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Canonical Wnt Signaling in CD11¢* APCs Regulates
Microbiota-Induced Inflammation and Immune Cell
Homeostasis in the Colon

Daniel Swafford,*' Arulkumaran Shanmugam,*' Punithavathi Ranganathan,*
Mohamed S. Hussein,* Pandelakis A. Koni,*"* Puttur D. Prasad,’ Muthusamy Thangaraju,*’*
and Santhakumar Manicassamy* '

Aberrant Wnt/B-catenin signaling occurs in several inflammatory diseases, including inflammatory bowel disease and inflamma-
tory bowel disease—associated colon carcinogenesis. However, its role in shaping mucosal immune responses to commensals in the
gut remains unknown. In this study, we investigated the importance of canonical Wnt signaling in CD11c¢* APCs in controlling
intestinal inflammation. Using a mouse model of ulcerative colitis, we demonstrated that canonical Wnt signaling in intestinal
CD11c¢" APCs controls intestinal inflammation by imparting an anti-inflammatory phenotype. Genetic deletion of Wnt corecep-
tors, low-density lipoprotein receptor—related proteins 5 and 6 (LRP5/6) in CD11c¢* APCs in LRP5/62“P11¢ mice, resulted in
enhanced intestinal inflammation with increased histopathological severity of colonic tissue. This was due to microbiota-dependent
increased production of proinflammatory cytokines and decreased expression of immune-regulatory factors such as IL-10, retinoic
acid, and IDO. Mechanistically, loss of LRP5/6-mediated signaling in CD11c* APCs resulted in altered microflora and T cell
homeostasis. Furthermore, our study demonstrates that conditional activation of B-catenin in CD11c* APCs in LRP5/62CP11e
mice resulted in reduced intestinal inflammation with decreased histopathological severity of colonic tissue. These results reveal a
mechanism by which intestinal APCs control intestinal inflammation and immune homeostasis via the canonical Wnt-signaling
pathway. The Journal of Immunology, 2018, 200: 3259-3268.

he Wnt-signaling pathway is critical for development of

the intestine and for maintaining gut homeostasis (1, 2).

The Wnt-signaling cascade has been known to play an
important role in the development and differentiation of immune
cells (3). The low-density lipoprotein receptor—related proteins 5
and 6 (LRP5/6) are key mediators of the canonical Wnt-signaling
pathway (1, 2). Aberrant Wnt signaling occurs in several inflam-
matory diseases, including inflammatory bowel disease (IBD) and
IBD-associated colon cancer (1, 2, 4). Although the focus of most
research has been directed toward how the Wnt-signaling cascade
regulates intestinal stem cell proliferation and epithelial cell
maintenance, as well as its effects on cancer initiation and pro-
gression, its role in shaping mucosal immune responses to com-
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mensal flora in the gut remains largely unknown. In addition, the
molecular mechanism by which the Wnt-signaling pathway in
APCs regulates intestinal inflammation is still undefined.

Gut microbial communities have profound effects on human
health, and loss of immune tolerance to gut microflora is inextri-
cably linked to IBD and several other autoimmune diseases (5, 6).
The gut microbiota plays an important role in shaping mucosal
innate and adaptive immune responses (7, 8). Intestinal APCs such
as dendritic cells (DCs) and macrophages (MPs) play a pivotal
role in mediating mucosal tolerance and suppressing inflammation
to commensal microflora (9-11). Previous studies in tumor set-
tings have shown that the canonical Wnt-signaling pathway pro-
grams DCs into a regulatory state and promotes immune tolerance
to tumors (12-15). In inflammatory disease settings, in contrast,
recent studies have shown that the Wnt-signaling pathway acts as
a counter-regulatory mechanism to control chronic inflammation
and restore homeostasis (16-19). Wnt ligands in the gut envi-
ronment can also act on immune cells and shape mucosal immune
responses to commensal flora. Therefore, we hypothesized that
canonical Wnt signaling in intestinal APCs is critical for main-
taining a balance between immune tolerance and immune re-
sponse to commensal flora in the gut. We also hypothesize that
this is critical for suppressing intestinal inflammation and main-
taining gut homeostasis.

In this study, we demonstrate that canonical Wnt signaling in
CDI11c* APCs suppresses colonic inflammation in murine models
of ulcerative colitis (UC). Canonical Wnt signaling imparts a
regulatory phenotype on colonic APCs, which in turn induces
regulatory T cell (Treg) differentiation while limiting the differ-
entiation of pathological effector T cells. Conditional deletion of
the coreceptors LRP5 and LRP6 in CDIllc* APCs in LRP5/
62“P1I¢ mice resulted in an altered microbial compartment in the
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colon and enhanced susceptibility to intestinal inflammation. This
is due to a microbiota-dependent increase in the expression of
inflammatory cytokines and altered T cell homeostasis in the
colon. Furthermore, our study demonstrates that, in LRP5/62€P11e
mice, conditional activation of B-catenin in CD11c* APCs resul-
ted in reduced intestinal inflammation and a reduction in histo-
pathological severity of the colonic tissue.

