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Abstract

The mesenchymal elements of the intestinal lamina propria reviewed here are the myofibroblasts,
fibroblasts, mural cells (pericytes) of the vasculature, bone marrow—derived stromal stem cells,
smooth muscle of the muscularis mucosae, and smooth muscle surrounding the lymphatic lacteals.
These cells share similar marker molecules, origins, and coordinated biological functions
previously ascribed solely to subepithelial myofibroblasts. We review the functional anatomy of
intestinal mesenchymal cells and describe what is known about their origin in the embryo and
their replacement in adults. As part of their putative role in intestinal mucosal morphogenesis, we
consider the intestinal stem cell niche. Lastly, we review emerging information about
myofibroblasts as nonprofessional immune cells that may be important as an alarm system for the
gut and as a participant in peripheral immune tolerance.
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INTRODUCTION

Since our earlier reviews on the biology of intestinal myofibroblasts (1-3), the literature in
this area of science has exploded, due in no small part to the work of many productive
laboratories whose research for more than 20 years established an important biological role
for these mesenchymal cells. Gabbiani and collaborators’ studies of wound healing and
fibrosis, Kedinger’s research on intestinal development and morphogenesis, and Furuya &
Furuya’s research on the anatomy and morphology of this interconnecting organelle and
how it acts as a contractile network through dye-permeable gap junctions and endothelin/
purinergic receptors have been particularly important contributions to myofibroblast biology
(4-6). In the past decade, the myofibroblast’s role as a paracrine/autocrine mediator of
inflammation has also become a productive area of investigation. Arguably, the most
important stimulus to the field of myofibroblast research has been recognition of the
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involvement of mesenchymal cells, particularly fibroblasts and myofibroblasts in the cancer
microenvironment, as drivers of carcinogenesis, tumorigenesis, cancer invasion, and
metastasis (7). A more recent impetus has been the putative role of myofibroblasts in both
the normal (8) and the neoplastic (9) stem cell niche. Space does not allow us to review the
role of myofibroblasts in all these important areas; nor can we add much to the excellent
reviews referenced above and by others. The focus of this review is on the non-white-blood-
cell and nonendothelial mesenchymal elements of the intestinal lamina propria:
myofibroblasts and fibroblasts, which together are considered intestinal stromal cells; the
mural cells (pericytes) of the vasculature (which may be categorized as part of the intestinal
stromal cell compartment); the bone marrow-derived stromal stem cells; the smooth muscle
of the muscularis mucosae; and the smooth muscle associated with the lymphatic lacteals.
On the basis of similar marker molecules, origins, and coordinated biological functions, we
propose that these elements act together to exert functions previously ascribed solely to
subepithelial myofibroblasts. We review here their functional anatomy, their origin in the
embryo and their replacement in adults, their putative role in intestinal mucosal
morphogenesis and the intestinal stem cell niche, and emerging information about
myofibroblasts as nonprofessional immune cells.

MESENCHYMAL ELEMENTS OF THE LAMINA PROPRIA

Molecular Markers

Conventionally, myofibroblasts have been identified by their expression of various in-
tracellular cytoskeletal proteins—the microfilament a-smooth muscle actin (a-SMA), type
3 intermediate filaments such as vimentin or desmin, and collagen type 1 maturation
enzymes such as prolyl-4 hydroxylase—and by the absence of epithelial cytokeratins (3,
10). Although various combinations of these markers have been used to demonstrate the
plasticity of myofibroblasts, operationally intestinal myofibroblasts are defined by their
expression of a-SMA together with their location and structure and are considered activated
fibroblasts. a-SMA remains the best single (but not exclusive or absolutely specific) marker
of the subepithelial myofibroblast network and of the other mesenchymal elements of the
lamina propria, i.e., mural cells (pericytes; please see related side bar) (1, 11), bone marrow—
derived stromal stem cells (11, 12), the muscularis mucosae (13), and the smooth muscle of
the small intestinal villus core (14). All express a-SMA. Although the stromal stem cells are
difficult to identify by routine histology of tissue sections, the lamina propria smooth muscle
fibers of the small intestine are prominent. When histological sections are properly aligned,
these smooth muscle fibers of the small intestinal villus are closely associated with the
lymphatic lacteals (Figure 1), a conclusion supported by comparing a-SMA-stained
histological sections with published scanning electron micrographs of corrosion casts of
intestinal lacteals (15) and immunohistochemical sections stained with antibodies against the
lymphatic endothelium (LYVEL, a hyaluronan receptor) (16). The idea that these villus core
smooth muscle cells surround the lacteal and through piston-like contractions propel lymph
to lymph nodes and eventually to the thoracic duct was first proposed in the late 1960s, and
the physiology of this system was reviewed in 1989 (17). Intermediate filament stains
differentiate the myofibroblasts and mural cells from the muscularis mucosae and the
lymphatic lacteal. The muscularis mucosa and the smooth muscle of the villus core stain
poorly with antibodies against vimentin but react strongly to desmin antibodies, whereas the
myofibroblasts and mural cells stain weakly (if at all) for desmin (13, 14, 18). The intestine
of the a-SMA-null mouse has not been studied in detail. These animals have no difficulty
feeding or reproducing but have impaired vascular contractility and blood pressure control
(19), suggesting that other actin isoforms can substitute for some functions in the digestive
and urogenital tracts. Interferon-yy (IFN-y) downregulates a-SMA (20), suggesting caution
when one identifies myofibroblasts in intestinal inflammatory states.
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To facilitate identification of the mesenchymal elements of the lamina propria, novel
markers have been sought. In the human intestine, both fibroblasts and myofibroblasts
express CD90 (cluster of differentiation 90), also known as Thy-1 (thymocyte differentiation
antigen-1). Thy-1 is a 25-37-kDa, extracellular glycosylphosphatidylinositol-linked
glycoprotein that is expressed by subsets of fibroblasts, myofibroblasts, mesangial cells,
vascular pericytes, hematopoietic and mesenchymal stem cells (MSCs), and activated
endothelial cells. It is also expressed by some murine neurons and murine T cells (21, 22).
There is also a soluble form of Thy-1, which is either secreted or cleaved from the surface of
producing cells. We used antibodies against this surface protein to identify the human
intestinal myofibroblast-fibroblast-pericyte network. Diffuse staining of the matrix
associated with the network suggests that the extracellular matrix may capture soluble Thy-1
(23). In both human myometrium and orbit, Thy-1* and Thy-1~ fibroblasts exist. Only
Thy-1* fibroblasts can differentiate into myofibroblasts after treatment with transforming
growth factor (TGF)B, whereas only Thy-1~ fibroblasts differentiate into lipofibroblasts
upon exposure to 15-deoxy-&-prostaglandin J, (24). Thy-1 subtypes in other tissues show
different abilities to secrete cytokines, eicosanoids, and collagens or to express major
histocompatibility complex (MHC) class Il molecules upon stimulation (25). We conclude
that the human intestinal stromal cell compartment can be identified but not exclusively
defined by the reaction to Thy-1 antibodies.

