase the percentage of LP CD4+LAP+scell
over the already increased percentage observeddtimulated co-cultures. In contrast, TLR2
stimulation of CD11c cells fronNod2+/+ mice co-cultured with CD4+ cells froiNod2-/- or
Nod2+/+ mice led to an increase in the percentage of LB«LIBP+ cells over the relatively low

percentage observed in unstimulated co-culturésarexperiments.

Thus, CD11c dendritic cells not subjected itoVitro” TLR2 stimulation fromNod2-/-mice are as
efficient in inducing the expansion of LP CD4+LAR+cells due to sustainedn‘vivd’ TLR2
stimulation as CD11c cells subjected to Vitro” TLR2 stimulation fromNod2+/+ mice. In view

of the dependence of LP CD4+LAP+ T cells on thesthhal microbiota, these data also suggest
that dendritic cells stimulated by TLR ligandstlie intestinal microbiota are driving the increase

in the number of these cells in the lamina propfiblod2-/-mice.

Nod2-/- mice mount an enhanced regulatory T cedpomse and exhibit less inflammation upon

challenge with i.r. ethanol.

In a previous study we showed that the number ofSCP+LAP+ T cells in the colonic mucosa
was augmented by administration of an agent, ssabttaanol, that increases the permeability of
the mucosal epithelial barrier. This and the fdeitNod2-/- mice display increased baseline
mucosal permeability prompted us to explore furtherlack of inflammation in the lamina propria
of Nod2-/-mice and its possible relation to the presence@tased numbers of LP CD4+LAP+
regulatory T cells. To this end, we conducted iswidn whichNod2-/- mice are subjected to

intentional induction of increased mucosal permagliy ethanol administration. As shown in
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Figure 4, panel A, intrarectal (i.r.) ethanol adisiration caused a transient increase in colonic
permeability in bothNod2-/- and Nod2+/+ mice. As shown in Figure 4, panel B, despite such
increased permeabilityNod2-/- mice displayed significantly less weight loss asnpared to
Nod2+/+ mice and, as shown in Figure 4, panel lpd2-/-mice exhibited little or no intestinal
inflammation (colitis score: 0), whereadlod2+/+ mice exhibited mild intestinal inflammation
(colitis score: 1-2). In vivo IL-12p70 and IFNy responses to ethanol administration provided
parallel results; thus, as shown in Figure 4, mamgl while baseline IL-12p70 production was
higher inNod2-/-mice than irNod2+/+ mice, the latter mice exhibited a sharp riséninivo IL-
12p70 production that led to a production level #wceeded that oNod2-/-mice on the day of
maximal permeability change, whiNod2-/-mice did not show any significant change in IL-1@p7
tissue content after ethanol administration. Aswshan Figure 4, panel E, a similar picture was
observed foiin vivo IFN-y production although in this case baseline productf this cytokine
were essentially the same Mod2-/-and Nod2+/+ mice. Corroborative results were obtained
when we administered a second dose of 50% ethanitiet mice on day 4. Thus, as shown in
Supplementary Figure 1, such secondary ethanolréshngition was again associated with less

weight loss ilNod2-/-as compared thNod2+/+ mice.

The above difference betweddod2/- and Nod2+/+ mice in their response to i.r. ethanol
administration could be the result from the facttNod2/- mice mount a greater regulatory
response. As shown in Figure 5, panel A and Supphany Figure 2, evidence that this was
indeed the case came from studies showing Nual2/- mice exhibited a greater increase in the
percentage of LP CD4+LAP+ T cells among CD4+ LPM@sthe day of maximal permeability
change and the relatively weak LP CD4+LAP+ T cefiponse oNod2+/+ mice was delayed. In
both cases, however, the percentage of LP CD4+ ARells at day 3 did not differ from
baseline levels of the untreated mice. Finalyyshown in Figure 5, panel Blod2-/- mice also

mounted an earlier and highervivo TGF{3 production response tharNod2+/+ mice following
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I.r. ethanol administration, although responsebath groups of mice were increased under these

circumstances.

As previously reportet”, and as shown in the flow cytometric study depidte Supplementary
Figure 2, the majority of LP CD4+LAP+ T cells onydane after ethanol challenge were Foxp3-
negative. However, as also shown in this figune, gercentage of LP CD4+LAP+Foxp3+ T cells
among LPMC’s also increased after ethanol admatisin at this time point. In addition, this
increase was particularly evident 2-3 days afteamdl challenge:Nod2-/-baseline: 11.71% +0.74
vs. NoR-/- day3: 16.27%+2.04 meant SE p=0.0lNod2+/+ baseline: 9.93%+1.18 vs. day
2:16.03%+2.85 meant SE p=0.02). Importantly, havethe increase in Foxp3+ T cells was
equivalent inNod2-/- and Nod2+/+ mice, indicating that this did not explain thefeiences in

degree of ethanol-induced inflammation and cytokesponse between these groups.

The expansion of LP CD4+LAP+ T cells results inréased severity of TNBS-colitis in Nod2-/-

compared to Nod2+/+ mice.

To obtain further evidence that the increased peage of LP CD4+LAP+ T cells dod2-/-mice
before or after ethanol treatment is preventingdiéeelopment of colitis ilNod2-/- mice we next
conducted studies to determine if these cells &ftethe induction of TNBS-colitis, a colitis known
to be modulated by LP CD4+LAP+ T cells and TBEL To ensure valid results we conducted
studies inNod2-/- mice and controNod2+/+ mice that had been re-derived by embryo transfer
into littermate foster mothers raised in the safR& Snimal facility and in the same cage and then
placed in separate cages prior to birth; thusnti@ had a similar origin and were reared in the

same facility.
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As shown in Figure 6, panels A and Bpd-/- mice administered intra-rectal TNBS (in 50%
ethanol) to induce TNBS-colitis developed less seeelitis thanrNod2+/+ mice as shown by their
lower weight loss and degree of colonic inflammatim addition, as shown in Figure 6, analysis
of anti-CD3/CD28-induced LPMC cytokine productidn vitro showed that while [FN-
production by LPMCs fromNod2-/- mice was significantly higher than that of LPMQGem
Nod2+/+ mice, IL-17 production by LPMCs fromMdod2-/-mice was significantly lower than that
of LPMCs fromNod2+/+ mice and was equivalent to baseline (ethanol aliné7 production.
Taken together, these studies as well additionaliet described below offer strong evidence that
Nod2-/- mice as compared tdNod2+/+ mice, are resistant to induction of an inducedtispl

TNBS-colitis.