Materials and Methods
Mice

C57BL/6 and CD1Ic-cre mice (20) were originally obtained from Jackson
Laboratory and bred on-site. LRP5-floxed (LRP5™) mice and LRP6-
floxed (LRP6™) mice were originally provided by Dr. B.O. Williams
(Van Andel Research Institute, Grand Rapids, MI) and were cross-bred to
generate homozygous LRP5/6-floxed (LRP5/6™) mice as previously de-
scribed (13, 18, 21). LRP5/6™ mice were crossed to transgenic mice
expressing Cre recombinase under the control of the CD11lc promoter
(Jackson Laboratory) to generate mice in which LRP5/6 (LRP5/6ACD”“)
were deficient in CD11c* APCs (13, 18). Successful Cre-mediated deletion
was confirmed by PCR and protein expression analyses, as in our previous
studies (13, 18). LRP5/6™ and LRP5/6*“P!¢ mice were caged together.
B-Cat™ ) mice were originally provided by Makoto Taketo (Kyoto
University Graduate School of Medicine, Japan) and were cross-bred to
CDl1lc-cre mice to generate mice expressing active [3-catenin specifically
in CD11c* APCs (Act-Bcat“®!° mice) (18, 22). Act-Bcat“"!!'® mice were
then bred to LRP5/6°“P'!'® mice to generate LRP5/6°°P!® X Act-
Bcat“P!' mice. All experiments were carried out with age-matched con-
trols unless specified otherwise. All mice were housed under specific
pathogen-free conditions at Augusta University, with animal care protocols
approved by the Institutional Animal Care and Use Committee.

Abs and reagents

Abs against mouse CD3 (145-2C11), CD4 (GK1.5), CD8a (53-6.7), CD45
(30-F11), Foxp3 (FIK-16s), IL-10 (JES5-16E3), CD11c (N418), CDI11b
(M1/70), I-A® (25-9-17), CD64 (X54-5/7.1), F4/80 (BMS), CD90.1
(HISS1), V. a 2 TCR (B20.1), V B 5.1/52 TCR (MR9-4), IFN-y
(XMG1.2), and IL17A (17B7) were purchased from eBioscience. LRPS,
LRP6, nonphosphorylated active B-catenin, (-catenin, and (B-actin Abs
were obtained from Cell Signaling Technology. CDllc and CDI11b
microbeads were purchased from Miltenyi Biotec.

Induction of colonic inflammation

Colonic inflammation was induced as previously described (23). Briefly,
mice were subjected to one cycle of dextran sodium sulfate (DSS) treat-
ment, whereby mice were given DSS (36-50 kDa) in their drinking water
(at a dose as indicated in the Results) for 7 d followed by 8 d of normal
drinking water. Some mice were subjected to antibiotic treatment prior to
initiation of DSS administration. Mice were monitored for weight change,
diarrhea, and rectal bleeding as previously described (23, 24). Diarrhea
was scored as: 0, normal stool; 1, soft but formed pellet; 2, very soft pellet;
3, diarrhea (no pellet); or 4, dysenteric diarrhea. Rectal bleeding was
recorded as: 0, no bleeding; 2, presence of occult blood in stool; or 4, gross
macroscopic bleeding.

Leukocyte preparation and flow cytometry

Lamina propria (LP) leukocytes from colons were isolated as described in
our previous study (25). Isolated LP leukocytes were collected, washed,
and stained with Abs specific for mouse CD4 and Foxp3 and analyzed by
FACS. Briefly, single-cell suspensions from lymph nodes, spleen, and LP
were resuspended in PBS containing 5% FBS. After incubation for 15 min
at 4°C with the blocking Ab 2.4G2 (anti-FcyRIII/I), the cells were stained
with the appropriately labeled Abs. Samples were then washed twice in
PBS containing 5% FBS. In some experiments, mononuclear cells from
colonic LP or spleen were cultured with PMA (50 ng/ml) plus ionomycin
(750 ng/ml) in the presence of GolgiStop and GolgiPlug for 6 h. The cells
were then stained for CD4 followed by intracellular staining of IFN-y, IL-
17A, and IL-10. In other experiments, cell pellets obtained from EDTA
washes of the colons were collected and used to quantify relative Wnt gene
expression in epithelial cells.

Antibiotic treatment of mice

Antibiotic treatment of mice was Eerformed as described in our previous
studies (24, 25). In brief, LRP5/6"™ and LRP5/6*“P'!¢ mice were fed with

an antibiotic mixture (1 g/l ampicillin, 1 g/l metronidazole, 1 g/l neomycin
sulfate and 0.5 g/l vancomycin) in drinking water for 6 wk. All antibiotics
were purchased from Sigma-Aldrich.

Ex vivo colon culture and ELISAs

Biological triplicates of 1 cm—long sections of the ascending colon were ex-
cised, removed of feces, washed three times with sterile HBSS, and then
longitudinally opened, as previously described (23, 24). Colon sections were
then placed into culture in complete RPMI 1640 media (supplemented with
L-glutamine, penicillin, streptomycin, tetracycline, and 2% FBS) and cultured
for 2 d at 37°C with 5% CO,. Supernatants were then collected, and cytokine
concentrations were determined by ELISA. IL-17, IL-6, IL-10, IL-22, TNF-a,
IFN-v, and IL-1B were quantitated using BD Biosciences ELISA Kkits.

Colonic APC sorting

CD11c* APCs were positively selected from the leukocyte preparation by
elution via MACS LS columns (Miltenyi Biotec) and then FACS sorted for
DCs (CD45*T-A"*CD11c* F4/80 CD64 ) and MPs (CD45*1-A**CD11b*
F4/80"CD64"%) (26). After sorting, DCs or MPs (10%) were cultured in
0.2 ml RPMI 1640 complete medium in 96-well round-bottom plates.
Cell culture supernatants were analyzed after 48 h for indicated cytokine
production by ELISA.

OT-1I CD4* T cell adoptive transfer

Naive CD4"CD25™ T cells were isolated from the spleen and lymph nodes
of Ragl /7 OT-II Thyl.1 transgenic mice and 5 X 10° cells were intra-
venously transferred into wild-type floxed (WT-FL) and LRP5/62“P!!¢
mice. Mice received 5 mg OVA by gavage on 5 consecutive d after transfer.

