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Abstract

Extraintestinal manifestations are common in inflammatory bowel disease (IBD) and involve
several organs, including the kidney. However, the mechanisms responsible for renal manifestation
in IBD are not known. Here, we show that the Wnt-LRP5/6-signaling pathway in macrophages
plays a critical role in regulating colitis-associated systemic inflammation and renal injury in

a murine dextran sodium sulfate (DSS)-induced colitis model. Conditional deletion of the Wnt
coreceptors low-density lipoprotein receptor-related protein 5 and 6 (LRP5/6) in macrophages in
mice results in enhanced susceptibility to DSS-colitis-induced systemic inflammation and acute
kidney injury (AKI). Furthermore, our studies show that aggravated colitis-associated systemic
inflammation and AKI observed in LRP5/65Y2M mice are due to increased bacterial translocation
to extraintestinal sites and microbiota-dependent increased proinflammatory cytokine levels in

the kidney. Conversely, depletion of the gut microbiota mitigated colitis-associated systemic
inflammation and AKI in LRP5/6-YSM mice. Mechanistically, LRP5/6-deficient macrophages were
hyperresponsive to TLR ligands and produced higher levels of proinflammatory cytokines which
are associated with increased activation of MAPKs. These results reveal how the Wnt-LRP5/6
signaling in macrophages controls colitis-induced systemic inflammation and AKI.
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Introduction

Extraintestinal manifestations are common in patients with inflammatory bowel disease
(IBD) and involve several organs such as the kidney, liver, and central nervous system (CNS)
(1-3). Increased intestinal permeability and mucosal barrier damage predispose IBD patients
to enterogenous infections and the development of sepsis (4—7). Renal complications

occur in 4-23% of patients with IBD, including kidney tubular damage, amyloidosis,
tubulointerstitial nephritis, and glomerulonephritis(4-7). Defects in the mucosal barrier

and increased intestinal permeability potentially allow the translocation of commensal
bacteria, endotoxin, bacterial DNA, and uremic toxins from the gut lumen to systemic

sites resulting in systemic inflammation-associated kidney injury (4-10). However, the
mechanisms underlying the links between intestinal injury and changes in the kidney are
mainly unknown. Using a sodium dextran sulfate (DSS)-induced colitis model, previous
studies showed that acute intestinal injury leads to systemic inflammation-associated tissue
injury (11-20). Moreover, inflammation-associated intestinal injury and acute kidney injury
(AKI) during colitis is accompanied by increased immune cell infiltration, particularly
inflammatory myeloid cells (21, 22). Additionally, macrophages have emerged among
myeloid cells as principal inflammatory effectors in the pathogenesis of colitis-associated
AKI (21, 22). These antigen-presenting cells (APCs) also play a pivotal role in suppressing
inflammation, wound healing, and tissue repair (21, 22). However, the molecular pathways
that program these cells to a regulatory state rather than an inflammatory state are unknown.

The Wt signaling cascade plays an essential role in immune cell development and
differentiation (23-25). In addition, aberrant Wnt signaling occurs in several inflammatory
diseases, including IBD (24, 25). Past studies have shown that the intestinal APCs are
significant producers of Wnt ligands under steady-state and inflammatory conditions (26—
31). Whnt ligands in the gut environment act on immune cells and shape mucosal immune
responses to commensal microbiota (26—-31). Wnt signaling can be broadly classified into
the canonical Wnt-p-catenin pathway and the non-canonical Wnt pathway independent of (8-
catenin (24, 25). The low-density lipoprotein receptor-related proteins 5 and 6 (LRP5/6) are
critical mediators of the canonical Wnt-p-catenin signaling pathway (32, 33). In addition,
previous studies have shown that the canonical Wnt pathway in intestinal APCs plays a
pivotal role in mediating mucosal tolerance and suppressing inflammatory response against
commensal microbiota (31, 34). However, very little is known about the role of this pathway
in regulating colitis-associated systemic inflammation and kidney injury. Therefore, we
hypothesized that canonical Wnt signaling in macrophages is critical for suppressing colitis-
associated systemic inflammation and kidney injury.

Here, we demonstrate that Wnt-LRP5/6-signaling in macrophages suppresses colitis-
associated systemic inflammation and renal injury in the murine model of colitis. In

mice, conditional deletion of the Wnt coreceptors LRP5 and LRP6 in myeloid cells
enhances susceptibility to colitis-associated systemic inflammation and AKI. This is due to
increased bacterial translocation to extraintestinal sites, and microbiota-dependent increased
proinflammatory cytokine levels in the kidney. This condition could be improved in
LRP5/6-YSM mice by depleting the gut microbiota, indicating the importance of LRP5/6-
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signaling in regulating colitis-associated systemic inflammation and AKI. Mechanistically,
LRP5/6-deficient macrophages were hyperresponsive to TLR ligands and produced higher
levels of proinflammatory cytokines which are associated with increased activation of
MAPKSs. These results reveal how the Wnt-LRP5/6 signaling in macrophages controls
systemic inflammation-associated kidney injury during colitis.

Materials and Methods

Mice

C57BL/6 male mice of 6 to 12 weeks of age were purchased from The Jackson

Laboratory (Bar Harbor, ME. LRP5 floxed (LRP5FL) mice and LRP6 floxed (LRP6FL)
mice were crossbred to generate homozygous LRP5/6 floxed (LRP5/6FL) mice as previously
described (35-37). In addition, LRP5/6FL mice were crossed to transgenic mice expressing
Cre recombinase under the control of the LysM promoter (Jackson Laboratories) to
generate mice in which LRP5/6 (LRP5/6LYSM) were deficient in myeloid cells. Successful
Cre-mediated deletion was confirmed by polymerase chain reaction (PCR) and protein
expression analyses as in our previous studies (36, 37). All experiments were carried

out with age-matched littermates 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.

Reagents and Antibodies.

Antibodies against mouse CD45 (30-F11), CD11c (N418), CD11b (M1/70), GR1
(RB6-8C5), Ly6G (1A8), Ly6C (HK1.4), CD64 (X54-5/7.1), F4/80 (BM8), and I-AP
(AF6-120.1) were purchased from BioLegend. p-p38, p38 MAPK, p-INK, IJNK, p-ERK,
ERK, LRP5, and LRP6 antibodies were obtained from Cell Signaling Technology, and
p-LRP5 and p-LRP6 antibodies were obtained from Thermo Fisher Scientific.