To determine if the decreased severity of TNBStsoln Nod2-/- mice was attributable to the
induction of LP CD4+LAP+ T cells we took advantageour previous findings showing that
LPMCs from mice treated with ethanol and thus weitpanded LP CD4+LAP+ T cell populations
can protect mice from TNBS-colitis upon adoptivensfer to the latter when cells are transferred
before but not after depletion of LAP+ T ceft8. In studies along these lines, we assessed the
severity of TNBS-colitis inNod2/- and Nod2+/+ mice after adoptive transfer of LPMC from
Nod2-/-and Nod2+/+ mice (respectively) that had been treated witlambh (50%) one day prior

to cell harvest and transfer. As shown in Figur@ahels A-D, recipients of LPMC from ethanol-
treated mice exhibited amelioration of colitis asessed by weight loss and histological evaluation
of colonic inflammation; however, the level of aiehtion was greater iNod2-/-recipients than

in Nod2+/+ recipients possibly due to the fact that etharedted LPMC fromNod2-/- donors
contains a higher level of LAP+ T cells. In costraas also shown in Figure 7, panels ANDd2-

/- recipients of LPMCs from ethanol-treated mice thatl be subjected to LAP+ T cell depletion
(See Methods) exhibited more severe colitis tharertieated with TNBS alone and equivalent to
that observed iNod2+/+ treated with TNBS alone. Thus, the transferredQ+LAP+ T cell

depleted cell population derived from ethanol-tedaiice contains cells that act as potent pro-
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inflammatory T cells in the TNBS-treated recipiemite (see further studies of cytokine production
by these cells below). Finallijod2+/+ recipients of LPMCs from ethanol-treated mice thad
been subjected to LAP+ T cell depletion exhibited same level of colitis as mice treated with

TNBS alone.

As shown in Figure 7, panels E-H, analysis of &@ii3/CD28-inducedin vitro cytokine
production, by equivalent numbers of cell per ad@iuevealed that amelioration of TNBS-colitis
observed inNod2-/-andNod2+/+ recipients of LPMC (whether or not depleted of 4APcells)
from ethanol-treated mice was not associated wiinges in IFN¢ production. However, in both
recipient groups, whereas transfer of undepletelCPwas associated with non-significant
reductions in IL-17 production, transfer of deptetePMC was associated with significant
increases in IL-17 production. These data thuk#td that increased severity of TNBS-colitis in
recipients of LPMC depleted of LAP+ T cells cortekbest with levels of IL-17 production per

cell.

In complementary studies we performed adoptivestenstudies in whicliNod2+/+ mice with
TNBS-colitis were transferred LPMCs from ethanelatiedNod2-/- mice rather thaiNod2+/+ as

in the experiments described above. As showngurgi8, transfer of LPMCs froidod2-/-mice,
was associated with amelioration of colitis, buthis case the level of amelioration was somewhat
greater than with transfer of LPMCs froNod2+/+ mice. This is in keeping with the fact that
ethanol treatment dllod2-/-mice led to the generation of a greater numbarPOCD4+LAP+ T
cells than ethanol treatmentbd2-/-mice (Figure 5) and th&tod2+/+ mice recipient oNod2-/-
LAP- depleted LPMC show a TNBS colitis course corapée to theNod2+/+ mice treated with

TNBS alone.
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Overall, then, these adoptive transfer studiesNdB3-colitis are compatible with the view that the
LP CD4+LAP+ T cell subpopulation generated by etthaedministration inNod2-/- mice is

capable of suppressing TNBS-colitis in bdbd2-/-and Nod2+/+ mice and this suppression is
greater than that obtained with a LP CD4+LAP+ Tl celbpopulation generated by ethanol

administration irfNod2+/+ mice.

Influence of the endogenous Intestinal Microbiota TNBS-Colitis in Nod2-/- Mice: co-housing

studies

In studies described above it was shown that therg¢ion of LP CD4+LAP+ regulatory cells was
dependent on the presence of an intact intestif@bbiota. Thus, it seemed possible tNatdl2-/-
mice harbor a changed microbiota that affects #éneeldpment of regulatory cells in tidod2-
deficient host. To examine this possibility we doated co-housing studies in whilod2-/-mice
were maintained in the same cages Wtd2+/+ mice or maintained in separate cages at weaning
for four weeks before induction of TNBS-colitis.sAhown in Figure 9, co-housébd2-/- mice
exhibited more severe colitis and decreased LP CB&+ T cells than non-co-housetlod2-/-
mice. Reciprocal studies ®od2+/+ showed thatNod2+/+ mice did not exhibit a change in
baseline LP CD4+LAP+ cells (not shown). Thus, tHed2-/- mice develop an intestinal
microbiota that supports regulatory responses taoatribute to the protection of mice from

development of TNBS-colitis

Dextran sulfate sodiufDSS) colitis in Nod2- mice.

To determine iNod2deficient mice are protected from additional forofigxperimental colitis we
also assessed the severity of DSS-colitisNiod2-/- and Nod2+/+ mice. The mechanism of

inflammation in DSS-colitis differs from that in B$-colitis in that it is dominated by a toxic
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effect of DSS on epithelial cells followed by massstimulation of innate cells (macrophages) by
commensal gut bacteria and activation of the NLRf&mmasome™®: thus, this colitis is less
dependent on a T cell response as is TNBS-colitis.shown in Supplementary Figure 3, in
agreement with previous repofté *®, we observed that administration of low conceruret of
DSS in drinking water led to more severe colitidNiod2-/- mice than irNod2+/+ mice as shown
by weight loss, myeloperoxidase activity and hisggl (the latter not shown). It was thus apparent
that colitis dependent mainly on innate cell adtorais under less regulation by LP CD4+LAP+ T

cells than is colitis dependent mainly on T cells.
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Discussion

