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Abstract

There is crosstalk between the intestinal epithelium and the microbiota that functions to maintain a
tightly regulated microenvironment and prevent chronic inflammation. This communication is
partly mediated through the recognition of bacterial proteins by host encoded innate receptors,
such as Toll-like Receptors. However, studies examining the role of Toll-like Receptor signaling
on colonic homeostasis have given variable and conflicting results. Despite its critical role in
mediating immunity during enteric infection of the small intestine, TLR1-mediated recognition of
microbiota-derived ligands and their influence on colonic homeostasis has not been well studied.
Here, we demonstrate that defective TLR1 recognition of the microbiome by epithelial cells
results in disruption of crypt homeostasis specifically within the secretory cell compartment,
including a defect in the mucus layer, ectopic Paneth cells in the colon and an increase in the
number of rapidly dividing cells at the base of the crypt. As a consequence of the perturbed
epithelial barrier, we found an increase in mucosal-associated and translocated commensal
bacteria and chronic low-grade inflammation characterized by an increase in lineage-negative,
Scal*Thy1N innate lymphoid-like cells that exacerbate inflammation and worsen outcomes in a
model of colonic injury and repair. Our findings demonstrate that sensing of the microbiota by
Toll-like Receptor-1 may provide key signals that regulate the colonic epithelium thereby limiting
inflammation through the prevention of bacterial attachment to the mucosa and exposure to the
underlying immune system.
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INTRODUCTION

The intestinal epithelium is the major interface between the 100 trillion commensal bacteria
that comprise our gut microbiome and the immune cells found within the lamina propria
(LP). The interactions between the gut microbiota and the epithelium shape important
biological processes such as metabolism, development of the mucosal-associated tissues and
immunity against invading pathogens (1-4). Despite the extraordinary microbial burden
within the intestine, translocation across the epithelium is a rare event due to the highly
specialized cells that form this barrier. Tightly regulated communication via the direct
sensing of the microbiome by innate immune receptors encoded within the epithelium is
important for the homeostasis of the intestine. This process is mediated by the recognition of
commensal ligands by host receptors, such as the Toll-like receptors (TLRs) (5-7) and the
Nod-like receptors (NLR) (8-10) and the presence of gut bacteria has been shown to impact
the rate of proliferation within the stem cell compartment of the intestinal crypt (5, 8, 11—
16). Genetic and environmental factors, such as infection, can also influence the dialogue
between the microbiota and epithelium, leading to alterations in proliferation, generation of
inflammation and bacterial translocation (15, 17, 18) traits shared with the two types of
inflammatory bowel disease (IBD), Crohn's disease and ulcerative colitis (16, 19, 20).

TLRs and NLRs are expressed throughout the intestine and have been identified on crypt
and intestinal stem cells (ISC) (17, 19, 21-24). TLR signaling mediates a number of cellular
responses (1, 22) and can be classified into two groups based upon the intracellular signaling
adaptor. TLR1, -2, -5, —6 and —10 signal through the myeloid differentiation primary
response gene-88 (MyD88), while TLR3, -4 and -9 signal through the TIR-domain-
containing adapter-inducing interferon-g (TRIF)-dependent pathways (1, 19, 22-24).
Studies disrupting innate signaling in mice, either through deletion of a specific TLR or
through MyD88, have shown that sensing of the microbiota via these receptors is critical in
mediating their own epithelial expression, regulating epithelial proliferation, and in the
response to intestinal injury (23, 25, 26). TLR2, which is expressed throughout the small
intestine and colon (14, 25, 27), recognizes lipoproteins from gram-positive and gram-
negative bacteria, as well as zymosans from yeast. TLR2 achieves this heterogeneity in
ligand recognition by dimerizing with other TLRs, such as TLR1, -6 and -10. Major
functions attributed to TLR2 in the maintenance of intestinal epithelial integrity is through
the regulation of tight junctional proteins, proliferation/apoptosis signals (23, 26),
antimicrobial peptide expression (25, 27), and goblet cell activation (28-30). While these
studies have shed light on the role of TLR2, they have not delineated whether TLR2
signaling alone is sufficient to drive these processes, or if other binding partners may be
contributing to its effect. Recently, our group has shown that TLR1 is important in
coordinating cellular immunity against infection of the small intestine by Yersinia
enterocolitica (15, 17, 18). Despite elimination of Y. enterocolitica, TLR1-deficiency
promotes dysbiosis of the microbiota and the development of chronic anti-commensal
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immune sequela (18). Therefore, disrupted innate immunity against an enteric pathogen may
have long-term consequences and may promote the development of chronic inflammatory
disease.

