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of the pathogenesis of celiac disease have been elu-

cidated over the last years regarding the interactions
Abstract among genetic and immunological factors, intestinal
barrier and gut microbiota. Conversely, little is known
about intestinal stem cell modulation and deregulation
in celiac disease. The current knowledge regarding ce-
liac disease and intestinal stem cells, and the potential
role of stem cells in the development and treatment of
the disease are summarized.

Stem cells (SCs) are the key to tissue genesis and re-
generation. Given their central role in homeostasis,
dysfunctions of the SC compartment play a pivotal role
in the development of cancers, degenerative disorders,
chronic inflammatory pathologies and organ failure.
The gastrointestinal tract is constantly exposed to
harsh mechanical and chemical conditions and most of
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hierarchical migratory pattern. Celiac disease (CD) can
be defined as a chronic immune-mediated disease that
is triggered and maintained by dietary proteins (gluten)
in genetically predisposed individuals. Many advances
have been achieved over the last years in understand-
ing of the pathogenic interactions among genetic, im-
munological and environmental factors in CD, with a
particular emphasis on intestinal barrier and gut micro-
biota. Convers_ely, _Iittle i.S know_n abput ISC modulation STEM CELLS AND THEIR POTENTIAL
and deregulation in active celiac disease and upon a
gluten-free diet. Nonetheless, bone marrow-derived ~ Stemness can be defined as the capability of extensive
SC tran5p|antati0n has become an Option for celiac self-maintenance and differentiation“’z]. Stem cells (SCS)
patients with complicated or refractory disease. This are undifferentiated cells able to give rise to diverse ma-
manuscript summarizes the “state of the art” regarding ture progenies and to self-renew through the alternation
CD and ISCs, their niche and potential role in the de- of symmetrical and asymmetrical divisions. SCs play a
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“Enthusiasm is that temper of the mind in which the
imagination has got the better of the judgment” - Wil-
liam Warburton.
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central role in tissue genesis, regeneration and homeosta-
sis by providing differentiated cells that can increase tis-
sue mass during pre- and post-natal growth and replace
cell loss due to senescence or damage[}(".

SCs possess a hierarchy of potentialities: from the to-
tipotency of the zygote and its immediate progeny, to the
pluripotency of embryonic stem cells (ESCs), up to the
multi/unipotency of adult SCs (ASCs)"".

ESCs ate pluripotent cells detived from the inner cell
mass of the blastocyst that can generate any differenti-
ated phenotype of the three primary germ layers (endo-
derm, mesoderm and ectoderm), as well as germ cells.
ESCs might constitute an easily available source to obtain
a large number of transplantable cells for regenerative
treatments. Nevertheless, ethical concerns and the possi-
bility of immune rejection and teratoma/ teratocarcinoma
formation are major obstacles to the feasibility and safety
of ESC clinical applicationsm.

Pluripotent stem-like cells could also derive from
non-pluripotent cells-typically an adult somatic cell-by
inducing a “forced” expression of specific genes. These
induced pluripotent stem-like cells (iPS cells) are similar
to ESCs in many aspects, such as the expression of cer-
tain SC genes, potency and differentiability, formation of
embryoid bodies, teratomas and viable chimeras, even if
the full extent of their relationship to natural pluripotent
SCs is not fully elucidated; as a consequence, they cannot
be currently considered a reliable and feasible source of
SCs™.

Another population of SCs with high differentiation
potential is represented by cells established from placen-
tal/cord tissues, which do not tend to form teratomas/
teratocarcinomas and have a higher proliferation and dif-
ferentiation potential than ASCs. In particular, the plastic-
ity and accessibility of umbilical cord blood SCs (CBSCs)
have given the rationale for the creation of CBSC unit
banks where these cells can be collected and stored for
future use!”.

The least differentiation potential is possessed by
ASCs, which persist indefinitely in the tissue of origin,
allowing for local tissue regeneration and renewal . De-
spite the paradigm of unidirectional cell determination,
recent studies have shown that ASCs are endowed with
an unexpected plasticity as circulating adult progenitor
cells can differentiate into mature cells of other tissue
types’. A particularly high degree of plasticity is shown
by hematopoietic stem cells (HSCs) and mesenchymal
stem cells (MSCs).

HSCs are responsible for the renewal of blood
cells"®. Commonly used markers for HSCs identification
and 1solation include two membrane phosphoglycopro-
teins: CD34 and AC133 (CD133, or “promininl” in
rodents)". Tt is generally accepted that the most primi-
tive and long-term human HSCs are characterized by the
expression of CD133, Thyl (CD90) and VEGFR2 and
by a variable expression of CD34 and CD38"*". Bone
marrow (BM) resident HSCs can be mobilized into the
peripheral blood under specific stimuli such as tissue in-
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jury or administration of mobilizing agentsm. In vitro cul-
ture and iz vivo transplantation assays have demonstrated
that HSCs are able to give rise to a wide array of pheno-
types, including blood, cartilage, fat, tendon, lung, liver,
muscle, brain, heart and kidney cells"!. Moteover, it has
been demonstrated that the number of circulating HSCs
expressing early markers for muscle, nerve and hepatic
differentiation increases following treatment with mobi-
lizing agents. This phenomenon has led to speculation
about the existence of BM-derived circulating pluripotent
SCs which could migrate from the peripheral blood into
every tissue and contribute to normal turnover and repair
following injury“(’].

MSCs, also called “stromal stem cells
precursors”, “mesenchymal progenitors” and “colony-
forming unit-fibroblast cells”, are highly proliferating,
adherent cells which reside in a perivascular niche within
the BM and also in the wall of blood vessels within most
organsm. MSCs can differentiate into a vatiety of meso-
dermal cell lineages, including osteoblasts, chondroblasts,
adipocytes, myocytes and cardiomyocytes, as well as non-

<«

, “stromal

mesodermal cells, such as hepatocytes and neurons''. In
addition to BM, MSCs have been isolated from various
adult tissues, including muscle, adipose tissue, connective
tissue, trabecular bone, synovial fluid and from perinatal
tissues (umbilical cord, amniotic fluid and placenta). The
presence of MSCs in peripheral blood is still being de-
bated as some authors identified a circulating fibroblast-
like population, whereas others failed™.

SCs colocalize with supporting cells in a physiologi-
cally limited and specialized microenvironment or niche
that varies in nature and location depending upon the tis-
sue type™. The reciprocal interactions between SCs and
their microenvironment, through cell-cell and cell-matrix
connections as well as the secretion of soluble factors,
influence SC behavior, regulating the balance between
quiescence and dividing state under specific pathological
or physiological conditions”. Understanding the molecu-
lar signals which regulate SC behavior is critical for their
therapeutic applications. In fact, the exogenous stimula-
tion with specific growth factors or cytokines may be
used to activate SCs 7 vivo and in vitro.

