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INTRODUCTION

| PART:

The immune system is delicately balanced betwedfiastgen-driven tolerance and
pathogen-driven immunityThe primary function of thymus is to continuouslgngrate a
diverse population of T cells that can elicit adaptimmune responses against invading
pathogens, while promoting self-tolerance [1]. Thgmus is a rather vulnerable organ as
many factors, including environmental insults, agigenetic composition, virus infection,
irradiation, and anti-cancer drug treatments, dairraversibly compromise its function [2,
3]. Impaired immune surveillance consequent to floyalysfunction leads to diseases ranging
from autoimmunity to immunodeficiency and malignan@]. The thymus provides the
essential microenvironment for T-cell developmemd anaturation. It's organized into two
morphologically and functionally distinct compartm& the cortex and the medulla, which
house two distinct populations of thymic epithekalls (TECs): the cortical TECs (cTECSs)
and the medullary TECs (mTECSs) [5-6]. Other thyrmsimmal cells (TSCs) include thymic
fibroblasts, endothelial cells, as well as antigenesenting cells like macrophages and
dendritic cells. Together, this network of thymiells provides both homing signals for the
immigration of lymphocyte progenitors originatedrr the bone marrow (BM), and trophic
factors necessary for the differentiation and naton of thymocytes [7]. The cTECs and
MTECs have been well documented to be criticah@se¢ regulated processes participating in

positive and negative T-cell selection, respecyiy8].
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The programme of T cell development involves setjakmteractions with distinct thymic
stromal cells that form specialized microenvirontsein the thymus. Thymic stromal cells
are heterogeneous, consisting of epithelial ancenmedg/mal cells, endothelial cells, as well as
bone marrow-derived macrophages and dendritic [HU©f these cell types, thymic cortical
and medullary epithelial cells have been shownrtwige essential signals at multiple stages
of thymocyte development. For example, MHC class dpithelial cells in the thymic cortex
are known to be important 3T cell receptor-mediated positive selection [10], ihile
medullary epithelial cells, in addition to dendritiells, are important in ensuring tolerance to
self antigens [12, 13]. The epithelial componenthaf thymus arises from the out-budding of
endoderm in the third pharyngeal pouch that begnesind day 10-11 of gestation. Recent
advances have led to a better understanding ofyéinetic mechanisms regulating thymic
epithelial cell development, with the identificatiof a role for a number of genes including
FoxN1, Pax9, Hoxa3 and Eyal [14]. However, destiitsse advances, the developmental
stages and events that lead to formation of th&ndiscortical and medullary epithelial

subsets, required to regulate Tcell developmeatstit not fully understood [15].



T cell development in the human thymus

In the human thymus, CD34+CD1a- precursor cellsreait the cortico-medullary junction.
From this area, T cell precursors migrate towahgsdortical region where proliferation and
differentiation are initiated by interactions withe thymic stroma. The distinct stages of T
cell development are defined by the sequential esgion of cell-surface antigens [16].
Expression of CD1a marks commitment to the T ¢edldge since at this developmental stage
the cells start to rearrange their TCR genes. NER4 is upregulated on CD4mmature
single positive (ISP) cells, that can still develo TCRuf or TCRyS T cells. CD4 ISP cells
which have succesfully rearranged a TERene are selected for further differentiation in a
process referred to gsselection. At this checkpoint the T(Rehain dimerizes with a pre-
TCR-a chain and signaling via this complex results ialifgration and survival of the cells
[17]. Cells that have failed rearrangement at a@oeid will attempt to rearrange tfegene at
the other allele, but when still unsuccessful thesls do not receive proliferative and
survival signals and will eventually die. Notabp¢selection in human does not seem to be
restricted to the CD4ISP stage, but likely continues in the transitioom the CD4 ISP to
the CD4CD8" double-positive (DP) stage [18,19]. During the saduent stages in T cell
development, which are defined by the expressio@D8a, referred to as early CDED8u*
double-positive (EDP) cells, and CPECD4+CD&+p+ DP), TCRe rearrangements are
initiated. CD4CD8" DP cells which acquire a functional T@Ron their cell surface are
subjected to positive selection involving interantwith MHC molecules that are expressed
on the cortical epithelial cells [20]. Low affinitpteractions of the TCRs with self-peptide-
MHC complexes result in positive selection of thecdlls, whereas T cells are negatively
selected when high-affinity receptors for self-paggtMHC complexes are expressed. Most
DP thymocytes however do not interact at all withi®™ molecules and will die by neglect.
Positively selected T cells further differentiatgoi either CDZ or CD8 single-positive (SP)

T cells, before they leave the thymus to seed énppery as naive T cells.