Here, we show that disruption of TLR1 signaling compromises the colonic epithelium,
leading to innate immune activation and chronic inflammation. Upon colonic injury the
chronic inflammatory state prevents healing and promotes more severe disease suggesting
that endogenous sensing of the microbiota through TLR1 contributes to colon homeostasis
and prevents epithelial and immune dysfunction.

MATERIALS & METHODS

Mice

TLR1KO (1KO), TLR1 Heterozygote, and TLR1 wildtype mice (WT) mice were generated
through the breeding of 1KO males with wildtype or heterozygous females. Litters were
mixed upon separation and genotypes were cohoused together in cages through the duration
of all experiments unless stated otherwise in the figure legend or methods. Mice were
maintained at the University of Southern California and the University of Washington, and
experiments were performed following protocol review and approval by the Institutional
Biosafety Committee and the Institutional Animal Care and Use Committee. Mice were
housed in specific-pathogen-free conditions, administered sterile, non-chlorinated, non-
acidified water and fed a normal mouse chow (AIN-76) ad /ibitum. The mice in this colony
are Helicobacter hepaticus-free and clear of other pathogens, such as murine Norovirus or
Pasteurella. Rag2KO mice (B6(Cg)-Rag2™1-1C973) were purchased from Jackson
Laboratory (Bar Harbor, ME) and mated with 1KO mice for at least 10 generations prior to
use.

DSS treatment

5- to 7-week-old female mice received 2.5% (w/v) dextran sulfate sodium (DSS; Affymetrix,
Santa Clara, CA, molecular weight 35,000-50,000 kDa) in drinking water for 7 days
followed by 7 days of regular drinking water.

Immuno-histochemistry and Immune-fluorescence

Murine colons were rolled using the Swiss roll technique and fixed in 10% neutral buffer
formalin (VWR International, Visalia, CA) or methacarn fixative (VWR) overnight. For
preservation of the mucus layer colon pieces with contents were placed in methacarn fixative
(60% dry methanol, 30% chloroform, 10% glacial acetic acid) overnight. Methacarn pieces
were washed twice in 100% methanol, once in 100% ethanol, and twice in xylene prior to
paraffin embedding. Paraffin-embedded (without formalin) tissues were cut 5 um thick.
Hematoxylin and eosin, Alcian blue, mucicarmine and Periodic Acid Schiff staining was
performed by AML labs (Saint Augustine, FL) or in-house using Alcian blue pH 2.5
according to manufacturer’s instructions (Abcam, Cambridge, MA). Quantification of
mucus layer thickness and mucin vesicles were conducted by an individual blinded to the
experiment groups. Muc2 (1:200, Abcam, ab76774), BrdU, Ki67 (1:500, NOVUS, MKI67),
Gob5 (1:50, Santa Cruz, M-53), lysozyme (1:200, Abcam, Cat# ab108508), alpha defensin-1
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(1:2000, kind gift from A. Ouellette), Rabbit polyclonal IgG, (1:200, Abcam, ab27472),
rabbit monoclonal 1gG (1:200, Abcam, ab172730).

For antigen retrieval, slides were placed into tubes containing sodium citrate buffer (pH 6.0)
(Sigma-Aldrich, St. Louis, MO) buffer and heated at 99°C in water bath. The slides were
washed and blocked before staining with primary antibody. The slides with primary
antibody were incubated overnight at 4°C in a humid chamber and the following day,
washed and incubated with secondary at 37°C for 1 hour. The slides were mounted with
DAPI and confocal images were acquired using a Nikon Eclipse C1 laser-scanning
microscope (Nikon, PA) fitted with a 60 Nikon objective (PL APO, 1.4NA) and Nikon
image software.

H&E stained colonic tissue sections were scored by a blinded gastroenterologist using the
following measures: crypt architecture (normal, 0 - severe crypt distortion with loss of entire
crypts, 3), degree of inflammatory cell infiltration (normal, 0 - dense inflammatory infiltrate,
3), muscle thickening (base of crypt sits on the muscularis mucosae, 0 - marked muscle
thickening present, 3), goblet cell depletion (absent, 0- present, 1) and crypt abscess (absent,
0- present, 1). The histological damage score is the sum of each individual score.

Colonic epithelial cell and lamina propria isolation

The colon was removed, flushed with ice cold PBS and 1 mM DTT (Sigma-Aldrich) and
shaken at 37°C in HBSS containing 2 mM EDTA (Sigma-Aldrich,) and 2 mM DTT (Sigma-
Aldrich) for 10 minutes and the supernatants were collected. This was repeated and
supernatants were pooled together and constitute the epithelial fraction. The remaining
tissue was digested with collagenase type IV (Sigma-Aldrich) in RPMI with 20% FBS (GE
Healthcare, Logan, UT) for 20 minutes. The supernatants were collected, passed through 70
UM mesh filters (BD Biosciences, San Jose, CA) and washed in ice cold PBS.