DEVELOPMENT AND TURNOVER OF THE
INTESTINAL EPITHELIUM

The gastrointestinal tract surface derives from the endo-
derm. The embryonic stratified endodermal epithelium
is subsequently converted into a monolayer overlying na-

scent villi while dividing cells segregate to the intervillous
region. Intestinal crypts develop during the early postna-
tal period, becoming the niche for gastrointestinal SCs™'.
Once completely structured, the epithelium along the gut
is characterized by a heterogeneous cell population, in
terms of morpho-functional properties and proliferation
kinetics, reflecting the various functions of the different
gastrointestinal components'”. The adult mammalian gut
can be broadly segregated into two functionally distinct
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parts: the small intestine and the colon, which present
with marked architectural differences, reflecting their dif-
ferent functions. In particular, in the small intestine, the
crypts of Lieberkuhn are associated with the intestinal
villi that maximize surface area, endowing the small intes-
tine with an excellent capacity to absorb dietary nutrients
from the lumen. In contrast, the absence of villi within
the colonic epithelium translates to a flatter morphology,
highlighting its predominant role in stool compaction™

As a consequence of its role in digestion, nutrient
absorption and waste excretion, the gastrointestinal tract
is constantly exposed to harsh mechanical and chemical
conditions. Therefore, the intestinal tract has evolved
mechanisms to cope with these assaults »iz a highly regu-
lated process of self-renewal™’. Mucosal proliferation
plays a fundamental role in the maintenance of the gut
integrity. Most of the epithelial cells are replaced every
3 to 5 d which is a high proliferation rate, second only
to the hematopoietic system!”. According to the so-
called “Unitarian hypothesis”, first proposed by Cheng
and Leblond in 1974%Y) this epithelial renewal is driven
by a common intestinal stem cell (ISC) residing within
the crypt base at the origin of the well established crypt-
to-villus hierarchical migratory patternLZS’%J. From their
niche, ISCs give rise to transit-amplifying (T'A) cells that
migrate upwards and progressively lose their proliferative
capability and maturate to become fully-differentiated vil-
lous epithelial cells (absorptive enterocytes or secretory
cells which include goblet cells, enteroendocrine cells,
Paneth cells and Tuft cells). Each adult crypt harbors
approximately 5 to 15 ISCs that are responsible for the
daily production of about 300 cells; up to 10 crypts are
necessary to replenish the epithelium of a single villus™.
Crypt-derived epithelial cells generally reach the villus
tip after 3-5 d when they die and atre exfoliated into the
#1 except for Paneth cells (PCs) that evade this
upward migration program, instead forcing their way to
the base of the crypt™. PCs are confined to the small in-
testine where they can live for up to 8 wk, PCs are also
unique in that they appear after birth duting crypt emet-
gencem. PCs secrete defensins, lysozyme and phospho-
lipase A2 and play a central role in host defense against
enteric pathogens; moreover, the antimicrobial peptides
secreted by PCs shape the composition of gut microbiota
and protect from bacterial translocation™. In addition,
crypts supply less common cell types such as the M cells
and cup cells, although their lineages are poorly under-
stood™.

lumen

ISCS AND THEIR NICHE
ISC hierarchy

Since the 1970s, several studies have supported the con-
cept of ISCs. The ability of SCs to regenerate gut epithe-
lium has been investigated in various animal models of
intestinal injury. Such studies have led to the hypothesis
of an ISC hierarchy organized in three main compart-
ments and progressively recruited at various degrees of
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damage in order to ensure an effective crypt regenera-
tion'”,

The initial location for the ISCs was deemed to be
the fourth cell position from the bottom of the crypt
(+4) where slowly cycling cells that show label-retention
of BrdU (the so-called “+4 label retaining cells”, LRCs)
were described by Potten ¢ al’" in 1974.

A second theory regarding the location of the ISCs
was formulated in the same year by Cheng and Leb-
lond™. In a seties of electron microscopy studies on the
small intestinal crypts, these authors described slender,
immature, cycling cells wedged between PCs at the posi-
tions 1-4 of the crypt base. Upon “H-thymidine treat-
ment, these “crypt base columnar” (CBC) cells were able
to phagocytose close damaged cells; subsequently, phago-
some-labeled cells were found in all intestinal epithelial
lineages, suggesting the role of CBCs as ISCs.

In 2007, a Wnt-target gene encoding a leucine-rich
orphan G protein-coupled receptor named Lgt5 was
identified to specifically label CBCs in the mouse small
intestine’””. Through a lineage tracing approach, Sato et
al® demonstrated that CBCs are able to give rise to all
intestinal epithelial lineages and ate a self-renewing popu-
lation of multipotent SCs. Further proof that Lgr5+ cells
are ISCs derived from ex vivo culture assays, where single
Legr5+ cells were able to form self-renewing epithelial or-
ganoids highly reminiscent of crypt/villus epithelial units
in vivo, while cells that expressed low or no Lgr5 were un-
able to form such structures. Unlike LRCs, Lgr5+ CBCs
are resistant to radiation and are rapidly proliferating,
thus challenging the previously held belief that all ASCs
are quiescent or slowly cycling, In 2009, lineage tracing
studies also showed that some Lgr5+ cells co-express
prominin-1 (or CD133) and these CD133+ cells can gen-
erate the entire intestinal epithelium™ ",

In addition to Lgr5 and CD133, other potential ISC
markers have been identified in the last years, including
musashil (MSI1), expressed by both LRCs and CBCs;
olfactomedin 4 (OLFM4), expressed by Lgr5+ cells;
PTEN, AKT1, mTERT and BMI1, predominantly ex-
pressed in LRCs (for extensive revision on this topic,
see™™) (Figure 1).

In 2008, Scoville e ai™” proposed the coexistence of
two types of ISCs: the LRCs at the +4 location that are a
“reserve pool” in a prolonged quiescent state and the ac-
tively cycling CBCs able to respond to stimulating signals
from their microenvironment and to provide progenitor
cells on an everyday basis. To support this hypothesis,
Sangiorgi et al’ found that Bmil+ cells corresponding
to 4+ LRCs can self-renew, proliferate, expand and like
CBCs give rise to all the differentiated lineages of the
small intestine epithelium. The authors concluded that
+4 LLRCs and CBCs are ISCs in different niches, able to
migrate from one to the other””. Recently, two indepen-
dent groups showed a dynamic interplay between both
cell populations: Tian ez al® demonstrated that Ler5+
cells are dispensable for gut homeostasis and that BMI1+
cells are able to replenish the Lgr5+ cell compartment
after its expetimental ablation; Takeda ez a/™” suggested
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Figure 1 Schematic representation of the cryptivillus axis. Putative intes-
tinal stem cells (ISCs) reside either at the crypt base, between Paneth cells,
as Crypt Base Columnar Cells (CBCs), or in position +4 from the bottom of the
crypt, as Label Retaining Cells (LRCs). ISCs give rise to Transit Amplifying (TA)
cells that are able to migrate upwards and progressively maturate losing their
proliferative capability to become fully-differentiated villous epithelial cells.

a more complicated bidirectional relationship between
Lgr5+ cells and +4 LRCs, the latter being able to either
originate from or give rise to Lgr5+ cells. Whether the
+4 LRCs and the CBCs truly ate two distinct ISC popu-
lations and whether this is an intrinsic quality or the result
of the different location within the ISC niche is still a
matter of debate!™”.