Antibodies against intracellular components of thymus stromal cells (reticular fibroblasts)
such as monoclonal antibody clones ER-TR7 (26, 27) and TE-7 (28) have immunoreactivity
with fibroblasts, myofibroblasts, pericytes, and lymphatic stromal cells. Preliminary studies
in our laboratory show reactivity of Thy-1, ER-TR7, and a-SMA against these
mesenchymal elements of the lamina propria, and confocal microscopic merged images give
promise that the combination may be useful in demonstrating the villus smooth muscle
(lymphatics) and the subepithelial myofibroblast network. Furthermore, an extensive study
of 72 different markers suggests that ER-TR7 and TE-7 may be useful in differentiating
fibroblasts from tissue macrophages, monocytes, and fibrocytes (stromal stem cells) (29).

Anatomy of the Lamina Propria

On the basis of use of the markers discussed above, Figure 2 illustrates the anatomy of the
small intestine and colonic lamina propria. We present the anatomy in the form of
diagrammatic representations of both longitudinal and cross sections of the lamina propria
of the small intestine in hopes of enhancing the clarity of the relationships and organization
of the respective mesenchymal elements. The colonic anatomy is similar to the longitudinal
and cross sections of the crypts of the small intestine.

Ablating Intestinal Myofibroblasts

Mirroring the search for specific markers to identify myofibroblasts, investigators need the
identity of specific genes or promoters that would allow ablation (preferably conditionally)
of these cells from the intestine to permit study of biological functions or disease.
Fibroblast-specific protein 1 (Fspl) has been used for fibroblast depletion (30). Fspl is not
highly expressed in a-SMA-expressing stromal cells and thus may not prove useful for
myofibroblast depletion (31). Mitogen-activated protein kinase—activated protein kinase 2
(MK2), a key signaling molecule in the TGF signaling pathway, plays an important role in
the differentiation of fibroblasts to myofibroblasts, and MK2-null mice have reduced
numbers of a-SMA* myofibroblasts in the lung (32). NG2 chondroitin sulfate proteoglycan
(NG2) (33), the proline dipeptidyl peptidase IV named fibroblast activation protein (34), and
the matrix protein periostin (35) are additional candidate molecules. A completely different
strategy for ablation of myofibroblasts would be to couple toxins or antifibrotic drugs to
antibodies highly specific for myofibroblasts (36).

Annu Rev Physiol. Author manuscript; available in PMC 2013 August 27.
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ORIGIN OF MYOFIBROBLASTS AND MURAL CELLS
Origin in the Embryo

Myofibroblasts are demonstrable as early as 21 weeks in the human embryo (P.
Adegboyega, personal communication) and embryonic day (E)18.5 in the mouse (37).
Neural crest cells can be shown through lineage tracing as the origin of a specialized
myofibroblast (endoneural fibroblast) and Schwann cells within the peripheral nerve (38)
and as pericytes in the vessels of the thymus (39). Thus, although neural crest cells remain a
possible source for intestinal myofibroblasts, Bader’s laboratory (40) has presented more
compelling evidence that the serosal mesothelium is the source of myofibroblasts and
pericytes in the lamina propria. Using Wilm’s tumor protein and Cre recombinase to track
serosal mesothelial cells, Bader and colleagues demonstrated that at E11.5 these cells
underwent epithelial-to-mesenchymal transition (EMT) and migrated throughout the gut,
forming vascular smooth muscle and mural cells as well as other lamina propria
mesenchymal cells (probably myofibroblasts). Thus, the subepithelial and perivascular a-
SMA cells of the lamina propria likely have the same origin, but it is unclear whether the
muscularis mucosae and lymphatic smooth muscle originate from these same origins.

Origin of Myofibroblasts and Pericytes in the Adult

Adult myofibroblasts are derived or replenished after injury or in response to neoplastic
transformation from several sources: differentiation or activation of resident fibroblasts or
resident stellate cells, dedifferentiation from perivascular smooth muscle cells (and perhaps
from adipocytes), EMT of epithelial and endothelial cells, and bone marrow-derived stem
cells (either MSCs or hematopoietic stem cells via CD14* monocytes transdifferentiating
into circulating CD34" fibrocytes, which become resident CD34" fibrocytes) (10).
Dedifferentiation of other gut smooth muscle elements (muscularis propria, muscularis
mucosae, or lymphatic smooth muscle) has not been demonstrated.

Fibroblast Differentiation

The major, acute source of myofibroblasts in liver and pancreas is stellate cells (41).
Fibroblasts serve this function in lung, (42), skin (43), and presumably the intestine. TGFB
is thought to be the key inducer of myofibroblast differentiation, although it requires the
presence of the fibronectin ED-A splice variant, and mechanical stress is important as well
(discussed in Reference 3). NAD(P)H oxidase 4 mediates TGFp transdifferentiation in
cardiac fibroblasts (44), as does the urokinase plasminogen activator/urokinase plasminogen
activator receptor system in corneal stromal cells (45) and NK2 in lung fibroblasts (see
above). a-SMA is upregulated in intestinal pericryptal myofibroblasts by low-salt diet and
by nonlethal radiation exposure, a phenomenon that is blocked by captopril, an angiotensin-
converting enzyme inhibitor (46). Prostaglandin E, (PGE») inhibits fibroblast-myofibroblast
transition through prostanoid EP2 receptors coupled to cyclic AMP (cAMP) production
47).

Epithelial-to-Mesenchymal Transition

EMT occurs during embryonic development (type 1), during fibrosis (type 2), and during
cancer tumorigenesis and metastasis (type 3) (48). Its role in development and cancer is
irrefutable (37, 49). In spite of a growing body of evidence incriminating EMT in tissue
fibrosis, two recent studies using a more rigorous technique of lineage tracing failed to
produce evidence of hepatocye or renal epithelial EMT as a source of liver or kidney fibrosis
(50, 51). EMT has been incriminated as a cause of persistent fistulae in Crohn’s disease
(52), and recent data from the Kalluri laboratory (53) suggest that the EMT process may

Annu Rev Physiol. Author manuscript; available in PMC 2013 August 27.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 5

play a role in the intestinal fibrosis observed in an animal model of inflammatory bowel
disease.

Bone Marrow Stem Cell Origin

Using in situ hybridization to detect the Y chromosome in female humans and mice
transplanted with male donor marrow, Brittan & Wright (54) demonstrated that both
subepithelial myofibroblasts and lamina propria mural cells are replenished by bone marrow
stem cells. Intestinal injury and neoplasia augment the process (54). This process also occurs
in liver (55) and lung (56). Which bone marrow stem cell and what chemotactic signals
promote this mesenchymal repopulation remain areas of investigation (57).

Both MSCs (58) and fibrocytes (11) are candidate cells of bone marrow origin to be the
stromal stem cells of the intestine. MSCs are classically defined as CD45™ (a
panhematopoietic marker), CD34~ (a hematopoietic stem cell/progenitor marker), a-SMA™*
cells that do not express antigen-presenting costimulatory molecules such as CD80, CD86,
or CD40 (58). This immune tolerance aspect of MSC is a therapeutic advantage,
downregulating the immune response, whereas growth factor expression from these cells
aids in repairing damage. Other researchers, however, report that MHC class 1l and negative
costimulatory molecule PD-L1 (programmed cell death receptor ligand-1) expression gives
these cells the ability to either present antigens or contribute to peripheral tolerance,
depending on levels of ambient IFN-y (59). The fibrocyte is a a-SMA™, CD45%, CD34* cell
with MHC class Il and costimulatory molecule (CD80 and CD86) expression and antigen-
presenting capability (11, 60). The fibrocyte is derived from a small subset of circulating
CD14" peripheral blood monocytes expressing immunoglobulin G (1gG) receptors. Like
MSCs, fibrocytes are found in inflamed tissue throughout the body and in cancers (11). The
properties of these two bone marrow—derived cells give promise to stem cell therapeutics for
intestinal and liver diseases (57, 61).

