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Paneth cells, specialized secretory epithelial cells of the small intestine, play a pivotal
role in host defense and regulation of microbiota by producing antimicrobial peptides
especially—but not only—the human α-defensin 5 (HD5) and HD6. In small intestinal
Crohn’s disease (CD) which is an entity of inflammatory bowel diseases, the expression
of HD5 and HD6 is specifically compromised leading to a disturbed barrier and change in
the microbial community. Different genetically driven but also non-genetic defects associated with small intestinal CD affect different lines of antimicrobial Paneth cell functions.
In this review, we focus on the mechanisms and the crosstalk of Paneth cells and bone
marrow-derived cells and highlight recent studies about the role of the Wnt signaling
pathway in this connection of ileal CD. In summary, different lines of investigations led by
us but also now numerous other groups support and reconfirm the proposed classification of this disease entity as Paneth’s disease.
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INTRODUCTION
In approximately 70% of Crohn’s disease (CD) patients, the small intestine is affected, the remainder
have colonic disease only (1). Mostly due to refluxing colonic contents, the small intestine also harbors large populations of microbes with a complex repertoire of various bacterial species, although
their density is much lower than in the colon by about 3 orders of magnitude (2). Specializing in
the production of different antimicrobial peptides (AMPs), Paneth cells are responsible for the
host defense in this part of the intestinal tract. Generally, AMPs are the first line of defense of the
human body. These innate immune effector molecules serve as endogenous antibiotics protecting
the host against the multitude of commensals and pathogens with their antimicrobial activity.
In humans and mammals, AMPs consist of various protein families consisting of two major families:
the defensins and cathelicidins. They are small cationic peptides with amphipathic characteristics
(3). Human defensins are characterized by their beta-sheet structure and are subdivided in the two
main groups of α- and β-defensins by the structure of the six disulfide-connected cysteines (4).
Different defensins and AMPs are expressed by all barrier-epithelial cell tissues throughout the
entire body but they are also found in circulating immune cells playing an important role in host
defense (e.g., most abundant content of neutrophils). While human β-defensins are produced by
all epithelial surfaces (including the skin, gastrointestinal, respiratory, and urogenital tract), human
α-defensin 5 (HD5) and HD6 are expressed dominantly by small intestinal-epithelial-secretory
Paneth cells (5, 6).
In this review, we focus in particular on the pivotal role of the Wnt signaling pathway in the
immune-epithelial crosstalk in small intestinal CD. Reflecting the complexity of gut homeostasis,
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epithelial Paneth cells are closely linked to bone marrow-derived
cells and monocytes are directly controlling Paneth cells via Wnt
signaling. Besides ileal CD, this is likely also relevant for graftversus-host diseases.

an imbalance exists between an under-protected mucosa and
an altered, usually less diversified microbiota naïve DCs may
differentiate into immunogenic DCs initiating the priming of
effector T cells leading to inflammation (16).

PANETH CELLS

Link of Ileal CD and Paneth Cells:
“Paneth’s Disease”

Paneth cells are specialized secretory epithelial cells located in
the small intestine on the bottom of the crypts of Lieberkühn.
They originate from crypt stem cells and are filled with secretory
granules containing large quantities of antimicrobial proteins
and peptides. Besides the human α-defensins HD5 and HD6,
these include lysozyme, regenerating islet-derived 3 gamma
(Reg3γ), and secretory phospholipase A2. Taken together, Paneth
cells play an important role in the maintenance of the intestinal
barrier function (6, 7). The expression levels of the α-defensins
HD5 and HD6 are about three to one and exceeds those of
other peptides including lysozyme or phospholipase A2 up to
100-fold (8, 9). The α-defensins HD5 and HD6 are constitutively
expressed with varying levels in different diseases, whereas the
Reg3γ production by Paneth cells is induced in the presence of
microbes in the intestinal lumen (10, 11). Furthermore, Paneth
cells have an influence on the microbial composition of the
small intestine. With their expression of various antimicrobials,
they protect the intestine from pathogens and limit the number
of commensals in the crypts (6). In addition, Paneth cells are
implicated in stem cell regulation (1). The expression of the
pattern-recognition receptor nucleotide-binding oligomerization domain containing 2 (NOD2) and its activation secures
stem cell survival essential for tissue regeneration and healing
processes (12).