Induction of colonic inflammation

Colonic inflammation was induced as previously described (38). Briefly, mice were
subjected to one cycle of DSS treatment, whereby mice were given 3.0% DSS (36-50 kDa)
in their drinking water (at a dose as indicated in Results) for 8 days followed by normal
drinking water. Some mice were subjected to antibiotics treatment before initiation of DSS
administration. Mice were monitored for weight change, diarrhea, and rectal bleeding (38,
39).

Antibiotic-treatment of mice

Antibiotic treatment of mice was performed as described in our previous studies (30, 39). In
brief, LRP5/6FL and LRP5/61YSM mice were fed with an antibiotic cocktail (1g/L ampicillin,
1g/Lmetronidazole, 1g/L neomycin sulfate, and 0.5g/L vancomycin) in drinking water for
two weeks before DSS treatment. All antibiotics were purchased from Sigma-Aldrich.
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Ex-vivo colon culture and ELISAs

Whole colons were excised and flushed with PBS containing penicillin and streptomycin.
Approximately 1 cm-long section of the ascending colon was excised, opened

longitudinally, and washed three times with sterile HBSS containing penicillin and
streptomycin. Colon sections were then placed into culture in complete RPMI media (2%
FBS, L-glutamine, penicillin, streptomycin, and tetracycline) and cultured for two days at
37°C with 5% CO». Supernatants were then collected, and cytokine concentrations were
determined by ELISA. IL-6, IL-10, TNF-a, IL-1a and IL- 1B were quantitated using ELISA
kits procured from BioLegend.

Isolation of macrophages

CD11b* APCs were purified from the spleen, kidney, or colon as previously described

(31, 37). In brief, the spleen or kidney was cut into small fragments and then digested

with collagenase type 4 (1 mg/ml) in complete DMEM plus 2% FBS for 30 min at 37

°C. Cells were washed twice and enriched for CD11b* APCs with the CD11b-specific
microbeads by elution via MACS LS columns (Miltenyi Biotec), and then FACS sorted for
macrophages (CD45%1 AP*CD11b*F4/80*CD64"). After sorting, macrophages (10°) were
cultured in 0.2 ml RPMI 1640 complete medium in 96-well round-bottom plates for 48 h. In
some experiments isolated splenic macrophages (10° cells/ml) were cultured for 24 h with
Escherichia coli LPS (5 ug/ml), Pam-3-cys (0.5 ug/ml) or CpG dinucleotides (5 pg/ml). Cell
culture supernatants were analyzed for indicated cytokine production by ELISA.

Measurement of intestinal permeability

Intestinal permeability assay was performed as described in our previous studies (31). In
brief, mice were given fluorescein isothiocyanate (FITC)-dextran (4 kDa) by oral gavage at
a dose of 0.5 mg/g of body weight. Mice were bled four hours later, and FITC-dextran was
quantified in the serum via a fluorescence spectrophotometer.

Myeloperoxidase (MPO) activity measurement

Myeloperoxidase (MPO) activity was performed as described in our previous studies (31).
Pieces of colon or kidney (100 mg weight) were homogenized in phosphate buffer (20

mM [pH 7.4]) and centrifuged. The pellet was re-suspended in phosphate buffer (50 mM
[pH 6.0]) containing 0.5% hexadecyltrimethylammonium bromide (Sigma). The sample was
freeze-thawed, sonicated, then warmed to 60°C for 2 hours before centrifuging. Redox
reaction of 3,3",5,5"-tetramethylbenzidine (Sigma) by the supernatant was used to determine
myeloperoxidase (MPO) activity. The reaction was terminated with 2N HCI, and the
absorbance was read at 450 nm.

Bacterial Translocation Evaluation

The animals were sacrificed on day 8 after DSS treatment and the collected mesenteric
lymph nodes (MLNS), liver, spleen, and kidney were weighed and homogenized in 1 ml of
sterile saline. Each tissue’s aliquots of the homogenate were plated onto TSB (Tryptic Soy
Broth) agar plates (DIFCO, Detroit, Michigan, USA) and grown under aerobic conditions at
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37°C for 24 hours. Representative colonies were expressed as colony-forming units per gram
of organ tissue (CFU/qg tissue).

Histopathology and immunohistochemistry

Sections (5 um 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 (38, 39). The degree of inflammation was scored as follows: (0)

no inflammation, (1) mild inflammation or prominent lymphoid aggregates, (2) moderate
inflammation, (3) moderate inflammation associated with crypt loss, and (4) severe
inflammation with crypt loss and ulceration. Crypt destruction was graded as follows: (0)
no destruction, (1) 1%—-33% of crypts destroyed, (2) 34%—66% of crypts destroyed, and (3)
67%-100% of crypts destroyed. The individual scores from inflammation and crypt damage
were summed to derive histological scores for colonic inflammation (maximum score 7).

Kidney tissue was fixed in buffered 10% formalin for overnight and then embedded in
paraffin wax. For assessment of renal injury, 5-um sections were stained with hematoxylin
and eosin (H&E) or periodic acid-Schiff (PAS) followed by hematoxylin. H&E-and PASH
stained sections. Renal tubular injury was assessed using a semi-quantitative scale and
scoring them percentage of tubules showing epithelial cell necrosis, brush-border loss and
apoptotic bodies as described previously (13, 14). Quantification of renal tubular injury
was performed in a blinded manner and assigned a score of tubular injury using following
scale: 0 = normal; 1 = 10-25%; 2 = 25-50%; 3= 51-75%; 4 = >75%. 10 fields at 20x
magnification was examined, and the data averaged for each animal. Stained sections were
photographed using an Olympus BX40 microscope (Olympus America, Melville, NY) on a
bright-field setting fitted with a digital camera (Olympus DP12; Olympus America).

Assessment of kidney function and kidney injury

Renal function was assessed by serum creatinine measurements (cat no: DZ072B; Diazyme
Laboratories) as described in our previous studies (13, 14). Serum neutrophil gelatinase-
associated lipocalin (NGAL) was measured using ELISA (R&D Systems) following the
manufacturer’s instructions.