Brown et al. (12) reported a cyclooxygenase (COX)-2-expressing stromal cell that moves in
response to Toll-like receptor (TLR) signals from a position in the upper aspect of the
lamina propria to a position adjacent to the pericryptal myofibroblasts in the base of the
crypts, where the epithelial stem cells reside. This relocation and the prostaglandin secretion
appear critical to rectal epithelial repair in a dextran sodium sulfate (DSS) colitis model. One
possible explanation of this study is that Brown et al. may have caught stromal stem cells in
transit from the vasculature of the injured gut to replace either pericytes or subepithelial
myofibroblasts at the base of the crypt. Furthermore, the study does not rule out a role for
prostaglandin production or TLR responses by the conventional myofibroblasts or pericytes
that are present.

MESENCHYMAL-EPITHELIAL INTERACTIONS

During development and into adulthood, intestinal architecture and function are shaped by
interactions between the epithelium and underlying mesenchyme. These interactions are
important not only for proper morphogenesis but also for appropriate maintenance of the
intestinal stem cell niche. Excellent reviews (see Related Resources section following the
Literature Cited) of intestinal development/morphogenesis—topics beyond the scope of this
article—are available. Here we focus briefly on the role of epithelium-derived hedgehog
(Hh) growth factors in the formation of the lamina propria mesenchymal cells and how these
cells, in turn, contribute to the supportive microenvironment termed the epithelial stem cell
niche (8, 62).

Annu Rev Physiol. Author manuscript; available in PMC 2013 August 27.
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Hedgehog-Directed Mesenchymal Differentiation

Intestinal morphogenesis depends on bidirectional instructive signals (cross-talk) between
the endoderm and the mesoderm in the embryo and between the epithelium and
mesenchymal cells in the postnatal animal. Hh signaling pays a critical role in the
development of the mesenchymal elements of the lamina propria and was reviewed recently
in detail by van den Brink (63). Hh signaling is initiated when a Hh binds its receptor
Patched (Ptch) on target cells. Ptch normally interacts in an inhibitory fashion with another
transmembrane receptor, Smoothened (Smo), and Hh binding to Ptch disrupts this
interaction. Active Smo initiates a signaling cascade culminating in the activation and
nuclear translocation of the transcription factors Glil, Gli2, and Gli3. Ptchl and Glil are
transcriptional targets of Gli transcription factors. In the gut, Hh signaling is generally
epithelial to mesenchymal (14) [although Ptch expression can be observed within hindgut
epithelial cells at E10.5 (64)]. Both Indian hedgehog (IHH) and Sonic hedgehog (SHH) are
expressed by intestinal epithelial cells at E18.5. IHH knockout mice die at birth. Lesser
mutations in SHH, IHH, or downstream signaling molecules result in a host of gross
malformations of the foregut, pancreas, and mid- and hindgut in humans. In adults, the Hh
pathway dominates the mesenchymal-epithelial interactions because it is critical for the
development of the mesenchymal cells of the lamina propria (65) and thus for their ability to
modulate proliferation within the epithelium.

To examine the combined role of IHH and SHH in intestinal morphogenesis, the Gumucio
laboratory (14) created nonlethal transgenic mice expressing the pan-Hh inhibitor hedgehog-
interacting protein (Hhip) in the villus epithelium by coupling it to the villin promoter.
Gumucio and colleagues demonstrated a disturbed epithelial-to-mesenchymal paracrine
action of Hh. Myofibroblasts were mislocated throughout the villus, and the desmin-positive
smooth muscle fibers of the villus core were expanded in a disorganized pattern. One
interpretation of these results is that decreased Hh signaling in the embryo results in failure
of myofibroblasts to develop in an orderly subepithelial location and failure to form the
villus core smooth muscle into elements that will eventually become the smooth muscle of
the lymphatic lacteal. Gumucio and colleagues did not report in detail changes in the
muscularis mucosae. The mice in this study also demonstrated increased epithelial
proliferation with Ki67-positive cells existing at the villus tips instead of being relegated to
the villus bases, as in wild-type mice. These investigators concluded that the misdirected
myofibroblasts may be responsible for loss of the anchoring properties that keep the normal
proliferating epithelium at the villi bases in the area that becomes the crypts.

To study the effects of chronic reductions in Hh signaling, the Gumucio laboratory (66)
created a double transgenic villin-Hhip mouse (VFHhip) that shows only 30% of normal Hh
signaling by 1 month of age. The Chen laboratory (67) created and studied a similar model
(Villin-Cre:IHh flox/flox) with intestinal IHH mRNA levels at 4%, Ptchl mRNA levels at
19%, and Gli mMRNA levels at 9% of controls. In both models early death occurred (6-10
months for the Gumucio animals and less than 1 month for the Chen model) from varying
degrees of villous atrophy, diarrhea, malabsorption, and malnutrition. Both models
demonstrate mislocation of subepithelial myofibroblasts and progressive loss of villus
smooth muscle. The Gumucio laboratory did not report changes in the muscularis mucosae,
but the Chen mice showed striking loss of muscularis mucosae smooth muscle. By 6
months, even though there was increased epithelial proliferation, the Gumucio animals
developed progressive loss of villi, crypt hyperplasia, and inflammation of the lamina
propria. By 10 months these animals were dead from progressive diarrhea and malnutrition.
Because the villin promoter is not avidly expressed in the colon, few morphological changes
were expected or noted in the Gumucio animals. In the colon, where mosaic Cre expression
occurs, the Chen model showed spotty areas of muscularis mucosae loss coinciding with
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dilated colonic crypts, suggesting an important role for the muscularis mucosae in normal
crypt development.

The Gumucio laboratory (66) concluded that its model is phenotypically similar to chronic
small intestinal inflammatory diseases, especially celiac disease, where villus loss is a
common histology. Moreover, Gumucio and colleagues proposed that the Hh ligand has
previously unrecognized anti-inflammatory properties. Although this may be so, the absence
of small intestinal villous smooth muscle in this model is also compatible with loss of the
lymphatic lacteals, a condition in humans termed lymphangectasia, which can be congenital
or acquired, and with a histopathology in the early stages of the disease that is similar to that
of this transgenic mouse models (68). The Chen mouse showed spotty areas of intestinal
inflammation, possibly due to a weakened epithelial barrier (67). These changes may also be
the result of increased interstitial pressure due to poor lymph drainage that would
accompany the loss of lymphatics in the villus.

The Intestinal Epithelial Stem Cell Niche

Stem cell dynamics are regulated by environmental factors, the sum of which constitutes the
stem cell niche. The intestinal epithelial stem cell niche is composed of neighboring
epithelial cells, mesenchymal cells, basement membrane, and soluble and cell- or matrix-
associated growth factors (8, 62). Although neighboring epithelial cells in the establishment
and maintenance of the intestinal stem cell niche are critical, as exemplified by the necessity
of Notch signaling for stem cell maintenance and ephrin interactions for proper trafficking,
we focus on the role of mesenchymal cells in this process.

