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ABSTRACT

Pro-inflammatory Cytokine IF) and Microbiome-Derived Metabolites Dictate
Epigenetic Switch between FOXP3 Isoforms in Celbisrase.

Gloria Serena, Doctor of Philosophy, 2017

Thesis advisors: Prof. Alessio Fasano, Massaclsu€stheral Hospital; Dr. Terez Shea-
Donohue, Department of Radiation Oncology UnivgrsftMaryland.

Celiac disease (CD) is an autoimmune enteropaiigetred by gluten and characterized
by a strong Th1/Thl7 immune response in the smatéstine. Treg cells are
CD4" CD25" cells that regulate the immune response and niintk@mune
homeostasis. Given its role in controlling the @iéintiation and function of Treg cells,
FOXP3 has been considered their master transamigdotor. Two main isoforms of
FOXP3 have been described. Conversely to its cquateFOXP3 full length (FL), the
alternatively spliced isoform FOXR® cannot properly down-regulate Th17 driven
immune response. Since the active state of CD bBas hssociated with impairments in
Treg cell function, we aimed at determining whethebalances between the FOXP3
isoforms may be associated with the developmetttefiisease. Intestinal biopsies from
patients with active CD showed increased expressfadie less functionaFOXP3A2
isoform over FL, while both isoforms were similafpressed in non-celiac control
subjects (HC). Conversely to what we saw in theste, peripheral blood mononuclear
cells (PBMC) from HC subjects did not show the sabaance between the two
isoforms. We therefore hypothesized that the fimakmicroenvironment may play a

role in modulating the alternative splicing of FOXksoforms. The pro-inflammatory



intestinal microenvironment of active patients hdwen reported to be enriched in
butyrate producing bacteria, while high concentrai of lactate have been shown to
characterize the preclinical stage of the dise&@¥e. show that the combination of
IFNy (the main pro-inflammatory cytokine produced in timestine of active CD

patients) and butyrate triggers the balance betwe@KP3 isoforms in HC subjects,
while the same does not occur in CD patients. leamiore we report that lactate
significantly increases both isoforms in CD patsewhen compared to control subjects.
Collectively these findings highlight the importenof the ratio between FOXP3
isoforms in CD and, for the first time, mechanializ associate the alternative splicing

process with microbial derived metabolites.
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CHAPTER 1. INTRODUCTION

1.1 Celiac disease

Celiac disease (CD) is an autoimmune enteropailggdared by gluten in genetically
predisposed individuals [1]. The genetic suscelgibifor CD has been primarily
associated with the HLA (human leucocyte antigestesy) DQ2/DQ8. The DQ2
haplotype characterizes the majority of CD pati€8&0), while only a minority of them
carries the DQ8 (5%) [2]. While the HLA accounts )% of the genetic risk for CD,
also other genes related to the immune responsetarnbe intestinal permeability
regulation have been linked to CD by GWAS (genondevassociation studies) [3].

The establishment of gluten as the environmenigger for CD makes this disease a
unique model of autoimmunity. Gluten is a complealecule present in several grains
(wheat, rye and barley) and its link with CD wadedmined for the first time around
1950 [1, 4]. The two main protein components thadracterize gluten, glutenin and
gliadin, contain high levels of prolines (20%) agidtamines (40%); this protects them
from complete degradation in the Gl tract and makes particularly difficult to digest
[5]. Glutenins are monomers that can be subdividddw and high molecular weights,
while gliadins are polymers that are re-dividedainB, y and w gliadins. The role of
gluten, and in particular gliadin, as environmentajger for CD has been demonstrated
by several studies vitro where intestinal biopsies and peripheral blood omoiclear
cells (PBMC) from CD patients have been shown xpress a wide range of pro-
inflammatory cytokines upon stimulation with gliadjé, 7]. The chain of events that
lead to the onset of CD after ingestion of glutennitiated by the physical interaction

between partially digested gliadin peptides andaghieal side of the small intestine. This



contact triggers the release of chemo-attractal®@ #nd pro-apoptotic IL15 from
epithelial cells and lamina propria dendritic c€XCs) [8]. Additionally, the interaction
between specific gliadin peptides and the epitheli@mokine receptor CXCREXC
motif chemokine receptor 3¢ads to a MyD88 dependent release of zonulinlédzats to
increased intestinal permeability and antigen ichifig [9]. Upon translocation to the
lamina propria, gliadin peptides are pdeamidatedréysglutaminase 2 and recognized
by different types of antigen presenting cells (AHCO]. The consequent adaptive
Th1/Thl7-driven immune response Iis associated witbh production of pro-
inflammatory cytokines such as If¥Ninterferon gamma), TN (tumor necrosis factor
alpha) and IL17 (interleukin 17) that, togetherll wontribute to a further increase of the
intestinal permeability and to the mucosal damabg] [Fig. 1). Presently, many
components within the gliadin aminoacidic sequehege been associated with the
different steps that characterize the onset of The majority of these epitopes are
contained ina- and w- gliadins and they contribute to the pathogenesithe disease
through their immunomodulatory, gut permeating ayitoxic properties [12].

The classical presentation of CD is mostly charastd by gastrointestinal (Gl)
symptoms such as diarrhea, steatorrhea and waigbt However, particularly in adult
patients, other extra-intestinal symptoms includamgmia, chronic fatigue and reduced
bone density also have been reported [2]. Currehdygold standard treatment for CD is
represented by the complete elimination of glutesmf the diet. Nevertheless, this

therapy seems to fail in a subset of patients &30



1L17, LENY,
TNFo.

Fig. 1. Mechanisms by which gliadin triggers onset of CD (figure adapted from [10]). Gliadin peptides
interact with the apical side of the small intesatiapithelium. This interaction triggers an innatenune
response (release of IL8 and IL15) and an increasedtinal permeability (1-3). The translocatioh o
gliadin peptides to the lamina propria activatesadaptive immune response characterized by Th1/Th17
derived pro-inflammatory cytokines that lead to fin@l mucosal damage (4-7).



The incidence of CD is reported to be approximalély however, recent data show that
this prevalence is rapidly increasing worldwide hwa particularly high rate of new
diagnosis among adult patients [13, 14]. Theseirigsl suggest that environmental
components, other than the genetic predispositiontribute to the development of the
disease. Although the exact mechanisms that ledtetdoss of tolerance to gluten in
adulthood have not been elucidated fully, changethe immune system’s regulatory
machinery have been suggested to be possible lootars. Paradoxically, CD subjects
are characterized by an increased number of Triegsgulatory cells) both at peripheral
and intestinal level. These regulatory immune cdilsvever, have been shown to be
functionally defective [15-17]. Although it is notet clear how Tregs in CD fail to
properly suppress the immune response, it is nollvestablished that functional, rather
than quantitative, defects in the regulatory systewuld mediate the final loss of
tolerance to gluten. These data also support tpethgsis that additional elements, other
than the genetic predisposition, may play a rol¢hen development of CD. Among the
suggested environmental factors, the microbiomeaygpto be one of the most probable
candidates.

The intestinal microflora consists of4@nicroorganisms that play a fundamental
role in the development of intestinal immune hont@gis and physiology [18]. Recently
several studies have shown a correlation betweemniset of CD and a certain level of
Gl dysbiosis. Active CD patients present reduceawants of Firmicutesand a higher
abundance oProteobacteriaand Bacteroidetesas compared to healthy subjects [19].
Sanz et al. reported differences in fecal abundaotelactic acid bacteria and

Bifidobacteriumbetween active CD and controls patients [20], evlwvo other groups



showed that alterations in the microbiome compmsitivere correlated with high
production of SCFAs (short chain fatty acids) sasltpyruvate and butyrate [21, 22]. The
microflora is strictly dependent on the host’s diberefore it is not surprising that the
elimination of gluten has been shown to modulate rthicrobiome composition of CD
patients [23]. Interestingly, however, even aftend term treatment, CD patients are
reported to maintain a certain level of dysbiodi8][ The hypothesis that alterations in
the microflora may be at least partially causat¥e€CD, and not only a consequence of
gluten—induced inflammation, is supported by owogbof-concept study in which we
reported that infants genetically predisposed for @esent a unique microbiota even
before the onset of the disease [22]. The microbioffHLA-DQ2 babies, independently
of their diet, was found to be enriched Firmicutesand to be almost totally lacking
microbes from thdBacteroidetes phylur(Fig. 2). Furthermore babies that develop CD
or other autoimmune diseases showed an increasddgqtion of lactate associated with
enrichment inLactobacilli spp.during the preclinical phase of the disease ag lavels

of butyrate after the onset of the disedsig.8). These data suggest that, in genetically
predisposed subjects, a specific microbiome couddier the onset of autoimmunity by
priming the intestinal microenvironment and thabduction of different metabolites
could contribute to the final pathogenesis of tieease. Due to the unique features of
CD, a better understanding of the environmentatofacthat play a role to its
development could give some insights about the ar@sins behind the onset of other

autoimmune diseases for which the external triggegsstill unknown.
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1.2 T regulatory cells

Tregs were described for the first time 20 years. a@gince then, they have been
recognized to be major players in the maintenarficpedpheral tolerance and in the
prevention of autoimmune diseases [25]. Traditignalregs express high levels of
CD25 (alpha subunit of IL2 receptor or IL&Rand nuclear expression of transcription
factor FOXP3 (Fork-head box protein 3) [26]. Altlgbuboth molecules have been
demonstrated to be necessary for the suppressinatida of Tregs, neither of them is
exclusive to the Tregs subpopulation in humans. £B#ression, in fact, is induced in
human T effector cells upon activation. SimilarlFODXP3 has been shown to be
transiently expressed in non suppressive T celés aAlCR (T cell receptor) activation. It
is now established that he use of an array of séverarkers may be useful to
phenotipically characterize Tregs. Among the déf¢ proposed molecules, CD127
(IL7R interleukin 7 receptor), GITR (glucorticoidduced tumor necrosis factor receptor)
and CTLA-4 (cytotoxic T lymphocytes associated emo#d) are the most common.
While the expression of CD127 is down-regulated’oegs, GITR is highly expressed on
resting Tregs and has been reported to be impadrtgarbmoting their development [27].
CTLA-4 is a negative regulator of T cells activatiat shares 70% homology with CD28
and is involved in Tregs suppressive function kgracting with CD80/CD86 [28, 29].
The co-expression of chemokines receptors CCRAC&8 (chemokine receptor 4 and
8) have been shown to characterize Tregs [30] ardies from Peng et al. and Crellin et
al. reported a high expression of TLR8 and TLRS5Ill-{tce receptors 5 and 8)

respectively [31, 32]. Finally, surface expressidimf GF{31 (tumor growth factor beta-1)



has also been reported as characteristic of Tredsfumdamental for their suppressive
function [33].

Two main types of Tregs have been described depgrah their site of origin. Naturally
occurring Tregs (nTregs) develop in the thymusugloa high-affinity interaction with
self-peptide and MHC class Il (major histocompéditjpicomplex class 1l). They present
a wide range of TCRs repertoire specific for selfigens and they play a major role in
limiting the onset of autoimmune diseases [34dntrast, peripheral Tregs (pTregs) are
generated under tolerogenic conditions in the peryp from naive T cells upon
stimulation with foreign antigens. Their TCR repa&e is specific for harmless
environmental agents or commensal microorganisrdstiagy play an important role in
maintaining tolerance to food and microbiota dediventigens at the mucosal sites.
Although definitive markers differentiating nTregad pTregs have not been identified
yet, Baron et al. showed that differences in theéhgiation status of the non-coding
TSDR (Tregs specific demethylated region) locatethe promoter oFOXP3gene may
be useful to distinguish one subpopulation from thieer. The authors showed that
demethylation in the FOXP3 TSDRas associated only with nTregs, while in induced
pTregs, the same region appears fully methylatebdes@ changes in the DNA
demethylation status are suggested also to bensie for the differences in stability of
FOXP3 expression between nTregs and pTregs [35].

Recent studies have shown the plasticity betweargsTand pro-inflammatory Th17
cells [36]. Both subsets of T cells play an impottaole in maintaining the mucosal
immune homeostasis and their differentiation isciyr dependent on the surrounding

microenvironment. TGFE is fundamental for the development of both celpety by



inducing the expression of either R@PRor FOXP3. Whether the cells will differentiate
towards a pro- or anti-inflammatory subset depemushe presence of other cytokines.
IL6 and 1L21, for example, are necessary for th&erBntiation toward a Th1l7
phenotype. While anti-inflammatory cytokines such I1a10 allow the differentiation
toward a Treg population.