A third potential source of ISCs is represented by cit-
culating multipotent SCs of BM origin that can colonize
the intestinal epithelium and contribute to its turnover
and regeneration ™. BM stem cells may participate in
gut repair by giving rise to ISCs through direct differen-
tiation and also by providing supporting elements within
the ISC niche, as demonstrated in different experimental
models"™**", However, the reduced levels of engraftment
and the low rate of differentiation into intestinal cells
reported in most of these studies discouraged the practi-
cal application of these cells in a clinical setting. Recently,
efforts have been made to develop strategies to enhance
the levels of engraftment. Zhang e a/** demonstrated
that transplantation with BM SCs genetically modified to
express CXCR-4 resulted in levels of engraftment able to
ameliorate radiation enteritis. Colletti ez a/*” identified a
marker (EphB2) for isolating and culturing an expandable
subpopulation of human BM-derived SCs with enhanced
intestinal homing and contribution to ISC region.
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ISC niche
ISCs reside in a physiologically limited and specialized
niche that dictates the mechanisms of tissue turnover and
regeneration through cell-cell interactions and molecular
signals[s’so].

Traditionally, the underlying stromal cells (pericryptal
myofibroblasts, enteric neurons, endothelial cells and
intraepithelial lymphocytes) have been considered to con-
stitute the niche for ISCs. Recently, it has been suggested
that PCs are an essential component of the Lgr5+ ISC
niche®. Much evidence sustains this hypothesis. I o,
the absence of PCs compromises the recovery ability, re-
sulting in complete loss of the intestinal epithelial integ-
tity™. In vitro, the presence of PCs significantly increases
the generation of epithelial organoids by Lgr5+ cells®",
PCs produce many growth factors involved in ISC main-
tenance and activation, including epidermal growth fac-
tor, Wnt3 and transforming growth factor-alpha™. The
intimate relationship between PCs and ISCs seems to be
involved in the response to nuttitional status of the or-
ganism. Indeed, PCs can act as a “sensor” for nutritional
status and enhance ISC function in response to caloric
restriction””, Finally, PCs seem essential to regulate ISC
self-renewal by neutral competition between symmetri-
cally dividing ISCs and a limited PC-defined niche within
the crypt base™. Thus, PCs serve as multifunctional
guardians of ISCs by secreting bactericidal products and
by providing essential niche signals. As a consequence,
despite the fact that SC niches are typically portrayed
as pre-existing sites to which SCs migratem, ISCs are
unique since they also receive niche support from their
own specialized progeny of PCs.

The main molecular pathways involved in ISC regula-
tion are Wnt, Notch, Hedgehog, Bmp and PTEN-PI3K-
Akt.

Wnt signaling: Wnt signaling is based on the autocrine
and paracrine interaction of secreted cysteine-rich Wnt-
glycoproteins with a transmembrane Frizzled receptor
(Fz). Binding of Wnt to its receptor activates the canoni-
cal pathway with stabilization and nuclear transloca-
tion of beta-catenin or the non-canonical pathway that
encompasses the planar cell polarity and the Wnt/ Ca™
pathway. The canonical pathway is the best characterized
and most relevant in SC signaling: the binding of secreted
Wnt-proteins to Fz induces nuclear translocation of beta-
catenin that triggers Wnt-target gene transcription. Many
studies have shown the importance of this pathway in the
proliferation and differentiation of the gastrointestinal
epithelium (revised in™”*"). Wnt signaling has different
effects in different cell types, also depending on its local-
ization along the crypt/villus axis.

Direct evidence of Wnt-activity in ISCs is their
unique expression of Lgr5, a Wnt-target genem. Other
Wnt-target genes associated with proliferation of TA-
cells include c-myc and cyclin D17, R-spondins, glyco-
proteins likely secreted by enteroendocrine cells, amplify
Wnt signaling, induce a proliferative response in human
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intestinal epithelium, and are responsible for the expan-
sion of organoid cultures™ ",

Wnt signaling is necessary for ISC proliferation and
maintenance of the ISC phenotype. The previously re-
ported PC-dependence of single Lgr5+ cells in plating
efﬁciency can be overcome by the addition of Wnt-3 in
culture®™. Conversely, a decreased Wnt signaling results in
the loss of the proliferative compartment. Over-expres-
sion of Kruppel-like factor 4 (KIf4, a negative regulator
of Wnt signals) induces cell cycle atrest, while its deletion
leads to increased proliferation****,

Wnt signaling plays a pivotal role in cell differentia-
tion: an overactive Wnt signaling impedes ISC differentia-
tion and induces mislocalization of PCs, impaired goblet
cell and enterocyte maturation; on the other hand, an
underactive Wnt signaling induces depletion of progeni-
tor cells, leading to the absence of propetly differentiated

115", The development of PCs is also directly depen-
dent on Wnt signaling!”.

Wat signaling is indispensable for intestinal mot-
phogenesis and normal cell migration. Indeed, beta-
catenin ensures the correct positioning of epithelial cells
along the crypt/villus axis by regulating the expression
of members of the Ephrin and Ephrin receptor (Eph)
families™. Ephrins and Eph, both membrane-bound
proteins, are differentially expressed in intestinal mucosa,
with Eph localized in the intestinal crypt region, while
Ephrin proteins colonize the villi®*". A direct influ-
ence of EphB-signaling on ISC proliferation has been
shown'™ and it has been demonstrated that EphB3 is
essential for PC downward migration®. In addition to
their role in promoting cell proliferation of the intestinal
epithelium, tissue repair, acceleration of wound closure
and maintenance of homeostasis of the intestinal barrier
in adults, Ephrin/Eph signaling has been recognized to
function as tumor suppressors by controlling cell migra-
tion and inhibiting tumoral invasive growth'""”

Given its pivotal role within the ISC n1che, it is not
surprising that alterations in Wnt signaling play a pivotal
role in the development of non-neoplastic gastrointesti-
nal disorders, such as chronic inflammatory bowel disease
and intestinal cancers (as reviewed elsewhere™™).

Notch signaling: Notch signaling is known to control
cell fate decisions in the development of many tissues.
The ligands Delta or Jagged bind the Notch receptor,
thereby inducing its proteolytic cleavage; NCID, a cleav-
age fragment of Notch, translocates to the nucleus where
it acts as a transcription factor, thus inducing the activa-
tion of molecular pathways involved in the control of
proliferation and differentiation. Manipulations of the
Notch signaling in expetimental models revealed its role
in intestinal epithelial differentiation. Hes1, the major
Notch-target gene, colocalizes with Msil in both the
CBCs and the +4 LRCs"™".

Notch signaling plays a central role in preserving self-
renewal in the intestinal progenitor cells by suppressing
Atoh1™. Notch signaling seems to trigger proliferation
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of crypt progenitor cells in TA-cells and a regulated re-
duction of notch signaling in cooperation with activation
of specific transcription factors (such as Atohl and neu-
roD) induces specific differentiation into the intestinal

epithelial lineagesm’%].