Wnt signaling—The fundamental pathway driving proliferation within the intestinal
epithelium is the Wnt pathway (69, 70). Canonical Wnt signaling results in nuclear
accumulation of B-catenin, where it binds to T cell factor 4 (TCF4) transcription factor,
resulting in enhanced transcription of Wnt/TCF4 target genes. By expressing a dominant-
negative TCF4 peptide in human colorectal cancer cell lines, Van der Flier et al. (71)
discovered a panel of genes regulated by Wnt signaling within intestinal epithelial cells.
Many of these are preferentially expressed within intestinal epithelial stem cells, leading to
the conclusion that Wnt signaling is enhanced within the stem cell niche. Of these genes, the
leucine-rich repeat—containing G protein—coupled receptor 5 (Lgr5) and olfactomedin 4
(OIfm4) are specifically expressed within intestinal epithelial stem cells or immediate
progenitors (71-73). A detailed survey of the cellular source of intestinal Wnts concluded
that canonical Wnts (Wnts 3, 6, 9b) are secreted predominantly by epithelial cells, whereas
noncanonical Wnts (Wnts 2b, 4, 5a, 5b) and Wnt antagonists (SFRP-1, Dkk-3) emanate
from the mesenchyme (74). Microarray analysis of microdissected tissue demonstrated a
stromal source for the Wnt antagonists Dkk-2 and SFRP-2 (75). Therefore, one of the key
functional roles of mesenchymal cells may be to restrict Wnt/p-catenin signaling in
intestinal stem cells or progenitor cells and to prevent the abnormal activity of this critical
pathway in mature intestinal epithelial cells. Paneth cells are a rich source of canonical
Whnts, an interesting fact given their proximity to stem cells and the importance of Wnts for
maintenance of Paneth cell differentiation (74, 76, 77).

Bone morphogenetic protein signaling—One major pathway that antagonizes Wnt
signaling along the crypt-villus axis involves the mesenchymally derived bone
morphogenetic proteins (Bmps) (78, 79). Bmp signaling inhibits intestinal epithelial stem
cell expansion and promotes epithelial differentiation (80). Bmps antagonize Wnt signaling
by stabilizing phosphatase and tensin homolog (PTEN), resulting in decreased Akt activity,
which culminates in decreased nuclear p-catenin (78). Bmps are members of the TGFp
superfamily of growth and differentiation factors in which ligand binding stimulates
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phosphorylation of the type 1 receptor subunit by the type 2 receptor subunit. The activated
type 1 receptor phosphorylates a receptor-associated SMAD (SMAD1, -5, or -8), which then
complexes with SMAD4. The SMAD dimer then translocates to the nucleus, where a
specific program of gene transcription is activated (81). SMAD-independent Bmp signaling
also occurs whereby a type 2 receptor initiates mitogen-activated protein (MAP) kinase
cascades (81). In the intestine, Bmp4 is synthesized by the intervillus stromal cells, whereas
epithelial cells contain type 1 Bmp receptors (82). Active Bmp signaling, as evidenced by
phosphorylated SMADs 1, 5, and 8, is observed within differentiated epithelial cells and
throughout the stroma of the lamina propria (82, 83). Kosinski et al. (84) recently discovered
why Bmp signaling is not active within the stem cell zone of intestinal crypts, finding that
myofibroblasts and muscularis mucosae cells in proximity to this zone secrete the Bmp-
inhibitory molecules gremlin 1, gremlin 2, and chordin-like 1. Kosinski et al. propose a
model in which cryptal myofibroblasts and muscularis mucosae cells, via localized secretion
of Bmp antagonists, assist in the establishment of a stem cell niche where Wnt signaling
proceeds unopposed. As one proceeds lumenally, Bmp tone increases, generating an
environment promoting epithelial differentiation (Figure 3) (84). An active role of the
epithelium in the establishment of this Bmp gradient is suggested by a recent study by
Klapholz-Brown et al. (85), who demonstrated that canonical Wnt signaling within lung
fibroblasts leads to a dramatic induction of gremlin 2 synthesis. Thus, in the intestine,
canonical Wnts derived from epithelial cells, Paneth cells, or Paneth-like cells within the
proliferative zone may also induce localized synthesis of Bmp inhibitors in the underlying
mesenchyme. Epithelial synthesis of Hh proteins in adults is generally restricted to
differentiated epithelial cells, further ensuring a lower level of Bmps within the proliferative
zone (63) (Figure 3).

In addition to regulating myofibroblast and smooth muscle development during ontogenesis,
Hh signaling is also the primary determinant of stromal Bmp synthesis and thus contributes
to establishment of the epithelial stem cell niche (86). The targeted IHH knockout mice used
by the Chen laboratory discussed above display villus branching, aberrant crypt formation,
and increased epithelial proliferation (67). At postnatal day (P)30, adenomatous changes
with mild dysplasia were seen. Wnt target gene expression (CD44, Sox9, and EphB2) was
no longer restricted to the base of crypts but extended along the villi, and O/fm4 expression
increased and expanded in the crypts. Gene array analysis showed upregulation of Wnt
target genes, including that of Lgr5. Downregulated genes included those involved in
smooth muscle development and extracellular matrix synthesis, and similar gene regulatory
changes were found in cultured myofibroblasts. Bmp2, -4, and -5 were downregulated,
whereas Bmp antagonists such as gremlin 1 and chordin-like 2 were upregulated. Kosinski
et al. (84) propose, therefore, that loss of the muscularis mucosae cells leads to deregulation
of the epithelial stem cell compartment through loss of Wnt inhibitor Sfrp2 and extracellular
matrix proteins that structurally support the stem cell niche. Additional factors favoring
epithelial Wnt-driven proliferative responses would be diminished Bmp secretion and
increased production of Bmp inhibitors.

Epimorphin—Additional insight into the role of subepithelial myofibroblasts in epithelial
regulation comes from a series of elegant studies by the Rubin laboratory (87-89) on the
role of epimorphin in crypt-villus morphogenesis. Epimorphin levels increase in the fetal gut
mesenchyme during lumen formation and villous morphogenesis. Myofibroblasts
engineered to overexpress epimorphin secrete higher levels of Bmp4, indicating that
epimorphin regulates Bmp4 synthesis within myofibroblasts (90). Epimorphin™~ mice
demonstrate increased crypt epithelial proliferation, increased crypt fission, and increased
bowel length. Hh signaling protein expression was decreased in knockouts, suggesting less
Hh responsiveness in these animals. These studies reinforce the idea that the myofibroblast
plays a central role in maintenance of the epithelial stem cell niche. Epimorphin expression
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within myofibroblasts functions perhaps via modulating their response to Hh signaling by
mechanisms that remain to be determined (88, 89).

Clevers’s group (91) recently demonstrated that intestinal crypt-villus structures can be
assembled in vitro from single Lgr5* stem cells without a mesenchymal niche. However,
several factors are required for the growth of the Lgr5* stem cells. Among them are a
laminin-rich matrix and the Bmp antagonist noggin, which are secreted predominantly by
mesenchymal cells. However, the recent studies of Hh signaling during gut development
mentioned above demonstrate that ablation of Hh signaling leads to disrupted cryptal
mesenchymal cells. Such disruption results in enlarged crypts and expansion of the intestinal
stem cell compartment, suggesting that mesenchymal cells may also play a role in restricting
intestinal stem cell expansion. Furthermore, a true villus did not form from the single
epithelial stem cell; only a flat intercrypt region formed. This suggests that lamina propria
mesenchymal cells must be present and are necessary to recapitulate the complete villus-
crypt axis. Therefore, mesenchymal components likely balance intestinal stem cell self-
renewal and differentiation. More studies are needed to fully elucidate the mesenchymal-
epithelial interactions involved in maintaining intestinal stem cell fate.