Detection of bacterial 16S rDNA using RT-PCR and by plating

16S rDNA was analyzed as previously described (9, 31) (9, 31). Briefly, the DNA from
colonic mucosa, stool or colonic lumen was extracted using the Ql1Aamp DNA stool kit
(Qiagen, Germantown, MD) and two microliters of bacterial DNA was used as a template.
The gene copy number per microliter of DNA was determined using plasmids expressing the
target of the 16S primers (31). For enumeration of bacteria using standard plating
techniques, spleen and liver were aseptically removed and homogenized in 1 mL sterile pre-
reduced oxygen free tryptic soy agar (Anaerobe, Morgan Hill, CA). Samples were serially
diluted and plated in duplicate and placed in anaerobic jars (Sigma-Aldrich). Forty-eight
hours later the colonies were enumerated and compared to plates grown in the presence of
oxygen.

Bone marrow chimeras

Mice were irradiated with 1,000 cGy. The mice were immediately reconstituted
intravenously with 10 x 108 cells isolated from indicated donor bone marrow. The mice
recovered for 6 weeks prior to use.
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Fecal Microbiota Transplants

Mice were treated with a cocktail of five antibiotics neomycin (1 g/L, Sigma), amoxicillin (1
g/L, VWR), gentamicin (1 g/L), vancomycin (0.5 g/L, VWR), metronidazole (1 g/L, VWR)
in their drinking water for two weeks and received 150 pL of stool contents from indicated
donor by oral gavage every other day for a total of 3 total gavages. The mice were left
undisturbed for up to 4 weeks before any procedures were performed.

Anti-Thy1, anti-IL-22, anti-IL-17 and anti-IFN-y treatment

TLR1-sufficient and -deficient Rag2KO mice were administered 1 mg of anti-Thy1
depleting mAb (YTS 154.7.7.10) or rat isotype control (YKIX 337.217.1); 500 pg anti-
IL-17A (rat IgG2a; MAB421 R&D; clone 50104), 500 ug anti-1L-22 (rat 1gG2a; 16-7222-85
eBioscience; clone IL22JOP); 500 ug anti-IFN-y (rat IgG1; 505802 Biolegend; clone
XMGL1.2) intraperitoneally the day of DSS administration and then every other day through
day 8.

Intestinal permeability and endotoxin measurement

FITC-conjugated dextran (4,000 MW) dissolved in water (Sigma-Aldrich) was administered
rectally to anesthetized mice at 2 mg per 10 grams of body weight using a Foley catheter.
Whole blood was collected using heparinized needles via cardiac puncture 1 hour after
FITC-dextran administration. Fluorescence intensity in sera was analyzed using a standard
plate reader and determined by comparison to a FITC-dextran standard curve. Bacterial
endotoxin in the serum was assayed using an endpoint chromogenic LAL assay (Lonza,
Anaheim, CA) per manufacturer’s instructions.

Quantitative real-time RT-PCR

RNA was extracted from mucosal scrapings, isolated lamina propria, intestinal epithelial
cells or sorted lin~Scal*Thy"i cells using ISOLATE Il RNA Mini Kit (Bioline, Boston,
MA). RNA was reverse-transcribed into cDNA with SensiFAST™ cDNA Synthesis Kit
(Bioline). gPCR was performed on a CFX96 Touch™ Real-Time PCR Detection System
(Bio-Rad Laboratories, Irvine, CA) using SensiFAST™ SYBR® No-ROX Kit (Bioline). No
reverse transcriptase and water controls are performed for each sample. Data is normalized
to product amplified using primers for a housekeeping gene, GAPDH.

Antibodies, flow cytometry and cell sorting

The following conjugated antibodies were used: Scal (D7), Thyl (G7), y6 TCR (GL3), our
lineage negative panel contained: CD11c (HL3), Gr-1 (Rb8-6CF), CD11b (M1/70), NK1.1
(PK136), CD19 (1D3), CD8a (53-6.7), CD3e (2C11), CD4 (RM4-5), B220 (RA3-6B2)
from BD Pharmingen (San Jose, CA). Flow cytometry analysis was performed with a FACS
Canto (BD Biosciences) and analyzed using FlowJo software (FlowJo LLC, Ashland, OR).
For sorting, the lamina propria for 5-8 mice were pooled and stained with APC-conjugated
lineage markers, followed by labeling with anti-APC beads (Miltenyi, San Diego, CA) and
negative sorting on AutoMacs (Miltenyi). Enriched cells were stained with SCal and Thy1.2
and sorted on a FACSAria (BD Biosciences).
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Detection of cytokines by ELISA

After isolation of the lamina propria, the pellet was homogenized in 2 mL of PBS and
protein was quantified using Quick Start™ Bradford Protein Assay (Bio-Rad Laboratories,).
Cytokine levels in 50 ug/mL of protein was determined using ELISA assays for IL-1p (BD),
IL-23 (BD), IL-12p70 (BD), IL-17 (R&D, Minneapolis, MN), and IL-22 (eBioscience, San
Diego, CA).