In the present study we investigated the factoce@ating for the observation that mice wiNlod2
deficiency do not exhibit significant spontaneoabnic inflammation despite the well-established
role of NOD2 polymorphisms as risk factors in Crohn’s disease fdund thatNod2-/- mice
manifest increased colonic permeability and heigideLP 1L-12p70 production associated with
litttle or no change in downstream LP IRNsroduction. The latter suggested the presence of
regulatory response and indeed the LMNotl2-/- mice contained an increased subpopulation of
LAP+ regulatory T cells among the lamina propria43Dcells that in subsequent studies was
shown to be accentuated by intra-rectal ethanolirddiration and an accompanying increase
mucosal permeability. We then showed thaid2-/- mice are resistant to the development of
TNBS-colitis and that such resistance is likely doi¢he presence of the LP CD4+LAP+ T cells.
In particular, we found that adoptive transfer & L cells from ethanol-treated mice enhanced
protection from TNBS-colitis whereas transfer ofsh cells following depletion of LAP+ T cells
not only abolished such protection, it led to aelesf colitis observed ilNod2+/+ mice. Finally,

we found thaiNod2-/-mice develop a microbiota that favors the develepnof LP CD4+LAP+
regulatory cells and thus contributes to protectfoom induction of TNBS-colitis. These
observations provide a strong rationale for wgd2 deficiency does not itself lead to overt
intestinal inflammation as well as why humans VN D2 abnormalities require the presence of

additional factors to manifest Crohn’s disease.

Previous studies have provided evidence both ire miith Nod2 deficiency and in humans with
NOD?2 polymorphisms associated with Crohn’s diseaseN@iD2 in myeloid cells functions as a
negative regulator of TLR signaling and that suatklof “cross-regulation” of innate immune
responses is a major reason vilfpD2 abnormalities may underlie the excessive mucosalune
responses that lead to Crohn’s dis€¢4$e™® In one of these previous studies as well as én th
present study this consequenceNufd2deficiency could also explain the fact thddd2-/- mice
exhibit high baseline (sub-inflammatory) mucosalokine production and increased activity of

myosin light chain kinase, a factor that is theljkcause of the increased gut permeability inghes
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mice due to its effects on tight junctions. In iéidd, it could explain the dependence of these
various abnormalities on the presence of the iima@smicrobiota, the source of mucosal TLR
responses and the increased capacity of laminaiprg®11c+ DCs fronNod2-/-mice to induce
LP CD4+LAP+ T cells compared to similar DCs frddnd2+/+ mice. On this basis the following
sequence of events is a likely explanation foritiseeased LAP+ T cells responseNnd2-/-mice:

1) intestinal microbiota (via TLR stimulation) incker lamina propria DCs itNod2-/- mice to
produce sub-inflammatory amounts of cytokines stahulate activation of MLCK; 2) MLCK
causes increased intestinal permeability and fusikposure of lamina propria DCs to microbiota
TLR stimulation; 3) the DCs so-activated induce CB4+LAP+ regulatory cells. An additional
factor bearing on the development of regulatoryscel Nod2-/- mice is that, as discussed in
greater detail below, the Nod2 deficiencyNod2-/-mice leads to the development of an intestinal
microbiota with an increased capacity to induce dbgelopment of regulatory cells. Thus, the
effects ofNod2 deficiency on intestinal permeability is abettey its effects on the intestinal

microbiota.

The above analysis of the generation of regulatetls inNod2deficient mice is compatible with
the somewhat unexpected view that the consequaxidded?2 dysfunction are two-fold. On the
one hand, it leads to a tendency to mount increddd®-induced responses that favor the
development of inflammation and thus explain ite s a risk factor for Crohn'’s disease. On the
other hand, as shown in these studies, it alsosléadan increased TLR-induced regulatory
response that establishes a resistance to inflalmm&vhich of these tendencies prevail is likely to
depend on the nature, strength and persistent® dgfiflammatory stimulus. When the stimulus is
relatively weak and self-limited as in the presenidy of TNBS-colitis in C57BL/6 mice the
regulatory response prevails and one sees prateftbon colitis; in contrast, when, in the same
mice, the stimulus is strong as in DSS-colitis @wdompanied by massive breakdown of the
epithelial barrier leading to invasion of the muzd®s/ commensal organisms, the inflammatory
response prevails and one sees more inflammatioesel different inflammatory conditions might
model different environmental triggers of Crohnisedse and thus explain disease initiation and

recrudescence in patients with NOD2 abnormalities.
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LP CD4+LAP+ T cells are a unique regulatory celbplation characterized by the presence of cell
surface (LAP-associated) TGF-and the absence of Foxp3 expression. As suggdxsteour
previous observations in both mice and humans, dhik population tends to have a mucosal
location and a size that is largely influenced ty prevailing microbiot&4* ' *”) Thus, we showed
in a murine model of experimental colittd and in humans with ileal-pouch-anal anastomosis fo
ulcerative colitis*”, that oral administration of a mixture of probastiwas able to expand lamina
propria CD4+LAP+ T cells, while treatment of micétworal antibiotics prevents their expansion
@D The regulatory activity of LP CD4+LAP+ T cellsshbeen highlighted in studies showing that
they ameliorate colitis in both the cell transf& and TNBS-colitis model§™ *? and has, in
addition, been recently confirmed in a model of imeirasthmatic lung inflammatidi. Finally,
the regulatory activity of peripheral CD4+LAP+ Tllse(possibly derived from the mucosal
surface) has also been recently shown in hurff@h&he results of these various studies of LP
CD4+LAP+ T cells, taken in conjunction with thosethe present study, establish that this cell
population has an important role in maintaining um@& homeostasis in the microbiota-rich

environments of the mucosal surfaces.