It has been shown that in ileal CD a reduced expression of mucosal
AMPs leads to inflammation and an attenuated antimicrobial
defense by the mucosa (17). In a mouse model of CD-like ileitis, Schaubeck et al. showed a loss of the Paneth cell product
lysozyme (18). Patients with ileal CD showed a decreased constitutive expression of the α-defensins HD5 and HD6 produced
by Paneth cells. The reduction of HD5 and HD6 was further
associated with mutations in the NOD2 receptor (10). It was the
first evidence pointing toward the Paneth cell when Lala et al.

CROHN’S DISEASE
Inflammatory bowel disease (IBD) is a chronic inflammation
of the gastrointestinal tract characterized by an infiltration of
various immune cells as a result of a pathological interaction of
the commensal microbiota within the mucosa. IBD is classified
in ulcerative colitis (UC) and CD. UC is restricted to the colon
and typically shows continuous mucosal inflammation, whereas
CD potentially arises all along the gastrointestinal tract charac
terized by a patchy discontinuous inflammation (13). Depending
on the localization of the lesions, CD is subdivided into ileum
only (L1), colon only (L2), or both ileum and colon (L3) (14),
and this phenotype of CD location is remarkably stable over
time (15).

CD—Imbalance of Microbiota and Innate
and Adaptive Immune Response

During the relapsing course of their disease, CD patients predominantly suffer from abdominal pain and diarrhea (14). In
the healthy gut, immune homeostasis prevails with a gut microbiota that is in balance with intestinal epithelial cells producing
AMPs and releasing immune modulatory cytokines that drive
naïve dendritic cells (DCs) to differentiate into tolerogenic DCs
that trigger the priming of regulatory T cells. In contrast when
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FIGURE 1 | Canonical Wnt signaling in ileal Crohn’s disease (CD). Patients
show reduced TCF-4 and TCF-1 expression as well as modifications in the
co-receptor lipoprotein receptor-related protein 6 (LRP6). In addition, ileal
CD patients indicate a β-catenin accumulation intracellularly.
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due to reduced α-defensin expression or secretion explains many
features of ileal CD, even though the mechanisms are complex
and vary in term of pathways and origin.

discovered that in the intestinal mucosa not only macrophages
but also Paneth cells express high levels of NOD2 (19). Several
mutations in the NOD2 gene were detected, so that this intracellular receptor for bacterial muramyl-dipeptide was the first
susceptibility gene in ileal CD and about 30% of patients who
suffer from ileal CD carry this mutation (20).
However, CD is related to many other genetic defects that
also lead to impaired Paneth cell function (1) and to Paneth
cell necroptosis (21). Further examples are the autophagy gene
autophagy-related 16-like 1 (Atg16L1) that plays an important role
in CD pathogenesis by affecting Paneth cell granule exocytosis in
patients with an ileal phenotype (22) or the transcription factor
X-box binding protein 1 (XBP1) of the endoplasmic reticulum
stress response activated during an inflammation. XBP1 defect
leads to Paneth cell disturbance and increased susceptibility to
IBD (23). In the IBD linkage region on chromosome 19q13,
the calcium-mediated potassium channel subfamily N member 4
(KCNN4) is situated. The KCNN4 encoded protein plays a pivotal
role in Paneth cell secretion and showed reduced expression
levels in NOD2-mutated ileal CD patients (24). Furthermore,
in the mucosa of ileal CD patients, adherent bacteria are present
(25), probably caused by compromised antimicrobials Paneth
cell function. Consequently, a compromised antibacterial defense