Real-time PCR

Using the manufacturer’s protocol, total MRNA was isolated from colon, kidney, or the
indicated cell type using the Omega Total RNA Kit. According to the manufacturer’s
protocol, cDNA was generated using the RNA to cDNA Ecodry Premix Kit (Clontech).
cDNA was used as a template for quantitative real-time PCR using SYBR Green Master
Mix (Roche), and gene-specific primers (37). PCR analysis was performed using a MyiQ5
ICycler (BioRad). Gene expression was normalized relative to Gapah.

Statistical analyses

Statistical analyses were performed using GraphPad Prism software. An unpaired one-tailed
Student’s #test was used to determine statistical significance for mRNA expression levels,
Treg percentages, and cytokines released by various cell types between different groups. A P
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value less than 0.05 (*) was significant, a 2 value less than 0.01 (**) very significant, and a
Pvalue less than 0.001 (***) extremely significant.

Results

Deletion of Wnt co-receptors LRP5 and LRP6 in myeloid cells enhances susceptibility to
lethal colitis.

To delete LRP5 and LRP6 in macrophages (LRP5/6-YSM), we crossed LRP5/6 floxed
(LRP5/6F1X ) mice (35) with transgenic mice expressing LysM-cre (40). To confirm the
efficiency of macrophage LRP5/6 deletion, we isolated macrophages from the colon and
spleen of LRP5/65YSM and LRP5/6F!°% mice and performed immunoblotting. As indicated
in Supplemental Figure 1A, LRP5 and LRP6 protein levels were markedly reduced

in LRP5/6LYsM macrophages compared to the WT macrophages. We then challenged
LRP5/65YSM and LRP5/6F!% mice with DSS and monitored body weight loss and recovery.
Upon DSS administration, LRP5/61YSM mice showed more significant weight loss than
LRP5/6F19X mice (Fig. 1A). Moreover, DSS treatment of LRP5/6-YSM mice resulted in

a significant reduction in the colon length than LRP5/6F1°% mice (Fig. 1B). In addition,
myeloperoxidase (MPO) activity, a hallmark of tissue inflammation, was markedly increased
in the colons of LRP5/6LYSM mice after DSS treatment (Fig. 1C). In line with these
observations, histopathological analysis of colons of DSS-treated LRP5/6-YSM mice showed
extensive damage to the mucosa with epithelial erosion, loss of crypts, and increased
infiltration of immune cells compared to the colons of DSS-treated LRP5/6F!°% mice (Fig.
1D, E). However, colons from untreated LRP5/6F1°X and LRP5/6-YSM mice showed no
morphological sign of damage or inflammation (data not shown). These results show that
LRP5/6 deficiency in macrophages markedly delays functional recovery of mice in acute
colitis.

In the DSS model of intestinal inflammation, inflammatory cytokines produced by innate
immune cells present in the gut microenvironment promote colitis and augment tissue
injury (41). Thus, we analyzed the expression of immune regulatory and inflammatory
factors that suppress or promote colonic inflammation. Colons of DSS-treated LRP5/6LYSM
mice expressed higher levels of inflammatory cytokines IL-6, TNF-a, IL-1B, and IL-1a,
and inflammatory chemokines MCP1, IP-10, KC, and CXCL2 compared to colons of DSS-
treated LRP5/6F1°% mice (Fig. 1F, G). In contrast, the colons of DSS-treated LRP5/6LYSM
mice expressed lower levels of immune-regulatory cytokine 1L-10 compared to those of
colons of LRP5/6F19% mice (Fig. 1F). Consistent with these observations, colon explant
cultures showed that colons of DSS-treated LRP5/6LYSM mice produced higher inflammatory
cytokines and lower levels of 1L-10 than colons of LRP5/6F1°% mice (Fig. 1H). Collectively,
these findings demonstrate an imbalance in the production of anti-inflammatory molecules
versus inflammatory molecules that favors increased susceptibility of LRP5/6-YSM mice to
DSS-induced colitis and inflammation-associated intestinal injury.
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LRP5/6LYSM mice show exacerbated systemic inflammation and increased bacterial
translocation to systemic sites during colitis.

Intestinal epithelial barrier dysfunction and increased permeability have been linked to
systemic inflammation in many diseases, including IBD (4-10). Thus, we measured
epithelial barrier function by orally gavaging control and DSS-treated LRP5/6F!0x

and LRP5/65YM mice with the commonly used permeability marker (FITC-dextran)

and subsequently measuring their levels in the serum. Consistent with enhanced gut
inflammation and delayed recovery, we also observed increased FITC-dextran in the
serum of DSS-treated LRP5/65YSM mice, indicating severe intestinal injury and increased
permeability (Fig. 2A). Next, we asked whether severe intestinal injury and increased
permeability observed in LRP5/6-YSM mice accelerate systemic inflammation. Systemic
inflammation is often assessed by measuring the splenic weight and quantitating the levels
of inflammatory cytokines in the serum. On day 8 after DSS treatment, LRP5/6-YSM mice
showed a marked increase in spleen weight compared to the LRP5/6F19% mice (Fig. 2B).
Furthermore, DSS treatment of LRP5/6LYSM mice resulted in a marked increase in serum
proinflammatory cytokines such as IL-6, TNF-a., IL-1p, and IL-1a and decreased levels
of IL-10 (Fig. 2C). Next, we asked whether exacerbated systemic inflammation observed
in LRP5/6LYsM mice was due to increased bacterial translocation to extraintestinal sites.
Therefore, we quantified the serum endotoxin levels and bacterial load in systemic sites.
As a result, we observed a marked increase in the serum endotoxin levels of LRP5/6LYSM
mice compared with LRP5/6F!°% mice after DSS treatment (Fig. 2D). In line with this
observation, we found that LRP5/6LYSM mice exhibited increased bacterial burden in the
MLNS, spleen, liver, and kidney after DSS treatment (Fig. 2E). These results indicate that
LRP5/6 deficiency in myeloid cells exacerbates the systemic inflammation with increased
bacterial translocation to systemic sites during colitis.

LRP5/6LYSM mice are highly susceptible to systemic inflammation-induced AKI during

colitis.

