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Crohn’s disease (CD) is associated with a multitude of genetic defects,
many of which likely affect Paneth cell function. Paneth cells reside in
the small intestine and produce antimicrobial peptides essential for the
host barrier, principally human a-defensin 5 (HD5) and HD6. Patients
with CD of the ileum are characterized by reduced constitutive expres-
sion of these peptides and, accordingly, compromised antimicrobial
barrier function. Here, we present a previously unidentified regulatory
mechanism of Paneth cell defensins. Using cultures of human ileal tis-
sue, we showed that the secretome of peripheral blood mononuclear
cells (PBMCs) from healthy controls restored the attenuated Paneth cell
a-defensin expression characteristic of patients with ileal CD. Analysis
of the Wnt pathway in both cultured biopsies and intestinal epithelial
cells implicated Wnt ligands driving the PBMC effect, whereas various
tested cytokines were ineffective. We further detected another defect
in patients with ileal CD, because the PBMC secretomes derived from
patients with CD were unable to restore the reduced HD5/HD6 expres-
sion. Accordingly, analysis of PBMC subtypes showed that monocytes
of patients with CD express significantly lower levels of canonical Wnt
ligands, including Wnt3, Wnt3a, Wnt1, and wntless Wnt ligand secre-
tion mediator (Evi/WIls). These studies reveal an important cross-talk
between bone marrow-derived cells and epithelial secretory Paneth
cells. Defective Paneth cell-mediated innate immunity due to inade-
quate Wnt ligand stimulation by monocytes provides an additional
mechanism in CD. Because defects of Paneth cell function stemming
from various etiologies are overcome by Wnt ligands, this mechanism
is a potential therapeutic target for this disease.
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Crohn’s disease (CD) is characterized by intense gastrointestinal
inflammation, including infiltration of immune cells, such as
granulocytes and mononuclear cells. The pathogenesis is complex
and not fully understood, although a combination of microbial and
other environmental elements, as well as host genetics, is known to
influence susceptibility (1, 2). Although CD may principally affect
the whole gastrointestinal tract, predilection sites are the terminal
ileum and/or colon, where the location remains stable during the
course of disease, suggesting local rather than systemic immune-
based susceptibility factors.

In patients who have CD with small intestinal involvement, dif-
ferent pathophysiological defects and genetic associations are de-
scribed that focus on the Paneth cell (2). This cell type is normally
located on the bottom of small intestinal crypts, where it is the main
source for antimicrobial peptides, predominantly the human
a-defensin 5 (HDS) and HD6. One main molecular characteristic
of patients with ileal CD is reduced expression of these defensins,
resulting in an impaired defense barrier through reduced antimi-
crobial killing (3). However, the impact of inflammation on Paneth
cell function in the small intestine is so far poorly investigated. It
also remains unclear whether the observed diminished defensin
production is irreversible or a reversible regulatory defect.

The reduction of HD5 and HDG6 in ileal CD in humans is also
associated with mutations in the pattern recognition receptor
nucleotide-binding oligomerization domain containing 2 (NOD?2)
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(4), which also represents the strongest genetic link to ileal CD (5—
7). In addition, our group and others showed alterations in Wnt
pathway components in the epithelium of patients with CD (8-10).
Furthermore, mutations in the Paneth cell granule exocytosis
pathway factor ATG16L1 (11, 12) or in the endoplasmic reticulum
stress response gene XBPI (13, 14), with the latter resulting in
increased Paneth cell apoptosis, are associated with this disease.
Irrespective of genetics, other defects, including increased Paneth
cell autophagy and a reduced number of secretory granules in
patients with CD, were detected (15). Paneth cell deletion or
dysfunction can ultimately result in inflammation (13, 16).

Although all these observations emphasize the central role of the
Paneth cell in small intestinal CD, little is known about the regu-
lation of these important defensins that were assumed to be con-
stitutively expressed. However, the Wnt pathway known to control
stem cell function and epithelial proliferation also affects the final
maturation, as well as biological function, of Paneth cells by regu-
lating the expression of HDS/HD6 (17, 18). For activating the ca-
nonical Wnt pathway, Wnt ligands bind to Frizzled/Lrp receptors,
promoting the intracellular stabilization of p-catenin, which then
translocates into the nucleus. There, it interacts with the transcrip-
tion factors TCF/LEF and has further impacts on the transcription
of its target genes, such as DEFA5 or DEFA6 (HDS5/HD6)
(19). Various Wnt components, including the transcription factors
TCF4 (9) and TCF1 (20), the receptor LRP6 (8), and p-catenin/
E-cadherin (10), are linked to CD with ileal involvement, likely
through effects on defensin formation.