The cancer stem cell niche—It has been postulated that cancer is a disease of stem
cells. A substantial body of evidence supports the hypothesis that neoplasms are initiated
and maintained by a small population of cells within a tumor that possesses properties
similar to those of normal adult stem cells (92). These qualities include the ability to self-
renew and generate differentiated progeny. According to this hypothesis, only a small subset
of tumor cells should be able to initiate and sustain malignant tumor growth and to give rise
to the phenotypic heterogeneity observed in the original tumor; this is true for a wide variety
of cancers, including colorectal cancer (93). It should thus not be surprising that the major
pathway regulating stem cells in normal colorectal tissue, the Wnt pathway, is the most
frequent and earliest pathway mutated in colorectal carcinogenesis. In human familial
adenomatous polyposis (FAP) and rodent models of FAP, expansion of the proliferative
stem cell compartment occurs prior to the appearance of recognizable lesions (94). A wealth
of published information, including excellent reviews, describes mechanisms whereby
stromal cells modulate the process of carcinogenesis (7). We briefly highlight below
examples of how the principles of epithelial-mesenchymal interactions in the establishment
of the intestinal epithelial stem cell niche also apply during colorectal carcinogenesis.

Altered Bmp signaling can lead to colorectal carcinogenesis. Juvenile polyposis syndrome
(JP) is an autosomal-dominant syndrome that increases the patient’s risk for developing
colon cancer by approximately 12-fold. SMAD4 and BmpRIA mutations are frequently
observed in JP patients (83), and a small percentage of those with JP harbor PTEN
mutations (95). Inhibition of Bmp signaling by conditional knockout of BmpRIA (82) or
PTEN (90) or transgenic overexpression of the Bmp inhibitor noggin (96) results in the
formation of numerous ectopic crypts that mimic the intestinal histopathology of JP. The
lack of epithelial responsiveness to Bmps in these cases leads to an expansion of the
intestinal epithelial stem cell proliferative compartment similar to what is observed in mice
engineered to contain depressed levels of Hh signaling. Elevated stromal expression of the
Bmp antagonist gremlin 1 occurs in a wide variety of solid tumor types, including
colorectal, which is expected to expand the cancer stem cell pool (80).

Aberrations in Hh signaling have been noted in a wide variety of cancers, but the role of Hh
signaling in colorectal cancer remains controversial (63, 97). IHH synthesis is inhibited by
active Wnt signaling, and IHH expression is absent in polyps of FAP patients (98), which is
expected to result in decreased synthesis of stromal Bmps. Unlike normal epithelium, a
number of colorectal epithelial cancer cell lines express Ptch and Gli proteins, yet the
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significance of this expression is still not understood (63, 97). Arimura et al. (99) recently
reported increased expression of Smo within the adenomatous polyps of Apct/2716 mice, a
model for FAP. Small interfering RNA-mediated knockdown of Smo expression within
colorectal cancer epithelial cell lines suppresses proliferation, and Apct2716 Smo*!~ mice
harbor smaller polyps that display diminished epithelial proliferation relative to Apct/A716
mice (99). Arimura et al. (99) discovered that within the cancer epithelial cells Smo
activates a Gli-independent signal transduction cascade that enhances Wnt signaling, leading
to increased levels of nuclear B-catenin.

Wang et al. (100) recently documented the importance of Hh and Bmp signaling during the
development of Barrett’s metaplasia, a premalignant condition whereby metaplastic
columnar epithelium replaces the normal squamous epithelium lining of the esophagus.
SHH expression is dramatically increased within Barrett’s epithelium and is associated with
stromal expression of the Hh target genes PTCHI and Bmp4. Chronic acid or bile exposure
is considered to be an etiologic agent for the initiation of Barrett’s esophagus. Acidified
medium induces SHH and IHH expression in cultured squamous epithelial cell lines, and Hh
expression was also induced in esophageal tissue of mice experiencing experimentally
induced reflux esophagitis (esophagojejunostomy). Bmp4 signaling induces expression of
SOXO9, an intestinal crypt transcription factor, which is highly expressed in Barrett’s
epithelium. Additionally, expression of deleted in malignant brain tumors 1, the human
homolog of the columnar cell factor hensin, occurs in Barrett’s epithelium and is induced by
SOXO9. Finally, transgenic expression of SHH in the mouse esophageal epithelium induced
the expression of stromal Bmp4, epithelial Sox9, and columnar cytokeratins (100). Thus,
inappropriate Hh signaling within esophageal tissue contributes to the development of
Barrett’s metaplasia via stromally derived Bmps that trigger reprogramming of the
squamous epithelium (100).

STROMAL CELLS IN INNATE AND ADAPTIVE IMMUNITY

This section focuses on the emerging role of the mucosal stromal cells (myofibroblasts,
fibroblasts, and probably pericytes) in immune responses and tolerance. The concept that
stromal cells of mesenchymal origin participate in the regulation of acute and chronic
inflammation in peripheral organs, including secondary lymphoid organs, is now firmly
established (101). Aside from their role as structural elements, stromal cells serve as resident
sentinels that upon activation produce chemokines, initiating the recruitment of leukocytes
to the site of tissue injury and inflammation (102, 103). This topic has been well reviewed
(101), and we cannot add to the discussion. Instead, we focus on recent reports from our
laboratory and others that mucosal stromal cells interact with professional immune cells to
regulate innate and adaptive immune responses in the intestine (Figure 4).

Innate Immunity: Toll-Like Receptor Signaling

The gastrointestinal mucosal immune response of healthy individuals is characterized by a
balance between immunity, which protects mucosal surfaces from harmful microbes, and
tolerance, which permits the intestinal mucosa to interact in a nonpathological way with the
commensal bacteria and dietary antigens to which it is constantly exposed (104). Epithelial
cells have a complex interaction with the intestinal microflora, but the epithelial barrier is
not sufficient to provide absolute protection from undesired inflammatory antigens.
Therefore, the professional and nonprofessional immune cells that reside just beneath the
epithelial layer are poised to be among the first participants to react to leaked lumenal
antigens by mounting an immune response. The first line of defense to such antigens is the
innate immune response composed of the pathogen-associated molecular pattern—sensing
TLRs (104, 105).
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Binding of TLRs to their ligands results in activation and/or maturation of TLR-expressing
cells, changing their surface-associated and soluble immune mediator expression. The end
result is regulation of the efficiency of antigen presentation to T cells. TLR regulation of
antigen presentation within the lamina propria is attributed mostly to professional antigen-
presenting cells (APCs) such as macrophages and dendritic cells (106). However, human
CD90™ intestinal myofibroblasts and fibroblasts also express TLRs (107), and we have
recently shown that these cells also function as APCs (108). They compose up to 30% of the
lamina propria mononuclear cell population (108). TLR expression by murine intestinal
stromal cells has also been reported (109). Therefore, by virtue of their location, their
number, and their expression of TLRs, stromal fibroblasts and myofibroblasts may play an
important and previously unappreciated role in innate immune responses within the
gastrointestinal mucosa. For example, TLR4 engagement on these cells leads to upregulation
of expression of proinflammatory mediators [including interleukin (IL)-1a, IL-14, IL-6, and
IL-8] and adhesion molecules, such as intercellular adhesion molecule-1 (ICAM-1) (110), a
process that results in the attraction of professional immune cells such as lymphocytes,
macrophages, and neutrophils. Studies in our laboratory have shown that stimulation of
TLR3, a receptor involved in the recognition of double-stranded RNA from necrotic
eukaryotic cells and viruses, upregulates expression of the antiviral cytokine interferon-f
(IFN-B) and TLR3 by human intestinal myofibroblasts and fibroblasts (111). In human
gingival fibroblasts, TLR2 and TLR4 signaling causes the production of the chemokine
CCL17, which triggers migration of T helper 2 cells (Th2) cells (112). The stimulation of
TLR4 signaling within human rheumatoid synovial fibroblasts induces synthesis of the
chemotactic cytokines monocyte chemotactic protein-1 (MCP-1) and IL-8 (113). Thus,
depending on which TLRs are expressed under specific physiological or pathological
conditions, stromal cells may be important contributors to the innate immune response by
producing cytokines, chemokines, and surface molecules in response to TLR ligation.