Measurement of Reactive Oxygen Species (ROS

Fresh mucosal scrapings were collected into pre-weighed tubes and homogenized at
40mg/ml in sterile PBS. ROS was measured in supernatant using the OxiSelect ROS/RNS
assay kit (Cell Biolabs, San Diego, CA) according to manufacturer’s instructions.

Microbiota composition analysis by 16s rDNA sequencing

Statistics

Cecal contents from littermate 1KO and WT mice were snap frozen on collection. Genomic
DNA was extracted from samples using the Qiagen MagAttract Powersoil DNA Isolation
Kit Optimized for the KingFisher (Qiagen Inc., Valencia, California) following
manufacturer’s protocol at RTLGenomics (Lubbock, TX). Samples were amplified for
sequencing at RTLGenomics (Lubbock, TX) in a two-step process, using primers 515F
GTGCCAGCMGCCGCGGTAA and 806R GGACTACHVGGGTWTCTAAT (32) and
sequenced using the MiSeq platform (Illumina, San Diego, CA). Sequencing data were
curated using mothur using the MiSeq standard operating procedure (33). Sequences were
then classified using the Ribosomal Database Project v 14 and phylotyped to the genus level.
Sequence data was deposited in the Sequence Read Archive (SRA) under accession number
SRP143628 (https://www.ncbi.nlm.nih.gov/sra/SRP143628).

All data are expressed as mean + SEM. Differences were considered significant at p < 0.05,
using a Student’s t test (2-tailed), ANOVA test or Wilcoxon Log Rank test as appropriate,
and performed with the statistical analysis software Prism (GraphPad Software). Statistical
tests and p values are specified in the Fig. legends.

Study Approval

RESULTS

All mice were maintained at University of Southern California or University of Washington
Seattle, and experiments were performed following protocol review and approval by the
Institutional Biosafety Committee and the Institutional Animal Care and Use Committee.

TLR1-deficiency is associated with mucosal-associated bacteria, gut permeability and
systemic bacteria

Our previous work had shown a critical role for TLR1 signaling in the epithelium of the
small intestine during pathogenic Yersiniainfection (18, 22, 34). However, analysis of
MRNA transcripts for 7/rZ in naive WT mice revealed that the ileum had significantly less
expression of 7/r1 than the proximal colon or distal colon (data not shown). We sought to
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determine whether the expression of TLR1 may influence colonic homeostasis by assessing
the location of the microbiota within the colonic compartment of TLR1-deficient (1KO) and
littermate control mice (a mixture of heterozygotes and homozygotes for TLR1, WT) using
fluorescent /n situ hybridization (FISH) to visualize bacteria with a probe directed against
eubacterial 16S rRNA. While we observed a clear separation between cells of the epithelium
and the 16S rRNA probe in WT colons, this spatial separation was not observed in the 1KO
mice (Fig. 1A). Instead, we observed a diverse spectrum of 16S rRNA expression, including
areas where the probe was in intimate contact with epithelial cells (Fig. 1A). The increase in
epithelial adjacent bacteria in the 1KO mice corresponded with 15-fold more 16S DNA
associated with the mucosa than in the WT mice, despite equivalent luminal levels (Fig. 1B).
To assess whether there was also altered colonic permeability, fluorescein isothiocynate
(FITC)-labeled dextran was measured in the peripheral blood of WT and 1KO mice one
hour after intra-rectal administration. Indeed, there was a significant increase in the amount
of FITC in the blood of the 1KO mice, indicating leakage from the colon into the periphery
(Fig. 1C), as well as elevated endotoxin levels suggesting translocated commensal bacteria
or their products (Fig. 1D). To determine the extent of bacterial translocation in 1KO mice,
spleen, liver and blood were plated anaerobically on tryptic soy agar (TSA) plates. The liver
(Fig. 1E-F), spleen and blood (data not shown) from 1KO mice all had significantly elevated
amounts of bacteria compared to littermates. Further, the transfer of TLR1-deficient bone
marrow to reconstitute an irradiated WT mouse was not sufficient to cause an increase in
bacterial colonies in liver (data not shown), indicating that the elevated levels of systemic
bacteria in the naive 1KO mice are not due to an ineffectual immune response against mouse
pathogens that may be resident in SPF facilities. Gut permeability may result from defects in
the regulation of tight junctional proteins and previous studies have implicated TLR2 in this
regulation (10, 21). However, using quantitative PCR we were unable to find any difference
in the expression of C/an3 (claudin-3), C/dn10 (claudin-10), Oc/n (occludin) and 7jp1
(Z20-1) transcripts (data not shown). We also quantified claudin-2 and claudin-3 by Western
blot and assessed occludin-1 expression by immune-fluorescence and observed no
differences between 1KO and WT mice (Supplemental Fig. 1). Altogether, these data
demonstrate an inability to maintain normal geographical and spatial localization of
commensal bacteria in the absence of TLR1 independent of barrier defects.