Significance

Paneth cell defensins (human a-defensins 5 and 6) are central
players in the regulation of the human microbiome in the small
intestine, but their regulation remains unclear. Here, we show that
healthy monocytes can induce the expression of these defensins
via Wnt ligands, especially in patients with Crohn’s disease (CD),
who normally display reduced levels of human a-defensin 5 (HD5)
and HD6, resulting in impaired host defense and, consequently,
mucosal inflammation. However, monocytes from these patients
are lacking this defensin-inducing capability, which seems to be
based on compromised expression of Wnt ligands. This trans-
lational human study demonstrates defective cross-talk between
monocytes and Paneth cells in CD with implications for gastroin-
testinal infections and bone marrow transplantation.
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Studying Paneth cell defensins in humans is rather challenging,
because there is no human Paneth cell line and colon cancer-derived
cell lines exhibit mutations in Wnt pathway components. Moreover,
to identify underlying defects of ileal CD, patients’ material is in-
dispensable. Therefore, we established an ex vivo biopsy culture
approach and used the secretome of peripheral blood mononuclear
cells (PBMCs) as a tool to mimic an inflammatory setting. We found
induction of a-defensin expression in ileal biopsies treated with the
PBMC secretome ex vivo. In addition, we showed that this induction
was mediated by Wnt factors rather than cytokines and, finally, that
this stimulation was absent in mononuclear cells derived from pa-
tients with CD.

Results

Induction of Paneth Cell a-Defensin Expression by PBMC Conditioned
Medium. To get a broad picture of the cross-talk between in-
flammatory factors and Paneth cells, we applied several methods,
including application of the PBMC secretome in cell and biopsy
cultures and analysis of untreated biopsies (Fig. S1).

First, we studied the influence of tissue inflammation in patients
on the expression of HD5 and HD6. In line with our previous data,
we confirmed in a newly assembled cohort that expression of the
main antimicrobials of the small intestine, HD5 and HD®6, is di-
minished in patients with ileal CD (3, 4). In addition, HD5 and
HD6 expression was comparable in inflamed tissue compared with

uninflamed specimens from patients who had CD with ileal in-
volvement (Fig. 14).

To study the effect of CD-independent inflammation on patient
tissue mechanistically, we first designed a method to simulate in-
flammatory conditions ex vivo. Therefore, we generated a culture
system where the secretome of activated PBMCs [PBMC condi-
tioned medium (PCM)] was used to treat freshly isolated biopsies.
After an incubation period of 6 h, the crypt-villus structures of the
tissue remained intact and abundant HDS protein was observed
in Paneth cells (Fig. 1B). Consistent with the data from fresh
biopsies, reduced expression of HD5 and HD6 persisted in ileal
specimens of patients with CD after cultivation with control me-
dia, although the expression levels were generally even lower by a
factor of 5-8 (Fig. 1C, Left). Interestingly, the difference between
patients and controls was minimized after treatment with PCM,
because the supernatant led to a significant 2.5-fold increase of
HD5 mRNA expression in CD specimens, but not in controls.
HD®6, in contrast, was also enhanced in controls and slightly more
in CD (Fig. 1C). We additionally tested a mix of killed bacteria in
the biopsy culture approach. However, the tested bacteria were
not able to influence HD5/HDG6 (Fig. S2).

To confirm the stimulatory effect in another system, we used
reporter gene assays in cell culture. Because most gastrointestinal
cell lines have mutations in the Wnt pathway (21), we used the
adenoviral established human embryonic kidney cell line Hek293T.
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Again, we detected a significant induction of the promoter activity
of HDS and HD6 by PCM treatment normalized to control media
(Fig. S3). The observed effect in cell culture was comparably
smaller; nonetheless, it confirmed our results obtained in the ex
vivo biopsy approach.