Adaptive Immunity: Antigen Presentation

Although CD4* T cells are central to effective adaptive immunity, their response is dictated
by their interactions with APCs. The capacity of intestinal stromal cells to regulate
lymphocyte activation through MHC class | expression is widely accepted (114, 115), but
their ability to express MHC class Il and to regulate the activation of CD4* T cells has only
recently become evident. We have shown that fibroblasts/myofibroblasts in the normal
human colonic mucosa represent a significant fraction of lamina propria MHC class 11*
nonprofessional APCs (108). These stromal cells induce naive and resting allogeneic CD4*
T cell activation in a MHC class 11— and B7 molecule—dependent manner in vitro (108).
Furthermore, intestinal stromal cells process and present antigen to antigen-specific CD4* T
cells (108). This capacity has also been reported for human and rodent dermal fibroblasts
(116), gingival fibroblasts (117), synovial fibroblasts (118), hepatic stellate cells (119),
human decidual stromal cells (120), glial cells (121), and MSCs (122).

Most peripheral T cells exist as resting lymphocytes that can be quickly activated by
exposure to presented antigens (123, 124). Cytotoxic T lymphocyte antigen-4 (CTLA-4), a
homolog of CD28, is upregulated on the surfaces of activated T cells. CTLA-4 and CD28
both bind CD80 and CD86, which are B7 family costimulatory molecules expressed by
APCs and are required for efficient activation of CD4* T cells. When CTLA-4 and CD28
are both expressed, CTLA-4 may outcompete CD28 because of its higher binding affinity
for CD80/86. CTLA-4 functions as a negative regulator that attenuates T cell responses by
downregulating T cell activation (125, 126). Compared with professional APCs, colonic
myofibroblasts/fibroblasts express low levels of CD80 and CD86 (108). Because the
preponderance of lamina propria CD4* T lymphocytes may be quickly activated and express
the inhibitory ligand CTLA-4, together these two findings suggest that intestinal stromal
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cells may normally play a suppressive role. Thus, one homeostatic role of MHC class 11—
expressing intestinal stromal cells may be to limit antigen-specific immune responses to
lumenal antigens.

Adaptive Immunity: Immune Suppression by B7-Negative Costimulators and Soluble

Factors

The induction of tolerance to innocuous antigens is a critically important immunological
process in the intestinal mucosa. Many mechanisms have been proposed to explain the T
cell-dependent immune responses that occur during tolerance, including clonal anergy,
clonal deletion, and active regulatory processes (104). The T cell response during tolerance
induction is highly orchestrated by interactions with APCs (104). We recently reported that
intestinal CD90™ myofibroblasts/fibroblasts can suppress proliferation of CD3/CD28-
activated CD4" T cells (23). Similar observations have been made for dermal (127), liver
(128), decidual (129), and tumor-derived lung (130) fibroblasts, as well as the progenitor of
these cells, MSCs (137). These stromal cells were capable of inhibiting CD4* or CD8* T
cell proliferative responses induced by allogeneic or specific antigens, mitogens
(phytohemagglutinin and concavalin A), or anti-CD3/anti-CD28 monoclonal antibodies.
Moreover, MSCs have both in vitro and in vivo tolerogenic effects on the function of a
broad range of other immune cells, including B cells (131), natural killer (NK) cells (132),
and dendritic cells (133). Melanoma-derived fibroblasts alter NK cell cytotoxicity and
cytokine production (134). Additionally, recent work by Jones et al. (135) suggests that, in
contrast to parenchymal cells, a tolerogenic antiproliferative effect is a fundamental
characteristic of all mesenchymal stromal cells.

Direct stromal cell-mediated immunosuppression may involve cell contact-mediated
interactions and/or production of soluble factors. Cell contact-mediated immunosuppression
involves the novel inhibitory B7 ligands PD-L1 (also known as B7-H1 and CD274) and PD-
L2 (also known as B7-DC and CD273) and their cognate T cell counter receptor,
programmed death receptor 1 (PD-1; also known as CD279) (136). We recently
demonstrated that in addition to low-level expression of B7.1 and B7.2 (CD80 and CD86,
respectively), colonic myofibroblasts/fibroblasts express PD-L1 and PD-L2 and that both of
these molecules participate in the contact-mediated suppressive effect of colonic
myofibroblasts on activated CD4* T cell proliferation (23). The involvement of PD-L1 in
stromal cell-mediated immune suppression has also been reported for hepatic stellate cells
(128), decidual stromal cells (129), tumor-derived lung fibroblasts (130), and MSCs (137).

Another mechanism by which stromal cells suppress acute immune responses is via the
production of soluble suppressive molecules. Upon activation, myofibroblasts and
fibroblasts, as well as other peripheral stromal cells, produce TGFp1-3, IL-10, PGE,, and
indoleamine 2,3-dioxygenase (IDO) (138-141). Although the role of these molecules in the
immunosuppressive activity of intestinal stromal cells has not been tested, these factors are
involved in the suppressive activity of MSCs and other stromal cells against CD4* and
CD8* T lymphocytes, NK and B cells, macrophages, and dendritic cells (130, 134, 140,
141).

Adaptive Immunity: Suppression by Induction and Support of Regulatory T Cells

Recent studies suggest that functionally distinct subsets of regulatory T (Tyeg) cells, CD4+
CD25Ngh FoxP3* cells, are actively involved in the maintenance of immunological
tolerance in the gastrointestinal tract (142). Dysregulation of Treg number and function is
thought to be involved in IPEX (immune dysregulation, polyendocrinopathy, enteropathy,
X-linked) syndrome, inflammatory bowel disease, and cancer (143-145). We found that
colonic myofibroblasts/fibroblasts can contribute to the induction and maintenance of Tieq
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cells (146). This adds intestinal myofibroblasts to the list of stromal cells (dermal and
synovial fibroblasts, hepatic stellate cells, astrocytes, and MSCs) that may contribute to the
generation of Tyeq cells (127, 147-150).