Beside cytokines, other molcules such as mTOR airdd(hypoxia inducible factor 1
alpha) have also been shown to be able to modthatelasticity between Th1l7 and
pTregs. mTor is a protein that positively regulétie differentiation of Thl7 cells by
inhibiting FOXP3 expression. Similarly, H&ldirectly promotes the differentiation of
Th17 cells by inducing ROR expression, while attenuating Treg developmert an
inducing FOXP3 degradation [36]. The anyl hydrocarlseceptor (AHR) is a nuclear
receptor that has also been found to play a rotbendifferentiation between TH17 and
pTregs depending on the activating ligand.

It has been shown that Tregs undergo functionalracherization by expressing
transcriptional factors specific for other T effecicells types and different miRNAs
(micro RNAs). Tregs expressing Tbet, CXCR3 and nARN6a, for example,
accumulate at sites where Thl mediated inflammasopresent [37, 38]. Conversely,
Tregs that express IRF4 (interferon regulatory daet) and miRNA-182 or STAT3
(signal transducer and activator of transcriptignaBe essential for the suppression,
respectively, of Th2- and Thl7-mediated immune aasps [39, 40]. The plasticity of
Tregs has been associated also with the expreskidifferent chemokines receptors that
allow Tregs to migrate to the “correct tissue”. @DGnd CCR7 (chemokine receptor 7)

are linked to migration and retention in lymphogstes [41], Tregs that home to the
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skin have been reported to express P- and E- sel&dtile CD103 is fundamental for
Tregs migration to the gut-associated lymphoid uesq42, 43]. Finally, CCR9
(chemokine receptor 9), CXCR6 and CXCR4 (CXC motiémokine receptor 6 and 4)
are considered to be important for migration inghell intestine, liver and bone marrow
or Payer’'s Patches [44-47].

All Tregs subpopulations behave similarly and tpegsent a diverse array of suppressive

tools (Table 1).

MECHANISM OF SUPPRESSION MOLECULESINVOLVED

Release of anti-inflammatory cytokines | IL10, TGH3, IL35

Induction of apoptosis TRAIL-DR5, Galectin 1

Cytolysis Granzyme A, perforin

Metabolic disruption IL2 consumption through CD2Gtivation
of adenosine receptor 2A through
CD39/CD73

Co-inhibitory signals CTLA4 compete with CD28 forteraction
with CD80/CD86

Inhibition of DCs maturation LAG-3, neuropilinl

Table 1. List of different mechanisms used by Tregs to suppress immune response.
Tregs can perform their anti-inflammatory functitwy suppressing directly T cells
mediated immune response (in blue) or indirectlyrbgucing DCs mediated antigen
presentation process (in green).

An important mechanism of suppression used by Trisgghe release of anti-
inflammatory cytokines, such as IL10 (interleuki@) land TGH3. Although somen
vitro studies suggest that these cytokines are not tesséor Tregs function, their
importance for the suppressive activity of Tregs haen demonstrated vivo. Studies

using allergy and asthma animal models confirmealt thoth nTregs and pTregs

suppressive functions are, at least in part, deg@noh both these cytokines [48-51].
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IL35 (interleukin 35) is a newly discovered cyto&ithat belongs to the IL12
(interleukin 12) heterodimeric cytokines family. it preferentially expressed by Treg
cells and is necessary for their suppressive &gtpathin vitro andin vivo [52]. Another
mechanism of suppression relevant in Tregs funct#omytolysis through release of
granzymes. Although these serine proteases arallystound in cytotoxic T
lymphocytes and natural killer cells, it has beboven that activated human Tregs can
express granzyme A and that their suppressive imctin be mediated by granzyme A
and perforin through CD18 [53]. Furthermore, Tregsve been shown to induce
apoptosis of effector T cells either through TRAIRS5 (tumor-necrosis-factor-related-
apoptosis-inducing ligand-death receptor 5) or uglo galectin-1 pathways [54, 55].
Tregs can also display their suppressive actiwtynediating metabolic disruption. Their
high expression of CD25 allows them to starve éffie@ cells by consuming local 1L2
[51]. Another similar mechanism is represented hey éxpression of CD39 and CD73.
These ectoenzymes suppress effector T cells furxctioy generating peri-cellular
adenosine that activates the adenosine receptof58A57]. Finally Tregs can also
perform their suppressive activity indirectly byrgating dendritic cells. The direct
interaction with DCs has been shownvivo and it involves the co-inhibitory molecule
CTLAA4. Tregs are able to induce DCs by expressid@ (idoleamine 2,3-dioxygenase),
a strong regulatory molecule that triggers the potion of pro-apoptotic metabolites
leading to suppression of effector T cells [58]atidition to CTLA4, LAG3 (lymphocyte
activation gene 3) and neuropilin-1 have been megato play a role in the Tregs-
mediated suppression of DCs by blocking their naiton [51]. Although it is still

unclear if Tregs use just a single overriding seppive mechanism or if they require
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multiple processes to maximize their functionsifprobable that this choice depends on
different factors such as the disease settingtalgeted cell types and the anatomical
location [59].

The importance of Tregs in preventing autoimmumstysupported by evidences
that show an increased incidence of these diséaisesn life and by recent studies that
reporting a correlation between age and Tregs feewa and function [60]. These
findings led several groups to examine Tregs fraquén different autoimmune diseases.
Studies on systemic lupus erythematosus (SLE) ardradictory with one group
showing a decreased frequency and function of Taegsanother showing no significant
differences between SLE patients and healthy ctanfi8d, 62]. Patients with rheumatoid
arthritis have been reported to have an increasatbar of circulating Tregs [63], while
no differences have been found in patients withtiplel sclerosis [64]. Finally, two
different groups showed an increased number of sSTr@gh defective suppressive
function respectively in patients with Wegner grlamatosis and autoimmune hepatitis
[65]. Abnormal frequencies of Tregs have also been adsdcwith different types of
solid tumors such as ovarian, gastric and breasteraSeveral factors may contribute to
this increased number of Tregs in cancers. Amoegtthe high expression of CCL22
(CC motif chemokine 22) in tumor cells and macramsaor the hypoxia induced up-
regulation of CCL28 (CC motif chemokine 28) haveemérypothesized to trigger the
recruitment of Tregs through their expression ofR2G (chemokine receptor 10) and
CCR4 chemokine receptors [66]. Given their fundamaderole in regulating immune

tolerance and tumor growth, Tregs have soon becamenteresting target for the
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development of new immune therapies against careernsell as viral infections and

autoimmune diseases.

1.3 FOXP3

The role of FOXP3 gene as an important player in the differentiataod function of
Tregs was first discovered in 2001 with studieghe scurfy mice [67]. The animals
containingscurfy mutations developed a multi-organ COgmphocytes infiltration and
an inability to regulate the immune response tlaatsed their death soon after birth.
Subsequently, characterization DXP3 as the defective gene sturfy mice led to its
association with the genetic defects causing hud®EX (Immune dysregulation,
polyendocrinopathy, enteropathy, X-linked syndrofios}ering a better understanding of
its role in immune regulation [67, 68]. TR®OXP3gene is located on the short arm of
the X chromosome and is composed by 11 exons [@9, Ifs importance in regulating
the immune response has been confirmed by sevetgimprphisms studies. SNPs
(single nucleotide polymorphisms) in the promotegion have been associated with
IPEX, type 1 diabetes (T1D) and Graves' disease, [B8Z, 72] Additionally
polymorphisms in the intron and exon regions hasenlcorrelated to psoriasis and IPEX
[73].

The expression dFOXP3on Tregs is regulated by different factors. Rvasly
reported positive regulators oFOXP3 are TGIB, Foxo proteins, Runt related
transcription factor 1/3 (RUNX1/3), retinoic acaitivator protein 1 (AP1) and nuclear
factor of activated T cells (NFAT). Cytokines suas interleukin 4 (IL4 ), IFMand

interleukin 6 (IL6 ) have instead are thought tanlegative regulators 6(fOXP3 Species
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comparison studies revealed the presence of fomrcnding sequences (CNS) regions.
These CNS regions have specific epigenetic featwed regulateFOXP3 gene

expression by interacting with other transcriptiactors Eig. 4).

Promoter 2a -2b CNs1 CNS2 -1 1 CNS2 11
NFAT APl Smad3 nFAT RUNX NFeB Rel
RUNX cRel CREB che

Fig. 4 Conserved non coding sequences (CNS) regions in FOXP3 gene. There are four non coding
sequences regions FOXP3 gene that includes the promoter and the enhandds1C2 and 3. These
regions contain binding sites for several transionpfactors that, together with specific epigead¢iatures
of the regions, contribute 8OXP3gene regulation.

In contrast to conventional CDA cells, theFOXP3gene in Tregs has a demethylated
promoterthat can bind to NFAT, AP1, c-Rel, STAT5 (signarsducer and activator of
transcription 5) and RUNX1 [35]. These interactiqriay a key role in the positive
regulation and stability of th&OXP3 gene. The last three CNS regions operate as
enhancers and their interaction with other trapsiom factors is fundamental f6fOXP3
gene expression. CNS1 contains binding sites foANRnd Smad3 (SMAD family
member 3), while CNS2 contains binding sites fokRKnuclear factor kappa b), CREB
(CAMP response element binding) and RUNX1 [25]. sTlwonserved region is of
particular interest because it can be used tondigish different Tregs subpopulations.
Floess et al. in fact, demonstrated that CNS2 matleylated in thymic derived Tregs,
while it is fully methylated in induced Tregs [74inally CNS3 contains c-Rel binding

element.
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FOXP3 protein is a 431 aa transcription factortthzelongs to the
forkhead/winged-helix box containing protein P (F®)>subfamily which includes other
three members (FOXP1l, FOXP2 and FOXP4). Like theerotforkhead subfamily
proteins, FOXP3 is characterized by a highly corestrC-terminal forkhead DNA
binding domain (exons 9-11), centrally located zifinger and leucine zipper
oligomerization domains (exons 5-7) and finally aeminal proline rich domain that
enables FOXP3 to interact with other transcriptioerpressors or activators (exons 2-4).
This last region is unique for FOXP3 and it diffémem the glutamine-rich domains that
characterize the other FOXP subfamily members [FDXP3 can regulate gene
expression by directly binding to the promoter oegior by cooperating with other
transcription factorsHig. 5). NFAT and RUNX1, for example, are fundamentaltipans
of FOXP3 [76, 77]. NFAT is an important transcrgotal regulator involved in T cell
activation and homeostasis. In activated T celfgrms a complex with AP-1 that allows
the modulation of gene expression. It has been shiwat FOXP3 binds to NFAT
through its forkhead domain and that it can compatle AP-1 for this interaction. The
cooperation between FOXP3 and NFAT leads to theesspn of genes otherwise up-
regulated by the complex NFAT-AP1 (for example IL®ut can also lead to up-
regulation of other genes highly expressed on Teegh as CTLA4 and CD25 [76].
FOXP3 interacts with RUNX1 through the loop regioetween the leucine zipper and
forkhead domains. Over-expression of RUNX1 has lzssociated with an increase of
IL2 production in CDZ T cells while the physical interaction between F3Xand
RUNX1 leads to the repression b2 gene expression [77]. Other important partners of

FOXP3 mediated genes expression are chromatin-reimgdcomplexes formed by
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HDACT7/9 (histone deacetylase 7 and 9) with TIPG8t@me acetyl-transferase) and Eos
(a member of the Ikaros family). They have beenwshto associate with the repressor
N- terminal domain of FOXP3 and to promote its s@iptional function [78]. The
proline-rich domain has been shown also to contiaé binding site for ROW and
retinoic acid-related orphan recep{®ORuT), two transcription factors critical for Th17
differentiation [79]. This interaction inhibits tineability to activate transcription and,

therefore, induces differentiation of CD#F cells toward a Tregs rather than a Th17

phenotype.
Zinc Leucine
N Repreassor domain finger '.Ziﬂflr Forkhead DMA-binding domain c
— @ L ==
Thoryt | [ eos | (et | [ wees |

| RORD‘.TH HDAC?}9|

TIPGO

Fig. 5: Structure of FOXP3 domains and its main transcriptional partners. FOXP3 structure is
characterized by four functional domains, each biclv interacts with different binding partners. TiKe
terminal repressor domain binds to R@Rand RORIT and to the chromatin remodeling complex formed
by HDAC7/9, TIP60 and EOS; RUNX1 binds to a loogiom downstream the leucine zipper domain; the
forkhead domain binds to NFAT and K.