Differential Effect of PCM on Other Paneth Cell Antimicrobials. Pan-
eth cells also produce several other antimicrobial peptides (22).
Thus, we further checked for expression of lysozyme, phospholipase
A2, group IIA (sPLA2), and regenerating islet-derived 3 (Reg3y) in
cultured biopsies with and without PCM treatment. There was no
significant difference in the expression levels between patients and
controls (Fig. 24, Left), as has also been previously reported (3). In
contrast to a-defensin expression, we observed an induction of ly-
sozyme only in controls (Fig. 24, Right). Furthermore, we observed
no significant effect on Reg3y expression. Although the mean ex-
pression pattern of this antimicrobial peptide appeared similar to
lysozyme, no correlation between these factors was found, hinting at
a different regulation. Only sPLA2, which can also be controlled by
the Wnt pathway (23), exhibited a similar expression pattern to
HDS5 and HD6 and showed a significant correlation with HD5 (Fig.
S4). The data therefore indicate that Paneth cell antimicrobials are
differentially regulated.

Defective Induction of HD5/HD6 by PBMCs from CD. Because inflamed
tissue of patients with ileal CD did not exhibit changed levels of
HD5/HD6, whereas PCM treatment induced both defensins, we
concluded that the secretome of controls contained a stimulating
factor responsible for the induction. This mediator might be di-
minished in PBMCs from patients with CD, for which reason HD5/
HD6 is not induced in inflamed tissue of these patients.

We consequently tested if PCM obtained from patient blood
might differ in its capacity to induce HD5/HD6. Supporting our
hypothesis, PCM stemming from patient blood essentially lacked
the capability to induce these a-defensins (Fig. 2B), whereas
PCM from controls exhibited normal induction. This observation
demonstrated that immune cells from patients are functionally
impaired in their ability to regulate Paneth cell defensins.

Regulatory Role of the Wnt Pathway but Not of Cytokines. Next, we
aimed at identifying the inducing factor in the PCM. Because the
PBMC activation agent Phytohemagglutinin-L (PHA-L) is im-
portant for T-cell proliferation and further leads to the release of
many cytokines (24, 25), we first looked into the effect of different

cytokines on a-defensin expression. In the PCM, we tested the
protein levels of selected cytokines (Fig. S5), which are released by
activated PBMCs after PHA-L treatment (24). In line with the
literature, we observed a decrease of IL-8 and increase of IL-6
levels in the PCM of patients (26, 27). For our stimulation ex-
periments, we selected cytokines that were changed in the PCM of
patients or known to be associated with CD (28).

However, we could not detect a significant effect of any in-
dividually tested cytokine on Paneth cell defensin expression
in vitro in our experiments (Fig. S6). Cytokines are the main
effectors in regulating immune responses; however the tested
candidates seem to be of no or only minor importance in enteric
a-defensin regulation.

Because the Wnt pathway may play a role in regulating HDS
and HD6 in vitro and in vivo (8, 20, 29) and only Wnt-regulated
Paneth antimicrobials were changed in our setting, we checked if
this pathway is also involved in the PCM effect. To do so, we
used HD5/HD6 promoter reporter gene constructs with and
without mutations in the TCF-binding sites, as previously de-
scribed (20). Mutated promoters exhibited diminished induction
by PCM compared with the WT (Fig. 34). Furthermore, we used
the Wnt reporter plasmid TOPflash (kindly provided by Vladimir
Korinek, Academy of Sciences of the Czech Republic, Prague),
which contains several Wnt-binding sites (30) and observed an
enhancing effect on TOPflash activity by PCM treatment (Fig. 34).

Several studies could show that inflammatory factors can have
an impact on the Wnt pathway at different levels in the signaling
cascade (31-33). To clarify at which level the PCM influences the
Wnt pathway, we blocked the extracellular signaling events by
inhibiting the Frizzled receptor. The small molecule inhibitor
niclosamide is a known inhibitor of Frizzled1 and was shown to
inhibit Wnt3A signaling (34, 35). Adding niclosamide to the cell
culture system completely blocked the PCM effect (Fig. 3B) and
even led to a decrease compared with the untreated setting. This
effect might be due to the additional influence of niclosamide on
other pathways (36), but it is also attributable to the fact that Wnt
activity is generally needed for basal Paneth cell defensin ex-
pression. However, our results clearly demonstrated that external
Wnt signals are involved in the induction observed after
PCM treatment.