In the present study we observed a selective aiparnf CD4+LAP+Foxp3- T cells iNod2-/-
mice as compared thlod2+/+ T cells but no comparable expansion of the CD4pBaxcell
population. However, the latter population did exgpba&qually inNod2-/- and Nod2+/+ mice in
response to a transient increase in intestinal @apity induced by intra-rectal ethanol
administration. These results emphasize that CopF&+ cells are distinct from CD4+LAP+ T
cell population in this context and do not undetfie intestinal regulatory response associated with
Nod2deficiency. Nevertheless, these two cell poputatiare likely to be related on some level
given the fact that membrane-bound T@Bound to LAP is present on both types of cells, asd
such, is likely to be involved in their respectiseppressive activitie$”. In addition, it has
recently been shown that Foxp3 induces surface BIGRP expression and that T@Finduces

TGFBI/LAP expression in Foxp3- cell$. This, plus the well known fact that T@Finduces

Foxp3, suggests a broad (if as yet incompletelinddj inter-relation between TGk-Foxp3 and
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surface TGH3/LAP expression. This proposed inter-relationstipywever, does not necessarily
imply that CD4+LAP+Foxp3- T cells and CD4+Foxp3+lsdelong to the same cell lineage or
share the same set of inductive factéPs The latter is evident from the present studyhiat the
induction of CD4+LAP+Foxp3- cells appears to reguspecial conditions that include the
presence of high levels of T@¥Fas well as dendritic cells producing a possibligua mixture of
cytokines resulting from the strong TLR signalinggent in the lamina propria Mod2-/-mice.
This view is at least partially supported by theseatvation that the kinetics of LP
CD4+LAP+Foxp3- T cell expansion observed in ourdgtyparallels the kinetics of TGE-
production and from previous evidence thatith&ivo generation of CD4+ LAP+ Foxp3- cells is

dependent on both TGFand IL-109.

As indicated above, in the present study we obsettvatNod2-/-mice exhibit less severe TNBS-
colitis when compared tblod2+/+ mice. This finding correlated with the fact thatadoptive
transfer studies we showed that LPMC frdlnd2-/- mice donor mice had a greater capacity to
ameliorate colitis than cells frofNod2+/+ donor mice. In addition, we showed that this dffec
reflected the greater number of LP CD4+LAP+ T celltheNod2-/-cell population as deletion of

these cells from the transferred cell populatiooliahed the protective effect of cell transfer.

Thus, these transfer studies provided a mecharbstits for the decreased severity of colitis in
Nod2-/-mice. Somewhat unexpectedly, on a per cell b#sesdecreased inflammation of TNBS-
colitis in Nod2-/-mice was associated with decreased LPMC IL-17imcrgased IFN¢production

as compared tblod2+/+ mice. Furthermore\lod2-/-recipients of adoptively transferred LAP+ T
cell-depleted LPMC exhibited a cytokine responsengarable to that oNod2+/+ mice that was
characterized by increased LPMC production of ILELT no change in IFN-production. These
data suggesting that IL-17 production plays a momgortant role in the pathogenesis of TNBS-
colitis than IFNy in C57BL/6 mice are in agreement with a previaggort wherein it was shown
that while such colitis was marked by increagedivo IL-17 and IFNy production, less severe

colitis was observed in IL-17R-deficient mice désphe presence of increased Ifssue levels
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@ In addition, the increase in IL-17 production recipients of CD4+LAP+ -depleted cells

suggests that the CD4+LAP+ T cells might be actimgart, via regulation of Th17 cells.

The decreased severity of TNBS-colitisNlod2/- mice observed in our study is in contrast with
previous studies in which an increased severitgatitis in Nod2/- mice compared toNod2+/+
mice was reportel ?. This may have been due to differences in thesiimal microbiota acquired

by mice in the various mouse-housing facilitiedizé¢d since it is known that at least IL-17
production can be influenced by nature of the esicmicrobiota®. Thus, it is possible that
Nodzdeficient mice is various facilities acquire sonmatvunique sets of microbiota more or less
capable of inducing pro-inflammatory effector cedlsd anti-inflammatory regulatory T cells that
then serve as environmental stimuli leading toedéht Nod2deficiency outcomes as discussed
above. Also bearing on this issue are recent esuitiat have shown that changes in the intestinal

microbiota are associated witod2 deficiency®” 22

Indeed, our studies corroborate this finding
in that we have found in co-housing studies tati2-/-mice reared together withod2+/+ mice
post-weaning developed less LP CD4+LAP+ cells amdensevere TNBS-colitis thaNod2+/+
mice reared independently. It was thus evident ttie microbiota inNod2-/- mice was distinct
from that inNod2+/+ mice in that it had a greater capacity to indwegutatory cells. This implies
that the Nodzleficiency in Nod2-/- mice operates in two ways to favor regulatory cell
development: 1) it leads to permeability changes ithicrease exposure of dendritic cells to factors
such as TLR ligands that induce such developmetht?durit creates a milieu that permits changes
in the microbiota that support such developmerttth#s point the nature of these latter changes are
quite undefined although we would speculate thay timvolve selective expansion of organisms
similar to previously described inducers of regutatcells such as members of tBéstridium

(29)

bacterial family Delineation of this possibility is clearly anearof potentially fruitful future

work.

In summary, data from the present study suggesttieancreased intestinal permeability observed
in Nod2-/-mice is associated with an increased homeostgjglatory response mediated by LP

CD4+LAP+ T cells. They thus suggest that factorBuencing this regulatory response (or
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possibly over-riding this response) might be nemgsto induce a full-blown inflammation in the
presence ofNod2 deficiency. This conclusion is relevant to IBD imrhans where increased
intestinal permeability’® *» and an altered microbion& *¥ have been reported to be associated

with NOD2 polymorphisms in the absence of inflammation.
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Materials and Methods

Mice

Nod2+/+ and Nod2-/- mice on C57BL/6 background were kindly donatedRster J Murray,
Department of Infectious Diseases and the Depattroénmmunology, St. Jude Children's
Research Hospital, Memphis, Tennessee, §8at the Istituto Superiore di SaniNod2-/-mice
and controlNod2+/+ mice had been re-derived by embryo transfer iitterinate foster mothers
raised in the same SPF animal facility and in traes cageNod2-/-andNod2+/+ mice were then
maintained in SPF conditions in the animal faciétythe Istituto Superiore di Sanita, Roma, Italy.
All mice were housed with free access to food aatew Pathogen-free conditions were monitored
every 6 months in accordance with the full set BEASA high standards recommendations. All
animal studies were approved by the Animal Careldsel Committee of the Istituto Superiore di

Sanita.