Hedgehog and BMP pathways: The morphogens
Sonic Hedgehog (Shh) and Indian Hedgehog (Ihh) are
secreted by epithelial cells, while their receptor, Patched
(PTCH), is expressed by subepithelial myofibroblasts. In
the intestinal epithelium, Ihh is mainly expressed at the
base of the villi"". Given the importance of the stromal-
epithelial interactions in the regulation of the epithelial
cell fate, hh signaling is indirectly involved in the ISC fate
through its modulation of the maturation and localiza-
tion of the underlying stromal cells that in turn generate
signal molecules responsible for the maintenance of the
ISC niche™. Thh down-regulates expression of TCF4
and beta-catenin, restricting Wnt signaling to the crypt
base™. Hh also promotes maturation of the tolerogenic
immune cells in the small intestine and is critical to the
ability of the gut to respond to pro-inflammatory stimuli:
disruption in the hh pathway may contribute to the
pathogenesis of autoimmune diseases™™™".

Disturbed hh signaling results in severe developmen-
tal defects, enhancement of Wnt signaling, increased pro-
liferation and structural abnormalities of crypts and villi.
Such effects are mainly due to the reduced expression of
bone morphogenetic proteins (BMPs) by stromal cells,
which is normally triggered by hh™".

BMPs regulate differentiation, apoptosis and cell
growth depending upon the specific cellular context.
BMPs bind to BMP receptors, leading to phosphoryla-
tion of SMADs, which upon heterodimerization trans-
locate to the nucleus and act as transcriptional factors™,
BMP pathway participates in the control of ISC numbers
and self-renewal: active BMP signaling is found predomi-
nantly in differentiated intestinal epithelial cells, while its
inhibition seems to confer intestinal stemness proper-
ties” Physmloglcal inhibitors of BMP signaling, Noggin
and Gremlin, induce Wnt signaling activation and are
produced by myofibroblasts at the crypt base, ensuring a
“BMP-free” ISC niche'™’
target of BMP signaling which in turn down-regulates
epithelial prohferatlon . Of note, the BMP pathway
has a direct role in the differentiation of the intestinal
epithelium toward secretory lineages (especially entero-
endocrine cells), while it does not affect the absorptive
phenotype[w

Mutations involving BMP signaling are associated
with juvenile polyp051s . BMPs stabilize PTEN,; thereby

leading to reduced Akt activity and subsequent reduction
[56]

. Mesenchymal cells are the main

of nuclear beta-catenin accumulation

PTEN-PI3K-Akt pathway: P13k activation leads to
phosphorylation and subsequent activation of the kinase
Akt, which induces cell survival, growth and proliferation
programs. PTEN is a negative regulator of this pathway,
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asymmetrically or symmetrically to maintain the stem cell compartment. ISCs give rise to Transit Amplifying (TA) cells which actively proliferate and can further differ-
entiate into enterocytes, tuft cells, enteroendocrine (EE) cells or goblet cells. Wnt signaling maintains the stem-like phenotype of ISCs, while Notch signaling maintains
the proliferation of progenitor cells. In the upper crypt region, hedgehog (hh) triggers BMP expression in stromal cells which activates PTEN expression; all these fac-
tors inhibit Wnt signaling in the ISC niche.

]

thereby inhibiting Akt function™. tagonizing the Wnt pathway; this suggests a homeostatic

This pathway is activated in many human tumors, function of BMP in keeping self-renewal within the ISC
mainly as a consequence of PTEN inactivation™. PTEN niche. Most likely, this interaction is mediated by PTEN
inherited mutations are responsible for hamartomatous inhibition of Akt, which in turn inhibits Wnt signaling,
polyps (Cowden syndrome)™. BMPs also support the differentiation of secretory cell

As for the role of the PI3K pathway in ISC regula- lineages (especially of enteroendocrine cells) (Figure 2).
tion, it has been demonstrated that it enhances ISC self-

renewal, probably because p-Akt can increase the tran- ISCs in Gl diseases
scriptional activity of beta-catenin, the main effector of Observations that mutations in the pathways involved in
the canonical Wnt pathwaylsﬂ. Moreover, PTEN might ISC maintenance occur in most colon cancers have led
be involved in the restriction of the strong Wnt signaling the majority of the research on ISC biology in humans.
to the crypt base!™, Alterations of ISC pathways have also been reported in
Overall, ISC fate is regulated by a complex bal- inflammatory bowel diseases. In particular, decreased
ance among signals controlling stem cell maintenance, expression of TCF4 (Wnt target gene, correlated with de-
proliferation and differentiation**. Wnt and Notch fensin production) has been described in ileal Crohn’s dis-
are mainly involved in ISC self-renewal and expansion. ease””; increased activation of Notch and PC dysfunction
Morteover, Notch is involved in ISC differentiation, inde- have been reported in both ulcerative colitis and Crohn’s
pendently from Wnt. Notch inhibition leads to differen- disease™*".
tiation to a secretory phenotype, while Notch activation A better knowledge of ISC function and dysregula-
leads either to self-renewal within the ISC compartment tion in gastrointestinal diseases will help to understand
or to differentiation towards an absorptive phenotype. the pathophysiology of such disorders and might also of-
The Wnt pathway is also implicated in PC differentiation fer new insight into the development of SC-based thera-
and regulates cell migration along the crypt-villus axis, via pies.
Eph/Ephrin signaling. Hh effects on the ISCs are mainly Theoretically, ISCs would be the best source for in-
indirect and occur through regulation of the BMP path- testinal regeneration. Although ISCs can be expanded for
way. BMP signaling inhibits proliferation of 1SCs, an- multiple passages in the form of organoids, most of the
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culture conditions provide little control over their self-re-
newal and differentiation. As a consequence, the inability
to efficiently expand Lgr5+ SCs has so far considerably
limited the translation to therapies as well as the study of
intestinal epithelial biology. However, very recently Yin
and co-workers identified small molecules (CHIR99021
and valproic acid) that target Wnt, Notch and BMP path-
ways to maintain the self-renewal of Lgr5+ ISCs, result-
ing in nearly homogeneous cultures with high colony-
forming efficiency and preservation of the multilineage
differentiation ability”". This might be a promising SC
source for regenerative medicine, tissue engineering and
drug screening;

So far, the only SCs that have “left the bench and
reached the bedside” in gastroenterology are BM-derived
SCs. BM SC transplantation has become an option for
the treatment of selected cases of inflaimmatory bowel
disorders (IBD). Experimental and clinical studies have
suggested that both allogeneic and autologous BM SC
transplants may be effective in inducing IBD remis-
sion””. The mechanisms underlying this beneficial ef-
fect are still under investigation; they might include local
immune-modulation and a direct contribution to tissue
repair”>”,

BM SCs might also be used to cure other gastrointes-
tinal pathologies, such as gastric ulcers or motility disor-
ders, like gastroparesis, achalasia and chronic constipa-
tion!”"",

Finally, a promising application for SC-based therapy
is celiac disease (CD). The following chapters will at-
tempt to summarize the body of knowledge regarding
CD physiopathology and clinical manifestations, as well
as the status of the ISC compartment during the course
of the disease and the possible SC-based treatments.