Microenvironment and Stromal Cell Inmune Function

The discussion above suggests that stromal cells may play an immunosuppressive,
tolerogenic role (23, 127, 135, 137, 151) or a role in active immunity by promoting T cell
activation (108, 115, 122, 152). We propose that stromal cells have the capacity to function
in either an immunosuppressive role or an immunostimulatory role, depending on the
microenvironmental milieu of cytokines, chemokines, growth factors, and TLR ligands. The
antigen-presenting function of mesenchymal stromal cells requires autocrine stimulation by
endogenous but low levels of IFN-y (122). Low levels of IFN-y (10-100 U mI~1) are
required to reestablish MHC class Il expression by cultured human intestinal fibroblasts and
myofibroblasts (108). In contrast, elevated and/or chronic levels of IFN-y suppress the APC
function of MSCs (122) and upregulate expression of immunosuppressive molecules PD-L1
and IDO by hepatic stellate cells (128), dermal fibroblasts (140), and intestinal
myofibroblasts/fibroblasts (153). Thus, high ambient IFN-y promotes the
immunosuppressive function of these stromal cells.

The understanding of the immune function of intestinal stromal cells is far from complete.
However, the recent data acquired for intestinal stromal cells and for those cells in other
parenchymal organs allow us to suggest that these cells are appropriately licensed to be
active participants in the regulation of professional immune cells during immunity and
tolerance. We suggest that gastrointestinal mucosal stromal cells are physically connected to
and are of the same fundamental structure as the peripheral secondary lymphoid organs.
Thus, lamina propria stromal cells are part of a sophisticated immune lymphatic network
throughout the mammalian body.
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Glossary

a-Smooth muscle actin (a- one of six isoforms of the contractile cytoskeletal protein

SMA) actin; also a smooth muscle differentiation antigen

Vimentin and desmin two of the type 3 intermediate filaments. Desmin is
expressed primarily by muscle cells; vimentin, by
mesodermally derived nonmuscle cells

Transforming growth a family of structurally related secreted growth/

factor B (TGFB) differentiation factors including TGFp isoforms I-I11. The
TGFBsuperfamily also includes activins and bone
morphogenetic proteins

Major histocompatibility MHC class I and Il molecules are used to present antigens

complex (MHC) to CD8* and CD4* T cells, respectively
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Fibr oblast-specific protein
1(Fspl)

NG2 chondroitin sulfate
proteoglycan (NG2)

Epithélial-to-mesenchymal
transition (EMT) and
endothelial-to-
mesenchymal transition

Programmed cell death
receptor ligand (PD-L)

Toll-likereceptors (TLRs)

Hedgehogs (Hh)

Leucine-rich repeat—
containing G protein—
coupled receptor 5(Lgr5)

Olfactomedin 4 (Olfm4)

wnt

Bone mor phogenetic
proteins (Bmps)

SMAD

Epimor phin/syntaxin 2

Familial adenomatous
polyposis (FAP)

Antigen-presenting cells
(APCs)

Cytotoxic T lymphocyte
antigen-4 (CTLA-4; also
known as CD152)
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a member of the S100 family of intracellular calcium—
binding proteins

also termed high-molecular-weight melanoma-associated
antigen (HMWMAA); the mouse derivate is termed AN2

reversible processes whereby epithelial and endothelial
cells acquire characteristics of motile mesenchymal cells

two variants, PD-L1 and PD-L2, exist and are associated
with delivery of negative costimulatory signals to T cells

recognize macromolecules displaying pathogen-associated
molecular patterns. Humans have 10 TLRs, each
responding to a different molecular pattern class

compose a key signaling pathway during development.
Three Hh proteins—Indian (IHH), Sonic (SHH), and
Desert (DHH)—exist in humans

an orphan G protein—coupled receptor that appears to be a
specific marker for intestinal epithelial stem cells; also
known as GPR49

a precursor that is another specific marker for mammalian
intestinal epithelial stem cells. It is a secreted extracellular
protein of unknown function

coined as a combination of Wingless (Drosophila) and Int
(mouse). Wnt proteins are key paracrine determinants of
epithelial proliferation and differentiation

part of the TGFB superfamily of signaling peptides. These
mesenchymally derived factors cause maturation/
differentiation of epithelial cells along the crypt-villus axis

term derived from combination of mothers against
decapentaplegic (Drosophild) and SMA (Caenorhabditis
elegans). Transduces the downstream signals of
TGFBsuperfamily members

a membrane-associated myofibroblast protein homologous
to the syntaxin family of vesicle-docking proteins in
neurons and pancreas. It is a mediator of epithelial-
mesenchymal interaction

truncating mutations in the adenomatosis polyposis coli
gene, involved in Wnt signal transduction, result in
multiple colonic adenomas and cancers

process antigens and display their peptide fragments on the
cell surface complexed with MHC molecules for T cell
presentation

binds CD80 and CD86 on APCs and transmits an
inhibitory signal to the T cell
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Cluster of differentiation a T cell marker that binds CD80 and CD86 on APCs and
28 (CD28) transmits a stimulatory signal to the T cell. It is present on
naive T cells
Regulatory T (Teg) cells a subpopulation of T cells that suppress immune system

activation, allowing for immune system homeostasis and
tolerance to self-antigens
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PERICYTES

Originally named after their discoverer Charles Rouget and also termed mural cells or
vascular smooth muscle cells, these are SMA* myofibroblast-like cells that wrap around
capillaries as single cells. Pericytes contribute proteins to the vascular basement
membrane, as do the endothelial cells to which pericytes communicate via paracrine
signals. Together with the endothelium, pericytes contribute to angiogenesis and
revascularization. Paracrine signals from pericytes can control contractility and
permeability of the capillary. The anatomy of and communication between pericytes and
endothelial cells through an intervening basement membrane are analogous to the
anatomy of and communication between subepithelial myofibroblasts and the intestinal
epithelium. Indeed, in the intestine and liver, subepithelial myofibroblasts and stellate
cells also serve simultaneously as pericytes and may have a common embryonic origin
and bone marrow stem cell replacement process. They share molecular markers with
intestinal myofibroblasts, respond to the same cytokines and growth factors (e.g.,
platelet-derived growth factor B), and likely play similar roles in normal biology and
disease. Bergers & Song (154) and Krueger & Bechmann (155) recently reviewed the
biology of these cells.
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SUMMARY POINTS

The non-white-blood-cell and nonendothelial mesenchymal elements of the
intestinal lamina propria—i.e., myofibroblasts, fibroblasts, mural cells
(pericytes) of the vasculature, bone marrow—derived stromal stem cells, the
smooth muscle of the muscularis mucosae, and the smooth muscle associated
with the lymphatic lacteals—share similar marker molecules, origins, and
coordinated biological functions.

The mesenchymal cells of the intestinal lamina propria can be derived from
multiple sources in the developing embryo and adult. During development,
subepithelial and perivascular a-smooth muscle actin—positive (a-SMA™) cells
of the lamina propria probably arise from either serosal mesothelial cells or
neural crest cells, but it is unclear whether the muscularis mucosa and lymphatic
smooth muscle share this origin. Adult myofibroblasts can be derived by
activation of resident fibroblasts, dedifferentiation from perivascular smooth
muscle cells, epithelial- and endothelial-to-mesenchymal transitions, and bone
marrow—derived stem cells.

During development, the stromal compartment is modeled through epithelial-
mesenchymal interactions, of which hedgehog (Hh) signaling plays a critical
role. Transgenic mouse models demonstrate that reduced production of Hh
proteins by the epithelium results in depletion of stromal myofibroblasts, villus
smooth muscle, and muscularis mucosae cells accompanied by expansion of the
epithelial proliferative compartment.

Stromal myofibroblasts and muscularis mucosae cells work with epithelial cells
to construct the stem cell niche in normal tissues and during carcinogenesis
through complex interactions involving Wnt, Bmp, and Hh signaling.