To pin down the effect on the Wnt pathway in the ex vivo
situation, we used the protein Wnt inhibitory factor-1 (WIF-1),
which binds to Wnt ligands and blocks their downstream effect (37,
38). Using PCM and WIF-1 simultaneously to treat patient biopsies,
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the enhancing effect was totally lost (Fig. 3C), which further un-
derlines a clinical relevant Wnt deficiency in this disease. Addi-
tionally, using TOPflash as a read-out system in Hek293T cells, the
same inhibition was achieved by WIF-1 (Fig. 3C, last graph). These
data clearly demonstrate that Wnt ligands are the main effector
molecules of PCM-mediated up-regulation of Paneth cell defensins.

Reduction of Wnt Ligands in CD Monocytes. Because we demon-
strated that Wnt ligands are responsible for the PCM-mediated
effect and this influence is impaired in patients with ileal CD, we
analyzed the expression of the main Wnt ligands in PBMC subtypes
and in tissue of patients with ileal CD vs. healthy human controls.
No expression differences were detected in lymphocytes (suspension
cells) isolated from patients or controls (Fig. 44, Left). In contrast,
monocytes (adherent cells) originating from patient blood showed a
significant reduction in Wntl, Wnt3, and Wnt3A expression (Fig.
44, Right). Additionally, a significant reduction of the Wnt ligand
secretion mediator Evi/WIs in patient monocytes was seen, hinting
at a potential additionally impaired export of Wnt ligands.

Keeping in mind that Wnt3A alone can activate TOPflash in
Hek cells (38) leads to the conclusion that patients cannot pro-
vide enough Wnt ligands in inflammatory conditions to up-reg-
ulate HD5/HD6. Moreover, the analysis of Wnt ligands in the
tissue is more inconclusive. Wnt3A was widely unchanged or
rather increased in this setting (Fig. 4B), which might be due to
a mixture of immune and epithelial cells in the studied tissue
biopsies. However, we observed a reduction of the most abun-
dant Wnt ligand, Wnt3, in ileal tissue of patients’ biopsies. This
observation hints to a more prominent role for Wnt3 in the reg-
ulation of Paneth cell defensins.

Discussion

The present data show that, despite all described Paneth cell
defects (2), the epithelium of patients with ileal CD is capable of
producing a sufficient amount of enteric a-defensins in response
to activated immune cells. However, infiltrating monocytes of
these patients are impaired in producing important Wnt ligands
acting as stimulants.

One main characteristic of the ileal type of CD is reduced ex-
pression of the main Paneth cell products HD5 and HDG6, as
reported by our group in 2004 (3, 4). Importantly, suggesting a

Courth et al.

primary role, this defect was independent of concurrent tissue
inflammation. It therefore seemed that inflammatory cells have no
role in the regulation of Paneth cell function, but the current data
suggest the opposite: Normal monocyte supernatants apparently
induce defensin formation in both control and CD Paneth cells.
However, CD monocytes apparently exhibit an important deficit
in this mechanism (summarized in Fig. S7). This impairment is
consistent with our original observation of a low defensin synthesis
also during active inflammation and disproves the findings of
another report (39). In contrast, in CD-independent inflammatory
situations in the ileum, such as infections, released immune cell
factors like Wnt ligands may stimulate Paneth cell function to
coordinate defense. Influences on HD5/HD6 expression were not
observed when treating biopsies with certain cytokines or bacteria
mixes, however, which emphasizes the specificity of these ligands
in the PBMC secretome to regulate these defensins.

Since our original observation, a multitude of mostly genetic
mechanisms have been found to be associated with the Paneth cells
in ileal CD (2). As discussed above, the Paneth cell in CD is
compromised by genetically defective NOD2 (6) and ATG16L1
(11), as well as endosomal stress (14), which, in combination, leads
to ileal inflammation in the experimental animal (13). In addition,
altered granules have been described in CD Paneth cells irre-
spective of genetics (15), which may add to the functional defects. It
is therefore quite surprising that these defects may apparently be
overcome and defensin expression may be normalized to control
levels by an inflammatory cell supernatant. Our findings may also be
relevant in the context that the majority of individuals with homo-
zygous NOD?2 mutations do not develop CD (40). These individuals
may be protected by normal monocyte induction that could override
other potential genetic Paneth cell defects. However, the rare oc-
currence of these SNPs would require stratification in a much larger
cohort of patients than available for these ex vivo studies.