In contrast to what is described in mice, seve@XP3 isoforms have been found in
human Tregs. The two most abundant isoforms aréuthkength (FL) and the so called
“Delta 2” (A2) that lacks exon 2. Although both isoforms cdnite to Tregs phenotype

and confer some suppressive ability to Tregs, gegm to have functional differences
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[80]. Exon 2 (amino acids 71-105) is located witthe proline rich repressor domain of
FOXP3 and contains the binding site for R@Rand RORT. These two transcription
factors positively regulate Th17 differentiation imglucing 1L23 receptor. The physical
interaction between FOXP3 and R@&T results in the inhibition of ROR-mediated
transcriptional activation and, therefore, suppesghe differentiation of CD4T naive
cells toward a Th17 phenotype. The lack of exonakes FOXP3\2 unable to interact
with the ROR transcription factors and allows tHelT driven immune response to take
place [79, 81, 82]. Furthermore Magg et al. shothed exon 2 contains a nuclear export
sequence and that the lack of exon 2 in FOX¥23leads this isoform to localize
preferentially to the nucleus, compared to its ¢erpart FL [83]. Alternative splicing is
a strictly regulated process and the mechanisntsctivdribute to the different FOXP3
isoforms are not yet fully elucidated. An Italiarogp recently showed that glycolysis is
important for the generation of human induced Tragd that the localization of the
glycolytic enzyme enolase-1 directly contributeghe induction of FOXP3 FL isoform
[84]. Similarly, a group from Sweden showed a datien between the induction of
FOXP3 A2A7 and the pro-inflammatory cytokine I81[85]. FOXP3A2A7 is a less
common isoform previously described as functiondiyective. h vitro experiments in
murine cells transduced exclusively with FOXR2A7 showed that this isoform is
unable to confer suppressive capacity to naive 'CDéells and to induce the expression
of Tregs markers such as CTLA4 and CD25 [86]. Farrtiore,in vivo experiments in
mice exclusively expressing this spliced isoforntibited a multi-orgarninflammation
[87]. This rare isoformhas been found to be over-expressed in patiertts Sézary

Syndrome and in transformed malignant T cellsaddition, FOXP3\2 was found over-
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expressed in malignant T cells [88]. The role ofXR3 A2 in autoimmunity is not well

defined. Ryder et al. did not find any differendestween the two main isoforms
expression in patients with arthritis rheumatoid @soriasis [89], while conflicting data
have been reported in inflammatory bowel diseaB®)Ipatients [85, 90]. A better
understanding of the role that this alternativédsn plays within the immune regulation
process could give rise to new immune therapiesséveral domains such as

autoimmunity and cancer.

1.4 Alternative splicing: an important regulator of the immune system

Alternative splicing is the molecular process thplices a primary transcript in
several ways and generates multiple mature mRNAE [Bhis is a tightly coordinated
process that depends on the way the spliceosonde birnthe genic splicing sites and on
the regulation performed by the heterogeneous aucibonucleoparticle protein. The
most common types of splicing are the so calledatss exons in which specific exons
are spliced out or included in the final mMRNA; tmeitually exclusive exons in which
only one or the other exon is spliced out; andafternative 3’ or 5’ splice event in which
one or both ends are altered and the intron renti which an intron is not excised
from the pre-mRNA construcF{(g. 6). It is estimated that a wide range of genes (40-
60%) are subjected to alternative splicing [92] amhy of them are part of the immune
system. In particular, alternative splicing hasrbshown to be important for regulating
the response of T cells to antigens, thereforgjipdgan fundamental role in maintaining

T cells homeostasis [93, 94]. CD45 protein exefigslihow alternative splicing can
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regulate T cells functions [93]. This moleculeedpressed on the surface of T cells as
one of three different isoforms (CD45RA, RB and Rigpending on the presence of
three variable cassette exons. Naive T cells sgee to two cassette exons (CD45RB,
CD45RAB/RBC), while the isoform lacking all thregeoms (CD45RO0) is present on the
surface of memory T cells [95]. CTLA4 is anotheoletule reported to be subjected to
alternative splicing (reference).. This co-inhilpytgrotein is upregulated on activated T
cells and contributes to inhibition of cell proliéion and function by binding to
CD80/CD86 molecules expressed on APC. A solublen fof CTLA4 protein has been
described. It lacks exon 2 that contains the bigdites for CD80/CD86 and, therefore,
plays a fundamental role in maintaining immunerentee and homeostasis [96]. Altered
expression of alternatively spliced isoforms hagrbeorrelated to several diseases.
Increased expression of the soluble form of IL&ptor, for example, has been linked to
an increased severity of asthma, rheumatoid aghahd systemic sclerosis [97].
Similarly, the expression of the truncated soluiglgform of IL7Rx is  significantly
higher in subjects with acute lymphoblastic leuk&if@8] and spliced isoforms of both
IL5 receptor and IL4 have been correlated to astf#@h There is a growing interest
over the last few decades in the mechanisms indoiwethe regulation of alternative
splicing. Studies in plants have shown that emritental factors can tightly modulate
the alternative splicing process and that this legun depends exclusively on the need
of the plants [100]. Furthermore, alternative @plj events in Alzheimer’s disease have
been related to aging and environmental factor4][18 better understanding of how

external components contribute to epigenetic chavgéhin the cells would promote
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identification of additional targets for new theeagic approaches and may lead to a more

personalized medicine.

I : Exon skipping/inclusion

e HM."'&.
//// H..H"‘--H
- Alternative 3’ splice variant
"'\-\.M N //
H.'“‘-H_ //.f

_ Intron retention

l-— Mutually exclusive exons

- - Alternative spliced exons Constitutive exons

Fig. 6: Schematic representation of alternative splicing. The most common types of alternative splicing
consist in the inclusion or skipping of one or mer®ns variations in the 3’ or 5’ end, the retemtad an
intron or the mutual exclusion of one or more exons
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1.5 Interplay between the immune system and microbiome regulates intestinal
homeostasis.

The GI tract represents a permissive site for §regoriginate and accumulate.
While the intestinal pTregs population is shapedelkggenous antigens (Ag) derived
from the lumen (for example orally fed Ag) and s&tf expressed by cells present in the
Gl tract [102], additional factors contribute t@tmduction of tolerance in the intestine.
TGH3 is highly expressed in the gut and is reportedigmer the expression of FOXP3.
Its regulatory function is enhanced by DCs vian@t acid. T his metabolite of vitamin
A has been shown to be fundamental in originatingg$ in the Gl tract not only by
contributing to FOXP3 expression, but also by indgahe expression of gut-homing
receptors on T cells (CCR9 andf37) [103]. Tregs present in the Gl tract play aanaj
role in regulating the onset oral tolerance and dhalistic relationship between the
immune system and the intestinal microflora. Thentéoral tolerance” defineshe
suppression of immune responses to antigens thvat lieen previously administered by
the oral route [104] It consists of two main phases: the first cdmites to prevent
inflammation and to generate a correct immunoldgaaironment while the second
establishes an Ag-specific anergy and inductiofregs.

The importance of communication between immunéesysand microflora has
been well established. The microbiome has beemvrsho be fundamental for the
shaping of the immune system and Tregs contributihé restraint of normal effector
responses to commensal bacteria [105]. The majer ttmt the microbiome plays in
regulating Tregs differentiation has been reported several groups byn vivo
experiments showing a reduced Tregs populatiohariritestinal lamina propria of germ-

free mice [106, 107]. Furthermore, specific bdatere associated to Tregs induction
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and functionClostridium spprepresents an important component of the gutahiome.
These microorganisms belong to fRemicutes phylumand they are present both in the
small intestine and in the colon [108]In vivo experiments in demonstrated that
Clostridium spprelated to clusters IV and XIVa are significamlucers of colonic Tregs
[107]. These bacteria are able to regulate theposition of the immune system by
targeting lamina propria DCs. In an inflammatonyieonment, DCs are conditioned to
secrete IL23 and to up-regulate the effector TscellConversely, at steady state,
Clostridium bacteria are able to trigger DCs to produce rétiagid and, therefore, to
induce a regulatory immune response [108]. The tiod¢ Clostridum spp play in the
intestinal immune-homeostasis has been confirmsal lay studies in IBD patients that
showed a significant reduction of these bacterigwlcompared to healthy controls
[109]. Round at al. have reported thBacteoroides fragilisis able to induce
differentiation of CDZ4 naive T cells into Tregs and to enhance their sggive function

in mice [18]. The regulatory proprieties of thisicroorganism are related to the
production of polysaccharide A (PSA). The recdgnitof this immunomodulatory
molecule by TLR2 expressed on DCs triggers FOXR#ession and subsequent IL10
release. Treatment with PSA has been shown to prewel cure experimental colitis in
mice and the same regulatory effect has been showndar @so in human cells [110].
Another example of microorganisms that modulate ithenune response is given by
Lactobacilli. Bacteria belonging to this genus have benefedtgcts on the host and are
often used as probiotics. The valuable propriatielsactobacilli depend in part on their
ability to produce lactateln vitro studies in monocytes and macrophages have shown

that this metabolite reduces TLR4 mediated indactd pro-inflammatory ILB and
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NLPRP3 inflammasome. These results were confirmedequently in mice that showed
a reduction of organ injury and inflammation [111]. addition, lactic acid bacterium
Pedicoccus acidilacticsuppress autoimmune encephalitis in EAE mice anohduce
IL10 producing regulatory T cells [112]. Furtherraprlactate triggers regulatory
phenotype on DCs [113]. Interestingly, the antlanfmatory properties of this microbial
derived metabolite appear to influence only naill@D25 cells and not nTregs [114].
Finally, butyrate, propionate and acetate are sbbain fatty acids (SCFAs) that are
produced from the gut commensal microflora and Hseen reported to contribute to the
modulation of the intestinal immune system. The ummcells express G protein coupled
receptors (GPR41 and GPR43) specific for SCFAgetbee making them particularly
susceptible to the modulatory effect of these nwdit@s [115]. Butyrate in particular has
been described as a potent immuno-regulator becaHuse capability of preventing Ag
induced T cells activation and reducing N-pNroduction while triggering IL10 release
[116]. It has been shown also to modify recruittngleucocytes to the inflammatory
site and to affecin vitro neutrophil chemotaxis [117]. Lastly, several greupave
reported that SCFAs, and in particular butyrate,able to induce FOXP3 expression on
colonic Tregs by acting as potent deacetylase iamitand, therefore, regulating gene
expression [118, 119]. Given the importance of ititerplay that exists between the
regulatory components of the immune system andiritesstinal microflora, a better
understanding of the mechanisms behind it could teapossible therapies in order to
treat and prevent the onset on several conditiool as allergies, chronic infections and

autoimmunity.
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1.6 Scope of dissertation

The aim of this dissertation is to determine teedtions in the expression of
FOXP3 isoforms may at least partially account fog tlefects in the regulatory immune
system that contribute to the onset and developmwie@D. In particular my work has
focused on measuring the expression of less fumticsoform, FOXP3A2, in CD
patients. Furthermore, | assessed the interackietvgeen Tregs and microbiome-derived
metabolites that have been described previousbh&wacterize CD patients at different

stages of the diseaf22].
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CHAPTER 2. MATERIALSAND METHODS

2.1 Human subjects: Whole blood was obtained by venipuncture fromlagatients
(between 16 and 65 years old) similarly distribubstween both sexes during routine
visits to our clinic at Massachusetts General Haspihey included non-celiac control
subjects (HC), celiac patients in remission follogvigluten free diet (CDGF) with
normal duodenal pathology (Marsh O-1I) and activdiac patients (CDA). Small
intestinal biopsies were obtained from the secamrtign of the duodenum according to
standard clinical procedure from HC, CDGF and CD#Airg clinically-indicated upper
endoscopic procedures. Patients with CD in the wokere diagnosed based on
pathological evaluation (Marsh Il at time of diagis) and positive serology results for
anti-human tissue transglutaminase IgA antibodiB©OVA Diagnostic) (manufacturer
instructions were followed and samples were evalligbsitive if values of TtG-1g&20
were detected). Patients were considered CDGFE theatime of specimens’ collection,
they have been following a gluten free diet foteaist 6 months and presented negative
serology and normal intestinal mucosa (Marsh 0)to |

All protocols were approved by the Partners Humasdarch Committee Institutional
Review Board and written informed consent was oletéifrom all enrolled patients and
controls.