Homeostasis of epithelial tissues is usually maweth by continuous self-renewal of
epithelial stem cells. Although it remains contn®ial whether the common stem cells for
both cTECs and mTECs reside in the thymus, an engeifidhe primary function of thymus is
continuously to generate a diverse population ofells that can elicit adaptive immune
responses against invading pathogens, while prognatelf-tolerance [1] amount of data
support the existence of thymic epithelial progemstem cells (TEPCsS/TESCs) [21-25].
Significant progress has been made to identify @matacterize TEPCs using lineage track
analysis and clonal assays in recent years. How#weiphenotypic characteristics of thymic
epithelial progenitors and whether or not they igéns the thymus at later stages remains
controversial. In this regard, the antibody Mts24 been used to define heterogeneity within
thymic epithelium, with equal proportions of Mt$2and Mts22 thymic epithelial cells being
reported as early as embryonic day 12 of gestatforstage where bipotent epithelial
progenitors are known to be present [26]. Moreotee, ability to give rise to functional
thymic tissue containing both cortical and meduyllepithelial lineages has been thought to be
restricted to this Mts24+ subset [27, 28].

The polymorphic function of the autoimmune regula®dRE has intrigued immunologists
for decadesClassically the AIRE deficiency is associated te threaking of central T
tolerance being involved in the clonal deletionimactivation of semimature self-reactive
thymocytes and in the transcriptional control ofnpdissue-restricted self-antigen genes
(TSASs) in the thymus [29, 30T he broad range of tissue-specific genes that eapeally
expressed in the thymus, and the seminal studidgrefknockouts highlight the importance
of central selection mechanisms in establishing @mwadhtaining a T cell repertoire that is
tolerant towards peripheral tissues [3A% a putative transcription factor, Aire was shawn
promote the thymic/ectopic expression of a numibg@edpheral tissue antigens (PTAS), such
as Mucin-6 (stomach specific) and interphotoreaepé&tinoid-binding protein (Irbp, eye

specific), which facilitate self/non-self distingti. For all these reasons, classically, Aire
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deficiency is associated to the breaking of centrablerance being promoting the clonal
deletion or inactivation of semimature self-reagtilymocytes. In particular the disruption of
thymic expression of the single tissue-specifi¢-s@lecule Insulin in MTECs is sufficient to
induce anti-insulin autoimmunity resulting in thatipologic damage d8-cells even in the
presence of disease-resistant alleles of MHC mtdedG2].

Expression of tissue specific Antigens (TSA) on th&@ECs are crucial for establishing
central tolerance. Epitopes derived from TSAs weesented to the developing thymocytes
either directly by mTECs, or indirectly by thymimtagen presenting cells (APCs) via
crosspresentation. Thymocytes expressing TCRs with Bifjhity to TSAs are eliminated in
the thymus by negative selection. Autoreactive [Isdbat escape the negative selection can
cause autoimmunity in the peripheral organs. Thyspexific deletion of TSA(S) results in
an autoimmune reaction in the target organ(s) @abll/1-2, Fig.1) The autoimmune
regulator Aire is mostly expressed in a small prapo of mTECs able to impose tolerance
on the large repertoire of differentiating thymaesit However, the origin and the
development of AiremTECs remain poorly understood as well as thedomehtal regulation
systems that govern their cdlheage determination. The essential role of tisspecific
antigen (TSA) expression in mTECs in mediating k@rblerance has been well established.
It was previously shown that mice with mTEC specifisulin deletion develop autoimmune

diabetes within 3 weeks postnatal.