Elevated innate immune responses in TLR1-deficient mice

Mucosal-associated and translocated commensals are often associated with inflammation
due to increased exposure to, and subsequent recognition by, the immune system. As the
1KO mice have inherent bacterial translocation, we evaluated cytokine levels in
homogenates of whole colon by ELISA (Fig. 2A). Of the ten cytokines we evaluated, only
IL-1B and IL-23 and the cytokines they play a role in regulating, 1L-22 and 1L-17 (27, 35,
36), were significantly increased in the colons of the 1KO (Fig. 2A).

There are three IL-23-responsive cells that produce 1L-22 and IL-17 within the colonic
mucosa. These include y8& T cells (36-38), IL-17-producing CD4 T cells (Ty17/Ty22) (19)
and type 3 innate lymphoid cells (ILC3) (39). We sought to identify the frequency of these
cell populations in naive mice and found no difference in the frequency or numbers of y6 T
cells (Fig. 2B) and TH17 cells (Fig. 2C) between 1KO and WT controls (Fig. 2B). However,
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the frequency (Fig. 2D) and absolute cell number (Fig. 2E) of lineage negative (lin™)
Scal*Thy1M cells in the colons of the 1KO mice were significantly elevated compared to
naive WT controls (Fig. 2D-E). Lineage negative, Scal and Thy1-positive cells have been
identified as IL-22 and IL-17-producing ILC3 (16). Molecular analysis of the mRNA
transcripts from sorted lin"Scal*Thy1Mi cells revealed prototypic molecular signatures of
ILC3, such as Rorc (Fig. 2F), 1122 (Fig. 2G) //17, and //23r (data not shown), to be increased
in 1KO compared to WT cells, while /fng expression was not changed (Fig. 2G).

TLR1-sensing of the microbiota by non-hematopoietic cells restrains innate immune

responses

Despite the proximity of commensal bacteria to colonic tissue in healthy individuals, there
are conflicting reports regarding the role of the microbiota in the development of members
of the ILC family. To determine whether the microbiota was necessary for innate immune
activation in the 1KO mice, we employed a rigorous antibiotic treatment regimen to deplete
the microbiota. Pregnant dams from a heterozygous cross were administered a cocktail of 5-
antibiotics (amoxicillin, vancomycin, neomycin, metronidazole, and gentamicin) (ABX) the
last week of their pregnancy and maintained on the ABX-water until the pups were weaned.
The newly weaned mice continued to receive the ABX-water for an additional seven days, at
which time their colons were analyzed for levels of IL-23 and Scal*Thy1Mi cells. This
antibiotic approach generally yields a 5-8 fold reduction in the endogenous commensals
(unpublished observations). While ABX treatment had little effect on the basal level of
Scal*Thy1M cells in WT mice, it significantly reduced the number of these cells (Fig. 3A)
along with colonic level of IL-1p and 1L-23 (Fig. 3B) in the 1KO mice. As the microbiota
was necessary for the elevated innate immune response, we asked whether the specific
composition of the microbiota of 1KO mice would be sufficient to transfer this phenotype to
ABX-treated WT mice via fecal microbiota transplantation (FMT). WT mice receiving an
FMT with stool from a 1KO mouse showed no change in either the lin-Sca*Thy1hi
population (Fig. 3C) or levels of IL-1p and IL-23 (Fig. 3D). In contrast, WT stool given to
an ABX-treated 1KO recipient restored both the lin"Scal*Thy1 population (Fig. 3C) and
IL-1B and IL-23 (Fig. 3D).