2.2 Peripheral blood mononuclear cells (PBMC) isolation: PBMC were isolated from
whole blood samples by density gradient centrifiegabver Ficoll (GE Healthcare).
Briefly, whole blood was mixed with the same volumeé DPBS 1X (Gibco Life
technologies). This mix was then layered on Fid@lil) and centrifuged at room

temperature for 30 minutes at 2,100 rpm withoukéra he ring containing the PBMC
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was collected and washed twice with 10 ml of DPBSat 1,200 rpm for 10 minutes
with brake high. Number and viability of cells weatetermined using Trypan Blue dye.
Cells were frozen in 1 ml of complete medium RPN#Q Dutch modification (Gibco)
supplemented with 1% L-glutamine, 1 % penicillirdgtomycin, 1% sodium pyruvate
and 1% non essential amino acid solution (Gibcoh @0% FBS (Sigma-Aldrich) and 10
% DMSO (Sigma) and stored in liquid nitrogen uosk.

2.3 Isolation of CD4" cells from small intestinal biopsies: Four biopsies were collected
in ice-cold RPMI 1640 complete medium enriched vilil® FBS. The specimens were
then incubated for 20 minutes at room temperatugaicium and magnesium free HBSS
1X (Gibco) and 1mM DTT to eliminate mucus in excegiopsies were then incubated
twice at 37°C for 30 minutes under tilting in calcium and magjnen free HBSS 1X and
1mM EDTA to remove the epithelium. Every incubatiwas followed by a brief wash in
in calcium- and magnesium-free HBSS 1X. Finalhg intestinal lamina propria was
incubated up for 60 minutes at 3C under tilting with RPMI 1640 complete medium
enriched with 2% FBS containing 20g/ml of DNAse | (Roche) and 1 mg/ml of
collagenase (Sigma). After digestion, PBMCs weataied by Ficoll. Dynabeads CD4
positive isolation kit was used to isolate C4lls following manufacturer instructions
(Invitrogen).

2.4 PBMC stimulation: After isolation, PBMC were cultured (1*36ells/ml) for 24 or
48 hours in complete medium RPMI 1640 Dutch modtfan, supplemented with 10%
FBS, 1% L-glutamine, 1 % penicillin/streptomycirflsodium pyruvate and 1% non

essential amino acid solution with 1 mg/ml of pomsly digested gliadin (Sigma), 100
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ng/ml of IFNy (eBioscience), 1ug/ml lactate (Sigma) or butyrate (Sigma) and
combination of IFy and butyrate at 3%C, 5% CQ.

2.5 Digestion of gliadin: Whole gliadin (Sigma) (100 gr/Lyvas dissolved in 0.2 M of
hydrogen chloride (Sigma) (pH between 1.8 and ®i@) continuous stirring. Pepsin (1
gr, Sigma) was added and the solution was incubate®l?C for 4h with continuous
stirring (pH adjusted to 7.4). The solution wasedigd further with the addition of 1gr of
trypsin (Sigma) and continuous stir. The solutwas then boiled for 30 minutes and
lyophilized. Digested gliadin was confirmed negatifor endotoxins contamination
(Reagent?) and stored at room temperature until use

2.6 Isolation and stimulation of CD4"CD25 and CD4°CD25" T cells: CD4'CD25 and
CD4'CD25 T cells were isolated from PBMC with Dynabeads OQC225 Treg cells
isolation Kit (Invitrogen). CDACD25 T cells were isolated by negative selection wand
stimulated with lug/ml of lactate or with a combination ofi@/ml of butyrate and 100
ng/ml of IFNy for 48 hours in complete RPMI 1640 medium enricivéth 10% FBS, 50
U/ml of rIL2 (eBioscience), CD3/CD28 dynabeads (frogen). After having negatively
selected the CDE€D25 T cells, Treg cells were isolated by positive stiten from the
remaining cells population, expanded in completdMRR640 medium enriched with
10%FBS, 500U/ml of rIL2, CD3/CD28 dynabeads andurat in medium or with the
different stimuli for 48 hours. Purity of the twocEll populations was higher than 90%
and determined by flow cytometry. Briefly, isolat€ctells were stained with antibodies
PerCP conjugated anti-CD4 (eBioscience) and PEugatgd anti-CD25 (eBioscience).

Cells were then permeabilized with FOXP3 Staininig(&Bioscience) and intracellularly
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stained for FOXP3. Detection of CB@D25FOXP3 and CD4CD25 'FOXP3 cells
was performed with BD Bioscience software.

2.7 Isolation and stimulation of HLA-DR™ cells: HLA-DR™ cells were isolated by
negative selection from PBMC of HC and CD subjesith anti-human HLA-DR
microbeads (Militeny Biotec) and LS MACS columns iljMny Biotec) following
manufacturer directions. HLA-DRcells were then cultured for 48 hours in complete
RPMI-140 medium alone or with the addition of 1mbéhlactate.

2.8 RNA extraction from biopsies, isolated CD4" T cells, PBMC and HLA-DR cdlls:
Total RNA from PBMC, CD4CD25 T cells, CD4ACD25 Treg cells and whole biopsies
was extracted with Trizol reagent (Ambion) followirthe manufacturer’s directions.
Briefly previously homogenized biopsies and isalatells were re-suspended in 1 ml of
trizol and vortexed for 30 seconds. 1j@0of chloroform (Sigma) was added to the trizol
solution and vortexed briefly. After 5 minutes afcubation on ice, the tubes were
centrifuged at 4C for 15 minute at 14,000 rpm and the clear ligeodtaining the RNA
was collected. The same amount of isopropanol (8jgmas added to the RNA solution
and incubated at°€ for at least 1 hour. The tubes were then cegeifuat 4C for 20
minutes at 14,000 rpm and the supernatant wasrdeda50Qul of ethanol (Sigma) were
used to wash the RNA pellet and the tubes wereriiegegd at 4C for 10 minutes at
10,000 rpm. Finally the supernatants were discarded the RNA pellet was re-
suspended in RNAse/DNase free water (Gibco). Giliensmall number of cells, RNA
from CD4 T cells isolated from intestinal lamina propriasmaxtracted with RNAse
microkit (Qiagen) following manufacturer instruatm Isolated RNA was stored at -

80°C until use.
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2.9 Reversetranscription and real time RT-PCR: All RNAs were treated with DNAse

| to remove traces amounts of DNA following the macturer's instructions
(Fermentas). Reverse transcription was perfornmetlpay of total RNA

using RevertAid First Strand cDNA Synthesis Kite(frentas) and following the
manufacturer’s instructions. PerfeCta SYBR Greape®Mix (Quanta Bioscences) was
used for the Real-Time PCR (in duplicate for eaaim@e) with the following cycling
conditions: 10 minutes at 95C, followed by 40 cycles of 15 seconds af @5 30
seconds at 60C and 30 seconds at7¢, finally 1 minute at 95C and 1 minute at 85
C. Primers sequences used are listed i Hime 2.

Total FOXP3was detected by primers that amplified a regiaruched between
exon 10 and 11 of the gene where no alternativieisgl sites have been reported;
FOXP3FL was recognized by primers that spanned exaomdF&®XP3A2 was detected
by primers that spanned the junction between exandl3. The mRNA levels of genes
of interest were normalized to the house-keepiniedE8S. Relative expression of the
different genes was calculated &2 and normalized on house-keeping géB8& To
measure the ratio betwe®&®OXP3 isoforms, we determined the relative expression of
each isoform and individually calculated their edtr each sample (2! A2/22*°'FL or

2RACT R 2 RGN D),
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GENE SEQUENCE
18sForward 5-AACCCGTTGAACCCCATT-3
18sReverse 5-CCATCCAATCGGTAGTAGCG-3'

FOXP3 FLForward

5-CCATCCAATCGGTAGTAGCG-3

FOXP3 FLReverse

5-GCCTTGAGGGAGAAGACC-3

FOXP342 Forward

5 CAGCTGCAGCTCTCAACGGTG -3

FOXP242 Reverse

5" —-GCCTTGAGGGAGAAGACC-3

FOXP3 TOTForward

5-ATCTACCACTGGTTCACACG-3

FOXP3 TOTReverse

5-CTCCTTTCCTTGATCTTGAG-3’

RORJT Forward 5 —CCTGGGCTCCTGCCTGAC- 3
RORYT Reverse 5-TCTCTCTGCCCTCAGCCTTGCC-3'
IL6 Forward 5-CCAGAGCTGTGCAGATGATGTA-3
IL6 Reverse 5TTGGGTCAGGGGTGGTTATTG-3’
TbetForward 5'- GATGCGCCAGGAAGTTTCAT -3
TbhetReverse 5- GCACAATCATCTGGGTCACATT-3
IL10 Forward 5-GGGGCTTCCTAACTGCTACA-3’

IL10 Reverse

5-TCCGAGACACTGGAAGGTGA-3

CTLA4Forward 5-TCCTTGATTCTGTGTGGGTTC-3’
CTLA4Reverse 5-TTGCAGAAGACAGGGATGAA-3’

IL17A Forward 5-ACTACAACCGATCCACCTCAC-3
IL17AReverse 5-ACTTTGCCTCCCAGATCACAG-3

Table 2. Primers sequences of human genes examined biymneaRT-PCR.

31



2.10 Western Blot: Protein was isolated from PBMC before and aftenation with
butyrate and IFM by lysing the cells in 30@ of RIPA buffer (Sigma) and protease
inhibitors cocktail (Roche). Cells were agitated 15 minutes at® and centrifuged at
4,000 rpm for 15 minutes af@. Protein concentrations were measured with Difepr
assay (Biorad). Samples were denatured € 96r 5 minutes and separated on 4-20%
Novex Tris-Glycine gels (Life Technologies) at 1@0for 2 hours. Proteins were then
transferred to PVDF membranes (Life Technologiesingt X Cell Blot Module
(Invitrogen) at 25 V for 2 hours a@. Membranes were blocked with 5% BSA and
incubated with isoform non-speciftic FOXP3 (PHC101 eBioscience) at a concentration
of 4ug/ml, followed by washing and incubation with sedary HRP-conjugated
Antibody (1: 5,000) (GE HealthcareB-actin protein §—3 actin Thermo-Fisher) was
used to normalize the relative protein expresskmtein bands were visualized with
Biorad machine by ECL Western Blotting Substrate(kbcam). Proteins quantification
was performed with the Image Lab software versi@n(Biorad).

2.11 Macrophages differentiation and stimulation: CD14" cells were isolated from
PBMC of CD and HC subjects by positive selectiomgsD14 Microbeads kit and LS
MACS columns (Militeny Biotec) and following manutarer instructions. CDI4
monocytes were then cultured (2 X°1€ells/ml) overnight in complete RPMI 1640
medium supplemented with 10% FBS af@75% CQ. After overnight incubation the
monocytes were stimulated for 24 hours withgIml of lactate or a cocktail of cytokines
composed by 20 ng/ml of rIL10, riL4 (both Biolegérhd TGIB (eBioscience). Another

well without any added cytokines was used as negatntrol.
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2.12 Flow cytometry: FOXP3 protein expression was measured in PBMCréedod
after stimulation with lactate by flow cytometryfté&r 48 hours cultured PBMC were
washed for 10 minutes at 1,200 rpm with 3 ml of FAuffer (DPBS 1X + 2mM EDTA
+ 0.5% FBS). Supernatant was discarded and celis €ach well were incubated for 10
minutes at room temperature with ll0of FCR blocking (MACS). After that, antibodies
PerCP conjugated anti-CD4 and PE conjugated ang85Ckere used to stain the cells for
15 minutes at room temperature. Anti-lgG1l PercP anti-lgG2a PE were used as
isotype controls. Cells were then permeabilizethiAOXP3 Staining Kit and stained
with a FITC-conjugated antibody for FOXP3. Anti-Ily&ITC (eBioscience) was used as
isotype control. The number of CB@D25 'FOXP3cells was determined with BD
Bioscience software.

To determine the purity of isolated HLA-DE&ells and CD14+ cells, we blocked
the cells with FCR blocking for 10 minutes and rstal them respectively with PercCP
conjugated anti-human HLA-DR or FITC-conjugated-miman CD14 antibodies for 15
minutes. IgG1 PerCp and IgG2a FITC were usedagpes controls. The cells were
then processed as previously described and theypatfithe cells population was
determined by BD Bioscience software (> 90%).