To define the monocyte mediators, we first tested cytokines as
likely candidates. However, none of the tested cytokines exhibited
a significant influence on the expression of a-defensins, despite
their abundance in the PCM. However, previous studies could
show a relationship between several cytokines, such as IFN-y and
TNF-a, and the Wnt pathway (41, 42), but these connections seem
to depend strongly on the cell type or cross-talk with other cytokines
or pathways (43). Other Paneth cell antimicrobials have also been
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Fig. 4. Wnt ligands are diminished in patient monocytes and partly in patient
tissue. (A) mRNA expression of Wnt ligands from suspension cells (lymphocytes,
n = 14-17) and adherent cells (monocytes, n = 9-10). PBMCs were isolated from
whole blood and stimulated with PHA-L for 72 h. RNA from suspension and ad-
herent cells was separately isolated. Shown is the mRNA expression of Wnt li-
gands and wntless Wnt ligand secretion mediator (EviWIs) normalized to
hypoxanthine phosphoribosyltransferase (HPRT). Wnt1, P = 0.0017; Wnt3, P =
0.035; Wnt3A, P = 0.0345; Evi/WIs, P = 0.022. (B) In untreated ileal biopsies, the
expression levels of Wnt3 are diminished in patients with ileal CD during in-
flammation. Shown are mRNA expression levels normalized to -actin in inflamed
and noninflamed tissue of patients with CD. Controls (n = 26), L2 (n = 21), L1 + L3
(n =63), P=0.0225; inflamed (n = 42), P = 0.0247; noninflamed (n = 21). *P < 0.05.

reported to be influenced by cytokines, such as lysozyme, which is
reduced after TNF-o treatment (44). Because our stimulation ex-
periments using different single cytokines did not show any Paneth
cell defensin induction, we concluded that these inflammatory fac-
tors are likely not responsible for the PCM-mediated effect on
a-defensins.

Several hints led us finally to suspect a relevance of the Wnt
pathway in the PCM stimulation setting. In former studies, we and
others demonstrated that HDS and HD6 are regulated by the Wnt
pathway (29). It is known that Wnt factors are indeed found in
macrophages (45-47) but are also expressed by intestinal tissue and
by Paneth cells themselves (48, 49). However, a recent study in
mice showed that epithelially derived Wnt ligands are not exclu-
sively essential for proper epithelial homeostasis, hinting that an-
other cell type is involved in Wnt ligand secretion (50). In our
study, several lines of evidence suggest that the Wnt pathway is the
key in regulation of Paneth cells by inflammatory cells. In cultured
cells, the effect of the supernatant was abolished in the case of
mutated HDS and blocked by niclosamide. Potentially, several Wnt
ligands could be involved in PCM induction; therefore, we used
WIF-1 to block Wnt ligands globally rather than a multitude of
Wnat ligand antibodies. The addition of WIF-1 to the PCM abol-
ished the induction in cell culture and, most importantly, also in
cultured ileal biopsies. This experiment clearly indicates that Wnt
ligands are the inducing agent in the PCM.

Interestingly, the PBMC secretome derived from CD patients
did not enhance enteric a-defensin expression, explaining why their
levels are not normalized in the presence of inflammation in vivo.
This deficit shows a primary functional impairment in peripheral
immune cells of patients with ileal CD.

Additionally, in our setting, we observed differences between
patients and controls in Wnt ligand expression in monocytes, but not
in lymphocytes. Here, we showed, for the first time to our knowl-
edge, that monocytes of patients with ileal CD express lower levels of
important canonical Wnt ligands. It is already known that M2
macrophages, which are important for tissue regeneration, display
differences regarding the expression of Wnt ligands in patients with
ulcerative colitis (45). Because we isolated the monocytes by a basic
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sedimentation method (51), we could not further differentiate be-
tween monocytic subsets; nevertheless, we could clearly show that
monocytes as a whole exhibit lower expression of important Wnt
ligands in ileal CD. Future studies should include testing and analysis
of different macrophage subsets to further clarify the functional Wnt
ligand defect in patient PBMC:s further. In addition, analyzing Wnt
expression in tissue macrophages would be of great interest, because
these cells are directly affecting Paneth cells in vivo.