Study design

All studies were performed in 7-8 week old maleenin studies of ethanol effects on regulatory T
cell expression mice were administered 50% ethatmla 3.5 F catheter inserted into the rectum
as previously describet?; subsequently, mouse weights and histological agpee of the
colonic tissue was determined at various time goirlh studies on the effects of myosin light
chain kinase (MLCK) inhibition, mice were adminigte intraperitoneal injections ML-7 (2mg/kg;
Sigma-Aldrich, Milan, Italy), a MLCK inhibitor, tvde daily for 4 day$§”. In studies on the effect
of antibiotic administration, mice were administerampicillin (Pfizer Italia srl, Latina, Italy)
200ug/10Qul distilled water by oral gavage for 14-21 daysntcol mice received water only. In
studies of TNBS-colitis, mice were administered TNB5 mg (Sigma-Aldrich) delivered in 280

of 50% ethanol per rectum as previously describéd
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Intestinal permeability studies

Untreated mice or ML-7 treated mice were adminedenith a dose of 2mg/10g body weight of
FITC-conjugated dextran dissolved in purified wag#@®00 mw, Sigma-Aldrich, Milan, Italy) per
rectum. Whole blood was obtained via eye bleed lomar after FITC dextran administration.
Blood samples were centrifuged at 3000 rpm to obsmEra; the latter was then analyzed by
fluorometry using a Victor3™ (485/535nm, gain 148@te reader (Perkin-Elmer, Waltham, MA).
Mice administered 50% ethanol per rectum were spbealy administered daily doses of FITC-
conjugated dextran dissolved in purified water getum and whole blood was obtained via eye

bleed one hour after FITC dextran administration.

Adoptive transfer of LPMC

LPMC were isolated from colons dfod2+/+ andNod2-/-ethanol-treated mice 1 day after ethanol
administration. LPMC (4.0 xfpwere then injected i.v. into the tail vein Wbd2+/+ andNod2-/-
mice, respectively. In some experiments, additionigle of each group were administered LPMC
depleted of LAP+ T cells by cell sorting after stag cells with anti-mouse CD4-PerCP (RM4-5
BD Pharmingen, S. José, CA ) and biotinylated goditLAP (R&D Systems, Minneapolis, MN )
-streptavidin APC using a FACS-ARIA. TNBS 3.5 mg swvadministered per rectum to the
recipient mice 5 days after the LPMC transfer avipusly described®. The occurrence and

course of colitis in the different groups of animalas evaluated as described in the text.

Histological assessment of colitis

Tissues removed from mice at indicated times offde®re fixed in 10% neutral buffered formalin
solution (Sigma-Aldrich) and then embedded in daratut into tissue sections, and stained with

H&E. Stained sections were examined for evidenceotfis by a pathologist (ISTOVET di Luca
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Crippa & C. S.A.S., Besana in Brianza (MB), Itaind scored using previously reported criteria

(11

Protein extraction

Mouse colonic specimens were rinsed with cd Pblotted dry, and immediately frozen in
liquid nitrogen for protein extraction .Total pem extracts were prepared as previously described
®% Briefly, snap frozen mucosal samples were homiagenin buffer containing 10 mM Hepes
(pH 7.9), 60 mM KCI, 1 mM EDTA, and 0.2% Nonidetpplemented with 1 mM dithiothreitol
(DTT), 10ug/ml aprotinin, 1Qug/ml leupeptin, and 1 mM phenylmethanesulphonydiiide, 1mM

sodium orthovanadate, 1mM sodium fluoride (all ereg were from Sigma)

Isolation and Culture of LP Mononuclear Cells (LPMC

LPMC were isolated from freshly obtained colonie@mens using a modification of the method
described by van der Heijden and Stk Isolated LPMC were cultured at 1X1dells /ml in 48-
well plates (Costar, Corning Incorporated life acies, Tewksbury, MA ) coated or uncoated with
murine anti-CD3e antibody (clone 145-2C11; BD Phag®an) and containing X-Vivo medium (
Biowhittaker, Walkersville, MD) supplemented with ug/ml of soluble anti-CD28 antibody

f11)

(clone 37.51; BD Pharmingen), as previously déschi™ . After 48 hours culture supernatants

were harvested and stored at -80°C for future EL&Sgay.

In vitro Stimulation of CD4+ LP T Cells by CD11¢P DCs

LPMC cells obtained from untreated mice were subp¢o magnetic bead sorting using CD11c
microbeads or a CD4+ T cell Isolation Kit Il (Mittgi Biotech, Auburn, CA) following the

manufacturer’s instructions. The purity of LPMC CI2* and CD4+ cells were > 90 % and >95
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%, respectively as assessed by immunofluoresceaivéng. 2x16/ml of the CD4+ cells obtained
from Nod2-/-or Nod2+/+ untreated mice were co-cultured with 1¥hfl CD11c+ cells obtained
from Nod2-/- or Nod2+/+ untreated mice in the presence or in the absehd&0ng/ml
Pam3CSK4 (InvivoGen, San Diego, CA). At the endd8fh culture, the cells were collected,

washed and stained for LAP expression by flow cgom

LPMC Immunofluorescence staining

Freshly isolated and washed LPMC were subjectedradblock with anti-CD16/CD32 (BD-
Pharmingen) and then stained with biotinylated gmati-LAP (R&D Systems) or biotinylated

normal goat IgG (R&D Systems).

After 30’ incubation, cells were washed and incedawith streptavidin-APC. The cells were then
incubated with PerCP-anti-mouse-CD3 (145-2C11, BiarRingen) and APC- Cy7 anti-mouse
CD4 (GK1.5, BD Pharmingen), for an additional 3IBi.some experiments, intracellular Foxp3
expression was evaluated using APC-anti-mousefrap3- staining set (eBioscience, San Diego,
CA, USA ) following the manufacturer's protocol. &lcells were then washed twice, and the

percentage of fluorescent cells was quantifiedgiaiF ACSAria (BD Biosciences)

ELISA

Cytokine concentrations in protein extracts antl sagbernatants were determined by commercially
available specific ELISA kits. IFN: BD-OptEIA Set Mouse (BD Bioscience); IL-12p70:
Quantikine ELISA (R&D Systems); IL-17: Quantikin& ISA (R&D Systems), IL-17: BD-OptEIA
Set Mouse (BD Bioscience); mouse/rat/porcine/cami@€&{31 quantikine (R&D systems) per the

manufacturer’'s recommendations).