To examine the number of M2 macrophages afteuilvith different stimuli,
we blocked the cells with FCR blocking for 10 miesiiand we stained them with FITC
conjugated anti-human CD206 antibody for 15 miny@®legend). Anti-lgG1 FITC
(eBioscience) was used as isotype control. The eurabCD206 cells from each well
was calculated with BD Bioscience software outltd gate representing the activated

macrophages population based on FSC and SSC values.
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2.13 ELISA: Supernatants from macrophagesdMultured in medium alone or with
lactate or cytokines cocktail were collected arafext at -80 degrees until use. The BD-
Opteia IL10 ELISA set (BD Bioscience) was used étedmine the concentration of IL10
produced by the cells in different conditions (g&saensitivity was 7.8 pg/ml). Briefly,
the plate was coated overnight with capture IL10 (Al250) at 4C. The next day the
plate was washed three times with wash buffer 14 amubated for 1h at room
temperature with diluents buffer. Following, we ubated the plate with a previously
prepared standards and un-diluted samples. The wid then washed and incubated for
1h at room temperature with detector solution (amihg 1:1000 of IL10 detector and
1:250 of SHRPV). Finally the plate was incubated3® minutes at room temperature in
the dark with previously prepared TBT buffer. Afeatding stop solution, the absorbance
was measured at 450 nm by SpectraMax M5 plate reade

2.14 Statistics: Depending on the samples distribution and the nunolbegroups to
compare, the statistical analysis of the samples meaformed by t-test, ANOVA test
two-tailed Mann-Whitney test or Krustal Wallis (waped samples) and paired t-test,
Wilcoxon test or Friedman test (paired samples)appropriate with the GraphPad
software. Standard error of the mean (SEM) was uredsto determine the dispersion
among data within the same group. In all statiktiests, ap value less than 0.05 was
considered significant. Correlation between gereegression was measured by two-

tailed Spearman or Pearson correlation analysisradi#pg on the samples distribution.
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CHAPTER 3: IMBALANCE BETWEEN FOXP3 IFORMS IN ACTIVE CELIAC
DISEASE.

3.1 Altered expression of FOXP3 isoforms, RORGT and IL17A in the intestine of
active celiac patients.

Unlike some autoimmune diseases, CD is charaetétiy an increased number
of Treg cells during the active state of the dised$]. This suggests that functional
rather than quantitative defects of this T cellsilbmay contribute to the onset and final
development of the disease. It has been desctita¢dL15 plays a role in the defective
suppressive function of Tregs in celiac patienfs ®wever, the exact mechanisms by
which this cytokine modulates the immune respomeenat fully elucidated. Given the
inability of FOXP3A2 to down-regulate the differentiation of T celsvard a Thl7
phenotype in CD patients, we hypothesized thatvan-expression of this less functional
FOXP3 isoform is related to the strong Thl7 immuesponse that characterizes the
active state of CD. We isolated RNA from whole Bnratestinal biopsies from HC,
CDA and CDGF patients and determined the gene sgiomre of totaFOXP3 FOXP3
FL andFOXP3 42 by real time RT-PCR. As expected, the expreseiototal FOXP3
was significantly higher in CDA patients, as conguaito HC p< 0.005) Fig.7A).
Interestingly, while the expression BOXP3 FLwas similar between CDA and HC, the
alternatively spliced isofornd2 was significantly higher in CDA patientp< 0.05)
(Fig.7B). In CDGF patients both isoforms were expressguifscantly more than in HC
(p< 0.05). The analysis betwed©OXP3 isoforms within the same groups of patients
showed a similar expression between the two isasorm HC subjects and CDGF
patients, while in CDA patients the less functioR@XP3 42 was significantly more

expressed than its counterpart pk 0.005) Fig.7C, D).
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Fig. 7 Increased expression of FOXP3 A2 in whole small intestinal biopsies of CDA patients.
Relative expression of tot’lOXP3and eaclFOXP3isoform was measured in HG=20), CDA
(n=22) and CDGF r=8) subjects by real time RT-PCR (A,B). The ratietvizeen the two
isoforms Q2/FL) was calculated individually for each subjectd compared among the three
groups of patients. The bars show the mean amding (aSEM in HC (white), CDA (black) and
CDGF (gray) subjects (C). Paired analysis was tségtermine the differences between the two
isoforms within the same group of patients (D). lEdot represents the mean among the mRNA
expression values + SEM. Statistical comparisongweade using Kruskall -Wallis test (A,B,C)
and Friedman test (D).p< 0.05, ** p< 0.005.



Experiments on CD4cells isolated from the lamina propria of duodeb#psies
confirmed that the differences that observed batvg@XP3isoforms ratio was due to

this specific population and not to other FOXP3resgping cellsKig. 8).
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Fig. 8: Increased expression of FOXP3 A2 in CD4" cells isolated from small intestinal
lamina propria of CDA patients. Real time RT-PCR was used to measure the relative
expression oFOXP3isoforms in CD4 cells isolated from small intestinal biopsies i€ kh=5)

and CDA (=4) patients (A). The ratio between isoform2/FL) was calculated individually for
each subject and compared between the two groypJ @ bars show the mean among ratios *
SEM in HC (white), CDA (black). Paired analysis wesed to further determine the differences
between the two isoforms within the same group aifegmts (C). Each dot represents the mean
among the mRNA expression values + SEM. Real timéPRR data were normalized to house-
keeping gend8S Statistical comparisons were made by using Krudkallis test (A,B) and
Friedman test (C). p<0.05.
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FOXP3A2 has been shown to be defective in down-reguldhiegexpression of
RORYT and, therefore, the Th17 driven immune respoidi®¢ [We decided to measure
the gene expression &#ORGTin small intestinal biopsies from HC, CDGF and CDA
subjects by real time RT-PCR. In CDA patieRORGTexpression was higher than in
HC and CDGF subjectsFi{g. 9A) and was positively correlated withROXP3 42
expression(p<0.095 (Fig. 9B). Measurements of the pro-inflammatory cytoklh&7A
further confirmed not only the role of Th17 respemns CDA patients, but also showed a
significant positive correlation between the expras of IL17A and the alternatively
spliced isoformFOXP3 42 (Fig. 9C, D). Although in a small amount of samples, the
same increased expression RORGTIin CDA positively correlated witiFOXP3 42
expression was observed also in Cdlls isolated from small intestinal lamina prapri
(Fig. 10). Collectively these data highlight the presemean imbalance between
FOXP3isoforms in the small intestine of CDA patientaur@indings show that CDA
patients are characterized by an increased expressi the less functional FOXP3
isoform that correlates with a higher expressionR@RGT and pro-inflammatory
cytokine IL17A. Given the defective role of the fisiom FOXP3 42 in down-regulating
RORGTexpression, these findings suggest that the unbathratio between FOXP3

isoforms may contribute to the Th17 induced patheges of CD.
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Fig. 9: Increased expression of RORGT and IL17A in small intestinal biopsies of CDA
patients. Relative expression dRORGTwas measured in H®$13), CDA f=13) and CDGF
(n=9) subjects by real time RT-PCR (A). The positteerelation (r=0.7) between the expression
of FOXP3 42 andRORGTwas determined in CDA subjects for which we hallies for both
genes 1=13) by two tailed Spearman correlation analysislaive expression ofL17A was
measured in HCnE6) and CDA (=8) subjects by real-time RT-PCR (C). The positive
correlation (r=0.4) betweeh.17A and FOXP3 42 expression was determined in CDA patients
(n=8) by two tailed Pearson correlation analysis.|Rieae RT-PCR data were normalized to
house-keeping geris8S Statistical comparisons were made using One Wa@¥A test (A) and
Mann-Whitney test (C).
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Fig.10: Increased expression of RORGT in CD4" cells isolated from small intestinal
lamina propria of CDA patients. Relative expression ®]8#ORGTwas measured in HQ%£5)
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3.2 The expression of FOXP3 isoforms on peripheral blood mononuclear cells is
similar between celiac patients and contr ol subjects.

The intestine represents a unique and highly devenicroenvironment and it is
not surprising that the immune cells that are ledan the intestine do not share the same
phenotypes and properties of those circulatinpéntiood stream. We aimed to test if the
differences inFOXP3 42 expression found in the intestine of CDA patiesresented
an event restricted exclusively to the intestirahpartment. We measured by real time
RT-PCR the gene expressionfk®XP3 FLand42 in PBMC isolated from CDA, CDGF
and HC patients. From our analyses we did not &ng differences among the three
groups of patientsHig. 11A). Furthermore, while in the intestine of HC and @Pthe
two FOXP3isoforms were similarly expressed, the data frddME showed that in all
groupsFOXP3 42 was significantly more expressed than its coumterpL (Fig. 11B,

C). In addition, the expression &ORGTwas not higher in CDA patients, as compared
to HC, emphasizing the importance of the ratio leetwthe two major FOXP3oforms

in regulatingRORGT expression Kig.11D). Overall, these findings show that in HC

subjects the ratio between FOXP3 isoforms in cating) Tregs is different from the one

in pTregs located in the intestine while in CD pats the less functional FOXP3 D2 is

more expressed than its counterpart FL in both S pgpulations. We hypothesize that
alterations within the gut milieu of CD patientsyr@ntribute to the development of the

disease by modulating the ratio between FOXP3 raig0Given the heterogeneity of the

PBMC population, however, more studies focusecherigolated CD4peripheral T cells

would be useful to confirm these conclusions.
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Fig.11: Same expression of FOXP3 isoforms and RORGT between peripheral blood
mononuclear cels (PBMC) of CDA and HC subjects. Real time RT-PCR was used to measure
the relative expression of boBOXP3isoforms separately (A) arRORGT(D) HC (h=12), CDA
(n=11) and CDGFr=6). The ratio between the two isoforrd®(FL) was calculated individually
for each subject and compared among the three grofipatients. The bars show the mean
among ratios + SEM in HC (white), CDA (black) an®GF (gray) subjects (B). Paired analysis
was used to further determine the differences batvtlee two isoforms within the same group of
patients (C). Each dot represents the mean amangnBRNA expression values = SEM. Real
time RT-PCR data were normalized to house-keepeme ¢8S Statistical comparisons were
made using Krustal Wallis test (A,B), unpairedst ) and Wilcoxon (C). p< 0.05.
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3.3 PT-gliadin does not affect the ratio between FOXP3 isofor ms expression.

CD represents a unique model of autoimmunity bexaofs the knowledge of its
environmental trigger, gliadin [1]. Different glimdpeptides have been shown to have
specific roles in triggering the development of GDch as induction of intestinal
permeability and cytotoxic or immunomodulatory pedpes [120].

We hypothesized that gliadin may trigger the itted changes inFOXP3
isoforms that we found between HC and CD patidMs.reasoned that this would also
explain the absence BOXP3isoforms imbalance that we observed in subjedksviing
a gluten free diet. We stimulated PBMC from HC &M patients in remission (CD)
with gliadin previously digested with pepsin angpgin (PTG). We then measured the
gene expression of the two maf®XP3isoforms by real time RT-PCR. There were no
differences inFOXP3 isoform expression upon stimulation with PTGig, 12A).
Furthermore, both groups of patients showed hitghezls of FOXP342 as compared to
FL (Fig. 12B, C). Relative expression di.6 was used as positive control to determine
the efficacy of the PBMC stimulation with PT-gliadiFig.12D). Although gliadin is the
recognized environmental trigger for CD, our fimgs suggest that it is not able to
modulate the balance betwee®XP3isoforms within the PBMC population in HC nor
CD patients. It is plausible to hypothesize thdteotcomponents present during the
inflammatory process in the intestine of CD sulgatiay play a role in sustaining the

imbalance between FOXP3 isoforms in this groupatiemts.
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Fig.12. PT-gliadin does not modulate expression of FOXP3 isoforms in PBMC.
PBMC from HC and CD patients were cultured with medalone or with PT-gliadin
(PTG). Expression dFOXP3isoforms was measured before and after stimulatid#C
(n=7) and CD §=7) patients (A). Ratio between FOXP3 isoforih&/FL) was calculated
individually for each subject. (B). Paired analysigs used to determine the differences
between the two isoforms within the same groupatiepts (C). Expression ®f6 was
measured as positive control of PTG-induced stitiaria(D). Statistical comparisons
were made using Wicoxon test (A,B,D), Mann-WhitByl{) and Krustal-Wallis test (C).

* p< 0.05.