These impairments in monocytes of patients with ileal CD
could not only contribute to the diminished innate immune
barrier based on lower HD5 and HD6 levels but could also have
implications regarding tissue repair and healing. Fishbein et al.
(52) and Lough et al. (53) also reported that HD5 expression
decreases in intestinal allografts after transplantation into a
NOD2-mutated recipient. These data underline the importance
of myeloid cells for proper Paneth cell function, indicating the
general importance of this interaction.

However, the origin of the differences in monocyte Wnt ligand
expression remains unknown. Because some of the patients were
on antiinflammatory drugs, such as steroids and azathioprine, we
first washed the cells rigorously and cultivated the cells for 72 h
to minimize drug effects. Because we only saw diminished ex-
pression of Wnt ligands in monocytes, but not in lymphocytes, we
concluded that medications were an unlikely explanation of the
differences observed between control and patient monocytes. It is
clear that further mechanistic studies will be needed to elucidate
underlying processes involved in the regulation of Wnt ligand ex-
pression in inflammatory cells. Furthermore, we cannot exclude the
possibility that only one Wnt ligand is responsible for the observed
effect. However, testing single Wnt ligands is currently technically
impossible due to the limited availability of active Wnt proteins.

Because we performed an ex vivo study with human material,
the findings can be easily applied to the human situation. This
study highlights the importance of the Wnt pathway in the reg-
ulation of Paneth defensins and features an involvement of he-
matopoietic inflammatory cells in the pathogenesis of ileal CD.
Most importantly, it shows that the defensin deficiency in ileal
CD may be reversible, which opens up new avenues for the de-
velopment of effective therapeutic possibilities. Other than only
administering defensins to increase antimicrobial defense, there
might be possibilities to stimulate the epithelium to produce a
sufficient amount of these antimicrobial peptides. GM-CSF,
which is known to stimulate macrophage activation and pro-
liferation, was shown to be protective against dextran sulfate
sodium (DSS)-induced colitis in mouse models (54) and some
patient cohorts (55), but failed in a larger phase III study in the
overall analysis (56). This failure might be explained by already
impaired monocytes in these patients.

This mechanism described herein provides an additional ra-
tionale for bone marrow transplantation as a treatment option in
severe cases (57). Other possible therapeutic interventions, such
as activating the Wnt pathway, can have serious side effects like
cancer, because this pathway has several other roles in cell
proliferation. So far, not enough is known about the regulation
of Wnt ligands, and further research regarding this aspect might
be important for developing innovative therapeutic strategies.

Materials and Methods

Patient Material. All patients and controls included in this study gave their
written and informed consent after they were informed about the study pur-
pose, sample procedure, and potential adjunctive risks. The study protocol was
previously approved by the Ethical Committee of the University Hospital, Tue-
bingen, Germany. Biopsies from the terminal ileum were sampled during routine
colonoscopy, and blood samples were obtained additionally for standard blood
tests, both at the Robert Bosch Hospital, Stuttgart, Germany.

PCM and PBMC Subtype Separation. PBMCs were isolated from EDTA-Blood
using the Ficoll Histopaque (Biochrome) gradient centrifugation method,
stimulated with PHA-L and incubated for 72 h. The supernatant was then
centrifuged, resulting in the PCM. RNA was isolated from the resulting
pellet (suspension cells = lymphocytes) (51) using an RNeasy Mini Kit (QIAGEN).
To obtain RNA from monocytes (adherent cells), cells attached to the flask
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bottom were collected and centrifuged for 10 min at 400 x g, and the pellet
was used for RNA isolation.

Biopsy Culture and Real-Time PCR. Freshly obtained biopsies were washed
several times with ice-cold PBS, immediately set into 1 mL of PCM or control
media (RPMI+PHA), and incubated at 37 °C with 5% CO, for 6 h. Denaturing
agarose gels and lactate dehydrogenase (LDH)-cytotoxicity detection kit
were used to check the quality of each sample. Samples with degraded RNA
or high LDH values were excluded from the analysis. Absolute mRNA
quantification was measured using a LightCycler 480 (Roche). The absolute
copy numbers were calculated from the crossing point (Cp) values according
to a standard plasmid. Primer sequences are listed in Table S1. Formalin fixed
paraffin embedded tissue was stained with anti-DEFA5 antibody (Sigma-
Aldrich) for immunohistochemistry.
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