Stromal cells of the intestinal lamina propria are part of the mucosal immune
system and display receptors and surface markers that are used for regulation by
professional immune cells. This repertoire includes expression of MHC class I,
accessory costimulatory (CD80, CD86), and inhibitory (PD-L1, PD-L2)
molecules.

Mesenchymal stromal cells express a wide array of Toll-like receptors (TLRS)
and thus contribute to innate immune responses. Because the stimulation of
TLRs on these cells may alter the profile of cytokine and surface receptors
during antigen presentation, TLR-mediated microbial recognition by stromal
cells may influence the type of adaptive immune response mounted to each
antigen.

Mesenchymal stromal cells can exert either an immunosuppressive or an
immunostimulatory influence, depending on the microenvironmental context
during their interaction with professional immune cells. In the gastrointestinal
mucosa, these interactions occur within a dynamic milieu containing cytokines,
chemokines, growth factors, and TLR ligands.
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FUTURE ISSUES

Specific markers to identify the various mesenchymal elements of the lamina
propria, as well as specific conditional knockout or transgenic animals that will
allow studies of their role in the biology of health or disease, are needed.

The bone marrow origin of intestinal myofibroblasts in the adult animal
(mesenchymal stem cell, monocyte-derived fibrocyte, or both) and their
embryonic origin (mesothelium or neural crest) need definition.

In-depth studies of the embryology, anatomy, and paracrine functions of the
lymphatic lacteal-associated smooth muscle or stromal cells may add new
concepts to the field of lamina propria biology.

As a clearer identification of the intestinal epithelial stem cell emerges, a clearer
understanding of the elements and functions of myofibroblasts, muscularis
mucosae, and lymphatic smooth muscle in the stem cell niche will become
critical.

Aside from the role of stroma in cancer, we have a poor understanding of the
role of lamina propria mesenchymal cells in intestinal diseases such as viral or
bacterial (invasive or enterotoxigenic) infections or in inflammatory bowel
diseases such as ulcerative colitis, Crohn’s disease, and celiac disease.

Because of their likely role in tolerance, intestinal stromal cells should be
explored for ways to enhance mucosal vaccines, including cancer vaccines, or to
suppress organ transplant rejection.

Because stromal cells in the lamina propria are derived from stem cells of bone
marrow origin, the use of mesenchymal or hematopoietic stem cells to treat
intestinal diseases likely involves these gut elements in a fundamental way.
Regenerative medicine as it is applied to the gut will require a more complete
knowledge of the functions of lamina propria mesenchymal cells.
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Figure 1.

a-Smooth muscle actin (a-SMA) immunohistology (browr) of the human jejunum. (a)
Longitudinal section through a poorly oriented jejunum shows what appears to be random
smooth muscle fibers oriented in a longitudinal fashion in villus core. (5,¢) Better-oriented
sections of (4) the upper aspects and (¢) the lower aspects of the villus-crypt axis. In these
sections the smooth muscle bundles are closely associated with the lymphatic lacteals, which
are covered in their lower aspects after they bifurcate to enter the muscularis by only
pericytes rather than organized smooth muscle bundles (b/ack arrows). a-SMA*
subepithelial myofibroblasts and vascular mural cells (pericytes) are located between the
epithelium and the lacteal (purple arrows). (d) An enlarged section of panel ¢ shows that the
lacteal and the subepithelial myofibroblasts are separate a-SMA™ elements. Figure courtesy
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of Patrick Adegboyega, Louisiana State University Health Sciences Center, Shreveport,
Louisiana.
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Figure 2.

The spatial relationships of the epithelium and mesenchymal elements of the small intestinal
villus-crypt axis. (&) Longitudinal representation of the villus and crypt showing the
epithelium and lamina propria containing a-SMA™* subepithelial myofibroblasts and
pericytes of the capillaries, mesenchymal stem cells, and smooth muscle associated with the
lymphatic lacteal and the muscularis mucosae. Fibroblasts (a-SMA™) are shown, especially
in the upper portion of the villus. (4) Cross sections through a villus show the lymphatic
lacteal with associated smooth muscle. (¢) A cross section through the crypts demonstrates
the lymphatic pericytes. Panels b and ¢ also show that the subepithelial myofibroblasts are
essentially pericytes in subepithelial locations of the villus. (¢) A higher-power depiction of
the myofibroblasts and pericytes with cytoplasmic processes that surround and support the

capillaries. (&) A Peyer’s patch with its vascular, lymphatic, and stromal elements.

Lymphocytes, macrophages, dendritic cells, and polymorphonuclear leukocytes are not

shown.
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Figure 3.

Epithelial-mesenchymal interactions orchestrate hedgehog (Hh), bone morphogenetic
protein (Bmp), and Wnt signaling in the intestinal crypt. Hh proteins produced by
differentiated epithelial cells trigger stromal Bmp synthesis. Active Bmp signaling within
differentiated epithelial cells, evidenced by phosphorylated SMADs (pPSMAD) 1, 5, and 8,
contributes to maintenance of the differentiated state and proliferative quiescence. Within
the stem cell niche, lack of Hh signaling leads to decreased stromal Bmp synthesis.
Secretion of canonical Wnts by crypt-based epithelial and Paneth cells, in addition to
promoting self-renewal of intestinal epithelial stem cells, may also induce synthesis and
secretion of Bmp antagonists by the underlying myofibroblasts and muscularis mucosae
cells (85). Bmp antagonism within the stem cell niche would further enhance Whnt signaling.
Not shown in this model are autocrine effects of Bmp signaling upon the stromal cells or
numerous other factors, stromal and epithelial, that regulate differentiation and self-renewal
within intestinal crypts (64). Adapted from Kosinski et al. (84), with permission.
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Figure4.

Mesenchymal stromal cells as links between innate and adaptive immunity. (&) Stromal cells
participate in innate immunity via expression of TLRs, whose engagement induces
expression of either pro- or anti-inflammatory soluble mediators and surface-associated
molecules. The proinflammatory molecules (e.g., MCP-1, IL-8) induce migration of
professional immune cells where they may be anchored via interaction with stromal
adhesive molecules (e.g., ICAM-1, CD40). (6) Adaptive immunity is initiated via signaling
through MHC class Il molecules and B7-positive or B7-negative costimulators expressed on
mesenchymal stromal cells modulating the activity of CD4* T cells, NK, DC, and B cells.
Depending on the microenvironmental milieu of cytokines, chemokines, growth factors, and
pathogen-associated molecular patterns (PAMPs), stromal cells function in either an
immunosuppressive (tolerogenic) role or an immunostimulatory role. Abbreviations: active
Teff, activated effector T cells; CD, cluster of differentiation; ICAM-1, intercellular
adhesion molecule-1; IDO, indoleamine 2,3-dioxygenase; IL, interleukin; NK, natural Killer
cells; DC, dendritic cells; MCP-1, monocyte chemotactic protein-1; MHC, major
histocompatibility complex; PD-L, programmed cell death receptor ligand; PGE,,
prostaglandin Ey; ss/dsSRNA, single-stranded/double-stranded RNA; TGFp, transforming
growth factor ; ThO, naive CD4+ T helper cells; TLR, Toll-like receptor; TNF-a., tumor
necrosis factor-a; Treg, CD4* CD25M3" FoxP3* regulatory T cells.
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