CELIAC DISEASE: FROM PATHOGENESIS

TO CURRENT TREATMENT

CD likely first developed after the last ice age in the fertile
crescent of the Middle East with cultivation of grains™,
The major breakthrough for the modern understanding
of CD was the observation that bread shortages during
World War II resulted in a dramatic decrease in death
rate from celiac disease""”. Also known as “nontropical

<«

sprue”, “celiac sprue” and “gluten-sensitive enteropathy”,
CD can be defined as a chronic immune-mediated dis-
ease that is triggered and maintained by dietary proteins
(gluten) in genetically predisposed individuals. Patients
affected by the disease display a specific autoantibody re-
sponse, various degrees of intestinal inflammation and a
broad range of clinical symptoms'”*""™,

Once considered a rare small bowel disease of child-
hood, CD is now recognized as a relatively common,
systemic disease that may manifest at any age. CD affects
0.6%-1% of the population worldwide. The prevalence
is up to 3-fold higher in women than in men; moreovet,
first-degree relatives of CD patients (10%-15%), indi-
viduals affected by autoimmune diseases, particulatly type
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1 diabetes (3%-16%) and Hashimoto’s thyroiditis (5%),
IgA deficiency (9%), Down’s syndrome (5%) and Turner’
s syndrome (3%) are at increased risk of developing the
disease. The disease is less common in Hispanic Ameri-
cans and it is thought to be rare in central Africa and east
Asia; the frequency of CD is increasing in many develop-
ing countries because of many factors, such as increased
awareness of the disease, changes in wheat production
and preparation and westernization of the diet. Interest-
ingly, serological screening studies have shown that only
a small proportion of cases of CD (up to 20%) are clini-
cally recognized“m].

Genetic background plays a pivotal role in the pre-
disposition to CD: results from genetic linkage studies
showed that CD is strongly associated with HLA-DQ
genes (COELIACI locus, on chromosome 6p21). In
particular, up to 90% of CD patients carry a variant of
DQ2 (haplotype DQA1*0501/DQB1*0201), while about
5% of CD patients carry a variant of DQS8 (haplotype
DQA1*0301/DQB1*0302); almost all of the remain-
ing 5% of celiac patients have at least one of the two
genes encoding DQ2"". DQ2 and DQS8 haplotypes are
necessary for the development of CD: DQ2 and DQS8,
expressed on the surface of antigen-presenting cells, can
bind activated (deaminated) gluten peptides, triggering an
abnormal immune response. However, DQ2 is carried
by approximately a third of the general population, thus
suggesting that HLA is only partly the cause of the con-
dition.

So far, more than 30 genes, mostly involved in inflam-
matory and immune response, have been linked to a CD
predisposition ™. Non-HILA genes associated with CD
include COELIAC2 (5q31-33) that contains cytokine
gene clusters, COELIAC3 (2q33), encoding for the nega-
tive costimulatory molecule CTLA4, and COELIAC4
(19p13.1) that harbors an unconventional myosin able to
alter cytoskeleton remode]jng[ms’m(’].

Almost all patients with CD develop immunoglobulin
IgA antoantibodies to the enzyme tissue transglutamin-
ase 2 (T'G), which is expressed by many cell types and is
associated with the extracellular matrix (endomysium or
reticulin fibers). TG targets certain glutamine residues in
some extracellular and intracellular proteins, usually teth-
ering them to a lysine residue of a second protein that
results in cross-linking of both proteins. Alternatively,
TG merely deaminates glutamines to negatively charged
glutamine acid residues. Gluten proteins ate preferred
substrates for TG and once deaminated, they bind more
strongly to HLA-DQ2 or DQS8 on the surface of antigen
presenting cells"",

Serological tests are fundamental for CD screening,
In patients with positive serology, a biopsy of the small
intestine showing typical CD characteristics (increased
number of intra-epithelial lymphocytes (IELs), elonga-
tion of the crypts and villous atrophy) is required to
confirm the diagnosis. However, according to the most
recent Buropean guidelines, the confirmation biopsy is
no longer required in children with predisposing HLA-
genotypes, typical symptoms and a higher titer of anti-
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TG (>10 times the upper limit of normal range) mon,

CD is a “unique” model of autoimmune disease in
that the key genetic components (HLA DQ2 and/or
DQ8) are present in almost all patients, the autoantigen
(TG) has been identified and the environmental trigger
(gluten) is known. The central role of gluten in this cas-
cade of events explains how the cornerstone of therapy
for CD is a “gluten-free” diet (GFD).

Gluten is a protein complex composed of gliadins
and glutenins that is responsible for the baking proper-
ties of wheat. Analysis of gliadin has identified more
than one hundred components that can be grouped into
four main types (omega5-, omegal, 2-, alpha/beta- and
gamma-gliadins). The immunogenicity and toxicity of
several gliadin epitopes has been established; although
several gluten epitopes are immunostimulatory, an immu-
nodominant peptide of 33 amino acids identified from
the alpha-gliadin fraction has functional properties attrib-
utable to many proline and glutamine residues. Proline
gives increased resistance to gastrointestinal proteolysis
and causes a left-handed helical conformation which
strengthens binding with DQ2 and DQ8 molecules on
antigen-presenting cells. Additionally, glutamine residues
are a preferred substrate for tissue transglutaminase-
mediated deamination, which confers an enhanced im-
munogenicity. Storage proteins (prolamines), with similar
amino acid composition to the gliadin fraction of wheat,
have been identified in batley (hordeins) and rye (secalins)
and show a close correlation to the taxonomy and toxic
properties of wheat cereal™.

Gluten peptides can be transported across the intes-
tinal epithelium either paracellularly, especially in pres-
ence of an impaired gut barrier, or via transcytosis or
retrotranscytosis of secretory IgA through the transferrin
receptor. Gluten can elicit an innate immune response in
professional antigen-presenting cells (monocytes, macro-
phages and dendritic cells) that activates both IELs and
intestinal epithelial cells. This immediate reaction might
favor the development of adaptive immunity to gluten in
HLA-DQ2 or DQ8 cartiers""”. Innate immune activation
of IELs by gluten induces expression of the non-classic
class I molecule (MICA) on intestinal epithelium, which
can in turn activate natural killer-like IELs, gamma-delta
T cells and a subset of CD4+ and CD8+ T cells"”. Epi-
thelial MICA and production of I1.-15 by epithelial cells,
macrophages and dendritic cells lead to enhanced prolif-
eration of IELs and cytokine secretion in CD patients;
moreover, IL-21, produced by CD4+ Thl cells, acts in
concert with IL-15 as an additional driving force of in-
nate immunity in CD pathogenesis[“o].

Deamination or cross-linking of gluten by TG en-
hances the binding to HLA-DQ2 or DQS8 expressed
by antigen presenting cells, leading to a more rigorous
gluten-specific CD4+ Th1 T-cell activation”. Activated
gluten-reactive CD4+ T cells produce high levels of pro-
inflammatory cytokines, thus inducing a Thl-pattern
dominated by interferon (IFN)-y. Th-1 cytokines pro-
mote extracellular matrix degradation and increase cyto-
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toxicity of IELs and NK cells. Additionally, IFN-alpha
released by dendritic cells perpetuates the inflammatory
reaction by inducing CD4+ T cells to produce IFN-y. Fi-
nally, the production of Th2 cytokines by activated CD4
T cells drives the clonal expansion of B cells and subse-
quent production of antigliadin and anti-TG antibodies
that can form deposits in the basement membrane region
of the mucosal layer, leading to cytoskeleton remodeling
and subsequent epithelial damage!"”.