Bacterial DNA extraction

Quantification of indicated bacterial groups in feces of WT-FL and LRP5/
62CPle mice was performed by quantitative PCR as described previously
(23, 24). Briefly, fecal pellets were collected from mice and bacterial DNA
was extracted with the QIAamp DNA Stool Kit (Qiagen). Quantitative
PCR for the 16S rRNA gene was performed with SYBR Green (Bio-Rad).
Amounts of indicated bacteria groups were first normalized to that of total
bacterial DNA. Abundance of each bacterial group in the feces from
WT-FL or LRP5/6*“P"'¢ mice was taken as 1 to calculate the relative
abundances of corresponding bacterial groups in feces from WT-FL and
LRP5/62CP!¢ mice. Reactions were run with the MyiQ5 ICycler Real-
Time PCR Detection System (Bio-Rad). Primers used in this study have
been described previously (23, 24).

Histopathology and immunohistochemistry

Sections (5 wm thick) from formalin-fixed and paraffin-embedded colons
were placed onto glass slides. H&E-stained sections were blindly scored
for severity of colonic inflammation as described previously (23, 24). The
degree of inflammation was scored as: 0, no inflammation; 1, mild in-
flammation or prominent lymphoid aggregates; 2, moderate inflammation;
3, moderate inflammation associated with crypt loss; or 4, severe inflam-
mation with crypt loss and ulceration. Crypt destruction was graded as:
0, no destruction; 1, 1-33% of crypts destroyed; 2, 34—66% of crypts
destroyed; or 3, 67-100% of crypts destroyed. The individual scores from
inflammation and crypt damage were summed to derive a histological
score for colonic inflammation (maximum score of 7).

Measurement of intestinal permeability

Mice were given FITC—dextran by oral gavage at a dose of 0.5 mg/g of
body weight. Four hours later, mice were bled and FITC—dextran was
quantified in the serum via a fluorescence spectrophotometer.

Myeloperoxidase activity

Pieces of colon (100 mg weight) were homogenized in phosphate buffer
(20 mM [pH 7.4]) and centrifuged. The pellet was resuspended in phosphate
buffer (50 mM [pH 6]) containing 0.5% hexadecyltrimethylammonium
bromide (Sigma-Aldrich). The sample was freeze-thawed and thereafter
sonicated, followed by warming to 60°C for 2 h and subsequent centrifu-
gation. Redox reaction of 3,3',5,5"-tetramethylbenzidine (Sigma-Aldrich) by
supernatant was used to determine myeloperoxidase activity. The reaction
was terminated with 2N HCI and absorbance was read at 450 nm.

Real-time PCR

Total mRNA was isolated from colon or indicated cell type using the ()
Total RNA Kit according to the manufacturer’s protocol. cDNA was
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generated using the RNA to ¢cDNA Ecodry Premix Kit (Clontech)
according to the manufacturer’s protocol. cDNA was used as a template for
quantitative real-time PCR using SYBR Green Master Mix (Bio-Rad) and
gene-specific primers (18). PCR analysis was performed using a MyiQ5
ICycler (Bio-Rad). Gene expression was normalized relative to Gapdh.

Western blot of APCs purified from LP

Isolated leukocytes obtained after leukocyte preparation were incubated at
4°C for 30 min with 50 pl each of CD11c microbeads (Miltenyi Biotec).
CD11c¢™ APCs were positively selected from the leukocyte preparation by
elution via MACS LS columns (Miltenyi Biotec) and then FACS sorted
for CD45% CDI11c* I-A™ cells. The cells were then lysed in radio-
immunoprecipitation assay buffer supplemented with protease and phos-
phatase inhibitors, and the lysates were thereafter used for protein band
chemiluminescence detection for nonphosphorylated active B-catenin,
total 3-catenin, LRP5, LRP6, and {3-actin.

Statistical analyses

Statistical analyses were performed using GraphPad Prism software. An
unpaired one-tailed Student ¢ test was used to determine statistical signi-
ficance for mRNA expression levels, Treg percentages and cytokines re-
leased by various cell types between different groups. A p value <0.05 (*)
was considered to be significant, a p value <0.01 (**) was considered to be
very significant, and a p value <0.001 (¥**) was considered to be ex-
tremely significant.

Results
CDI1c* APCs express Wnt ligands in the colon in the steady
state and in response to inflammation