Target antigen Expressing Manifestation Reference
organ
a-MyHC Heart - Myocarditis Lv, et al. J Clin Invest. 2011; 121(4)
- Insulitis Fan, et al. EMBO J. 2009; 28(18)

- Early onset of
autoimmune diabetes

insulin Pancreas (Figure A)

DeVoss, et al. ] Exp Med. 2006;
203(12)

IRBP Eye - Uveitis

Table 1-1. Examples of deletion of a single tissue specific antigen leading to organ-specific autoimmunity.



Target gene Manifestation

Reference

- Defects in mTEC maturation
Traf6 - Autoimmune hepatitis

Bonito, et al. J Clin Invest. 2013;
123(8)

- Fewer naive T cells

- Increased lung injury

FoxN1 - Reduced CD8+ T cell response to infection Guo, et al. PLoS One. 2012; 7(4)

Table 1-2. Examples of genes that affect mTEC devel opment.
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Figure 1: mTEC-specific deletion induces autoimmune diabetegire-Cre system was used to specifically deletelinsu
gene in mTECs (insulin-deleted mTEC are the IDTEC raouedel). Blood Glucose level representation in mbrand ID-
TEC mice. Islet specific. Histological images of @&8/postnatal pancreatic islets.

However, recent evidences attribute different amérging roles to Aire’s action especially in

MTEC development biology. Matsumoto et al. proposeal contrasting models to explain

when and how Aire controls the differentiation miang of mMTECs required for establishment

of self-tolerance. This critical issue arises frtme outcome of the loss of Aire and TSAs

during thymic organogenesis. Briefly, the firstahgassume that Aire induce the interruption

of MTEC maturation and only the absence of Aire idquevent apoptosis revealing the full

program of mTEC terminal differentiation ending hwvé globular cytokeratin 5-cytokeratin 8-

cytokeratin phenotype. Regarding model 2, lack wé Aesults in defective accomplishment

of the differentiation program, with the cells ramag at the pre-mature stage just before

terminal differentiation. These “Aire-less” mTEQsve a globular cell shape and lack the

transcriptional activity for Aire-dependent PTA gsn Currently, different opinions seems to

favor the second model (Promotion of the mTEC diffiéiation program by Aire) over the

first one (Interruption of the mTEC differentiatignogram by Aire). Nevertheless, the origin
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and the development of Airemedullary thymic epithelial cells (mTECs) remainoply
understood as well as the fundamental regulati®tesys that governs their cdiheage
determination. Recent evidences confirmed the extet of a Aire-mTEC subset of
precursors in the fetal thymus indicating that @™ phenotype is a downstream product in
the mTEC lineage. On the other hand their selfssahe&apability seems transient according
to the profound decline in number of TECs with ageand the physiological process of
thymic involution.

While numerous efforts have been made to corrgehith defects, manipulating the thymus,
eitherin vitro or in vivo, proves to be challenging. This is mainly attrdzuto the unique
architecture of the thymic stroma that is essembiathe maturation, survival and function of
TECs. Unlike epithelial cells of other visceral ang, which form a two-dimensional (2-D)
sheet-like structure on the basement membraneettecborders within and between organs
[33], TECs form a sponge-like three dimensionaD{3network that is essential for their
function [34]. TECs cultured on irradiated 3T3 feexl (a 2-D environment) are unable to
support T-cell differentiation from lymphocyte pergtors, but start to express markers of
terminally differentiated epithelial cells [35]. &mtly, TEC stem cells derived from early
embryos were shown to differentiate into skin cellsen cultured in 2-D environment [36].
Indeed, the expression of key genes for the spatifin and proliferation of TECs (e.qg.
FoxN1, DLL-4, CLL-22 and Tbata) are shown to beeategent on the 3-D organization of the
thymic stroma, further indicating that the uniquEmenvironment of the thymus is essential
to maintain the unique property of TECs to supgotymphopoiesis [37]. Over the years,
substantial progress has been made to reprodudbyiméc microenvironment. Matrigel and
other collagen-based synthetic matrices were shdwnbe able to support limited
differentiation of lymphocyte progenitors into THee[38]. TECs cultured in artificial 3-D
matrix are viable and can partially support thyntecgevelopment. Recently, Kyewski and