Excessive systemic inflammatory responses to bacterial endotoxin and infections are major
triggers of AKI (42, 43). Thus, we asked whether exacerbated systemic inflammation

seen in LRP5/6LYSM mice leads to renal injury and affects kidney function. We measured
serum NGAL and kidney KIM-1 expression, two widely used biomarkers of AKI, and its
severity (44, 45). The NGAL levels in the serum and KIM-1 expression in the kidney were
markedly increased in LRP5/6LYSM mice compared with the LRP5/6F1°X mice, indicating
inflammation-associated AKI (Fig. 3A, B). Furthermore, serum creatinine levels were used
to assess renal function (45), and its levels were enhanced in DSS-treated LRP5/6LYSM
mice compared with DSS-treated LRP5/6F1°% mice (Fig. 3C). Additionally, MPO activity,
a marker for tissue inflammation, was markedly increased in the kidney of LRP5/6LYsM
mice compared with LRP5/6F!°% mice after DSS treatment (Fig. 3D). In line with these
observations, kidney histology revealed increased structural changes in the kidney, such

as increased tubular injury, tubular epithelial vacuolation, loss of epithelial cells, and
dilation of the tubular lumen in LRP5/6-YM mice compared to LRP5/6F% mice (Fig. 3E).
Quantification data further confirm that tubular injury score was significantly increased in
LRP5/6LYSM mice compared to LRP5/6F!°% mice (Fig. 3F).
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Increased levels of inflammatory factors cause stress and injury to kidney endothelial,
tubular, and glomerular cells. Based on the above results, we asked whether increased

renal injury seen in LRP5/6LYSM mice is due to increased levels of inflammatory factors
and enhanced infiltration of inflammatory cells into the kidney. We observed a marked
increase in the mRNA levels of proinflammatory cytokines such as IL-6, TNF-a,, IL-1p, and
IL-1a and proinflammatory chemokines such as IP-10, KC, and MCP-1 in the kidney of
LRP5/6LYSM mice during colitis (Fig. 3G, H). In contrast, we observed a marked decrease in
the expression levels of decreased expression levels of IL-10 in the kidney of LRP5/6LYSM
mice during colitis (Fig. 3G). Furthermore, increased levels of inflammatory factors were
associated with enhanced infiltration of leukocytes such as DCs, monocytes, macrophages,
and neutrophils in the kidney of DSS-treated LRP5/6YYSM mice (Fig. 3, J). Therefore,
LRP5/6 deletion in macrophages led to increased renal inflammation and injury following
colitis. These results indicate that the Wnt-LRP5/6 pathway plays an essential role in
DSS-induced kidney injury.

LRP5/6 deficiency in macrophages leads to increased expression of inflammatory
cytokines and activation of MAPKSs during colitis.

Next, we investigated the mechanisms of systemic and renal inflammation regulation by
LRP5/6 following colitis. Tissue infiltrating macrophages play a critical role in regulating
inflammation-associated AKI (21, 22). Our previous studies have shown that splenic DCs
and macrophages express low levels of Wnt ligands under homeostatic conditions, and the
canonical Wnt/LRP5/6 pathway is not active in these APCs (30, 37). Since LRP5/6LYsM
mice are highly susceptible to colitis-associated systemic and renal inflammation, we asked
whether colitis leads to the expression of Wnt ligands and subsequent activation of the
Whnt-LRP5/6 pathway in macrophages in the spleen and kidney. In line with previous
studies, macrophages isolated from the spleen and kidney of LRP5/6F1°X mice expressed
markedly lower levels of Wnt ligands without DSS treatment (Fig. 4A, B). However, we
noted a marked increase in the expression of several Wnt ligands in splenic macrophages
in response to DSS treatment (Fig. 4A). Like in the spleen, DSS treatment also resulted in
a marked increase in the expression of Wnt ligands in the kidney macrophages (Fig. 4B).
Next, we assessed if an increased level of Wnt ligands leads to the activation of LRP5/6 in
macrophages using antibodies that recognizes the phosphorylated (active) form of LRP5 or
LRP6. Splenic macrophages isolated from LRP5/6F1°% (WT) mice without DSS treatment
showed low/undetectable levels of active (phosphorylated) LRP5 or LRP6 (Supplementary
Fig. 1B). However, splenic macrophages from LRP5/6F1°X mice treated with DSS showed a
marked increase in the phosphorylated form of LRP5 and LRP6 (Supplementary Fig. 1B).
Collectively, these observations show intestinal inflammation leads to the expression of Wnt
ligands and activation of the LRP5/6 pathway in macrophages in systemic sites.

Based on the above results, we hypothesized activating canonical Wnt-mediated signaling
in macrophages in systemic sites following colitis suppresses systemic inflammation-
associated AKI. Since macrophage-mediated inflammation has been implicated in AKI
(21, 22), we analyzed the expression levels of inflammatory and anti-inflammatory factors
in splenic and renal macrophages of LRP5/6F1°% and LLRP5/6-YSM mice during colitis.
Splenic macrophages isolated from LRP5/6LYSM mice expressed markedly higher mMRNA
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levels of inflammatory factors IL-6, TNF-a, IL-1f, and IL-1a and decreased levels of
immune regulatory factors 1L-10 compared with splenic macrophages from LRP5/6F1°% mice
following DSS treatment (Fig 4C). We also observed similar increases in the expression of
proinflammatory factors and decreased expression of IL-10 in renal macrophages isolated
from the LRP5/6%YSM mice following DSS treatment (Fig. 4D). Consistent with these
observations, splenic macrophages from LRP5/6-YSM mice cultured ex vivo produced

higher levels of IL-6, TNF-a, IL-1p, and IL-1a and lower levels of 1L-10 compared

to macrophages from LRP5/6F19% mice (Fig. 4E). Thus, the increased proinflammatory
cytokines and decreased IL-10 expression suggest that LPR5/6-deficient macrophages
exhibit a proinflammatory phenotype.