These data suggest that while bacteria are necessary for the colonic inflammation observed
in the 1KO mice, the lack of signaling through TLR1 does not alter the microbiota to cause
inflammation when transferred to a WT setting. This was further supported by comparing
the 16s rDNA sequencing analysis of cecal contents between 1KO and WT mice. Principal
coordinate analysis (PCoA) (Fig. 3E) and inverse-Simpson index (Fig. 3F) indicated
considerable overlap in community structure and no difference in community a-diversity
between naive WT and 1KO mice, respectively. Differences in the relative abundances of
bacterial families in the cecum of 1KO and WT mice were evaluated by Student’s #tests
corrected for multiple testing using the Benjamini and Hochberg false discovery rate (set at
5%). Consistent with the a-diversity and PCoA, there were no significant differences in
bacterial families between 1KO and WT mice (Fig. 3G). To confirm the results obtained
using cecal contents and to evaluate specific biogeographical changes in the bacterial
community of the colon, we performed compositional analysis on mucosal-associated tissue
from the proximal and distal colon in a subset of 1KO and of WT mice. PCoA of the 16S
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rDNA data again revealed no significant differences in these mucosal-associated
communities between 1KO and WT mice (Supplemental Fig. 2). Thus, it is unlikely that the
aberrant immune response observed in the 1KO mice is due to a compositional shift in the
microbial communities within the colon.

The finding that 1KO mice had elevated innate cytokines and increased lin"Scal*Thy1hi
cells after receiving WT stool and the lack of a compositional change in the microbiota of
1KO mice suggests that the dysregulation of the innate immune response may be due to a
more general defect in the mucosal response to commensal bacteria. Previously, we have
shown that TLR1 can signal in both the intestinal epithelium and in mucosal dendritic cells
(DC) to induce protective immunity against enteric infections (22, 34). To discern which
cellular compartment may be mediating the elevated innate immune activation we created
bone marrow chimeras. Two months after reconstitution, IL-1p and IL-23 concentration in
the colonic LP and the bacterial burden in the liver were quantified. The transfer of 1KO
bone marrow to WT mice had no effect on colonic LP levels of IL-1f or IL-23 (Fig. 4A) and
no increase in bacterial burden was observed (Fig. 4B). In contrast, IL-1p and IL-23 (Fig.
4A) were elevated in the LP and there was an increase in bacterial counts (Fig. 4B) when
1KO recipients were reconstituted with WT bone marrow. These data suggest that non-
hematopoietic cellular expression of TLR1 prevents commensal-mediated inflammation and
bacterial translocation. Together, the FMT and bone marrow chimera studies establish that
defective TLR1-sensing of the microbiome by non-hematopoietic cells, and not a
compositional dysbiosis, is responsible for the innate inflammatory phenotype observed the
1KO mice.

TLR1 signaling contributes to homeostasis of the colonic epithelium

The intestinal epithelium is comprised of a single layer of cells that form a physical barrier
between us and our microbiota. The epithelium is comprised of specialized intestinal
epithelial cells (IEC). The four types of IEC are derived from a single crypt progenitor but
have distinct developmental pathways. Using immunohistochemistry and gene expression,
we evaluated key markers and products of differentiated IEC. Goblet cells are one of the
four types of IEC and function to produce a physical mucus barrier. WT colonic sections
stained for Muc2, the main peptide component of intestinal mucins, revealed a visible mucus
layer and characteristic goblet cell staining (Fig. 5A). In contrast, 1KO mice had large areas
completely devoid of MUC2 and there was a lack of intensity in the positively stained goblet
cells (Fig. 5A). Further analysis using Alcian blue (AB) and mucicarmine staining revealed
a reduction in acidic mucins in the colons of 1KO mice, while Periodic Acid Shift (PAS)
staining of neutral mucins appeared more similar between 1KO and WT (Fig. 5A). The
reduction in acidic mucins was not due to an exocytosis of the whole endocytic granule, as
we were unable to find PAS, PAS/AB or AB positive cells in the lumen, a phenotype
recently observed in NLRP6~/~ mice (40). However, using confocal microscopy, we did
observe a strong reduction in the expression of GOB5, which is found on the outer surface
of mucus containing granules, (Fig. 5A). The thickness of the mucus layer was measured at
multiple points around distal colonic sections stained with Alcian blue to quantify any
differences between 1KO and WT mice (Fig. 5B). Quantification revealed a significant
reduction in the average thickness of the mucus layer in 1KO compared to WT mice (Fig.
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5C). Changes in the mucus layer may be due to either a defect in the production or the
secretion of mucus by cells within the crypt. Quantification of the number of Alcian blue
positive vesicles per crypt indicated an accumulation of mucus within the epithelial cells of
1KO mice (Fig. 5D). Recently it has been shown that mucus secretion by sentinel goblet
cells in the colon can be induced by TLR1/2 agonism via a mechanism dependent on
reactive oxygen species (ROS) (29). Consistent with this pathway, we found significantly
reduced levels of ROS in the colonic mucosa of the 1KO mice relative to WT counterparts
(Fig. 5E).