76



Statistical analysis

Assessment of statistical differences was deteminbyeStudent’s t test or by one-way analysis of

variance (ANOVA) with Bonferroni’'s multiple compaon test when appropriate.
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Supplementary Material is linked to the online \@mof the paper dittp://www.nature.com/mi
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Figure Legends

Figure 1.Nod2-/- mice exhibit increased colonic permeabibityd increased in vivo IL-12p70
production, associated with an increased LP subfaifmn of CD4+LAP+ T cells and enhanced

in vivo TGF# production.

A: measurement of colonic permeability by intrasécadministration of FITC- Dextran (see
Methods). Data shown is derived from two sepagafgeriments, each involving five mice/group;
data represent mean+SE; B andI€.vivo IL-12p70 and IFNy production: cytokine content of
protein extracted from lamina propria tissue wassneed by ELISA; data represent meantSE
derived from 12 mice in each group; D: LPMCs isatafrom colonic tissue were cultured for 72 h
in the absence of stimulation (US) or in the preseof anti-CD3/28 stimulation, after which the
culture supernatants were assayed for {Fddntent by ELISA; data represent meant+SE derived
from 10 mice in each group. Data were tested fatissical significance using Studenttstest. E:
Percentage of LAP+ cells among CD3+CD4+ gated L;cdata represent mean+SE derived
from 12 mice/group; An vivo TGF{3 production: TGH3 content of protein extracted from lamina
propria tissue was measured by ELISA. Data reptessman+SE derived from 12 mice/group.

Data were tested for statistical significance uSihgdent’'s t test.

Figure 2.Effect of ampicillin treatment (A) and ML-7 treanm (B,C) on the fraction of LP

CD4+LAP+ cells among CD4+ LP cells.

A. Separate groups of mice were treated with antipi@00ug/10Qul distilled water or 100l
distilled water alone (untreated) by oral gavage;1f4-21 days. Mice were sacrificed at 14 and 21
days of Ampicillin treatment, and at 21 days of evdateatment, respectively. LP cells from colons
isolated, stained for CD3, CD4 and LAP and analyzgdlow cytometry. Each column represent
mean+SE * =P<0.09Nod-/- mice untreated (distilled water only) vs Ampicilireated 21 days

by Student'd test. B. Separate groups of mice were treated fety$ with ML-7 twice a day i.p
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(see methods) . At the end of treatment mice wetr@rectally administered FITC-Dextran (see
methods). Columns represent meantSE of three/ gioeip. C. Separate groups of mice were
treated for 4 days with ML-7 twice a day i.p (seetimads). At the end of treatment mice were
sacrificed, colons were collected and isolated ldHscstained for CD3, CD4 and LAP and
analyzed by flow cytometry. Columns represenamSE of data  from three different

experiments. * P<0.0:Nod2-/- mice untreated vs ML-7 treated mice by Studentiést.

Figure 3.Induction of LP CD4+LAP+ cells by CD11c DCs in witr

A. Percentages of LAPcells in purified lamina propria CD4+ T cell poptibns following co-
culture for 48 hrs. with CD11cDCs isolated from the lamina propria Nbd2/-and Nod2+/+
mice. Column represent mean+SE of data from tferéint experiments. B. Percentages of LAP
cells in purified lamina propria CD4+ T cell poptidams following co-culture for 48 h. with
CD11¢ DCs isolated from the lamina propria d6d2/- andNod2+/+ mice in the presence or in

the absence of Pam3CSK4. Column represent meaoft&iia from two different experiments.

Figure 4.Nod2-/- mice exhibit increased permeability butrdased inflammation vs. Nod2+/+

mice upon intra-rectal ethanol administration.

A. Colonic permeability inNod2-/- and Nod2+/+ mice after administration of intra-rectal 50%
ethanol measured by serum FITC-dextran uptake &tkods); data represent mean +SE derived
from two different experiments in which three mgreup were evaluated *=P<0.05 day 1 vs
untreated; B. Mouse body weight changes after -ieicéal ethanol administration; each point
represents mean+SE of daily weights expressed aemage of day 0 weight; data represent
pooled values derived from three different expentaan which five mice/group was studied. *
P<0.01 Nod2-/- vs. Nod2 +/+; C. Representative microscopic appearance of solafnmice
administered ethanol and sacrificed at the timetpshown ; H&E staining 40x magnification.

Nod2-/-andNod2+/+ untreated and day 3: normal colonic architecpaiérns.Nod2+/+ day2:
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Presence of mild submucosal edema and mild inflaiwnyanfiltration. Nod2-/- day 2: normal
colonic architecture/pattern; Dn vivo IL-12p70 production after 50% ethanol administmati
Each point represents meant SE of pooled valueisedefrom two experiments in which 5
mice/group were evaluated at each time point; * .BSNod2+/+ dayl vs. untreated mice.
**P<0.05 Nod2-/- vs. Nod2+/+ untreated mice. E: IFN-tissue content at different days after
ethanol administration. Each point represents m&ihas described in D;* P<0.0&d2+/+ dayl

vs. untreated. Data were tested for statisticaliSoggnce using Student’stest.

Figure 5.Effect of ethanol administration on CD4+LAP+ T eell

A. Percentage of LAP+ T cells among CD3+CD4+ gdtedcells after ethanol administration.
Each point represents meantz SE of pooled valuesedefrom three experiments in which 5
mice/group/ were evaluated; * P<0.8d2-/-day 1 vs. untreated; * P<0.080d2+/+ day 2 vs.
untreated; ** P<0.0®od2-/-vs.Nod2+/+ untreated and day 1; B vivo TGF{3 production after
ethanol administration. Each point represents mesiaias described in A. * P<0.05 day1-2 vs.
untreatedNod2-/-mice; * P<0.05 day 1-2-3 vs. untreated Nod2+/+aniP<0.05 untreated and
day 1Nod2-/-vs. Nod2+/+ mice. Data were tested for statistical signifimsing Student’st

test.