Mitogen-activated protein kinase (MAPK) pathways are critical downstream mediators of
toll-like receptor (TLR) signaling, and their activation is critical for the expression of
inflammatory factors (46, 47). Thus, we assessed the activation status of p38a., ERK,

and JINK MAPKSs in splenic and intestinal macrophages in LRP5/65YsM and LRP5/6F!0x
mice during colitis by intracellular flow cytometry. Macrophages isolated from the spleens
of DSS-treated LRP5/6YSM mice showed a marked increase in the phosphorylated

(active) form of p38a, ERK, and INK MAPKs compared with macrophages isolated

from DSS-treated LRP5/6F1°% mice during colitis (Fig. 4F). Likewise, the activity of

p38a, ERK, and INK MAPKSs was markedly elevated in colonic macrophages isolated
from DSS-treated LRP5/6-YSM mice compared to colonic macrophages isolated from DSS-
treated LRP5/6F1°% mice (Supplementary Fig. 1C). Thus, our data demonstrate that LRP5/6-
mediated signaling in macrophages limits the expression of proinflammatory factors and
induces anti-inflammatory factors by regulating the activation of MAPKSs during colitis.

LRP5/6-deficient macrophages are hyperresponsive to TLR ligand.

Macrophages express several TLRs, which are critical in sensing pathogen-associated
molecular patterns (PAMPs) associated with invading pathogens (48). Engagement of such
receptors activates macrophages and triggers the production of proinflammatory cytokines
and chemokines that are critical mediators of tissue damage. Thus, we asked whether the
increased expression of inflammatory factors by LRP5/6-deficient splenic macrophages is
due to hyper-responsiveness to microbial ligands and microbiota. We also asked whether
Whnt ligand expression in macrophages is dependent on TLRs. Thus, we treated WT
splenic macrophages with TLR2 (Pam(3)Cys), TLR4 (LPS), or TLR9 (CpG) ligands

and evaluated the expression levels of Wnt ligands after 18 hours. Splenic macrophages
expressed markedly lower levels of Wnt ligands without treatment with TLR ligands (Fig.
5A). However, we noted a marked increase in the expression of several Wnt ligands in
response to Pam(3)Cys, LPS, and CpG treatment (Fig. 5A). Next, we asked whether LRP5/6
deficiency in macrophages alters TLR activation response and subsequent inflammatory
cytokines production. LPR5/6-deficient macrophages produced markedly higher levels of
IL-6, TNF-a, IL-1B, and IL-1a than WT controls in response to TLR2, TLR4, and TLR9
stimulation (Fig. 5B).

To expand upon these studies, we performed microbiota depletion studies in mice to assess
the expression of Wnt ligands and proinflammatory factors in splenic macrophages in
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response to DSS treatment. Depletion of commensal microbiota in WT mice markedly
reduced the expression of Wnt ligands in splenic macrophages during colitis, suggesting that
Whnt ligand expression in response to commensal microbiota translocation to systemic sites
(Fig. 5C). Next, we assessed the expression of inflammatory factors in splenic macrophages
isolated from antibiotic-treated LRP5/6LYSM mice.

Splenic macrophages from the antibiotic-treated LRP5/65Y5M mice expressed markedly
lower levels of inflammatory factors than splenic macrophages from LRP5/6LYSM mice
without treatment during colitis (Fig. 5D). Besides, LRP5/6-deficient splenic macrophages
also produced lower levels of proinflammatory cytokines IL-6, TNF-a, IL-1p, and IL-1a
upon commensal depletion (Fig. 5E). These observations suggest that TLR activation
induces the expression of Wnt ligands, and LRP5/6 deficiency in macrophages alters the
responsiveness to TLR ligands.

The depletion of gut microbiota in LRP5/6LYSM mice attenuates colitis-associated systemic
inflammation.

The gut microbiota plays an essential role in regulating intestinal and systemic immunity
(49-51). Thus, we asked if increased colitis-associated systemic inflammation and renal
injury observed in LRP5/6LYSM mice are due to increased bacterial translocation to the
systemic sites during colitis. Depletion of commensal microbiota markedly decreased the
DSS-induced weight loss, shortening of colon and intestinal permeability in LRP5/6LYsM
mice (Fig. 6A-C). Antibiotics treatment also significantly decreased colonic MPO activity
in LRP5/6LYSM mice, suggesting reduced infiltration of inflammatory cells (Fig. 6D).
Furthermore, histological analysis of the colon showed that antibiotic treatment significantly
decreased injury in LRP5/6LYSM mice in response to DSS compared to mice that received

no antibiotics (Fig. 6E, F). In line with these observations, colons of antibiotic-treated
LRP5/6-YsM mice expressed markedly lower levels of inflammatory cytokines such as IL-6,
TNF-a, IL-1B, and IL-1a in response to DSS compared to mice that were not treated with
antibiotics (Fig. 6G). Next, we assessed the effect of commensal depletion on systemic
inflammation upon DSS treatment. Depletion of commensal microbiota resulted in a marked
decrease in splenic weight in DSS-treated LRP5/6-YSM mice compared to control mice
without antibiotic treatment (Fig. 6H). Antibiotics treatment also significantly decreased
serum endotoxin levels and proinflammatory cytokine levels in LRP5/6-YSM mice (Fig. 61,
J). These data clearly show that exacerbated colitis-associated systemic inflammation in
LRP5/65YSM mice is due to intestinal commensal microbiota.

Depleting intestinal commensal microbiota mitigates colitis-associated AKI in LRP5/6LYsM

mice.

Based on the above results, we asked whether commensal depletion could ameliorate
inflammation-associated AKI in LRP5/6%YSM mice during colitis. Depletion of commensal
bacteria significantly preserved renal function in LRP5/65YSM mice, as indicated by lower
serum creatinine and NGAL levels and markedly decreased KIM-1 mRNA levels (Fig. 7A-
C). Also, the improved renal function in commensal bacteria-depleted LRP5/6-YSM mice was
also accompanied by significantly reduced MPO activity suggesting reduced inflammation
(Fig. 7D). In line with these observations, histological examination of LRP5/6-YM kidneys
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show that the renal structural integrity was better maintained in antibiotic-treated mice, as
shown by reduced tubular damage and tubular dilation, brash border loss and tubular damage
(Fig. 7E). Besides, the tubular injury score was significantly decreased in commensal
depleted LRP5/6YSM mice (Fig. 7F). Importantly, commensal depletion resulted in a marked
reduction in the renal inflammatory factors in LRP5/6-YSM mice as reflected by decreased
mRNA levels of IL-6, TNF-a, IL-1p, IL-1a, MCP-1, IP-10, and KC (Fig. 7G, H) and
decreased infiltration of inflammatory leukocytes such as DCs, monocytes, macrophages,
and neutrophils in the kidney (Fig. 71, J). Taken together, these data clearly show that
depletion of the microbiota protects LRP5/6LYSM mice against systemic inflammation-
associated renal injury during colitis.