Under chronic stress or inflammatory conditions the colon, which is normally devoid of
Paneth cells, will express Paneth cell products and these cells are referred to as ectopic
Paneth cells (41-43). To determine whether the chronic inflammation observed in the 1KO
mice was causing a re-programming of the colonic crypt, we compared the expression of
two products normally secreted by small intestinal Paneth cells, lysozyme (Lyz) and a-
defensin-1 (DEFA-1). As expected, lysozyme expression in the colon of healthy, naive WT
mice was very low (Fig. 5F), while exposure matched images of colons from 1KO mice
demonstrated high expression of lysozyme at the top of the crypts (Fig. 5F). WT mice
expressed a gradient of DEFA-1 which increased basolaterally (Fig. 5F) and was absent in
the 1KO mice (Fig. 5F). instead the whole crypt stained uniformly positive for DEFA-1 (Fig.
5F). Taken all together, the absence of TLR1 signaling is associated with alterations in the
production and function of factors associated with secretory cells of the epithelium.

TLR1 signaling restrains microbiota-induced epithelial cell proliferation

IEC differentiation is a tightly regulated process involving many important factors that
control cellular proliferation, as well as differentiation. We began by examining the
proliferation of the epithelial cells in naive WT and 1KO mice. Ki67 is a marker used to
identify cells that are currently, or have recently, undergone proliferation by labeling cells in
S, G4, and G, phases of the cell cycle. Histological analysis of colonic tissue sections of
naive mice revealed an increase in Ki67-positive cells within the colonic epithelium of 1KO
mice when compared to WT mice (Fig. 6A). In the colon, rapidly cycling stem cells at the
base of the colonic crypt control proliferation and renewal of the epithelium. Aberrant
regulation of these crypts may lead to altered IEC differentiation and disrupt epithelial
barrier integrity. We used /n vivo injections of bromodeoxyuridine (5-bromo-2'-
deoxyuridine, BrdU) to label newly synthesized DNA in actively replicating cells during S
phase for two and a half hours. Analysis of BrdU-positive cells by immunohistochemistry
confirmed the presence of three to four BrdU-positive cells per WT crypt, (Fig. 6B-C). In
contrast, mice deficient for TLR1 had twice the number of BrdU-positive cells per crypt
(Fig. 6B—C). Cyclin D1 is a factor downstream in the Wnt signaling cascade, involved in cell
cycle regulation (5). As expected based upon the Ki67 and BrDU data, transcripts for Ccndl
(cyclin D1) were elevated in the colonic tissue of 1KO mice (Fig. 6D).

Antibiotic-depletion was used to assess whether the proliferation in the colonic crypt of the
1KO mice was dependent upon the microbiota. Reducing the bacterial load caused a
significant reduction in overall Ki67 (Fig. 6A), BrdU staining (Fig. 6B-C), and Ccndl
expression (Fig. 6D) in the colons of the 1KO mice. These data suggest that TLR1
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expression may antagonize or inhibit other innate signals that promote proliferation, or
TLR1 regulates the stem cell niche. To test for the latter, we analyzed expression of
canonical stem cell genes (Lgr5, Bmi1) and Notch signaling genes that regulate cell
differentiation along absorptive and secretory pathways (Notchl, Hes1, Atohl) and found no
differences between 1KO and WT mice (Supplemental Fig. 3).

TLR1 deficiency exacerbates tissue injury and prevents epithelial healing

Basal changes in mucosal and epithelial homeostasis may set the stage for sustained
inflammation and chronic intestinal disease following intestinal injury. We sought to
determine whether the absence of TLR1 during injury caused by 2.5% dextran sodium
sulfate (DSS) may induce a more chronic, long-term inflammatory response. 1KO and WT
mice were given 2.5% DSS in their drinking water for seven days followed by a seven-day
recovery period where normal drinking water was restored. The WT littermate controls
followed the typical disease course known for DSS with a transient, mild weight loss (Fig.
7A), very high survival (Fig. 7B) and a shortening of the colon observed at day 7 which
returns to normal length by day 14 (Fig. 7C). In contrast, 1KO mice began losing weight
earlier than WT controls, lost more weight (Fig. 7A) and had only 30% of mice survive
treatment (Fig. 7B). The 1KO mice also had shorter colons at both days 7 and 14 (Fig. 7C)
and had higher levels of blood in their stool, which persisted throughout the 14 days (Fig.
7D).

Histological scoring was performed blinded by gastroenterologist on hematoxylin and eosin
stained colonic tissue after injury (day 7) and after repair (day 14). Despite a greater weight
loss and less overall survival, the histological score was strikingly similar between the 1KO
and WT mice at day 7 (Fig. 7E & data not shown). At day 14, after the mice had been
returned to normal drinking water, the histological score of WT mice was improved
compared to day 7, indicating effective mucosal repair and resolution (Fig. 7F). In contrast,
the colons of 1KO mice showed little resolution at day 14 and, in fact, scored significantly
worse than at day 7 (Fig. 7E) with large areas of denuded epithelium, inflammatory cell
infiltrate and loss of goblet cells (Fig. 7F).