We hypothesized that canonical Wnt-mediated signaling in APCs
suppresses intestinal inflammation. To better understand the role of
canonical Wnt signaling in intestinal homeostasis, we analyzed the
expression of Wnt ligands in the colon in the steady state and in
response to inflammation. For this, we challenged WT mice with
3.5% DSS, an experimental model of tissue injury and intestinal
inflammation. We noted a significant increase in the expression of
Wnt2, Wnt3a, Wnt5a, Wnt7a, Wnt8a, Wnt8b, Wnt10a, and Wntl1
in the colon in response to DSS treatment (Supplemental Fig. 1A).
There are two major subsets of APCs in the colonic mucosa:
MPs (MHCII"CD11c¢*CD103~ CD11b"CX3CRI*F4/80*CD64")
and DCs (MHCIT*CD11¢* CX3CR1™ F4/80 CD64 ) (Supplemental
Fig. 1B) (27). In addition, DCs can be further subdivided into CD103*
and CD103" subsets (27). Our previous study showed that the ca-
nonical Wnt pathway is highly active in intestinal DCs and MPs
(25).Thus, we quantified the mRNA expression levels of various
Wnt ligands in the DCs and MPs in the colon under steady-state
conditions. Colonic CD11¢* DCs and MPs expressed markedly
higher levels of Wnt2, Wnt3a, Wnt5a, Wnt7a, Wnt8a, Wnt8b, and
Wnt9a compared with splenic DCs (Supplemental Fig. 1C). In
addition, colonic CD11c* MPs appeared to express Wnt ligands to a
much greater extent than colonic CD11¢*™ DCs (Supplemental Fig.
1C). In contrast, colonic epithelial cells expressed markedly lower
levels of Wnt ligands compared with colonic DCs and MPs
(Supplemental Fig. 1C). Next, we quantified the expression of Wnt
ligands in colonic DCs and MPs in response to inflammation. We
found that although both cell subsets significantly expressed more
Wnt3A, Wnt5B, and Wnt10A during colitis compared with steady
state conditions, only MPs substantially increased expression of
Wnt2, Wnt8A, Wnt8B, and Wntl1 (Supplemental Fig. 2A, 2B).
Because coreceptors LRPS and LRP6 are critical for mediating
canonical Wnt signaling, we determined whether intestinal APC
subsets express these coreceptors. Colonic DCs and MPs isolated
from WT mice expressed both LRP5 and LRP6 coreceptors
(Supplemental Fig. 2C). In addition, both colonic CD103* and
CD103 ™ DC subsets express LRP5 and LRP6 (Supplemental Fig.
2C). Next, we analyzed the expression of LRP5 and LRP6 in
intestinal APCs in response to DSS treatment. We found that both
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LRPS and LRP6 are still expressed in both intestinal DCs and
MPs, even during inflammatory colitis (Supplemental Fig. 2D).

Deletion of Wnt coreceptors LRP5 and LRP6 in CD11c* APCs
enhances susceptibility to lethal colitis

To address the role of LRP5- and LRP6-mediated signaling in
CD11c* APCs in the intestine, we generated CD11c¢* APC—specific
deletion of LRP5 (LRP5%“P!y or LRP6 (LRP6““P!'¢) by
crossing LRP5™ mice (LRP5"™) or LRP6™ (LRP6™) mice
(21) with CD11c-cre mice (20). We then challenged LRp54¢€Ptic
and LRP6*“""'® mice with 3.5% DSS. Both LRP5*“"''¢ and
LRP6*“P¢ mice showed weight loss similar to LRP5™" and
LRP6™ mice in response to DSS treatment (Supplemental Fig.
3A, 3B). Because it is possible that LRP5 and LRP6 may play a
compensatory role in CD11¢* APCs in response to intestinal in-
flammation, we then crossed LRP52“P''¢ and LRP62P''¢ mice
to generate double-knockout LRP5/6°“P¢ mice. Western blot
analysis of colonic CD11c¢* APCs showed depletion of both LRP5
and LRP6 in LRP5/6*“P'!¢ mice (Supplemental Fig. 3C). Further
analysis of colonic CD11c¢* APC subsets showed selective de-
pletion of the coreceptors in both DCs and MPs (Supplemental
Fig. 3D). Then, we subjected LRP5/6°“"''® and WT-FL (LRP5/
6™™) mice to 3.5% DSS treatment and monitored for body
weight loss and recovery. LRP5/6*P1¢ mice were highly sus-
ceptible to 3.5% DSS, with increased weight loss beginning on
day 2, and failed to recover during the course of treatment
(Supplemental Fig. 3E, 3F). In contrast, all WT-FL mice lost less
weight compared with LRP5/6*“P1¢ mice and recovered during
the course of treatment (Supplemental Fig. 3E, 3F). To study the
phenotype of LRP5/6°“P''® mice under milder conditions, we
repeated the experiment with a lower dose of DSS (2%) treatment.
Upon DSS administration at the reduced dose, LRP5/62“P¢ mice
showed greater weight loss, diarrhea, and rectal bleeding com-
pared with the WT-FL mice (Fig. 1A—C). Moreover, DSS treat-
ment of LRP5/62“P! mice resulted in a significant reduction in
colon length compared with the colons of WT-FL mice (Fig. 1D).
Myeloperoxidase activity, a hallmark of colonic inflammation,
was markedly increased in the colons of LRP5/62“P¢ mice after
DSS treatment (Fig. 1E). Histopathological analysis of colons of
DSS-treated LRP5/62“P1!¢ mice showed extensive damage to the
mucosa, which included epithelial erosion, loss of crypts, and
infiltration of immune cells, compared with the colons of DSS-
treated WT-FL mice (Fig. 1F, 1G). However, colons from un-
treated WT-FL and LRP5/6*“°"'° mice showed no morphological
sign of damage or inflammation (data not shown). Consistent with
enhanced gut inflammation and delayed recovery, we also ob-
served an increase in FITC—dextran in the serum of DSS-treated
LRP5/6°“P1¢ mice after oral gavage (Fig. 1H), indicating se-
verely impaired epithelial barrier integrity. Collectively, our re-
sults also show that the absence of both of these coreceptors in
CD11c* APCs in mice results in increased intestinal inflammation
with delayed recovery, indicating a possible regulatory role for
LRP5/6-mediated signaling in CD11c* APCs during ongoing in-
testinal inflammation.