Discussion

The current study defines an essential role for the Wnt-LRP5/6 signaling in macrophages

in controlling systemic inflammation-associated kidney injury during colitis. Accordingly,
myeloid cell-specific deletion of LRP5/6 in mice (LRP5/65Y5M) led to increased
proinflammatory factors with diminished production of anti-inflammatory factor 1L-10
during colitis-associated systemic and renal inflammation. Consequently, mice lacking
LRP5/6 in macrophages exhibited severe colitis-associated renal pathology with increased
infiltration of inflammatory leukocytes in the kidney. The exacerbated colitis-associated
systemic and renal inflammation in LRP5/6-YSM mice was due to increased intestinal
permeability and decreased barrier function resulting in increased translocation of intestinal
microbial products and bacteria into systemic sites. This condition could be improved in
LRP5/6LYSM mice by depleting the gut microbiota, indicating the importance of LRP5/6 in
controlling inflammation in the intestine and systemic sites during colitis. Mechanistically,
LRP5/6-deficient macrophages were hyperresponsive to TLR ligands and produced higher
levels of proinflammatory cytokines which are associated with increased activation of
MAPKSs. These data indicate an essential role for Wnt-LRP5/6 signaling in myeloid cells in
controlling inflammation and colon-kidney crosstalk in DSS-induced acute colitis. Hence,
this pathway constitutes a new therapeutic target for treating colitis-induced AKI.

Aberrant Wnt signaling is associated with many immune cell-mediated inflammatory
diseases, including IBD. Our prior studies have shown that the canonical signaling in
intestinal antigen-presenting cells is critical for suppressing pathological inflammatory
responses and associated injury in the colon (31, 34). However, an unanswered question was
whether canonical Wnt signaling in APCs is critical for suppressing systemic inflammation-
associated AKI during colitis. The current study shows that the canonical Wnt signaling in
macrophages is critical for controlling systemic inflammation-associated AKI during colitis.
Inflammation-induced tissue injury is closely associated with macrophage activation and
polarization (21, 22, 52). Macrophages displaying a proinflammatory phenotype produce
higher levels of proinflammatory factors, which worsen tissue injury during inflammation
(21, 22, 52). In contrast, macrophages displaying immune regulatory or anti-inflammatory
phenotypes resolve inflammation and express factors that facilitate tissue repair (21, 22,
52). However, the critical receptors and signaling networks in programming macrophages

in inducing inflammatory versus regulatory responses were not elucidated. Our studies
show that the disruption of Wnt-LRP5/6 signaling skews the polarization of macrophages
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towards a proinflammatory phenotype upon activation in response to microbes. Accordingly,
LRP5/6-deficient macrophages expressed markedly higher levels of proinflammatory
markers such as TNFa, IL-6, IL-1B, and IL-1a, leading to more severe damage to the

colon and kidney during colitis. Our study also shows that LRP5/6 deficiency results in a
marked decrease in the expression of the anti-inflammatory factor IL-10 which is associated
with healing and inhibition of inflammation. These findings are consistent with the studies
on murine models of atherosclerosis, chronic kidney diseases (CKD), and tumors, showing
that Wnt signaling imparts an anti-inflammatory phenotype on macrophages and skews
activated macrophages towards M2 polarization while suppressing M1 plarization (53-55).
Macrophages also express several toll-like receptors (TLR), which are critical in sensing the
pathogen-associated molecular patterns (PAMPs) in invading pathogens (48). Engagement
of such receptors activates macrophages and triggers the production of proinflammatory
cytokines and chemokines that are critical mediators of tissue damage. Our study shows that
LRP5/6-deficient macrophages are hyper-responsive to TLR ligands and produce high levels
of proinflammatory factors. In line with these observations, previous studies have shown
that LRP5/6 signaling programs DCs to a regulatory state, and these Wnt-conditioned DCs
express higher levels of immune regulatory factors and lower levels of proinflammatory
cytokines in response to TLR ligands (31, 34, 37, 56). However, further studies are
warranted to understand how the canonical Wnt pathway skews activated macrophages
towards regulatory phenotype during colitis-induced systemic inflammation-associated AKI.

Engagement of TLRs by specific ligands or microbes leads to the activation of three

major families of MAP kinases (MAPKS), ERK, JNK, and p38, which are critical for the
production of proinflammatory factors (48). Moreover, heightened activation of MAPKs

in APCs is observed in IBD, AKI, and other inflammatory diseases (46, 47). Our data
indicate that loss of LRP5/6 in macrophages leads to heightened activation of ERK, JNK,
and p38 MAPKSs and increased levels of proinflammatory factors. These observations are
consistent with previous studies on DCs showing an essential role for Wnt-LRP5/6 signaling
in modulating MAPK activity during inflammation (31, 34, 56). However, further studies
are warranted to understand whether Wnt-LRP5/6 signaling regulates the activation of the
MAPK pathway directly or indirectly. Nevertheless, these observations collectively support
the hypothesis that activating the canonical Wnt signaling pathway in myeloid cells is a
feedback mechanism to control systemic and renal inflammation.

Besides its well-established role in regulating intestinal immune homeostasis, the canonical
Whnt pathway plays a key role in wound healing and intestinal repair during inflammation
(26-28). Intestinal epithelial barrier dysfunction and increased permeability have been
linked to several human diseases, including IBD, sepsis, irritable bowel syndrome (IBS),
liver cirrhosis, severe acute pancreatitis (SAP), and more (4-10, 24). However, the
mechanisms linking intestinal injury to systemic inflammation-associated AKI are unknown.
Our study shows that DSS-induced aggravated the intestinal injury and severely impaired
gut barrier function in LRP5/6-YSM mice permits increased translocation of bacteria and
endotoxin to the systemic circulation leading to systemic inflammation-associated AKI.