colleagues developed a co-culture system, in whmdiCs were layered on top of a 3-D
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artificial matrix embedded with human skin-derivetermal fibroblasts. Under such
conditions, mTECs can retain some of their keyuestt (e.g. expression of FoxN1, Aire and
tissue-specific antigens) [39]. In a similar apmtwaChung et al. mixed TECs and thymic
mesenchyme, both isolated from postnatal humanithyith CD34 cells from cord blood to
form implantable thymic units [40]. The thymic noenvironments of these thymic
reaggregates can support thymopoiesisitro and are able to generate a complex T-cell
repertoire when transplanted in NOD.scid gamma (N®@nanized miceén vivo. However,

to date, none of these approaches has been allytoecapitulate the function of a thymus.
Recently, significant advances have been made @ll-Scaffold” technology [41]. This
groundbreaking technology uses a detergent-perfutiased approach that allows the
clearance of the cellular constituent of almost angan of any scale, while retaining its
original 3-D architecture and extracellular maiiCM) components [42, 43]. Repopulating
the decellularized natural scaffolds with tissugidimig mature cells or progenitor/stem cells
can promote its recellularization, and partiallgaeer organ function [44]. To date, these
“cell scaffolds” have been primarily applied to méacture and implant relatively simple
organs, such as tissue engineered vascular graftskan, with some success. Regeneration of
complex organs such as liver, heart, lung, and dgdhas also been attempted in animal
models [43, 45-48]. While limited, encouraging ftional regeneration of the engineered
organs was observed. Furthermore, a successfulcalliimplantation of reconstructed
decellularized trachea underlines the clinical po&t of this technology [49]. Here, we show
that thymus organoids reconstructed with the “se#iffold” technology can support
thymopoiesign vivo to establish both humoral and cellular adaptive unity athymic nude

mice. Additionally, they also induce central immuakerance to allo-skin grafts.
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Stem cells and their immunosuppressive properties

Multipotent MSCs are adult mesenchymal, non-henwétic stem cells with self-renewing
capability. Because they share the expression ofespluripotency genes, such as the
transcription factors NANOG and Sox2, MSCs utilssdf renewal pathways similar to those
in embryonic stem cells [50]. The International ®bc of Cellular Therapy has defined
MSCs as a heterogeneous stem cell population, whicharacterized by (i) the adherence to
plastic under standard culture conditions; (iiyadblast-like morphology; (iii) the potential
to differentiate into three main tissues (ostedblasondrocytes, and adipocytes); (iv) the lack
of expression of the hematopoietic markers CD11b14; CD34, CD19 or CD79a, CD45,
HLA-DR and the vascular marker CD31 [51, 52]; (v texpression of CD13, CD44, CD54,
CD73, CD90, CD105, CD166, and Stro-1 [53] (FigRQrthermore, MSCs have been shown
to secrete a large number of growth factors, cyiekiand chemokines, which allow their
migration and expansion, exert immunomodulatoryivdigs, modulate angiogenesis and
apoptosis, and support the differentiation and &ftigeent of HSCs. With the advancing
knowledge of MSC biology, these criteria requirensoadjustment depending on the tissue,

patient health, and source of MSCs [54].

Surface Surface
MSC markers markers not
expressed: expressed:

D13 CD11b

CD29

cDa4 cD14
cD19

CD54 cDat

CD73
cD34
CD90
CD45
CD105
CD166 CD79a
HLA-DR

Osteoblasts Adipocytes Chondrocyte aggregates el

TRENDS in Molectiar Medicine

Figure 2. Main features of mesenchymal stem cells (MSCsMSCs can be isolated from many tissues, includiogeb
marrow, peripheral blood, adipose tissue, pancreas blood, amniotic fluid and placenta. The Insgional Society for
Cell Therapy (ISCT) uses three minimal standaregatto identify MSCs: (i) adherence to plastic} éixpression of the cell
surface molecules CD13, CD29, CD44, CD54, CD73, CD90, 6PCD166 and Stro-1 as well as a lack of expressfon
the hematopoietic cell surface molecules CD14, C@I¥34, CD45 and HLA-DR; and (iii) in vitro differentiah of MSCs
under specific culture conditions into osteoblaatBpocytes or chondrocytes.
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Expression of immunomodulatory molecules by MSCs