Clinical presentations of CD are extremely variable,
reflecting the systemic nature of the disease. CD can be
divided into 5 clinical subcategories: major (or classic),
minor (or atypical), asymptomatic (or silent), latent and
potential[mz’m].

Major CD has three distinctive features: malabsorp-
tion (diarrhea, weight loss, vitamin and nutrient deficien-
cies), positive serology and pathological findings of vil-
lous atrophy. A rare life-threatening manifestation of CD
is the so-called “celiac crisis”, mostly observed in children
that manifests with profuse diarrhea, hypoproteinemia,
metabolic and electrolyte imbalances.

Minor CD may present with only trivial, transient and
apparently unrelated symptoms (fatigue, anemia, abdomi-
nal discomfort, dyspepsia, altered bowel habits, cryptic
hypertransaminasemia, osteoporosis, infertility, peripheral
and central neurological disorders, short stature, dental
enamel defects, dermatitis herpetiformis) or isolated
symptoms of associated autoimmune diseases. Most of
these patients are biopsied after a positive search for anti-
TG and/or anti-endomysial antibodies.

Asymptomatic CD is recognized on biopsy specimens
of patients with positive serology but without symptoms
of disease.

Potential CD includes subjects with positive serology
but normal small bowel mucosa on a gluten-containing
diet in whom CD may develop later in life. Finally, the
term “latent” has been attributed to a “preclinical state”
of CD, usually recognized retrospectively, or to patients
with an earlier presentation of CD who recover on a
GFD and later remain silent when gluten is reintroduced
into the diet. Potency and latency might be transient and
these patients should be followed clinically since some
degree of villous atrophy with variable symptoms may
develop in the future in about 80% of cases" ™'\

The only current treatment for CD involves a strict
and life-long adherence to a GFD. With maintenance of
a GFD, symptoms and serum celiac antibodies gradually
disappear and healing of the intestinal damage typically
occurs within 6 to 24 mo after initiation of the diet.

Refractory CD is diagnosed when there are persistent
or recurrent malabsorptive symptoms and signs with vil-
lous atrophy detected on biopsy despite the maintenance
of a strict GFD for more than 12 mo. Complications
associated with untreated and/or refractory CD include
ulcerative jejunoileitis, splenic hypofunction, enteropathy-
associated T cell lymphoma and adenocarcinoma of the
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Figure 3 Causative factors in celiac disease. The pathogenesis of celiac disease involves: (1) host genetic background (HLA-DQ2 or DQ8 and other non-HLA
genes); (2) an external trigger (gluten); and (3) environmental cofactors (such as intestinal pathogens, altered gut microbiota composition, infant-feeding practices and

some immune-modulatory drugs).

GLUTEN EFFECTS ON EPITHELIAL
BARRIER AND INTESTINAL
HOMEOSTASIS

The presence of gluten in the mucosa is a prerequisite for

the activation of gluten-reactive T-cells and the ensuing
inflammation. However, gluten also affects the intestinal
mucosa by non-immune mediated mechanisms.

It has been demonstrated that gliadin-derived cyto-
toxic peptides can induce oxidative stress, rearrangement
of actin cytoskeleton, impairment of epithelial tight junc-
tion assembly and deregulation of the epithelial homeo-
stasis in experiments on cultured epithelial cells and celiac
mucosa' >,

The oxidative stress induced by gliadin in epithelial
cells might be responsible for the increased nuclear factor
(NF)-kB activity and subsequent interleukin (IL)-15 tran-
scription that is present in the small intestinal mucosa of
celiac patients“w. Epithelial NF-kB activation in healthy
hosts is normally suppressed by anti-inflammatory cy-
tokines produced by underlying T lymphocytes, such as
transforming growth factor (TGF)-f3 and IL-10. In active
CD, the status of chronic inflammation and the direct
toxic effects of gluten worsen the epithelial layer damage,
thus causing activation of NF-kB which leads to a vicious
cycle of aberrant immune response, mucosal inflamma-
tion, increased mucosal permeability and impairment of
the regenerative potential of the intestinal epithelium.

As for the alterations of the epithelial barrier, it is
speculated that dysregulation of zonulin in many diseases
may involve loss of cell junction integrityms]. The endog-
enous zonulin, which is functionally and immunologically
related to zonula occludins toxin from 7brio cholera, has
been found to disassemble intercellular tight junctions iz
interaction with cell membrane receptors. Serum zonu-
lin is up-regulated in active CD and decreases following
GFD, suggesting a role for a “leaky gut” in the develop-
ment of autoimmunitymﬁ]. Some gliadin peptides have
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been shown to bind to the chemokine receptor CXCR3
on the surface of epithelial cells and induce tight junction
permeability and zonulin release""”.

Gliadin peptides can interfere with endocytic vesicle
maturation and promote cell proliferation by prolong-
ing epidermal growth factor receptor (EGFR) activation,
which may correlate with the histological finding of crypt
hyperplasia in CD'"'. Interestingly, p31-43 gluten peptide
stimulation on proliferation of epithelial cells iz vitro is
dependent on IT.-15 activity """,

Furthermore, some toxic gliadin peptides have been
reported to induce enterocyte apoptosis vz the Fas-Fas
ligand (FasL) pathwaymg]. IL-15 has also been shown to
induce enterocyte MICA expression in CD patients and
to trigger the anti-apoptotic pathway in human IELs,
which can kill intestinal epithelial cells"*".

ENVIRONMENTAL COFACTORS IN
CELIAC DISEASE: GUT MICROBIOTA

Environmental cofactors that participate in the devel-
opment and maintenance of CD include: intestinal
pathogens that could enhance gluten immunogenicity
and toxicity (ze., rotavirus infections'”"); altered gut mi-
crobiota compositionmz’mj; infant-feeding practices (with
a reported 50% lower risk among infants who are still
being breast-fed at the time of gluten introduction'**;
and some immune-modulatory drugs (i.e., IFN—alpha“zﬂ)
(Figure 3).

In CD, the homeostatic mechanisms that allow coex-
istence of the host organism and the commensal micro-
biota are disrupted. Several studies have shown that celiac
patients are characterized by a different composition of
the gut microbiota when compared to healthy individu-
als. Rod shaped bacteria adhering to the small intestinal
mucosa were frequently seen in patients with CD during
the “Swedish CD epidemic”™. Nadal ez a/'*" demon-
strated a higher proportion of total and gram-negative
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bacteria, also including potentially pro-inflammatory
bacteria (Bacteroides-Prevotella and E. coli), in active CD
children »s symptom-free patients and controls. Schippa
et al™ found a distinctive “microbial signature” in celiac
patients, irrespective of the disease status. The duodenal
mucosa of CD patients showed a higher diversity of as-
sociated bacteria population; Bacteroides vulgatus and E. coli
were detected more often in celiacs than in controls.