3.4 Summary of chapter 3

We have shown that active CD patients are chaiaeteby an intestinal over-expression
of the less functional isoforrAROXP342 that positively correlates with a high expression
of RORGT Furthermore, our data have also demonstratadirththe intestine of HC
subjects the two isoforms are equally expressedewnhiactive CD patients the ratio
betweenFOXP3 FLand 42 is skewed toward the latter. These findings ssgteat
alterations in the ratio between isoforms contebtd the development of CD and, in
particular, to the Th17 driven immune response tiaracterizes active CD patients.
Our data on PBMC showed that the altered expressi¢iOXP3isoforms was present
exclusively at intestinal level, therefore suggesgta role of the specific gut milieu in

modulating the ratio betwedfOXP3 FLand4Z2.
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CHAPTER 4. ROLE OF THE MICROBIAL DERIVED SHORT CHAIN FATTY
ACID BUTYRATE COMBINED WITH PRO-INFLAMMATORY CYTOKINE
IFN-y IN MODULATING FOXP3 ISOFORMS EXPRESSION DURING THE
ACTIVE PHASE OF CELIAC DISEASE.

4.1 Expression of FOXP3 isoforms is not modulated by stimulation with 1FNy or
butyrate.

In CD patients, the digestion of gluten triggersagacade of events that eventually
leads to enteric damage. Thus, the intestinal rarormonment of CDA patients is very
different from one found in HC subjects or CD pat#ein remission. The active state of
CD is characterized by a strong Thl driven proaimimatory response that leads to a
high production of cytokine IFN [6]. In addition, changes in the microbiota compos
such as high levels of butyrate and reduced miorobi diversity have also been
described in CDA patients. We aimed to determinthig pro-inflammatory cytokine
or the microbial derived metabolite alone were atdemodulate the expression of
FOXP3 isoforms. We isolated PBMC from HC and CDigyds in remission and we
stimulated them for 48h hours respectively withud/ml of butyrate or 100 ng/ml of

IFNy D000 000000000000000000 [22, 121]. Our data showed that neither

IFNy nor butyrate alone had any effect in altering rdutgo betweerFOXP3isoforms in

HC or CD subjectsHig. 13).

51



*%

FL

2.0x107°1

1.5x107°
1.0x107°4
5.0x107°4

JONdd pareinwisun ul

SWI0JOSI EdX 04
10 sisAfeue palred

o~ HC
-+ CD

FL

0.0

2.0x10°4

>

1.5%107°4
1.0x10751
5.0x107%4
0.0

NI yim pareinwins JINgd

suuojosl gdX04
10 sisAjeue paired

(A)

52



2.0x107°+

1.5%10°1

1.0%10°

FOXP3 isoforms
in unstimulated PBMC

5.0x107-

Paired analysis of

0.0 T T
FL A2

2.0x107°1
-~ HC

1.5x10°5- =+ CD

**

1.0%10°

FOXP3 isoforms
PBMC stimulated with butyrate

5.0x10°

Paired analysis of

0.0 T T
FL A2

(B)

Fig. 13. Stimulation with IFNy or butyrate alone does not modulate expression of FOXP3
isoforms in PBMC. Paired analysis was used to determine the difte®rmetween the two
isoforms’ expression within the same group of patiein PBMC from HC =12 for IFNy
experiment anah=19 for butyrate experiment) and CB=Q0 for IFNy experiment anah=20 for
butyrate experiment) subjects were cultured forhé8rs in medium alone or stimulated with
either 100 ng/ml of IFM(A) or 1 ug/ml of butyrate (B). Each dot represents the nmaaong the
MRNA expression values + SEM. Differences betwelea telative expression dfFOXP3
isoforms within each group was determined in HC @min both cultures conditions. Relative
real-time RT-PCR data were normalized to houseikgegenel8S Statistical comparisons were
made using Wilcoxon test or paired t-Test (A,Bjp<*0.05, **p< 0.005.
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4.2 Combined effect of pro-inflammatory cytokine IFNy plus butyrate on
modulating the ratio between FOXP3 isoforms expression in PBMC.

We aimed to see if a combination of the pro-inflaatory cytokine IFN and the
microbial derived metabolite butyrate is able tmger changes in FOXP3 isoforms
expression. PBMC from HC and CD subjects in remrs were stimulated with a
combination of 100 ng/ml of IFNand 1 mg/ml of butyrate for 48 hours. In both H@l a
CD PBMC we saw an equal abundance of the two istdofrrespective of the
stimulation with IFN and butyrateRig. 14A). In CD PBMC the ratio between isoforms
was higher than HC even without stimulation and 8&#%FL ratio was not further
increased<0.05) Fig. 14B). Interestingly the stimulation with IFNand butyrate led to
a balance between isoforms in HC subjects, whil€lh patientsA2 was maintained
more expressed than its counterpart FL after statiand (<0.005) fFig. 14C). The
balance betweeROXP3isoforms in HC subjects paralleled with a sigrafic decrease in
RORGTmMRNA expression after stimulatiop<0.05) in these patients but not in CD

subjects Fig. 14D, E).
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Fig 14. IFNy and butyrate modulate expression of FOXP3 isoforms in PBMC of HC
subjects. Expression ofFOXP3 and RORGTwas measured by RT-PCR (A, D). The ratio
between the relative expressiond=-6iXP3isoforms f2/FL) was calculated individually for each
subject in HC and CD cultured with medium alone @)Eor stimulated (STIM) (B). Paired
analysis was used to further determine the difis@enbetween the two isoforms’ expression
within the same group of patients (C). Negativeradation between the expressionRORGT
and the ratioFOXP3 FLA2 was confirmed by two-tailed Spearman correlatioalysis (E).
Statistical comparisons were made using FriedmakN@DVA.* p< 0.05, **p<0.005.
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We performed a western blot assay to confirm tiesgnce of the two isoforms at
protein level in both groups of patients before afi@r stimulation Fig. 15A). The
analysis of FOXP3 proteins showed that stimulatieareased th&2/FL ratio in HC, but
increased the ratio in CD patieni&d. 15B). In addition, the stimulation of PBMC with
the pro-inflammatory cytokine and the microbial ided metabolite triggered a
significant reduction in gene expression of antialimmatory cytokinelL10 in both
groups of subjectsF{g.16A). The same stimuli did not alter the expressiofCoi.A4
another important co-inhibitory molecule charadtgeiof the Tregs subpopulatioRig.
16B), therefore underlying the influence that theadietween FOXP3 isoforms exerts on
regulating RORT expression, but not other molecules that charnaeteTreg cells.
Relative expression afbetwas used as positive control to confirm the edficty of the
stimulation Fig. 16C).

Collectively, these data suggest that in HC subjea pro-inflammatory
microenvironment, such as one enriched ofyil@Nd butyrate, contributes to establishing
the balance between the two major FOXP3 isoforndditfonally the stimulation of
PBMC with IFNy and butyrate also led to a decreased expressitnaradcription factor
RORGT This response to a “pro-inflammatory like” miliecould represent a
compensatory mechanism adopted by PBMC of HC stsbfecefficiently respond to
inflammation. Our data show that the same stimolindt trigger a balance between
isoforms in cells from CD patients and that in thesubjects the defective FOXP3
isoform is sustainably more expressed than FOXP3TRLs may account for the lack of
proper immune response regulation that charactei@e patients and consequently to

the development of CD.
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Fig.15. Protein levels of FOXP3 isoforms in PBMC stimulated with butyrate and IFNy.
Protein levels of splice variants were analyzedwsstern blot using isoform-non specific
FOXP3 antibody PCH101. The ratio between FOXP3oisof§ (2/FL) was calculated
normalizing the relative protein expression of e@diorms tof3-actin in PBMC isolated from
HC (h=3) and CD subject:€3) before (MED) and after stimulation (STIM) (A)Nestern blot
of FOXP3 protein detection in PBMC cultured withdnen alone (MED) or with butyrate and
IFNy (STIM) is representative of three independent erpents on PBMC from HC and CD
patients (B).
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Fig 16. Relative expression of 1L10, CTLA4 and Thet in PBMC stimulated with IFNy and
butyrate. PBMC from HC and CD patients in remission werduwed for 48 hours in medium
alone (MED) or stimulated with 100 ng/ml of IFNind 1pg/ml of butyrate (STIM). Relative
expression ofL10 andCTLA4was measured by relative real time RT-PCR (A, B¢ (=7 for
IL10 andn=8 for CTLA; CD n=10). Relative expression dbetwas measured in a subgroup of
subjects (=11) as positive control to confirm the efficacy thle stimulation (C). Statistical
comparisons were made using Wilcoxon, paired t-Fgst 0.05, **p<0.005.
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4.3 Effect of butyrate and IFNy on the expression of FOXP3 isoformsin CD4'CD25"
Tregand CD4'CD25 T cdlls.

Although for some time FOXP3 has been considenedestablished master
transcription factor for Tregs, its expression @nup-regulated also in CD@D25 T
cells. We aimed to understand the precise cellsesuhrgeted by IFNand butyrate. We
isolated CDACD25 T cells and CD4CD25" Tregs from HC and CD patients and we
stimulated them with a combination of Idlus butyrate. We then analyzed the gene
expression of botirOXP3isoforms by real-time RT-PCR. Our experimentsToags
showed that IFMand butyrate triggered a balance betw&&XP3 isoforms in HC
subjects but not in cells isolated from CD patiemsmicking what we showed
previously in PBMC Fig. 17A). We did not see changes in the overall ratiavbenh
isoforms in the two groups of patient&sad. 17B). In contrast to what we observed in the
Tregs population, our data on CI¥D25 T cells showed that stimulation with IFNnd
butyrate did not trigger a balance between isofamtdC patients and that expression of
FOXP3 A2 remained higher than its counterpart FL in both &d CD subjects~g.
17C, D). The purity of different T cells populations wdstermined by flow-cytometry
(Fig. 18). Collectively these data confirm our findings BBMC and show that the pro-
inflammatory cytokine, IFM and the microbial derived metabolite, butyrate dmate
the expression ofFOXP3 isoforms in HC subjects by directly targeting Tseg
Furthermore our experiments show that the transiexpression of FOXP3 on

CD4'CD25 T cells does not account for these changes.
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Fig. 17: Stimulation with 1FNy and butyrate modulates expression of FOXP3 isoforms in
CD4'CD25" Treg and CD4'CD25 T cellsin CD patients. The effect of butyrate and Ifn
FOXP3isoforms expression was evaluated by RT-PCR on'CD25 Treg (HCn=6, CDn=6)

and CD4CD25 Teff cells (HCn=8 and and Ch=11). Paired analysis was used to determine
differences between the two isoforms’ expressiorbath groups of patients respectively in
CD4'CD25 Treg (A) and CDACD25 T cells (C). The ratio betwedfOXP3isoforms (\2/FL)
was calculated individually for each subject in d@d CD (B,D). Statistical comparisons were
made using Wilcoxon test and Paired t-test (A, @) lKrustal-Wallis test (B,D). H< 0.05.
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4.4 Summary of chapter 4

Our experiments with IF{Nand butyrate showed for the first time that thecpss
of alternative splicing on Tregs can be modulatgd ab combination of the pro-
inflammatory cytokine and the microbial derived at®ilite. In addition, we showed that
Tregs from CD patients respond differently thanlscdfom HC subjects to the
stimulation. These findings suggest a mechanisgtic between immune regulation and
the specific gut microenvironment.
We hypothesize that the balance between FOXP3rissfoeached in HC subjects may
represent a compensatory mechanism that allowssTtegefficiently regulate the
inflammation. Conversely the absence of balancedsst isoforms that we saw in Tregs
from CD patients upon stimulation may account foe up-regulation of Thl7 pro-

inflammatory immune response that characterizgé#tieogenesis of CD.
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CHAPTER 5. ROLE OF THE MICROBIAL DERIVED METABOLITE
LACTATE IN MODULATING FOXP31SOFORMS EXPRESSION DURING THE
PRECLINICAL PHASE OF CELIAC DISEASE.