Absence of LRP5/6 signaling in intestinal APCs fosters
inflammatory microenvironment in the colon

In the DSS model of intestinal inflammation, inflammatory cyto-
kines produced by innate immune cells present in the gut micro-
environment promote colitis and augment tissue injury (28). Thus,
we analyzed the expression of immune-regulatory and inflam-
matory factors that suppress or promote colonic inflammation.
Colons of DSS-treated LRP5/6*“P!'¢ mice expressed higher lev-
els of inflammatory cytokines such as IL-1f3, IL-6, TNF-a, IFN-v,
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FIGURE 1. Increased susceptibility of LRP5/6*P!'¢ mice to lethal colitis. WT-FL and LRP5/6*P!¢ mice were treated with 2% DSS (36-50 kDa) in
their drinking water for 7 d before returning to normal water, and at day 10, the colons of mice were analyzed for inflammation. (A-D) Change in body
weight, diarrhea, rectal bleeding, and colon length of WT-FL and LRP5/6*P''® mice (n = 5). (E) Myeloperoxidase activity in colon (n = 5). (F)

Representative images of H&E-stained colonic sections from DSS-treated WT-FL and LRP5/

6P mice (original magnification X100). (G) Histo-

pathological score (inflammation + epithelial damage) of colons was graded following analysis of H&E-stained cross-sections of colons of DSS-treated
WT-FL and LRP5/6*“P''® mice. (H) Mice were fed with FITC—dextran on day 10, and 4 h later FITC—dextran was quantified in serum (n = 5). Values are
mean = SEM or representative of at least two independent experiments. **p < 0.01, ***p < 0.001.

and IL-17 compared with colons of DSS-treated WT-FL mice
(Fig. 2A). In contrast, the colons of DSS-treated LRP5/64CP11e
mice expressed lower levels of IL-10 and IL-22 compared with
those of colons of WT-FL mice (Fig. 2A). Consistent with these
observations, colon explant cultures showed that colons of DSS-
treated LRP5/6°“P'!® mice produced higher levels of inflamma-
tory cytokines and lower levels of IL-10 and IL-22 compared with
colons of WT-FL mice (Fig. 2B). Taken together, these findings
demonstrate an imbalance in the production of anti-inflammatory
molecules versus inflammatory molecules that favors increased
susceptibility of LRP5/6“P1'¢ mice to DSS-induced colitis and
inflammation-associated tissue injury.

LRP5/6 signaling in colonic CDI11c* APCs regulates the
balance between Treg and effector T cell frequency in the colon
in a microbiota-dependent manner

The balance between regulatory and effector T cells is critical for
gut homeostasis (29-31). Intestinal DCs and MPs play a criti-
cal role in maintaining balance between regulatory and effector
T cells (7, 9, 32, 33). Therefore, based on the above results, we
sought to determine whether CD11¢™ APC-intrinsic LRP5/6 sig-
naling is critical for T cell homeostasis. As Th1/Th17 cells in the
colon promote inflammation (29), we quantified the frequency
of Th1/Th17 cells in the intestine of LRP5/6*“"''* and WT-FL
mice under steady-state conditions. Remarkably, LRP5/62CP11e
mice displayed higher frequencies of CD4" cells producing IFN-y
or IL-17A in the colon compared with WT mice (Fig. 3A, 3B,
top panels showing mice without antibiotic treatment [—Abx]).
In contrast, we observed markedly reduced levels of IL-10-producing
Trl cells and Foxp3* Tregs in the colon of LRP5/6°Pe mice
compared with that of WT-FL mice (Fig. 3C, 3D). These observa-
tions were further associated with a significant increase in IFN-y
and IL-17A and a marked reduction in IL-10 in the colons of

LRP5/6*“P1¢ mice as compared with WT mice (Fig. 3E). In-
terestingly, there was no significant difference in the frequencies
of Th1 and Th17 cells in the spleens of LRP5/6“P11° mice versus
WT-FL mice (data not shown). These observations suggest that an
increase in Th1 and Th17 cells in LRP5/6““P'¢ mice is specific
to the colon.

The intestinal microbiota has been observed to play an important
role in the induction of CD4" effector T cells and Tregs (5, 30).
Therefore, we next assessed whether increased Th17/Thl cell
frequencies and inflammatory cytokine expression in the colon of
LRP5/6°P1¢ mice is due to gut microflora by performing
microbiota depletion studies using an antibiotic mixture (25).
Antibiotic treatment resulted in a marked reduction in the fre-
quencies of Th17 and Thl cells in the colon of LRP5/62CP11e
mice as compared with untreated control mice (Fig. 3A, 3B). A
similar change in frequency was not observed, however, for IL-
10-producing Trl or Foxp3-expressing Tregs (Fig. 3C, 3D).
Consistent with these observations, colons of antibiotic-treated
LRP5/6°“P1¢ mice produced significantly less IL-17A and IFN-
v, but not IL-10, compared with control —Abx colons (Fig. 3E).
Collectively, these findings suggest an important role for LRP5/6
in CD11c* APCs regulating a delicate balance between Treg and
effector T cell numbers in the colon.

Because depleting microbiota reduced both Th17/Th1 cells and
inflammatory cytokine levels in the colons of LRP5/6*°P11¢ mice,
we next investigated whether LRP5/6*P''® mice harbor altered
commensal microflora. For this, we quantified the relative levels
of different bacterial species in the feces of LRP5/6°“P¢ mice
and WT mice. Interestingly, we observed an increased presence
of segmented filamentous bacteria (SFB), Prevotellaceae, and
TM7 groups of commensal bacteria in LRP5/62P!c mice as
compared with WT-FL mice (Fig. 3F). In contrast, we observed
markedly reduced levels of Clostridiales and Bacteroides groups
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FIGURE 2. LRP5/6 signaling in CD11c* APCs suppresses the expression of inflammatory factors in the colon. (A) RNA was extracted from colons of
untreated and DSS-treated WT-FL and LRP5/6*°P!!¢ mice. Expression of indicated genes was quantified by quantitative PCR. (B) Excised colon
samples of untreated and DSS-treated WT-FL and LRP5/6*“P"'® mice were cultured for 2 d ex vivo, and the cytokine levels in the culture supernatants
were quantified by ELISA. The error bars indicate mean = SEM of five to six mice per group or representative of at least two independent experiments.