The changes detected in gut microbiota of CD pa-
tients could be either a consequence or a cause of the dis-
ease. In the first scenario, the damaged mucosa covered
by immature enterocytes would facilitate gram-negative
bacterial colonization to the detriment of gram-positive
bacteria. In the second case, the predominant coloniza-
tion of gram-negative bacteria in genetically predisposed
individuals would contribute to the loss of tolerance to
gluten. Indeed, changes in resident microbiota compo-
sition seem to precede the onset of the disease and as
such, they might be a risk factor for the development of
celiac disease in susceptible individuals. Of note, inter-
play has been observed between HLLA genes and milk
feeding practice for microbial colonization that could
influence the manifestation of the disease. The PROFI-
CEL study demonstrated that infants at high genetic
risk have higher numbers of B. fragilis and Staphylococcus
spp. and reduced numbers of Bifidobacterium spp.; breast-
feeding promoted colonization of Bifidobacteria, while
formula-feeding promoted that of Bacteroides fragilis and
E. coli, among others. In breast-fed infants, the increased
genetic risk was associated with increased C. lptum group
numbers, while in formula-fed infants it was associated
with increased Staphylococcus and B. fragilis group numbers.
Finally, breast-feeding reduced the genotype-related dif-
ferences in microbiota composition, which could partly
explain the protective role attributed to breast milk in this
disorder .

Through a process of “cross-talk” with the muco-
sal immune system, gut microbiota negotiates mutual
growth, survival and inflammatory control of the intes-
tinal ecosystem. The intestinal mucosa is equipped with
transmembrane and intracytoplasmic receptors referred
to as pattern/pathogen recognition receptors (PRRs)
that are defined by their ability to specifically recognize
and bind distinctive microbial macromolecular ligands
(microbial-associated or pathogen-associated molecular
patterns, MAMPs or PAMPs), such as LPS, flagellin, pep-
tidoglycans and formylated peptides. Subsequent signal-
ing consists of an intricate and inter-relational pathway
which determines the signaling output based on the initial
perception of the triggering organism. Output can be a
protective response to commensal microbiota, an inflam-
matory response to pathogenic organisms, or a trigger for
apoptosis. Intestinal epithelial cells express high levels of
the Toll-like receptor (TLR) inhibitor and Toll-interacting
protein (TOLLIP). Expression of TOLLIP has been
shown to correlate with the 7z vivo luminal bacterial load
and is highest in healthy colonic mucosa; this inhibitory
molecule is important in maintaining microbial homeo-
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stasis.

Many studies have demonstrated that the expression
of TLRs is deregulated in active CD, suggesting that
microbiota-associated factors may be important in the
development of the disease. Higher densities of TLR4+
cells were found in active CD patients o5 controls™",
Recently, Kalliomiki ¢z /""" demonstrated that expres-
sion of IL-8 mRNA (marker of intestinal inflammation)
and TLR-2 mRNA significantly increased in duodenal
biopsies of active celiacs compared with treated celiacs
and controls, while expression of TOLLIP mRNA was
down-regulated.

The CD-associated bacteria and the dysbiosis they
might cause in the resident microbiota through TLR/
PAMP interactions might contribute to the Thl
inflammatory milieu characteristic of CD. Medina ez al
showed that gut microbiota from both active and treated
CD patients increased TNF-o and IFN-y production and
decreased IL-10 production and CD4 expression in pe-
ripheral blood mononuclear cells compared with control
samples. Interestingly, probiotics (Bifidobacterinm strains)
suppressed this pro-inflammatory cytokine pattern and
increased IL-10 production. Similar beneficial effects of B.
longum were found in an animal model of gliadin-induced
enteropathy!*,

pro-
132]

ISC MODULATION IN CD

Despite the many achievements in understanding of the

pathogenic interactions among genetic, immunological
and environmental factors in CD, little is known about
ISC modulation and deregulation during the course of
the disease.

In the last years it has been observed that ISC differ-
entiation towards PCs and goblet cells may be disturbed
in active CD. This may result in a defective antimicrobial
and mucus barrier which enables the intestinal bacteria to
invade the mucosa and trigger the inflammation. Indeed,
the expression of natural antibiotics such as defensins is
limited in CD. In particulat, it has been demonstrated that
some beta-defensins are underrepresented among celiac
patients and that their expression correlated negatively
with the degree of villous atrophy and rose on GFD; this
suggests that increased copy numbers could protect from
CD, possibly by impeding bacterial infiltration more ef-
ficiently and preserving gut epithelial integrity[m’m].

As for PC deregulation in CD, a number of studies
have reported conflicting results. The earliest reports
described the disappearance of PCs in patients with re-
fractory CD and a significant decrease in patients with
untreated and treated CD. However, later studies did not
confirm a numeric reduction of celiac PCs and some
authors even hypothesized that PCs would be increased
in active CD given the high level of a-defensins found in
untreated celiac mucosa” . Di Sabatino e# a/"" adopted a
multiple histochemical approach and showed no change
of PC numbers in uncomplicated treated or untreated
CD »s normal controls, while they observed a signifi-
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cant decrease of PCs in patients with complicated CD;
of note, this decrease did not correlate with the degree
of mucosal damage or with the duration of GFD. The
proliferative pattern of PCs was not statistically different
among the various groups, while crypt enterocyte pro-
liferation was significantly higher in uncomplicated, un-
treated CD in compatison with treated CD and control
cases"”. More recently, Rubio found that in active CD
patients, the normal production of PCs in the crypts is
replaced by lysozyme-producing mucus cells. The author
speculated that in CD, ISCs are re-programmed as an an-
timicrobial adaptation to signals generated by pathogenic
duodenal bacteria™. The molecular mechanisms behind
the abrogation of PCs in duodenal crypts and their sub-
stitution with lysozyme-producing mucus cells in CD
remain to be elucidated. Further studies are needed to
clarify the exact entity of PC deregulation in CD, the un-
derlying molecular pathways and its implications in terms
of ISC fate.

The intriguing hypothesis that PC secretion might be
involved in the control neoplasia, thus accounting for the
low incidence of neoplasms in the small bowel, encout-
ages further investigation of the relationship between PC
deficiency and premalignant and malignant complications
of CD, as well as other inflammatory bowel disorders.

Regarding the deregulation of goblet cells in CD,
Cinova e al”” observed that gliadin fragments and/or
IFN-y were able to reduce the number of PAS-positive
goblet cells and increase mucin secretion in rat intestinal
loops; interestingly, these changes were more pronounced
in the presence of potentially pathogenic enterobacteria,
while the decrease in PAS-positive goblet cells by gliadin
was reversed by probiotics (B. bifidum LATA-ES2).

The molecular mechanisms underlying the deregula-
tion of ISC differentiation in CD are still being elucidat-
ed. Capuano ¢/ al™ assessed the miRNA-based modula-
tion of gene expression in the celiac small intestine for
genes involved in intestinal differentiation and prolifera-
tion. They found a downregulation of the Notch pathway
and KILI'4 signals in celiac patients, whereas more nuclear
beta-catenin staining (a sign of Wnt signaling activation)
and more Ki67 staining (a sign of cell proliferation) were
present in crypts from celiacs than in controls. Moreover,
they documented a reduction of the number of goblet
cells in the small intestine of children with active CD and
in those on a GFD compared to controls. The authors
postulated that the Notch pathway could be constitutively
altered in CD and that it could drive the increased prolif-
eration and the decreased differentiation of ISCs towards
the secretory goblet cell lineage™.