Figure 6.Nod2-/- mice exhibit less severe TNB-colitis coragawith Nod2+/+ mice.

Mice were administered intra-rectal ethanol/TNBSirtduce TNBS-colitis or ethanol alone. A.
Body weight changes; Each point represents meanw&ght at indicated times expressed as
percentage of day 0 weight and derived from thitferdnt experiments in which five mice/group
were evaluated; * P<0.05 ethanol/TNBS-treatédd2-/-vs. Nod2+/+ ; B. histological appearance
of representative colonic tissue of TNBS-treateccansacrificed at day three after TNBS
administration; H.&E. staining, 40x magnificatiom; Nod2+/+: severe, diffuse ulcerative colitis

with dense transmural inflammatory cell infiltratiof the submucosa, the smooth muscle and the
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serosa layers. biNod2-/- mild, non-ulcerative colitis with mild submucosatlema and mild
inflammatory cell infiltration; Colitis score *P<@5 ethanol/TNBS-treatedNod2-/- vs. Nod2 +/+

by Student’'s t test. C. and Din vitro IFN-y and IL-17 production by unstimulated and anti-
CD3/CD28-stimulated LPMC; data represent mean+SEpadled values derived from three
different experiments in which five mice/group wesvaluated . Data were tested for statistical

significance using one way analysis of variancén\Bibnferroni’'s multiple comparison test.

Figure 7.Adoptive transfer of CD4+LAP+ T cells amelioratessrity of TNBS-colitis

Mice were administered intra-rectal ethanol/TNBSrniduce TNBS-colitis alone or TNBS-colitis
in adoptively transferred LPMCs or LAP+ T cell-defgld LPMCs mice. A and B. Body weight
changes; each point represents mean +SE weighdiahted times expressed as percentage of day
0 weight and derived from an experiment in whick wiice/group were evaluated; * P<0.05
TNBS-colitis in Nod2-/- recipients of LAP+ T cell-depleted LPMC vs. reeipis of LPMC and
Nod2-/- mice with TNBS-colitis alone; C: histological apgpance of representative colons of
different groups ofNod2-/-mice sacrificed at day 3 after TNBS administratid&E staining, 40x
magnification: a, mild submucosal edema with millammatory cell infiltration; b, moderate
ulcerative colitis with moderate submucosal edema iaflammatory cell infiltration; ¢, normal
colonic architecture/patterns; Colitis score: * B&)TNBS-colitis inNod2-/- recipients of LAP-
depleted LPMC vs. recipients of LPMC andNod2-/- mice with TNBS-colitis alone. D.
histological appearance of representative colordiffédrent groups oNod2+/+ mice sacrificed at
day 3 after TNBS administration; H&E staining, 4@agnification: a, severe, diffuse, transmural
ulcerative colitis with severe, submucosal inflantmna cell infiltration also involving the smooth
muscle and serosa layers; b, marked ulcerativaicalith moderate submucosal edema and
inflammatory cell infiltration; ¢moderate ulcerative colitiwith moderate submucosal edema and
inflammatory cell infiltration. E-H: ih vitro” IFN-y and IL-17 production by isolated LPMC. Data
represent cumulative mean+SE from 6 mice /grouga#ere tested for statistical significance

using one way analysis of variance with Bonferremiiultiple comparison test.
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Figure 8. Mice were administered intra-rectal ethanol/TNBSniduce TNBS-colitis in untreated
Nod2+/+ mice or inNod2+/+ mice adoptively transferred LPMCs or LAP- deplet&MCs from
ethanol-treatedod2-/-mice. A: Body weight changes; each point represerdan +SE weight at
indicated times expressed as percentage of imeéaght; these data were from 2 experiments with
eight mice/group except for LAP-depleted LPMC réaip group in which 5 mice were evaluated,;
*P<0.05 TNBS-colitis inNod2+/+ recipients ofNod2-/-LPMC vs. Nod2+/+ mice with TNBS-
colitis andNod2+/+ mice recipient of LAP -depletddod2-/-LPMC B: histological appearance
of representative colons of different groups ofemsacrificed at day 3 after TNBS administration;
H&E staining, 40x magnification: a, severe, diffusansmural ulcerative acute colitis with severe
submucosal inflammatory infiltration deeply invaigi the smooth muscle and serosa layers; b,
moderate submucosal oedema and moderate inflammanditration ; c, severe, diffuse,
transmural ulcerative acute colitis with severe nsutosal inflammatory infiltration deeply
involving the smooth muscle and serosa layersnmmal architecture/patterns with small
lymphoid nodules. Colitis score: ;*P<0.05 TNBS-@slin Nod2+/+ recipients ofNod2-/-LPMC

vs. Nod2+/+ mice with TNBS-colitis andNod2+/+ mice recipient of LAP-depletetlod2-/-
LPMC. Data were tested for statistical significangsing one way analysis of variance with

Bonferroni’s multiple comparison test.

Figure 9. Nod2-/- mice were either single-hougecb) or co-housed at a 1:1 ratio with Nod2+/+
mice (n=5) on the same diet for a 4-week period%Aof LP CD4+LAP+ cells in the single-
housed or co-housed mice. *P<0.05 by Studentisst. B: Body weight changes; each point
represents mean +SE weight at indicated times sgpdeas percentage of day 0 weight. *P<0.05
by Student'd test. C: Histological appearance of representatolens of mice sacrificed at day 3
after TNBS administration; H&E staining, 40x maggation. Colitis score: * P<0.05 by Student’s

t test
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Supplementary Figure 1. Mice were administeredreth80% intrarectally at day 0 and at day 4
after the i administration. A: Body weight changes; each poamresents mean +SE weight at
indicated times expressed as percentage of dayightvend derived from an experiment in which
five mice/group were evaluated. B: % of LP LAP+lgeéh CD3+CD4+ gated LPMC observed in
mice sacrificed before and at day 4 after tfeethanol administration. Data represent values

obtained from pooled LPMC isolated from 3 additioméce at day O and 4.

Supplementary Figure 2. Representative dot ploteRWIC stained for LAP and Foxp3 (% in
CD3+CD4+ gated LP cells) isolated from colondNaid2-/-andNod2+/+ mice treated or not with

ethanol 50% i.r.