A number of both surface and intracellular molesidee required to mount a proper immune
response or induce immune suppression [55, 56].rédseadhesion molecules and the major
histocompatibility complex (MHC) antigens are inwedl in the interaction with immune
cells, particularly T cells, co-stimulatory moleesl and/or the Fas ligand/Fas receptor
interaction (FasL/FasR) are important for T celtivation and/or effector function [57].
MSCs exert an immune tolerant phenotype which @ésattterized by low levels of MHC class

| surface antigens and the lack of MHC class ligamts [58], FasL and the co-stimulatory
molecules B7-1, B7-2, CD40 or CD40L [59]. With taeception of ICAM1, which is only
expressed upon induction, the adhesion moleculescanstitutively expressed in MSCs.
Once adherent to endothelial cells via adhesioneoutés, MSCs migrate to the injured
tissues [23]. MSCs also express the Toll-like rémep(TLRS) 2, 3, 4, 7 and 9 at the protein
level, which affect the immunomodulatory properteddMSCs. Recent results demonstrated
that MSCs are activated by TLR ligands, leadingtite modulation of proliferation,
differentiation, migration, survival, and immunogugssive capacity [60]. The mechanisms
for the immunosuppressive potential of MSCs are futly understood. Cell-cell contact
dependent mechanisms and the release of solubleinemmodulators such as indoleamine
2,3 dioxygenase (IDO), prostaglandin E2 (PGE-2hittic oxide (NO) upon activation in
response to immune cells seems to be necessarye $bithese immune modulators are
downstream of signal pathways triggered by TLRaglileg to the hypothesis that TLR ligands
may induce the production of anti-inflammatory nadis in MSCs and result in an
immunosuppressive phenotype [60]. In addition teséh primarily immunostimulatory
molecules, MSCs have been shown to constitutivedgress the non-classical HLA-G
antigens and the co-inhibitory molecules B7-H1 (PD- and B7-H4, both of which
negatively interfere with immune responses [61]démphysiological conditions, constitutive

HLA-G expression is found in immune-privileged angale.g. testis, ovary and fetal cells)
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and is associated with tolerogenic properties k@&interaction with inhibitory receptors on

dendritic cells (DCs), natural killer (NK) cells@i cells.

Immune regulation by MSCs depends on different fadrs

Numerous biologically active factors are secretgdMSCs, in particular growth factors,
cytokines, chemokines and hormones, all of whichrteparacrine effects on neighboring
(immune) cells and allow homing, migration, andittetachment to injured cells . MSCs
express a variety of chemokine receptors, suchGRICCCR4, CCR7, CXCR5 and CCR10,
which might be involved in migration of MSCs intajured tissues along a chemokine
gradient. These include biologically active factsesreted by MSCs such as interleukin (IL)-
6, the leukemia inhibitory factor (LIF), the stemlldactor (SCF), Jagged 1 and angiomotin
(Ang)1. In addition, immunosuppressive factors sashL-10, the transforming growth factor
(TGF), the vascular endothelial growth factor (VEGR)uble HLA-G (sHLA-G), the
hepatocyte growth factor (HGF), IDO, NO and PGEa# also be secreted by MSCs, creating

an immunosuppressive environment [62] (Fig.3).
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Figure 3. Immunosuppressive properties of mesenchymal stemelts (MSCs). MSCs inhibit proliferation, cytokine
production and/or the cytotoxicity of T cells, nakiller (NK) cells and B cells. They also blockffdrentiation of
monocytes into antigen-presenting dendritic céli€g) by preventing expression of co-stimulatory rooles B7-1 and B7-
2, inducing expression of inhibitory molecules B7;1BY-H4 and HLA-G, and secreting soluble HLA-G5, sieglandin E-2
(PGE-2), transforming growth fact@r(TGF), interleukin 10 (IL-10), nitric oxide (NO), hemstyte growth factor (HGF)
and indolamin-2,3-dioxygenase (IDO). IDO conventgptophan to kynurenine, which leads to T cell bition and
activation of immunosuppressive regulatory T c€lleegs). However, these immunomodulatory propertiegend on the
experimental conditions, such as the cultivatiomditions, and activation of target and effectorls;ethe suppressive
microenvironment of the MSCs, treatment of MSCs witeprocessed antigens or transfection with mRNA pafcHic
antigens as well as the ratio of target-to-effectils.
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These immunosuppressive effects could be mitighyespecific inhibitors, such as inhibitors
of prostaglandin synthesis. In addition, MSCs attex cytokine secretion profile of DCs,
naive T cells, T helper (Th) 1 and Th 2 cells, &tl&s NK cells by suppressing the secretion
of proinflammatory cytokines, such as interferoRN#y), IL-1p and tumor necrosis factor
(TNF-a), and increasing anti-inflammatory cytokines sashiL-10 [62], resulting in a more