Wnt SIGNALING IN ILEAL CD
The Wnt signaling pathway plays a pivotal role in the gut mucosal
homeostasis and therefore in the intestinal epithelium. Wnt is
an important element keeping intestinal epithelial stem cells in
a proliferating status, enabling stem cell maintenance (26), and
provoking the differentiation and maturation process of Paneth
cells, thereby regulating the expression of the alpha-defensins
HD5 and HD6 (27). The canonical Wnt pathway is activated
when Wnt ligands released from epithelial cells, Paneth cells, or
mesenchymal cells bind to the cell surface receptor “Frizzled”
(28). They ultimately mediate the stabilization of β-catenin that
can then transfer into the nucleus. Nuclear β-catenin binds to
the transcription factors, T-cell factor 4 (TCF-4 or TCF7L2) and
lymphoid enhancer factor, and enables target gene transcription
such as the antibacterial defensin genes alpha 5 and 6 (DEFA5 and
DEFA6), the genes for HD5 and HD6 (29) (Figure 1).
Previously our group could show that in ileal CD there is a
link between the reduced expression of Paneth cell α-defensins

FIGURE 2 | Hypothesis of the Wnt signaling Paneth cell connection in ileal Crohn’s disease (CD). In healthy controls, classical monocytes produce Wnt ligands
leading to an inducible upregulation of human α-defensin 5 (HD5) and HD6. Classical monocytes of patients with ileal CD show reduced Wnt ligand expression,
resulting in an impaired inducibility of HD5 and HD6, leading to bacterial invasion.
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HD5 and HD6 and the Wnt transcription factor TCF-4
(TCF7L2). Ileal CD patients showed diminished TCF-4 expression irrespective of the inflammation status (25). However,
not only TCF-4 is involved, the expression levels of the Wnt
signaling effector TCF-1 were also reduced in ileal CD patients
(30). Furthermore, the co-receptor low-density lipoprotein
receptor-related protein 6 (LRP6), a further Wnt factor playing
a key role in the cytoplasmic stabilization of β-catenin, was also
modified in CD leading to diminished HD5 expression (31).
Ileal CD patients diagnosed under the age of 18 showed a 10.63%
higher mutation rate for the single-nucleotide polymorphism
LRP6 rs2302685 (31). This turns LRP6 into an appealing therapeutic target toward early onset ileal CD. Not only variations
of co-receptors or transcription factors are impaired in CD.
A further study demonstrated that both β-catenin and
E-cadherin accumulate intracellularly in an unusual fashion and
showed an altered localization in the plasma membrane in CD
patients (32) (Figure 1).
In addition, we recently found that peripheral blood mono
nuclear cells (PBMCs) of healthy controls reconstituted the
decreased HD5 and HD6 levels of ileal CD patients. We demonstrated that the driving force of the PBMC effect was the Wnt
ligand expression and not the cytokine release. The monocytes
of CD patients expressed significantly lower values of the cano
nical Wnt ligands Wnt3, Wnt3a, Wnt1, and the wntless Wnt
ligand secretion mediator (33). At the same time, measured
cytokines did not show significant differences. So, a further very
essential mechanism in CD is the connection between Paneth
cells and bone marrow-derived monocytes characterized by an
attenuated intestinal barrier function through a reduced Wnt
ligand expression in PBMCs. Therefore, we hypothesize that
in ileal inflammation circulating immune cells, probably classical monocytes as the main subset (3), supply the necessary
Wnt ligands that lead to the production of HD5 and HD6 in

Paneth cells resulting in an enhanced intestinal barrier function.
However, in ileal CD, the monocytes show reduced Wnt ligand
expression, thereby negatively affecting the secretion of the
AMPs HD5 and HD6 and leading to bacterial infiltration and
chronic inflammation (33) (Figure 2). But, the potential mechanisms of reduced Wnt delivery from monocytes still remain
unknown.
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CONCLUSION
Here, in this review, we emphasized the important role of ileal
defensins of the Paneth cell in host defense mechanisms of the
small intestine. Our group could show that in ileal CD patients,
the defective barrier leads to an invasion of different bacteria
around the mucosa. This is a direct consequence of the various
Paneth cell defects leading to a reduced α-defensin expression
in ileal CD. However, we recently found out that the infiltrating
monocytes in ileal CD patients showed a compromised Wnt
ligand production leading to an impaired defensin-inducing
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be investigated to further develop new therapeutic strategies in
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