*p < 0.05, ¥¥p < 0.01, ***p < 0.001.

of commensal bacteria in LRP5/6*P''® mice (Fig. 3F). This
result provides evidence for altered microflora in the intestine of
LRP5/6°P!¢ mice and explains the enhanced susceptibility of
LRP5/6*P11° mice to colonic inflammation.

LRP5/6 signaling imparts regulatory phenotype on colonic
APCs

Intestinal APCs express immune-regulatory factors such as IDO,
IL-10, and retinoic acid (RA) that preferentially drive Treg re-
sponses while limiting Th1/Th17 responses (7, 9, 32, 33). We
reasoned that decreased frequencies of Tregs and increased fre-
quencies of Thl and Th17 cells in the colons of LRP5/6“P!1°
mice are due to the loss of an immune-regulatory phenotype of
colonic DCs and/or MPs. Thus, we analyzed the expression levels
of inflammatory and anti-inflammatory factors in colonic DCs and
MPs of LRP5/6*“P!'¢ mice. Colonic DCs and MPs isolated from
the LRP5/6°“P11¢ mice expressed markedly lower mRNA levels
of immune-regulatory factors such as Aldhlal, Aldhla2, IL-10,
and IDOL1 (Fig. 4A). In contrast, LRP5/6-deficient colonic DCs
and MPs expressed significantly higher levels of inflammatory
factors such as IL-1 and IL-6 (Fig. 4B). Consistent with these
observations, colonic DCs and MPs from LRP5/6CP¢ mice
cultured ex vivo produced higher levels of cytokines such as IL-13
and IL-6 and lower levels of IL-10 compared with colonic DCs
and MPs from WT-FL mice (Fig. 4C).

The type of cytokine milieu present in the gut microenvironment
drives the differentiation and expansion of effector T cells and
Tregs (29, 30). Thus, we investigated the in vivo role of LRP5/6
signaling in intestinal APCs in the induction of Treg/Th1/Th17
cells in response to oral Ag using an Ag-specific CD4™ T cell

transfer system. We adoptively transferred naive OT-II Thyl.1"
cells into LRP5/6*“P''¢ and WT-FL mice and fed them with OVA,
the cognate Ag for OT-II cells. Intracellular cytokine analysis on
day 6 posttransfer showed a significant increase in naive OT-1I
Thyl.1 CD4" T cell differentiation toward Th1 and Th17 cells
in LRP5/6*“P'' mice compared with WT mice in the colon
(Fig. 4D, 4E). Further characterization of transferred OT-II T cells
showed a marked decrease in the differentiation of Foxp3™ Tregs
and IL-10—-producing Tr1 cells in the colon of LRP5/6*P11¢ mice
compared with WT mice (Fig. 4D, 4E). Thus, these data dem-
onstrate that LRP5/6 signaling imparts an anti-inflammatory
phenotype on intestinal APCs by inducing the expression of key
immune-regulatory genes while suppressing the expression of
inflammatory cytokines.

Activation of B-catenin in APCs ameliorates intestinal
inflammation in LRP5/6°P1'¢ mice

The transcriptional cofactor (-catenin is a key downstream me-
diator of canonical Wnt signaling (3, 4). Previous studies have
shown that the LRP5/6-mediated signaling activates [3-catenin in
splenic DCs and that (3-catenin is highly active in intestinal APCs
(18, 25). Deletion of B-catenin in CD11c* APCs renders mice
susceptible to DSS-induced colitis (25). Thus, we asked whether
LRP5/6 signaling is critical for B-catenin activation in intestinal
APCs. We quantified the 3-catenin activation status by immuno-
blot using Abs that specifically detect the active form of (3-catenin.
Colonic CD11c¢™ APCs deficient in LRP5/6 showed markedly
reduced levels of the active form of (-catenin compared with
WT-FL colonic CD11c¢* APCs (Fig. 5A). However, both WT and
LRP5/6-deficient colonic CD11c* APCs showed comparable
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FIGURE 3. LRP5/6 signaling in intestinal APCs limits inflammatory responses to commensal flora. (A—D) FACS plots representing percentages or
cumulative frequencies of CD4" T cells positive for IL-17A/IEN-y or Foxp3 isolated from colons of WT-FL and LRP5/6*“P' mice treated with (+Abx,
bottom panels) or without (—Abx, top panels) antibiotics (n = 8). (E) Excised colon samples in panel A were cultured for 2 d ex vivo, and then the secreted
IL-17A, IFN-v, and IL-10 amounts in the culture supernatants were quantified by ELISA (n = 5). (F) Relative quantification of different bacterial species in
the fecal material from LRP5/6*“P!!° mice compared with WT-FL mice as analyzed by quantitative PCR analysis (n > 5). Values are mean * SEM or
representative of at least three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.

levels of total B-catenin and (-actin. These observations suggest
that LRP5/6 signaling is critical for the activation of (3-catenin in
intestinal APCs.