tolerant MSC phenotype.

Immunomodulatory properties of MSCs

In addition to their differentiation potential, MSCexhibit pleiotropic immune regulatory
activities bothin vitro andin vivo, which are mediated by complex mechanisms thabiinh
the function of different immune cell subpopulasoof the innate and adaptive immunity.
These include professional antigen presenting ¢AIRBCs) such as B cells [63], DC and
macrophages [64], as well as different effectotscglich as NK cells [63], CD&ytotoxic
lymphocytes (CTL), regulatory T cells (Tregs) [@5]d unconventional T cells (NKT and
cells). It is worth noting that the vitro results could not be directly translated intoitineivo
situation because there are differences betweendW®@tro andin vivo. These differences
might have implications on the immune stimulatond/@r inhibitory activity of immune
cells. For examplein vitro expanded MSCs lack expression of MHC class Il BideH2

molecules, whereas both markers are present on MBG® [64].

T lymphocytes and regulatory T cells

In general, the proliferation of T lymphocytes mgliiced in response to anti-CD3- and anti-
CD28-specific antibodies or alloantigens. By costtraViSCs inhibit T cell proliferation
induced by mitogens, CD3 and CD28 antibodies ad a®lby allogeneic antigens, as
determined by in vitro mixed lymphocyte reactionsl &ransplantation of MSCs across MHC

barriers. Thus, suppression of T cell proliferatidid not require MHC restriction. The
13



expression of activation markers such as CD25, {0®3educed in lymphocytes by MSCs
exerting similar effects on naive and memory CBAd CD8 T cells. Upon co-cultivation of
MSCs with peripheral blood mononuclear cells (PBMCEL1 and sHLA-G were induced,
leading to a shift from allogeneic T cell respontgeshe secretion of a Th2 cytokine profile
and inhibition of cytotoxic T cell-mediated lysid allogeneic cells. In addition, other
inhibitory factors secreted by MSCs upon interactwith immune effector cells, such as
PGE-2, IDO and TGHB; negatively interfere with T cell activation anghttion. Moreover,
MSCs have been shown to modulate immune respongethebde novo induction and
expansion of CDAD25FoxP3 and CDS8 regulatory T cells (Tregs) [66], which are
responsible for inhibiting allogeneic lymphocytelderation. The MSC-mediated induction
of Tregs is caused not only by direct cell contsativeen MSCs and CD4 cells but also by
the secretion of PGE-2 and T@E- Finally, a functional role for the constitutiegpression
of HLA-G and the co-inhibitory molecule B7-H4 on K&S has been reported, their
constitutive expressions reduces an immunosuppeessifect on T cell activation,
proliferation, and/or NK and T cell-mediated cytataty. The inhibition of HLA-G or B7-H4
by respective blocking antibodies significantlyre&sed lymphocyte proliferation, suggesting
that both molecules are involved in the immunoseggive properties of MSCs [53].
Although different mechanisms involved in the immsappressive activity of MSCs on T
cells have been elucidated, there still remain rsd\iestions to be answered, in particular
regarding the high concentration of MSCs requir@drhounting these immunosuppressive

effects.