Supplementary Figure 3. Mice received dextran sulémdium (M.W.36, 000-50,000) (DSS) 2%
(w/v) in their drinking water for 7 days. A: Bodyaight changes; each point represents mean +SE
weight at indicated times expressed as percentiaigéial weight and derived from an experiment
in which five mice/group were evaluated. * P<096d2-/- vs Nod2+/+ mice at indicated times
after DSS administration by Studentgest. B: Mice were sacrificed at day 12, colongewne
collected and myeloperoxidase activity (MPO) waaleated. * P<0.0®3od2-/-vs Nod2+/+ mice

by Student’d test.

88



L ? % PR
| 1
._i. Y Eﬁ-
| 54
-i_ i | ez F
EE 0 Mead 3"
E;_m 3 b 21
| B2
an kRL B E
) 0= E 1
oty - el e A )
[ (] - E;
] ER 1
] ] Ry
2@ L] '—| u pinid 4 5 3 oa - - O ==
H T By Mot ih i Ureatmt | LT 'unnmdl T
l TR S T et s tramiad Ireaing
i'mu i - E [P Mouieie
E I | 34
3% L : -
E z E
= = o b £ i
[ us aCaRn 2l
H:
E F ig
i et 008 A0 o003 E
%7 = i £
I, Eim
2 E
gé 54 g 1=
E- a 0 i
:% E] * Figura
5 2 2
R
2 'E! i 1 a = l
Hod? P2 4= M2 4 P2 +7+
Figguire 1
A a
T penLOs
< : e | R 188 ' . *
g e
tii" o] e 148 .
EE:E I 5 102 R
H -
A 8- & i i ' | I i . gwu 5 # e Noag e
£_| - £ ol by L - - Naed ads
E 51 i Unirasrsd  Day 1 Cay 3 % L o
e "! L c £ %8 r
& 3 T I
3.] 3 - 0 7
o £ r r
81l B e, e -
: ] 1 2 3 4
e 'Err 1‘
: £ e |
MaodZ + Ethansd
em | H| |- |- |- |% . r——
[
leas | =|=[*]|#|+]- QM‘
| o2 +5= + + .
!_l::n_m:- | 5 £
| jewel 16e
lEote =l =] P ¥ :
L] 148 |
Ev T
EE. Jﬁl
Bk FESL S
LB =E
Figure 3 B3 Boo|
1 -
'
" ! .
urevated| Doyt | Gmyz | oaya

Ethenol

Eransl

Figura 4

89



Mot -
e

r*‘\'. 2 s
B .+.‘/f \\IL\‘\
& /’r\\q

—

LaPs pells
% bl COMCO4+ LP gated cells)
ES

himmaod  Bayl | Owy2 | Day3d |
| Evhanst

Figure §

=

gl 1.l iy

_: /‘\ o
E%m /’ \'
Ty N
® Wntrowod| oay1 | Darz | oaya

Efbanat

e "
(L] - L T
= B gy mim | g -
'i-:- s = L |
= L] ] 1
S - .
e i)
i LM B

nann T 1
P THAR | L. e

| rey |

Ml v |

90

TS Wecd -

- THIS Wocld %

- Erhanai Wod?

-

408
100 i .
= r 1 .
: a5 ___.--"""f 1 - NodE e
50 ——l By & e
# e ] +um\.¢
2 B85 -\-\_""ﬂ—.___\_\_ﬂ b Woa? w reed
L \6—— . ol LAP. i
g W0 — RodTZ -
= 4
m
] 1 2 a ]
ay
B . 5
s [
. i
of
S ey -_ *
-
W ModTas
rrcipienis o
LAP-dapisivd
NoadSLPRD |
-] I
.{'\ — ol L -—
a 1 2 3 &
Figure 8 Calitis seon



b -]

)
3 8,
B 5
&
b
B
g 3 '
$5 o
]
e 14
= |
5 0 '
£ Nod2-/- Mod2-- co-housed
with Mod2s+
B
— 103 Nod2=/
'i Ak R b ~B- Nodl-~ co-housed *
= i 3 Nod2-- co-housed e
E i with Nodz++
£ s
E 80
75 v - . -
o 1 z 2 4 . a 1 2 3 4
Diary Colitis score
Figure 9
Untreated Ethanal-traatad
A Eftangd HI%. [Ethanoi 5% i i oy 5I'_
. P & Ter | LR 5“'“\' ad,
= | ' ..| ot
= ol At | it
# 95 e =
I-;.‘! N
an |
o ]
a 1 a 3 L) L] L] T L] =
] e | I
i g b I Modl2 =+
i 5 I :
5
‘-;5 ‘ o Aold - l
3; : L 0 NoeE +
5
i
a o L

Foxp3
Supplemantary Figure 1 Supplemantary Figura 2

91



Nod2 -

Nod2 +/+

-
i

L)

= L) L] =+

=

10

- -
{enssn 1am Binw) oM
+ ¥
Eo |
22
= = ]
o =
_._._ --l
=]
= o
K ]
/ -
el
el
&t
L B
Bto
il
hal
T LF T T T =
2 2 2 8 2 3 =

(0 fep yo o) wbep

Dy

Supplementary Figure 3

92



4. CONCLUSIONS

These studies show that an increase in intestimahg@ability (both in a transitory and a chronic
form) leads to an increase in the mucosal resistaacinflammation through the induction of
regulatory T cells. Therefore, an increase in titestinal permeability with a consequent increase |
the exposure of the host to products of the imaktmicrobiota could represent an important
mechanism of induction and maintenance of the tin@stolerance homeostasis. The observation
that mice with aNod2gene deletion have an increase in the CD4 + LABgtlatory cells, which
determines a slighter damage following the indurcta colitis, clearly shows that this genetic
alteration by itself is not sufficient for the ohgd Crohn’s disease. The greater regulatory respon
to the microflora associated with tiNod2 mutation could explain why the lack of Nod2 is not
sufficient to establish inflammatory lesions in tlexperiment animal and to provide an
interpretation for the established presence ohareased intestinal permeability in healthy reksiv
of patients suffering from Crohn’s disease, notstiéimding the presence of the same genetic

polymorphisms.
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