In line with our findings, it has been reported that a dysfunctional intestinal barrier

with increased permeability leads to sepsis (57, 58). Furthermore, other studies using
murine models of intestinal inflammation have shown that increased intestinal permeability
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exacerbates systemic inflammation-associated AKI (12-14, 59, 60). What are the cellular
sources for Wnt ligands in inflamed tissues, and how Whnt ligand expression is regulated
under homeostasis and during inflammation are critical unanswered questions. In line with
other studies (31, 34, 37, 56), we also observe a marked increase in the expression of

Whnt ligands upon systemic inflammation in the spleen and kidney during colitis. Also, our
studies show that macrophages are the major producers of Wnt ligands in inflamed tissues,
dependent on TLRs. Likewise, our studies show that gut microbiota plays an essential

role in expressing Wnt ligands in macrophages, as the depletion of commensal bacteria
markedly reduced the expression of Wnt ligands in systemic sites during colitis. Loss of
immune tolerance or hyperresponsiveness to commensal microbiota or microbial ligands
results in host susceptibility to colonic inflammation (49-51) and systemic inflammation-
associated AKI (61). Furthermore, the depletion of gut microbiota ameliorates tissue
inflammation and injury in murine models of colitis, AKI, and CKD (7, 49, 61, 62).
Likewise, antibiotic treatment mitigates systemic inflammation-associated AKI (59, 63,

64). However, the mechanisms linking gut microbiota to systemic inflammation-associated
kidney injury were unknown. The present study shows that macrophages are programmed
towards inflammatory phenotype in the absence of the LRP5/6 signaling as they express
higher levels of proinflammatory factors and lower levels of 1L-10 in response to commensal
microbiota. Also, the present study shows that depletion of commensal microbiota in
LRP5/6 mice markedly reduces the expression of inflammatory factors in macrophages
suggesting that LRP5/6-deficient macrophages are hyper-responsive to microbial ligands. In
line with these observations, the antibiotic treatment also attenuated colonic inflammation
and systemic inflammation-associated AKI in LRP5/6-YSM mice. These observations suggest
that LRP5/6-dependent signaling in macrophages plays a vital role in restraining colitis-
associated systemic inflammation and AKI in response to commensal microbiota during
colitis.

Besides macrophages, neutrophils have emerged as principal inflammatory effectors in the
pathogenesis of IBD and AKI (65, 66). Our studies also show a marked increase in the
infiltration of neutrophils in the kidney of LRP5/6LYSM mice during colitis. In addition to
macrophages, neutrophils might have also contributed to the exacerbated colitis-associated
systemic inflammation and AKI during colitis in LRP5/6LYSM mice. Further studies may
be needed to clarify the role of neutrophil-intrinsic Wnt-LRP5/6 signaling in regulating
systemic inflammation associated AKI in this model.

In summary, our study reveals an important role for Wnt-LRP5/6 signaling in macrophages
in exerting a protective effect on systemic inflammation-associated AKI during colitis

by regulating the expression of crucial proinflammatory and anti-inflammatory mediators.
Thus, manipulating the Wnt-LRP5/6 signaling pathway in macrophages could provide novel
opportunities for regulating extraintestinal manifestations in response to intestinal injury and
represent a potential therapeutic approach to control colitis-associated tissue injury.
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Key points
LRP5/6 signaling in myeloid cells protects against colitis-associated AKI.
LRP5/6 signaling in macrophages regulates the responsiveness to commensal microbiota.

LRP5/6 signaling limits microbiota-induced systemic and renal inflammation.
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FIGURE 1.

Myeloid cell-specific LRP5/6 ablation promotes colitis. LRP5/6719% and LRP5/6LYSM mice
were treated with 3.0% DSS (36-50 kDa) in their drinking water for 8 days before returning
to normal water, and, at day 10, the colons of mice were analyzed for inflammation. (A,

B) Change in body weight and colon length of LRP5/6F1°X and LRP5/6-YsM mice. (C)
Myeloperoxidase (MPO) activity in the colon. (D) Representative images of H&E-stained
colonic sections from DSS-treated LRP5/6F1°% and LRP5/6-YSM mice (Scale bars, 100

um). (E) Histopathological score (inflammation + epithelial damage) of colons was graded
following analysis of H&E-stained cross-sections of colons of DSS-treated LRP5/6F19% and
LRP5/6LYSM mice. (F, G) RNA was extracted from colons of untreated and DSS-treated
LRP5/6F1% and LRP5/6LYSM mice. The expression of indicated genes was quantified

by qPCR. (H) Excised colon samples of untreated and DSS-treated LRP5/6F!°% and
LRP5/6-YsM mice were cultured for 2 days ex vivo, and the indicated cytokine levels in the
culture supernatants were quantified by ELISA. Data is representative of two experiments (n
= 4-5 mice per experiment). Error bars show mean values £ SEM. ***p<0.001
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Increased intestinal permeability, systemic inflammation and tissue bacterial burden in
LRP5/6LYSM mice during DSS-induced colitis. (A) Serum FITC-dextran levels, (B) splenic
weight and (C, D) serum cytokine and endotoxin levels of untreated and DSS-treated
LRP5/6F1°% and LRP5/6LYSM mice on day 8. (E) Cultured bacterial colony-forming units
(CFU) from the indicated tissue of DSS-treated LRP5/6F1°% and LRP5/6-YSM mice on day 8.
Data is representative of two experiments (n = 4-5 mice per experiment). Error bars show
mean values + SEM. **p<0.01; ***p<0.001.
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LRP5/6 deficiency in myeloid cells exacerbates DSS-colitis-associated acute Kidney injury.
(A) Serum NGAL levels, (B) KIM1 mRNA expression in the kidney, (C) serum creatinine
levels, and (D) myeloperoxidase (MPOQ) activity in the kidney of untreated and DSS-treated
LRP5/6F1°% and LRP5/6-YsM mice on day 8. (E) Representative images of H&E- or PAS-
stained kidney sections from DSS-treated LRP5/6F!°% and LRP5/65YSM mice (Scale bars,
100 pm). H&E- and PAS-stained sections show increased severity of the tubular injury,
tubular epithelial vacuolation, dilation of the tubular lumen, and immune cell infiltration in
DSS-treated LRP5/6LYSM mice. (F) Tubular injury score of kidneys was graded following
analysis of H&E- and PAS-stained cross-sections of kidneys of DSS-treated LRP5/6F10
and LRP5/65YsM mice. (G, H) RNA was extracted from kidneys of untreated and DSS-
treated LRP5/6F1% and LRP5/6LYSM mice. The expression of indicated genes was quantified

by gPCR. (I, J) Total number of leukocytes (CD45*), DCs (CD45" MHC 11" CD11c*
CD647), Mds (CD45M MHC 11" CD11¢~CD11b* CD64*), monocytes (CD45" MHC

11~ CD11c"CD11b* Ly6CN Ly6GLoW) and neutrophils (CD45" MHC 11~ CD11c~CD11b*
Ly6C!oW Ly6GN) from the kidney of DSS-treated LRP5/61°% and LRP5/6-YSM mice on day
8 analyzed by flow cytometry. Data is representative of two experiments (n = 4-5 mice per

experiment). Error bars show mean values + SEM. *p<0.05; ***<0.001.
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FIGURE 4.