Induction of T Lymphocyte Anergy by MSCs
Naive T cells must receive two signals in ordetb&activated upon antigenic stimulation.
The first signal results from the interaction betwethe T-cell receptor and the MHC

molecules while the second signal is the costimowasignal which results from the
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interaction between CD28 and B7 molecules. In theeace of costimulatory signal, the T
cells become anergic, i.e., they cannot prolifecatsecrete IL-2 upon antigenic stimulation.
However, the addition of IL-2 can abrogate anekyman and mouse MSCs do not express
the costimulatory molecules CD40, CD80, and CDA84, they can render T lymphocytes
anergic [67]. Nevertheless, the removal of mouseCMi®m T cell co-culture could restore
the production of IFN¢but failed to reverse the proliferation of T cealksspite the addition of
exogenous IL-2 [68]. MSCs were found to arrest [Isaa the GO/G1 phase of the cell cycle.
But this form of T-cell unresponsiveness, whichriggered by MSCs, is not the classical
form of anergy since it is not reversed by exogentui2, although T cells express IL-2
receptor; thus indicating that MSCs induce in &estd division known as “tolerance arrest”
in T cells [68]. The lack of expression of costiatoy molecules by MSCs and their ability
to induce anergy in T lymphocytes supports the afs&1SCs as therapy in regenerative

medicine.

Induction of T Lymphocyte Apoptosis by MSCs

Several studies contradict each other as to wheth®Cs inhibit the proliferation of
lymphocytes by apoptotic mechanisms or not. Hum&CBhl! inhibit the proliferation of T
cells by inducing apoptosis in T cells via a mecsianinvolved IDO and IFN-[69]. A recent
study demonstrated that fetal liver MSCs can irthilzell proliferation by inducing apoptosis
in T cells through a HLA-G independent mechanisr].[1n contrast, other studies have
reported that human Bone Marrow SCs (BMSCs) andpatent MSCs (pMSCs) inhibit the
proliferation of T cells by a non-apoptotic mectsmisince the proliferation of T cells
efficiently resumed when restimulated with cellutarhumoral activators in the absence of
MSCs [63, 71]. The nonapoptotic mechanism mediativey immunosuppressive effect of

MSCs on lymphocytes was confirmed by others [63,72].
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Limbal Stem Cells

The junction of the cornea and conjunctiva is kn@srthe limbus. It's now extensively used
for ocular surface resurfacing in patients withdahstem cell deficiency (LSCD).The cornea
is located in the anterior part of the eye and astsa protective barrier to the interior
structures. It consists of three major layers, Whate derived from different germ layers
(Fig.4). The epithelial layer of the cornea devsldpm ectoderm, whereas the stroma and

endothelium are mesenchymal in origin.

Bowman's mambsans

Figure 4. Diagrammatic representation of human cornea shgpwvihe three main layers: epithelium, stroma, and
endothelium. The Bowman’s membrane is an acelldgerl that lies in the anterior stroma, just bendhth basement
membrane of the epithelium. The Descemet’'s memhgatie basement membrane of the endothelium.

There are six to eight cell layers of the epithaliwhich lies on the Bowman’s membrane.
The majority of the corneal thickness is contributey the stromal layer, whereas the
endothelial monolayer sits on the Descemet’'s menghnaaking up the most posterior part of
the cornea. The cornea is devoid of blood vesselssaassumed to be protective of immune
rejection of transplanted grafts, a condition tetmieorneal immune privilege” [73]. Its
avascularity implies a lack of angiogenic factorstbhe possibility that it may secrete
antiangiogenic factors. Vascularization evokesramiine response and has implications for

graft allorejection. In addition, the absence afmeal lymphatics prevents the channeling of
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antigen-presenting cells to the regional lymph sodleus not allowing alloantigen-specific T
cells to be activated. Activated T cells travethe graft bed and initiate the crucial process of
graft rejection. However, the relative ease of¢apsteroid application on the cornea and the
immune tolerance in the anterior chamber also dmrter to the relative success rate of
corneal transplantation [74].