5.1 Microbial derived lactate modulates FOXP3 isoforms expression in PBMC.

We demonstrated previously that prior to the on$¢the disease, the microbiome
from infants genetically predisposed to CD is chtmazed by high levels of lactate
correlated with a high number thctobacilli spp.[22]. We aimed to investigate if this
microbial derived metabolite may modulate the espien of FOXP3 in CD patients
contributing eventually to the onset of the dise&%gen the important role of Tregs in
regulating the intestinal immune homeostasis framearly age, we hypothesized that
this subset of cells may be particularly susceetitd the influence of lactate. We
stimulated PBMC from adult HC subjects and CD puasiein remission with the
microbial derived metabolite and we measured thgression of botiFOXP3isoforms.
Our experiments showed that, upon stimulation \attate, botfFOXP3isoforms were
significantly increased in CD patients compare#i@® subjectsig< 0.005) Fig. 19A). In
contrast to what we previously found in PBMC stiatatl with butyrate and IR\ the
skewed ratio between the tWweOXP3 isoforms towardFOXP3 A2 was maintained in
both groups of subjectp< 0.005) Fig. 19B, C). Flow cytometry analysis confirmed
that, after stimulation with lactate, the total eegsion of FOXP3 increased in CD
patients compared to HC subjects< (0.05) €ig. 20). Surprisingly, the increased
expression of FOXP3 in CD patients after stimulatiath lactate did not correlate with a
higher expression of the anti-inflammatory cytokihd0O (Fig.21A). Furthermore our
experiments did not show any differences in thatret expression of transcription factor

RORGT(Fig. 21B). Collectively these data show that PBMC from @&ients respond
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to the stimulation with lactate by increasing FOX#ression, while in HC subjects the

metabolite does not have the same effect. This esiggthat PBMC from the two

different groups respond differently to the samerpgnvironment.
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Fig. 19: Stimulation with lactate modulates expression of FOXP3 isoformsin PBMC of CD
patients. The effect of lactate oROXP3 isoforms expression was evaluated by RT-PCR on
PBMC from HC subjectsnE16) and CD patientsn€23) after stimulation (A). Paired analysis
was used to determine differences between the $ai@rims’ expression within each group of
patients in both cultures conditions (B). The rdimtween the relative expressionsF@XP3
isoforms Q2/FL) was calculated individually for each subjéttHC and CD (C). Statistical
comparisons were made using Friedman (A, D) andtdiwallis test (B,C). < 0.05,** p<
0.005.
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Fig. 20 Protein expression of FOXP3 in PBMC upon stimulation with lactate. Flow
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Fig. 21: Relative expression of IL10 and RORGT in PBMC upon stimulation with lactate.
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(B) before and after stimulation in PBMC from H@=(@4 for IL10 andn=23 for RORGT and
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Overall these data suggest that PBMC from CD ar@ s$dibjects respond
differently to a lactate enriched milieu. Furthene they demonstrate that lactate is able
to trigger an increase in the total amount of FOX#PBD patients, but that this does not
necessarily correspond to an increased supprefsiegon of the cells as demonstrated
by the measurements f10 gene expression. Finally, the lack of differenceRORGT
between the HC and CD subjects, suggests that atie between the two FOXP3
isoforms is important in modulating the regulatmfthis transcription factor rather than

the total FOXP3.

5.2 FOXP3 isoforms expression in celiac patients on CD4°CD25" or CD4'CD25 T
cellsisnot modulated by stimulation with lactate.

We sought to better understand how lactate was &blinduce the increased
expression of both FOXP3 isoforms in CD patientg Mblated CD4CD25 T cells and
CD4'CD25 Tregs from HC and CD patients and stimulated theth thhe microbial-
derived metabolite for 48 hours. From our experitheme found that lactate-stimulated
Treg cells from CD patients did not show an inceglasxpression dFOXP3 isoforms
compared to HC subject&if. 22A). This, refutes the hypothesis that this micrbbia
derived metabolite directly targets this subsetaifs. Interestingly, lactate stimulation
of CD4'CD25 T cells led to a higher expressionf®XP3FL (p< 0.05) in CD patients
as compared to HC subjects, but noEGIXP3A2 (Fig. 22B). Taken together these data
indicate that lactate does not modulate expressi¢gtOXP3isoforms in CD patients by
directly targeting Treg cells, suggesting a roleanbther subset of cells included in the
PBMC population as intermediate players betweerg Tard the metabolite for this

modulation.
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5.3 Modulation of FOXP3 isoforms expression on Tregs of celiac patients requires

HLA-DR" cdlls.

We aimed to investigate which subset of cells @équired to modulate the
expression FOXP3 isoforms on Tregs following stiatioin with lactate. Among the
PBMC population, APC cells are particularly susd#pt to the surrounding
microenvironment and several studies have shown th@wvmicrobiome contributes to
regulate their function [110, 115]. APC cells almmacterized by high expression of the
HLA-DR molecule. This allows the cells to triggen adaptive immune response by
recognizing the Ag and presenting it to T cellsZ1223]. We isolated from PBMC of
HC and CD patients a subset of HLA-Dgells that did not include APC, and stimulated
them with lactate. We next examined the effect tha metabolite had on these cells by
measuring the gene expression of b&@XP3 isoforms. The purity of HLA-DR
population was determined by flow-cytometfid.23A). Our data showed that lactate
had no effect oFOXP3expression in either group of patienisg, 23B). These findings
suggest that lactate is able to modulate FOX3 espya in CD patients by triggering
changes on a subset of HLA-DR+ cells such as AP& that these cells serve as

“intermediate” between the metabolite and Tregscell
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Fig. 22: Lactate does not modulate expression of FOXP3 isoformsin CD4'CD25" Treg and
CD4'CD25 T cells upon stimulation with lactate. The effect of lactate on the relative
expression of botlrOXP3isoforms was evaluated by real time RT-PCR in GIBR5 Treg
(HC n=6, CDn=6) and CDACD25 T cells (HCn=8 and and Cn=11). CD4CD25" Treg (A)
and CD4CD25 T cells (B) were isolated from PBMC respectively @iouble positive and
negative selection and cultured for 48 hours wigdimm alone or with ug/ml of lactate. The
relative expression oFOXP3 isoforms was normalized ob8S Statistical comparisons were
made using Friedman test (A) and Krustal Wallis (B3. * p< 0.05.** p< 0.005.
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Fig.23: Lactate does not modulate FOXP3 expression on in HLA-DR™ cells. HLA-DR™ cells
were isolated from PBMC of HG8) and CD Ki=6) and stimulated for 48 hours withugy/ml
of lactate. Purity of HLA-DRsubset of cells was higher than 90% by flow-cytoymnéA). The
relative expression dfFOXP3isoforms was determined by real-time RT-PCR amidesented as
FOLDS differences (B). The expression of each isofin the unstimulated cells (MEDIUM)

was considered as 1 fold. The relative expressfoRQXP3 isoforms was normalized atB8S
Statistical comparisons were made using Friedmstrated Krustal Wallis test. < 0.05.**
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5.4 L actate does not induce alter native activation of macrophages.

M® are important APC that represent a bridge betwieeate and adaptive
immune response [124]. Two main types of maturféerdintiated MP have been
described: the classically (M1) and the alterndyivactivated (M2). While M1
contribute to the pro-inflammatory immune resporagainst microorganisms, M2
macrophages display a regulatory function by aténg the inflammatory response and
promoting wound healing [125]. Their maturation iluced by anti-inflammatory
cytokines such as IL10 and TGFout also by Th2 cytokines IL13 and IL4 or paresit
and fungal cells. M2 macrophages secrete IL10candnduce functional CDEOXP3
Tregs via TGB[124]. Given the role that lactate was shown previouslyplay in
regulating the immune system [111, 123], we hypsittesl that this microbial derived
metabolite may represent an additional new M2 ieduihereby explaining the increased
expression of FOXP3 in CD patients. We isolatedl€xells from PBMC of HC and
CD subjects and we culture them for 24 hours widdimm alone, with ug/ml of lactate
or with a cocktail of cytokines (IL10, IL4 and T@}-as previously described [126]. Flow
cytometry was used to determine the purity of thB1€ cells Fig. 24A). We
determined the percentage of M2 as CD206ls by flow cytometry. Our analysis did
not show any differences in the percentage of M2@® between M cultured in
medium alone or stimulated with lactate in eith& @ HC subjectsKig.24B). The lack
of differences in regulatory M population was also confirmed by measuring IL10
production Fig. 24C). Collectively our findings show that M2 inducti@annot account

for the increased expression of FOXP3 in PBMC of @ddents stimulated with lactate
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and suggest that this microbial-derived metabdtlitggers cells population other than

M.
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Fig.24: Detection of CD206" M2 macrophages and production of 1L10. Flow cytometry was
used to determine the percentage of CD2@8 macrophages. Purity of CD1#&olate cells for
subsequent macrophages differentiation was detedmiby flow cytometry (A). Mature
macrophages (MM) sub-population was gated dependingSSC and FSC parameters.
Percentage of CD20&ells was measured within the MM gate in cellsrfrelC (=7) and CD
(n=7) patients that were cultured in medium alonienated with 1ug/ml of lactate or with
positive control (cocktail of IL10, IL4 and T@ (B). Differences in IL10 production were
measured by ELISA in the three different culturaaitons (C).
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5.5 Summary of chapter 5.

We have shown that lactate triggers an increasg@dession of both FOXP3
isoforms in CD patients compared to HC subjects. dada on different T cells subsets,
however, suggest that this microbial-derived mditdbdoes not directly modulate Treg
cells, but probably triggers a subpopulation of AP(’he experiments on macrophages
show that lactate does not induce M2 marker exjmessn these cells suggesting the
involvement of other APCs subpopulations. We aleehalso showed that lactate did not
lead to an increase in anti-inflammatdiyi0 or RORGTexpression. Taken together,
these data suggest that innate alterations imtiheune cells of CD patients contribute to

the differences in how they respond to their suncings.
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CHAPTER 6. Discussion.

Celiac disease represents a unique model of antoima enteropathy because the
external trigger, gliadin, as well as the genetiedgsposition, HLA DQ2/DQ8, are well
known [1]. The rapid worldwide increase in the dece of CD patients that has
characterized the last decades [127, 128], howeweggests that additional
environmental factors may contribute to the on$¢the disease.

For many years, CD was considered to be exclusegdgdiatric condition, but it is now
well established that this autoimmune disease e&weldp in patients at any age. The
mechanisms that trigger the loss of tolerance tdegl later in life are still not fully
understood. Tregs have been shown to play an tampmorole in regulating immune
homeostasis and in controlling chronic immune rasps in the Gl tract [26{5iven the
increased number of Tregs that characterizes CD {tliz plausible to hypothesize that
qualitative, rather than quantitative, defectshis fT cells subpopulation, contribute to the
final development of the disease.

FOXP3 is a transcription factor necessary for suppressive function and
differentiation of Treg cells and, in humans, ihexist as full-length isoform (FL) or as
the alternatively spliced isoform FOXR2 [80]. This latter isoform lacks exon 2 and
has been shown to be defective in inhibiting thesteraregulator for Th1l7 cells,
transcription factor RO [79]. We reported that in the intestine of CDAtipnts the
less functional isoformFOXP3 A2, but not its counterpart FL, is expressed at
significantly higher levels than in HC. Interestywgwe also found that the relative

amount ofFOXP3A2 in the gut mucosa of CDA patients was higher tieenFL, while
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the two isoforms were similarly expressed in HCjscis and CDGF patients. These
findings suggest that the imbalance between isadpmaither than the total amount of
FOXP3, contributes to the defective function ofggén CDA patients. Our experiments
confirmed that the over-expression BOXP3 A2 versus FL in CDA patients was
positively correlated with higher mRNA levels BORGTand the pro-inflammatory
cytokine IL17A Given the role that the Th17 pro-inflammatory iome response plays
in the pathogenesis of CD [129, 130], it is plalesito hypothesize that the imbalance
between FOXP3 isoforms plays a major role in thesigpment of active CD by failing
in down-regulating Th17 driven immune response.

Although FOXP3 A2 has been shown to be defective in inhibiting Thdrb-
inflammatory immune response, its exact functiosti$ matter of debate [79, 80]. For
instance it is yet unknown if the two isoforms asg@ressed contemporarily on the same
cells or if each one of them characterizes a diffesubset of Tregs. Both isoforms are
expressed at high levels on Treg cells and thetefkenction of the less functional
FOXP3A2 is still unknown. A better understanding on htveste isoforms are expressed
on Tregs would provide new insights on their raterégulating the immune system.
While we have reported that both isoforms are dgu@xipressed in the intestinal samples
of HC and CDGF patients, our data from PBMC did stmdw the same balance and we
did not find differences iIRORGTexpression among the three groups of patients (HC,
CDGF and CDA). Collectively these data suggestttimaiunique features of the intestinal
microenvironment contribute to modulate the expogssf FOXP3 isoforms in pTregs.
More experiments on Tregs isolated from the inbestamina propria are necessary to

better understand and investigate the mechanisatsréigulate the alternative splicing
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process in the intestine. Given the plasticity tttadracterizes the Th17 and pTregs, this
would allow to take in consideration new specificghrgeted therapeutic approaches for
the diseases for which Th17 driven immune respplegs a major role. The deficiency
of FOXP3A2 in down-regulating RO appears to be an intrinsic characteristic of this
isoform. A better understanding on how the plastibetween Treg and Th17 plays a
role in the pathogenesis of CD may help to cldnibyv the over-expression of FOXR2
ultimately contributes to the loss of tolerancgliaten in predisposed subjets.