Next, we asked whether activation of the -catenin pathway in
LRP5/6-deficient APCs could ameliorate intestinal inflammation in
LRP5/6*“P1¢ mice. To test this, we crossed mice expressing an active
form of the B-catenin in CD11c™ APCs (B-cat™** ©3CD11c-cre,
referred to as Act-Bcat®P!'C after this) onto an LRP5/62€P11e
background. Immunoblot analysis of colonic CD11c¢* APCs
showed a marked increase in the expression of the active form of
B-catenin in Act-Bcat™®''/LRP5/6*“P''® mice compared with
that of LRP5/6*“P'1¢ mice (Fig. 5B). We then subjected LRP5/
62P11e and Act-Beat®®!'*/LRP5/6*P! !¢ mice to DSS treatment.
Upon DSS administration, Act-Bcat®®!'*/LRP5/6°P!!¢ mice
showed a marked decrease in colitis severity compared with
LRP5/6°“P1¢ mice, which included lesser weight loss, inflam-
mation, colon shortening, and myeloperoxidase activity (Fig. 5C—
E). Histopathology of colons of DSS-treated Act-Bcat“P!'/LRP5/
6Pl mice showed less extensive damage to the mucosa re-
garding epithelial erosion, loss of crypts, and infiltration of im-
mune cells compared with the colons of DSS-treated of LRP5/
6P mice (Fig. S5F, 5G). In addition, we also observed a

decrease in FITC—dextran in the serum of DSS-treated Act-
Bcat®P/LRP5/64P!¢ mice (Fig. 5H), indicating less damage
to the integrity of the epithelial barrier. Consistent with diminished
gut inflammation, colon explant cultures showed that colons of
DSS-treated Act-Beat®P! ' /LRP5/6*P!!¢ mice produced lower
levels of inflammatory cytokines (IL-1f3, IL-6, TNF-a) and higher
levels of IL-10 and IL-22 compared with colons of LRP5/6CP!¢
mice (Fig. 5I). Next, we analyzed the expression levels of in-
flammatory and anti-inflammatory factors in colonic CD11¢* DCs
and MPs of Act-Bcat®!'*/LRP5/6*“P!¢ mice. Colonic DCs and
MPs isolated from the Act-Bcat®™®'!/LRP5/6°“P! mice
expressed markedly higher mRNA levels of Aldhlal, Aldhla2,
and IL-10 and markedly lower levels of IL-6 and IL-18 (Fig. 5J).
Collectively, these observations suggest that (3-catenin is a key
downstream mediator of LRP5/6 signaling in intestinal APCs and
that activation of B-catenin in LRP5/6*''® mice ameliorates
DSS-induced colitis and inflammation-associated tissue injury.

Discussion

The current study defines an essential role for the canonical Wnt-
signaling pathway in CD11c* APCs in controlling colonic in-
flammation to the microbiota. Accordingly, LRP5/6*P1I¢ Jed to
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an increased expression of IL-1f3, IL-6, and TNF-«, with dimin-
ished production of IL-10 and RA. Consequently, the absence of
LRP5/6-mediated signaling in colonic CD11¢* APCs resulted in a
loss of T cell homeostasis in the colon because of altered gut
microbiota. Furthermore, the current study shows [3-catenin as a
key downstream mediator of LRP5/6 signaling in intestinal APCs.
Finally, in LRP5/6*“P¢ mice, conditional activation of B-catenin
in CD11c* APCs also results in reduced intestinal inflammation.
Collectively, these findings support the hypothesis that canonical
Wnt signaling imparts an anti-inflammatory phenotype on colonic
APCs and is critical for suppressing colonic inflammation to
commensal flora.

The intestine contains high levels of Wnt ligands, and the Wnt-
signaling pathway is critical for gut development and homeostasis
(1, 2). However, the focus of most research has been on the effects
of this pathway on intestinal stem cell proliferation as well as its
effects on cancer initiation and progression. Wnt ligands in the gut
environment can also act on immune cells and shape mucosal
immune responses. An unanswered question, however, is whether
canonical Wnt signaling in APCs is critical for suppressing in-
flammation in the gut. The present study shows that genetic de-
letion of LRP5/6 specifically in CD11c* APCs in mice results in
enhanced intestinal inflammation in response to DSS treatment. In
APCs, Wnts activate both -catenin—dependent and [3-catenin—
independent signaling pathways (4). Conditioning of DCs with
Wnt ligands activates the P-catenin pathway (15, 18) and

programs them to a regulatory state (18, 34, 35). The B-catenin
pathway is highly active in intestinal APCs and is critical for
mediating immune tolerance to gut microflora (25). Mice deficient
in B-catenin specifically in CD11¢* APCs are highly susceptible
to DSS-induced colitis and other inflammatory diseases (18, 25,
36). In addition to Wnts, multiple signaling pathways activate
B-catenin (36, 37). B-catenin activation is markedly reduced in
intestinal CD11c* APCs deficient in LRP5/6. Further, our study
shows that, conditional expression of the active form of B-catenin
in CD11c* APCs in LRP5/62“P!! mice suppresses colonic in-
flammation and markedly reduces inflammation-mediated tissue
injury. DCs and MPs are also present in inflamed tissues, where
they control inflammation and express factors that are critical for
tissue repair. Several studies have reported that Wnt ligands play a
key role in wound healing and intestinal repair (38—40). In line
with these studies, we also observe a marked increase in the ex-
pression of Wnt ligands upon inflammation in the colon. The
present study also shows that CDI1lc* APCs isolated from
the inflamed colon express coreceptors LRP5 and LRP6 and are
the major producers of Wnt ligands in the inflamed tissues. In
settings of chronic inflammatory diseases, canonical Wnt signal-
ing in DCs acts as a counter-regulatory mechanism to control
inflammation and restore homeostasis (16—19, 41). These obser-
vations suggest that LRP5/6-dependent signaling in intestinal
APCs plays a similar role in mediating immune tolerance in re-
sponse to commensal flora.
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CD11c* APCs resulted in the loss of T cell homeostasis with
reduced numbers of Tregs and increased numbers of Th1/Th17