The limbus is a highly specialized region of the éwsting a well-recognized population of
epithelial stem cells (LESCs), which continuousinew the corneal surface [75]. The limbal
niche is characterized by stromal invaginationst theovide anatomical and functional
dimensions to maintain “stemness,” protect stents debm traumatic and environmental
insults, allow epithelial-mesenchymal interactiossgd supply access to chemical signals that
diffuse from the rich underlying vascular netwo#kcritical advantage of limbal cells is that
they are easily accessible with a well-establistied minimally invasive procedure. LESCs
have been widely characterized [76] and investayéde their differentiation potential, which
seems to be restricted, corneal fate. However, huotalar stem cell research has been
mainly focused on the tissue-specific differentiatthat may be of clinical significance in the
context of eye diseases, as demonstrated by th@rat use in ocular surface reconstruction
There is recent evidence that the limbal niche htssis stromal fibroblast-like stem cells (f-
LSCs), with apparent multilineage transdifferembiatpotential [77]. Pheno-type of f-LSCs is
reportedly characterized by variable expressiorseferal stem cells markers, which are
distinct from those described for LESCs. Howevére fack of agreement on specific
molecular hallmarks for the identification of thrifpotent subpopulation among the limbal
stromal cells has so far limited the investigatafntheir differentiation potential to a few
studies. We previously described a subpopulationf-b6Cs characterizedoy robust
proliferative capacity, stable expression of selvelaripotent stem cell markers, self-renewal
ability and capability to generate pancreatic endec cells [78]. It also has recently

documented that stem cells obtained from limbal ineur adult tissues possess
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immunoregulatory properties and inhibit proinflamorgt immune reactions [79]. Here we
have explored the immunosuppressive propertieseostromal stem cells niche isolated from

the human limbus.

Etiopathogenesis of autoimmune thyroid disease

Autoimmune thyroid disease (AITD) comprises diseageluding Hashimoto's thyroiditis
(HT) and Graves' disease (GD), both characterizedebctivity to autoantigens causing,
respectively, inflammatory destruction and autoimmstimulation of the thyroid-stimulating
hormone receptor. AITD is the most common thyroidedse and the leading form of
autoimmune disease. These organ specific autoimrdisoeders include infiltration of the
thyroid by lymphocytes which are auto-reactive hgroid antigens, presence of circulating
thyroid autoantibodies, immunological overlap wither autoimmune diseases, a story of
familiar occurrence, mainly in females. It occungedto loss of tolerance to autoantigens
thyroid peroxidase (TPO), thyroglobulin (Tg), thitstimulating hormone receptor (TSH-R)
which leads to the infiltration of the gland. T lselh chronic autoimmune thyroiditis (CAIT)
induce apoptosis in thyroid follicular cells andusa destruction of the gland. Presences of
TPO antibodies are common in HT and GD, while Tg haen reported as an independent
predictor of thyroid malignancy. According to Amean Thyroid Association large numbers
of patients develop thyroid nodules by the age®@fa@though majority of these nodules are
benign. The Whickham study recorded 9.3% of wonmeh122% of men to have serum TSH
concentrations > 10 mlU/Il. Presence of TPO anti®dvas significantly associated with
thyroid failure with increasing age, mainly in womg80]. Antigen-presenting cells (APCs)
(macrophage, dendritic cells) belonging to majetdgcompatibility complex (MHC) class I,
especially dendritic cells, accumulate within thgroid gland and present specific thyroid
antigens to lymphocytes, which leads to activatod proliferation of auto-reactive B and T

lymphocytes. Thus, activated antigen-specific Tpbhel CD4 lymphocytes induce the
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formation of cytotoxic CD8T cells, and activate B cells, which produce antib@dies. The
destruction of thyroid parenchyma is due to glanfiltiation by cytotoxic T cells [81].
Cytokines are small proteins play an important rolautoimmunity, by stimulating B and T
cells. Various cytokines IL4, IL-1p, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, IL-13, IL- 14,
TNF-o and IFNy are found in thyroid follicular cells which enhaimflammatory response

with nitric oxide (NO) and prostaglandins.

It has been proposed that MSCs can contributeet@ditrol of inflammatory diseases, as has
been demonstrated by the MSC-mediated attenuafionflammation in myocarditis (14),
rheumatoid arthritis (15), and experimental autoimmdiseases (16, 17). Here we proposed,
for the first time, anin vitro co-culture system to investigate the immunoinbilyiteffect
played by f-LSCs on PBMCs of HT patients. For thimunosuppressive properties, f-LSCs
can prevent the inappropriate activation of T lywmgyies and generate a tolerogenic
environment to stop the immune response thus @oning to the maintenance of immune

homeostasis.
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