Another reported ISC niche alteration in CD regards
the mucosal vasculature in the small intestine of active
celiac patients that differs considerably from normal. In-
deed, in celiac mucosa the capillary tufts are totally miss-
ing and the entire vasculature is disorganized. Myrsky ez
al"*! reported that IgA and anti-TG from CD patients
disturb several steps of angiogenesis (sprouting and mi-
gration of endothelial and vascular mesenchymal cells)

(49

Boishidongs  WJSC | www.wignet.com

223

Piscaglia AC. Stem cells and celiac disease

and also induce disorganization of the actin cytoskeleton
in vitro. This disturbance of the angiogenic process could
lead 7 vivo to the disruption of the mucosal vasculature
seen in active CD",

Finally, little is known about the contribution of BM-
derived SCs in CD. Mastrandrea ¢ a/'™? showed an in-
creased traffic of circulating CD34+ HSCs in active CD
patients #s healthy controls, but no cortelation was found
with anti-TG levels or histological severity. The authors
postulated that this increased traffic of HSCs was more
related to a defect shared by chronic inflammatory dis-
eases than to a gliadin-specific Th1 local reaction. They
hypothesized that the prevalence of apoptotic »s sutvival
programs leading to excessive cell death in active CD
might induce the mobilization of BM multipotent SCs as
a supplementary source of ISCs for intestinal repair’ "

The potential contribution of extra-intestinal SCs in
gut regeneration offers new insights into the develop-
ment of SC-based treatments against CD.

NOVEL THERAPIES FOR CD: A ROLE FOR
STEM CELLS?

Adherence to a strict GFD might restrict social activities
and limit nutritional variety. Additionally, it is costly and
difficult to maintain in many countries. In the last years,
alternative therapeutic strategies have been tested. These
include intraluminal therapies (genetic modification of
wheat and/or pretreatment of flours to reduce immu-
notoxicity, oral enzyme therapy, intraluminal binding of
gluten peptides, neutralizing gluten antibodies), transepi-
thelial treatments (inhibition of intestinal permeability
through zonulin receptor antagonists) and subepithelial
actions (TG inhibitors, gluten peptides that downregulate
innate responses, HLA-DQ?2 inhibitors, CCR9 and inte-
grin antagonists, 1L-15 antagonists, anti-IFN-y antibody,
anti-CD3, anti-CD4 and anti-CD25 antibodies). Such
approaches have been tested in experimental models and
in small clinical trials with inconclusive results overall in
terms of efficacy; moreover, some of these treatments
have a poor safety profile and their hypothetical use
should be reserved for complicated forms of cpM">1"l,
Novel treatments for CD might derive from SCs.
Indeed, the advancements in SC biology have led to the
concept of regenerative medicine which is based on SC
potential for therapies aimed at facilitating the repair of
injured tissues'*. Such therapies require a deep knowl-

edge of the dynamics underlying SC compartment regu-
lation, both in physiological and pathological conditions.

A potential therapeutic avenue for CD is the discov-
ery of epithelial mitogens that stimulates mucosa growth.
Recently, R-spondin-1 has been shown to stimulate crypt
cell growth, accelerate mucosal regeneration and restore
intestinal architecture in experimental colitis in mice ",
In CD, the infusion of such mitogens might help to ac-
celerate intestinal healing,

Another potential SC-based therapy for CD is trans-
plantation of multipotent extraintestinal SCs of BM
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origin that can contribute to intestinal repair. In the last
two decades, BM-derived SC transplantation has become
an option for patients with severe autoimmune diseases
refractory to conventional treatments. Such a therapy has
recently found an application in gastroenterology for the
treatment of selected cases of complicated CD. Bishton
et al'™ reported the efficacy of autologous HSC trans-
plantation preceded by conditioning in patients with en-
teropathy-associated T cell lymphoma: 4 out of 6 patients
remained in a sustained complete remission for up to 4
years. Kline e7 a/'*” treated one celiac patient affected by
acute myelogenous leukemia with allogeneic HSC trans-
plant preceded by conditioning and achieved correction
of CD despite the reintroduction of a gluten-containing
diet. Similarly, Hoekstra ez a/'*” reported that in one pa-
tient with severe aplastic anaemia and CD, allotransplant
of SCs resulted in the cure of CD even after the return
to a free diet. Recently, Ciccocioppo ¢z al'*® showed that
in 2 patients affected by CD and B-thalassemia major
who underwent successful myeloablative allogeneic HSC
transplantation for the latter condition, the introduction
of a gluten-containing diet did not cause the reappear-
ance of clinical, serological and histological markers of
CD in up to 5 years of follow-up. Al-Toma e a/'*” sub-
jected patients with refractory CD type 1 to autologous
peripheral blood SC transplant after conditioning: 6 out
of 7 patients obtained a significant reduction in aberrant
T cells in duodenal biopsies, associated with clinical im-
provement. Similar results were obtained by Tack ez al™
in refractory type-II CD patients who showed an impres-
sive clinical improvement upon auto-transplant of HSCs.
Despite these encouraging results, further studies and
longer follow-up periods are required to confirm the effi-
cacy of HSC infusion in refractory and complicated CD.
The molecular mechanisms underlying the beneficial
effects of HSC transplantation in CD are still largely un-
known. It has been postulated that the immune system
ablation followed by HSC transplantation provides a
reset of the host immune system imbalance; this effect is
likely to be more pronounced and prolonged in cases of
allogeneic transplantation when HSCs that do not carry
any CD-predisposing polymorphism are infused upon
conditioning. Moreover, BM cells might contribute to
tissue repair by differentiating into epithelial cells and my-

ofibroblasts and by facilitating the neoangiogenesispz’%J.

CONCLUSION

SCs are the key to tissue genesis and regeneration. Given
their central role in homeostasis, SC dysfunctions are in-
volved in the pathogenesis of virtually all diseases, from
cancers to degenerative disorders to chronic inflammato-
ry pathologies. Ten years ago, SC research was compared
to a “Pandora’s vase”, the opening of which could make
it possible to clarify the nature and the pathophysiology
of all human disease. If SCs are the source of all pathol-
ogy, they can also be the ultimate cure; this is the pre-
condition of regenerative medicine which is based on SC
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potential for tissue renewal and regeneratlon[ &

Despite the efforts made during the last 30 years, the
body of knowledge of the physiology of ISCs and their
involvement in bowel disorders appears fragmentary,
incomplete and sometimes contradictory. As for CD,
the role of ISCs and their niche in the development and
maintenance of the disease is far from being elucidated
and the clinical applications of SC-based treatments for
CD are limited to a few case reports and uncontrolled
trials, with small numbers of subjects affected by compli-
cated disease.

Nonetheless, the expectations of the general popula-
tion for SC-based therapies against CD are very high.
Among the families that collect and bank cord blood for
private storage, potential treatment of CD is the second
most common motivation (19.7%)"", This imposes a
careful consideration: further studies are needed to clarify
the complex interplay among gluten, gut microbiota, gut
barrier, immune system and ISC modulation and deregu-
lation in CD. Such knowledge should be the basis for any
potential clinical application of SCs against CD in order
to avoid an “excess of enthusiasm” that might get “the
better of judgment”.
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