A delicate balance between Tregs versus pathological effector
T cells underlies disease progression in many inflammatory dis-

eases, including IBD (7, 9, 32, 33). Intestinal DCs and MPs play a
critical role in controlling this balance between tolerance and in-
flammation (7, 9, 32, 33). Intestinal DCs and MPs control intes-
tinal inflammation by expressing immune-regulatory factors such
as RA, IL-10, and IDO (7, 9, 32, 33). Studies conducted with
transplantable tumors in mice and classical murine melanoma
models have shown that Wnt ligands in the tumor microenviron-
ment suppress host immune responses by inducing RA, IL-10, and
IDO in DCs (12-15). The present study shows that canonical Wnt
signaling in intestinal APCs is critical for the induction of these
immune-regulatory factors and in imparting anti-inflammatory
properties while limiting the expression of inflammatory cyto-
kines. These regulatory factors are critical for driving Treg dif-
ferentiation and expansion while limiting the differentiation of
Th1/Th17 cells in the gut (7, 9, 32, 33). Deletion of LRP5/6 in

cells in the colon. This imbalance in T cell subsets was due to
increased expression of inflammatory cytokines by colonic
APCs that drive Th1/Th17 cell differentiation. This is dependent
on the commensal flora, as antibiotic mixture treatment mark-
edly reduced the expression of inflammatory cytokines such as
IL-17A or IFN-v, resulting in reduced inflammation and damage
accrued via pathological effector T cells. Microbiota-induced
IL-1B and IL-6 are critical for the development of intestinal
Th-17 cells, and the gut-resident APCs are the main source of
IL-1B and IL-6 (42). Because colonic APCs express LRP5/6, it
is possible that the canonical Wnt-signaling pathway might play
a critical role in regulating IL-13 and other inflammatory
cytokines in intestinal APCs in response to microbes under
steady-state conditions and inflammatory conditions. These ob-
servations suggest that LRP5/6-dependent signaling in intestinal
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APCs plays a key role in mediating immune tolerance in re-
sponse to commensal flora.

Genetic modification of the host leads to microbial dysbiosis
resulting in host susceptibility to colonic inflammation (23, 24, 43—
45). The gut microbiota plays an important role in shaping mu-
cosal innate and adaptive immune responses (7, 8). Further anal-
ysis of microbial species in the stool of LRP5/6°“P'® mice
revealed an increased representation of SFB, Prevotellaceae, and
TMT7 groups of commensal bacteria. In line with these observa-
tions, past studies have shown that increased representation of
SFB, Prevotellaceae, and TM7 groups of commensal bacteria is
associated with enhanced risk of colitis in mice (23, 24, 43, 45).
Although LRP5/6*“P"'¢ mice harbor altered microflora, the co-
lons of these mice showed no morphological signs of damage up
to 16 wk of age.

IL-22 is critical for maintaining the integrity of epithelial cell
barrier, mucous production, and epithelial cell regeneration and
repair (46). IL-22 regulates the expression of antimicrobial pep-
tides such as ReglII3, RegIlly, SI00A8, and S100A9 by intestinal
epithelial cells, which is critical for barrier immunity (47-49).
Past studies have shown protective effects of IL-22 in the DSS-
induced colitis model (50), T cell transfer model of IBD (50, 51),
and Th2-driven UC model (52). In mice, IL-22 deficiency is as-
sociated with commensal dysbiosis and aberrant expansion of
SFB, Prevotellaceae, and TM7 groups of commensal bacteria (24,
45, 53). Consistent with these observations, deletion of LRP5/6 in
CDI11c" APCs resulted in markedly lower levels of IL-22 both
under homeostatic conditions and under inflammatory conditions.
In addition, LRP5/6“P1¢ mice expressed low levels of antimi-
crobial peptides ReglIIf and Regllly and calprotectins (S100A8/
S100A9) in the colon (Supplemental Fig. 4). In contrast, activation
of B-catenin in LRP5/6*“P!'¢ mice resulted in a significant in-
crease in IL-22 in the colon. An important unresolved question is
how the LRP5/6 signaling in CD11c¢™ APCs regulates IL-22 ex-
pression in the colon. Past studies have shown that RA and IL-10
produced by intestinal APCs can exert paracrine effects on innate
lymphoid cells and epithelial cells to augment intestinal barrier
immunity against gut flora (54-58).

In summary, the current study shows that the loss of canonical
Wnt signaling in CD11c” intestinal APCs, represented by a
CD11c-specific knockout of the LRP5/6 coreceptors, results in the
exacerbation of intestinal inflammation in a murine model of UC.
This was associated with loss of regulatory phenotypes in intes-
tinal APCs, which expressed lower levels of immune-regulatory
factors such as RA and IL-10. A major consequence of these al-
tered characteristics in LRP5/6*P'!® mice was due to a loss of
T cell homeostasis as a result of an altered gut microbiota. In
addition, the current study indicates that the canonical Wnt-
signaling pathway plays a key role in regulating commensal ho-
meostasis by regulating the expression of IL-22 and antimicrobial
peptides in the gut. Additionally, the exacerbation of intestinal
inflammation appeared to be largely due to aberrant downstream
B-catenin signaling. These results ultimately portray a significant
role for canonical Wnt signaling in intestinal APCs in regulating
intestinal inflammation to the commensal microbiota as a result of
establishing regulatory phenotypes in both CDI1l1c* intestinal
APCs and T cells. Whether the microbiota plays an important role
in regulating the canonical Wnt-signaling pathway in the steady
state to mediate immune homeostasis remains largely to be elu-
cidated. Furthermore, how this intestinal APC-intrinsic signaling
may be involved in inflammation-associated colon carcinogenesis
and other disease states associated with a loss in immune ho-
meostasis in the gut remains unknown. Still, these results show
that targeting the canonical Wnt-signaling pathway in intestinal
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APC subsets may provide a promising treatment strategy for the
remediation of colitis and other autoimmune disorders.
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