T cells have been shown to be pddrby susceptible to surrounding signals
[131], therefore, it is not surprising that a gadpulation may have different phenotypes
depending on their microenvironment. The intes$tinalieu is populated with
commensal bacteria that play a fundamental rolshaping the immune system by
interacting directly with immune cells to eitheoprote or down-regulate inflammatory
processes [132]. Several studies have reportedntestinal dysbiosis is associated with
CD and that this may contribute to the developmanthe disease [133-135]. Our
findings demonstrated the combination of the pftammatory cytokine, IFM plus
microbial-derived butyrate (both present in theestine of CDA patients) created a gut
micro-milieu that established a balance betweerviloe=FOXP3 isoforms in HC subjects.
The same balance between isoforms was not preséPBMC from CD patients after
stimulation. Additionally we have shown that thensaeffect was not seen when the
PBMC were stimulated with only one of the two molles. All together these findings
suggest for the first time a synergistic actionwssin IFN/ and the butyrate and
underscore the strong connection between the immaystem and the microflora. The

role of butyrate in regulating the immune systers baen previously described. This
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short chain fatty acid has been shown to induce F®Xxpression and Treg cell
differentiation in the colonic lamina propria armdpgromoteFOXP3promoter acetylation
[115, 118, 136]. Although the production of SCFAsIs as butyrate mainly characterizes
the colon, their presence has been reported algbeircecum and the small intestine
[137]. Goverse et al. have shown that this speniktabolite is able to induce tolerogenic
DCs activation via HDAC inhibition in the small agtine epithelial cells [138]n vivo
experiments in mice have shown that this SCFA &igdregs induction and ameliorates
the development of colitis by enhancing histonedd8tylation in the promoter and non-
coding sequences regionsfokp3locus [118]. Furthermore Zhang et al. have regubrt
the role of butyrate in regulating the Treg/Thl7abae therefore preventing IBD
development in mice [139]. Similar butyrate meelthinti-Th17 effects have been also
found in human cells. Similarly to butyrate, alsdNy has been reported to contribute to
be able to induce of Tregs differentiation [138].

Our experiments on different subsets of T cellsrelg CD4CD25 T effector cells and
CD4'CD25™ Treg cells) suggest that the butyrate and theinftammatory cytokine
target directly Treg cells.

The hypothesis that a specific microenvironmenirgugut homing may influence the
alternative splicing machinery has been alreadgesigd by Mailer et al. In their study,
the authors showed that patients affected by Ceoltisease display an increased
expression of the less common FOXP3 isoform lackxwn 7 and that pro-inflammatory
cytokine IL13 was inducing the alternative splicing [85].

Collectively our experiments show how cells from @&tients respond differently than

cells from CD subjects to the stimulation with N-&hd butyrate. Based on our findings,
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it is tempting to hypothesize that in HC subjetts stimulation with IFN and butyrate
may mimic a pro-inflammatory environment that tegg the balance betwe&®OXP3
isoforms therefore representing a compensatory arestm used by Treg cells to become
more efficient at responding to mucosal inflamnmatidregs cells from CD patients
respond differently to the two stimuli and we dot me@e the same balance between
isoforms. This may account for the lack of propeti-anflammatory response and the
subsequent chronic mucosal inflammatory processdharacterizes the active state of
the disease despite the high number of Treg cells.

Although our experiments suggest fhag cells are directed affected by the
combination of IFN and butyrate, they do not address the pathwaysviigh the
modulation of FOXP3 isoforms occurs. Several G girotoupled receptors have been
shown to specifically recognize butyrate [140, 14diyen their epithelial expression
however, their activation would not account for theect effect of the SCFA on Tregs.
Microbial components and metabolites have beenrtegpdo trigger several TLRs on
either T conventional cells and Tregs. TLR2, TLRLR6 are similarly expressed on
both Tregs and T effector conventional cells. Imliadn, Tregs express significantly
more TLR4, TLR5, TLR7 and TLR8 compared to T efteatells [142]. While the effect
of TLR4 activation on Tregs is still under debatéias been shown that TLR5 binding to
Tregs is able to induce FOXP3 expression and tleppressive function [32].
Similarly, also TLR2 has been demonstrated to plagamental role in regulating Tregs
expansion and function [143]. Given the crucidérimat TLRs play in the regulation of
T cell differentiation and the link existing betwemicrobiome and immune system, it is

plausible that butyrate may act as a TLR ligandher&fore it will be interesting to
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examine the effect that this microbial derived rbetde has on the TLR expression and
how this effect may influence the balance betwe®XIF3 isoforms. The hypothesis that
the changes on FOXP3 isoform expression obsernted stfimulation with butyrate and
IFNy may be due to variations in TLRs activation isguped by reports showing that
IFNy can positively or negatively influence TLR signglifiL44]. This pro-inflammatory
cytokine has been reported to prime macrophageonsgs to TLRs agonists.
Furthermore, it was shown to promote TLR signaltagabilities by increasing ligand-
binding properties, enhancing signaling capacity pmomoting TLR activation.

In a proof of concept study we have previously gmothat infants genetically
predisposed to CD present an increased productitatiate associated with enrichment
in Lactobacilli spp in the preclinical phase, followed by a sharppdod both just before
the onset of the disease. The same metabolomidepveds not detected in kids that did
not develop CD [22]. The human GI microbiota hasinfunctions such as limiting the
growth of potential pathogenic microorganisms, tatjag Gl development and
contributing to the breakdown of dietary produci®q, 145]. The intestinal immune
system, in turn, plays an important role in estidig the tolerogenic environment to
commensal bacteria [146] and the microbiome itselfundamental in shaping the
immune system [147, 148].

We hypothesized that lactate may trigger changeSQXP3 expression in CD
patients. Our experiments show that, upon stimutatvith lactate, PBMC from CD
patients in remission expressed higher level oh k@ XP3 isoforms compared to non
celiac HC subjects. These data confirm our previtdings and underscore how CD

patients and HC subjects respond differently to shene microenvironment. Since
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Lactobacilli spp.are known to enhance the integrity of the intedtibarrier and to
protectively shape the immune system [149, 150is tempting to speculate that the
altered FOXP3 expression in response to lactate in CD patienéy mepresent a
preclinical compensatory mechanism in CD at-riskigoés to down-regulate the
inflammation. This theory is supported by the ewwk that longitudinal studies of
infants at-risk for CD have shown that, in the precal phase, the onset of the
autoimmune process, evidenced by the appearanastiefissue transglutaminase auto-
antibodies, is dynamic and reversible. Indeed,86% of these individuals show
normalization of the auto-antibody titers withoutyadietary intervention [151, 152].
Interestingly, the increased expression of FOXRBrdit correlate with higher levels of
IL10. Although Tregs can effectively suppress the immumesponse through
mechanisms other than IL10, the lack of increasemession of the anti-inflammatory
cytokine suggest that these Tregs are not fullgtional.

Our data on T effector and Treg cells suggest thetiate does not directly
modulate FOXP3 expression, but it probably triggers other celishsas APC. This
hypothesis is supported by several studies showiegeffect of Lactobacilli or their
metabolite on APC. Goodman et al. reported thatptobiotic family ofLactobacilli
contains suppressive motifs that interact with AB@nals [132]. Additionally,
Lactobacillus crispatusas been reported to to induce human DCs prdiiéerahereby
conferring an anti-inflammatory phenotype [113].

Our experiments with lactate showed that this nii@ederived metabolite does not
influence FOXP3 expression through an action of.M It is plausible to hypothesize

that DCs, another important subset of APC, maynvelved in the mediation process
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between intestinal microbiota and immune systenvef@ studies have already shown
that lactate producing bacteria are able to moduld€s function.Bifidobacterium
Infantis has been reported to be able to trigger DCs iudimdy anti-inflammatory
FOXP3 and IL10 secreting Tregs [153]. Furthermore, salvéactic acid producing
bacteria have the capability of regulating DCswvation and to subsequently polarize T
cells activity toward Th1/Th2/Treg respord®4] Eslami et al. have recently found that
Lactobacillus Crispatusconfers anti-inflammatory properties to DCs, |eadito
induction of CD4CD25'FOXP3 Tregs and IL10 production [113]. An interesting
lactate receptor candidate would be GPR81. Thigftein coupled receptor has been
previously reported to be specific for lactate amgressed in other subsets of APC such
as Md [155]. It will be of great interest to determiridactate triggers changes in other
APC such as the DCs population that are able touhatel FOXP3 isoforms expression.
This not only would allow us to better understahd interplay between immune cells
and microbial derived metabolites, but will alseegimportant insights on how a high
production of lactate by the increased numberLa€tobaccilli sppreported in the
preclinical phase of CD may contribute to the omdehe disease.

From our data on intestinal Treg cefld ¢he findings on how metabolites are able
to modulate the expression of FOXP3 isoforms ofipperal Treg cells we hypothesize
that in CD patients the following sequence of eganay occurKig. 25): Treg cells in
the intestinal compartment, are influenced by acifipegut microenvironment. Cells
from HC or CD subjects are differentially modulategdthe stimuli that characterize the
intestinal microenvironment and this leads to &edént expression of the two isoforms

between the two groups of subjects. The preclinitelse of CD is characterized by a
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high production of lactate that triggers an incegaexpression of FOXP3 in CD patients
compared to HC. This microbial-derived metaboltewever, is not able to induce
increased expression of anti-inflammatory cytokih&0. Furthermore it does not
directly target Treg cells, but probably triggernsanges on a subset of APC. The
increased intestinal permeability and the conseguieninflammatory microenvironment
related to microbiota dysbiosis (such as excedsutgrate production) characterize the
active state of CD [113]. This unique microenvirent triggers an efficient anti-
inflammatory immune response in HC subjects by atliyemodulating the balance
between FOXP3 isoforms, while intrinsic defectsToag cells do not allow this balance
to occur in CD patients. The sustained over-exppasef FOXP3A2 in CD patients
impedes the efficient suppression of Thl7 mediatechune response to occur and,
therefore, partially contributes to the final oute® of chronic inflammation that
characterizes them.

Although intriguing, our model still needs more exments to be confirmed. pTregs
located in the intestine differ from nTregs thatsthy populate the peripheral blood.
Therefore it would be of great interest to isolplgegs from the lamina propria of the
intestine and stimulate them with the different abelites and cytokines to confirm that
specifically enriched milieu contribute to the mtation of FOXP3 isoforms in intestinal
Tregs. Furthermore it is necessary to take in clamation how other immune cells that
are located in the intestine such as neutrophiisracently ILCs (innate lymphoid cells)
[156] may contribute to modulate the alternativdicapy process. Finally given the

important role that the pTregs have on regulatired tmlerance and the effect that dietary
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Ag have been shown to have on Tregs differentigtl@7], it would be of great interest
to further investigate if diet can influence thg@mession of FOXP3 isoforms.

In conclusion, our study demonstrates for the firee the existence of a direct
and mechanistic link between microbiota-derived abelites, mucosal inflammatory
processes, and changes regulatf@XP3 isoform expression. Furthermore it also
underscores the multi-factorial nature of CD anodvjates a set of new possible targets

for the prevention of CD in genetically-susceptitoldividuals.
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Fig. 25: Proposed sequence of events contributing to the development of CD. Increased
production and enrichment ibactobacilli spp.has been shown to characterize the preclinical
phase of individuals genetically predisposed to(C[2). The interaction between this microbial
derived metabolite and APC triggers a regulatorgnatlype on the cells (3) that, in CD patients,
will lead to an increase in the total pool of FOXR2lls compared to HC as a possible
compensatory mechanism to maintain high level otfional FOXP3 FL isoform (4). During
the active state of the disease the small intesifn€D patients is characterized by a drop in
lactate levels, an increased intestinal permeghilite to the interaction between gliadin and
epithelial cells (5), and high production of butgrdrom the microbial flora (6). The increased
intestinal permeability allows gliadin peptidesttanslocate to the lamina propria of the small
intestine where they are recognized by APC (7)sThiggers an adaptive immune response
Th1/Thl7 driven characterized by high productiornpof-inflammatory IL17 and IFW In HC
subjects the local micro-milieu characterized bys tipro-inflammatory environment and
microbiome-derived excess butyrate causes FOXP@udilmium between the two FOXP3
isoforms (9). Conversely in CD patients , convarsid naive CD4 T cells to pTregs is reduced
due to persistent over-expression of FOXEZ (less functional) over FL, leading to chronic
inflammation and, eventually, autoimmune enteropéti0).
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