LRP5/6 signaling in macrophages regulates the expression of proinflammatory cytokines
and activation of MAPKSs. (A, B) Quantitative real-time PCR analysis of the expression

of Wnt ligands in splenic and kidney macrophages (M¢s) isolated from LRP5/6F10X mice
treated with or without DSS on day 8. (C, D) Quantitative real-time PCR analysis of the
mRNA of indicated genes in splenic and kidney macrophages from DSS-treated LRP5/6F10x
and LRP5/65YM mice (day 8). (E) Sorted splenic macrophages from untreated and DSS-
treated LRP5/6F1°% and LRP5/6-YSM mice were cultured for 2 days ex vivo and cytokine
levels in the culture supernatants were quantified by ELISA. (F) Representative histogram of
phosphorylated p38, JNK, and ERK MAPKSs in splenic macrophages isolated from untreated
and DSS-treated LRP5/6F1°% and LRP5/65YSM mice (day 8). Data is representative of two
experiments (n = 4-5 mice per experiment). Error bars show mean values + SEM. *p<0.05;
**p<0.01; ***p<0.001.
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FIGURE 5. Wnt-L RP5/6 signaling in macrophages regulates responsivenessto TLR ligands.
(A) Quantitative real-time PCR analysis of Wnt ligand expression in splenic macrophages

(M¢s) isolated from LRP5/6F1°X mice treated with TLR2, TLR4, or TLR9 ligands for 24h
and (B) Splenic macrophages (M¢s) isolated from LRP5/6F1°% and LRP5/6-YSM mice treated
with TLR2, TLR4 or TLR9 ligands for 24h. Cytokine levels in the culture supernatants were
quantified by ELISA. (C, D) Quantitative real-time PCR analysis of the mRNA of indicated
genes in splenic macrophages from LRP5/6-YSM mice without any treatment (none) or
treated with or without antibiotics (ABX) and then with DSS. (E) Splenic macrophages from
LRP5/6-YsM mice described above were cultured for 2 days ex vivo. Cytokine levels in the
culture supernatants were quantified by ELISA. Data is representative of two experiments

(n = 4-5 mice per experiment). Error bars show mean values + SEM. *p<0.05; **p<0.01;
***n<0.001.
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FIGURE 6. Exacer bated DSS-induced colitis and systemic inflammation in L RP5/6-YSM mice
aredriven by the gut microbiota.

LRP5/6LYSM mice were treated with (+ABX) or without antibiotic (~ABX) in addition to
receiving DSS as described in the Methods. (A, B) Change in body weight and colon length
of LRP5/6-YsM mice. (C) Commensal bacteria-depleted LRP5/6-YSM mice were fed with
FITC-dextran on day 10 after DSS treatment, and 4 hr later, FITC-dextran was quantified

in serum. (D) Myeloperoxidase (MPO) activity in the colon. (E) Representative images of
H&E-stained colonic sections from DSS-treated LRP5/6YSM mice (Scale bars, 100 pm). (F)
Histopathological score (inflammation + epithelial damage) of colons was graded following
analysis of H&E-stained cross-sections of colons of DSS-treated LRP5/65YSM mice. (G)
Excised colon samples of untreated and DSS-treated LRP5/65YSM mice were cultured for 2
days ex vivo, and the indicated cytokine levels in the culture supernatants were quantified
by ELISA. (H) Splenic weight, (1) Endotoxin, and (J) Cytokine levels in the serum of
commensal bacteria-depleted LRP5/6-YSM mice treated with DSS. Data is representative of
two experiments (n = 4-5 mice per experiment). Error bars show mean values + SEM.
**p<0.01; ***p<0.001.
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FIGURE 7. Gut microbiota depletion protects L RP5/6-YSM mice from colitis-associated kidney
inflammation and injury.

(A-C) Creatinine and NGAL levels in the serum and KIM1 mRNA expression in the kidney
of control and commensal bacteria-depleted LRP5/6LYSM mice on day 8 after DSS treatment.
(D) Myeloperoxidase (MPO) activity in the kidney. (E) H&E-and PAS-stained sections
show decreased severity of the tubular injury, tubular epithelial vacuolation, dilation of the
tubular lumen, and immune cell infiltration in commensal bacteria-depleted LRP5/6LYsM
mice upon DSS treatment (Scale bars, 100 um). (F) Tubular injury score of kidneys

was graded following analysis of H&E- and PAS-stained cross-sections of kidney of

control and commensal bacteria-depleted LRP5/6-YSM mice on day 8 after DSS treatment.
(G, H) RNA was extracted from the kidneys of control (without antibiotics, —~ABX) or
commensal bacteria-depleted (antibiotics treated, +ABX) LRP5/6LYSM mice treated with
DSS. The expression of indicated genes was quantified by qPCR. (I, J) The total number

of leukocytes (CD45*), DCs (CD45" MHC 11" CD11c* CD647), Mds (CD45" MHC [N
CD11¢~CD11b* CD64%), monocytes (CD45" MHC 11~ CD11¢™CD11b* Ly6Chi Ly6GLow),
and neutrophils (CD45" MHC 11~ CD11¢~CD11b* Ly6C!oW Ly6GNi) from the kidney of
control or commensal bacteria-depleted LRP5/65YSM mice treated with DSS and analyzed
by flow cytometry on day 8. Data is representative of two experiments (n = 4-5 mice per
experiment). Error bars show mean values £ SEM. **p<0.01; ***p<0.001.
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