Whole colonic tissue was collected at days 0 and 10 for analysis of IL-1p, IL-23 and IL-12.
Consistent with our earlier data, colonic tissue from naive 1KO mice had higher levels of
IL-1B and IL-23, but not IL-12p70 (Fig. 7G). After receiving DSS for 7 days and normal
drinking water for three days there was an increase in the amount of IL-1p and IL-23 in both
WT and 1KO mice, with significantly higher levels found in the 1KO (Fig. 7G).
Interestingly, IL-12p70 was only detected at day 10 in the colonic homogenate of 1KO mice
(Fig. 7G). To assess the 1L-23-dependent production of IL-22 and IL-17, colonic explants
were performed on tissues harvested at the same time points and re-stimulated /n vitro with
recombinant IL-23. Colons from naive WT mice produced detectable IL-22 only in the
presence of rIL-23 but failed to produce IL-17 (Fig. 7H). In contrast, the unstimulated colon
explants from naive 1KO produced detectable IL-22 and IL-17 that was further increased by
the addition of rIL-23 (Fig. 7H). Seven days after initial DSS exposure and three days into
the repair cycle, IL-22 and IL-17 were elevated in the 1KO explants stimulated with the
vehicle control and the addition of rIL-23 significantly increased these levels (Fig. 7H).
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Interestingly, IFN--y levels were not detected in the colons from naive WT and 1KO mice,
yet after DSS exposure IFN-y production was significantly increased in the cultures
containing colons from the 1KO mice (Fig. 7G). Analysis of the major colonic IL-23R
responsive cells in the mice at day 7 of DSS revealed elevated numbers of Scal*Thy1Ni cells
in both WT and 1KO mice, yet were significantly higher in the 1KO mice, while the
numbers of -y6 T cells and Ty17 cells did not increase (Fig. 71).

To determine if the severe pathology and inability to recover from intestinal injury in the
1KO mice was due to elevated numbers of Scal*Thy1hi cells these mice were bred onto a
RAG2-deficient (RagKO) background, allowing us to deplete Scal*Thy1Mi cells using a
polyclonal antibody against Thyl. Confirming our results in Fig. 7, the absence of TLR1 in
RagKO mice resulted in a much more rapid and severe weight loss (Fig. 8A), significantly
less survival (Fig. 8B), and a shorter colon length (Fig. 8C) than TLR1-sufficient RagKO
mice. Administration of the anti-Thy1 antibody significantly improved the disease outcome
in the DSS-treated RagKO mice with less weight loss (Fig. 8A), less mortality (Fig. 8B) and
longer colon lengths (Fig. 8C). TLR1-deficient RagKO mice treated with anti-Thy1 also had
significantly less IL-22 (Fig. 8D), IL-17 (Fig. 8E) and IFN-y (Fig. 8F) than control
antibody-treated TLR1-deficient RagKO mice. Interestingly, the depletion of the
Scal*Thy1M cells in the TLR1-deficient RagKO mice had no effect on IL-23 or IL-12 (Fig.
8G).

To determine if any single cytokine was driving the heightened inflammation and the
inability to heal in the 1KO mice, we administered either neutralizing antibodies to IFN-y,
IL-17, or IL-22 every other day for the seven-day course of DSS and weight loss and
survival was measured. In line with other studies, there was moderate but significantly less
weight loss in RagKO mice given DSS and treated with anti-IFN-y (44) (Fig. 8G). In
contrast, treatment with anti-1L-17 or anti-1L-22 resulted in much more weight loss (Fig. 8H
and 8l, respectively) and a more severe histological disease in WT mice given DSS (data not
shown). In the TLR1-deficient RagKO mice, anti-IFN-y treatment resulted in a complete
reversal of the observed weight loss, while anti-IL-17 and anti-1L-22 treatment had little
effect on weight loss (Fig. 8H and 8I, respectively). Altogether, these data suggest that in the
absence of TLR1 and under chronic inflammation, the Scal*Thy1Ni cells shift produce IFN-
v, which is responsible for the worse pathology and severe disease observed following DSS.

DISCUSSION

Here, we show that endogenous TLRZ1 signaling is necessary to regulate homeostasis of the
colon. In the absence of these TLR1 signals, there is a disruption of colonic crypt
microarchitecture, mucosal-associated and translocated commensal bacteria and low level
inflammation. The low-level inflammation was characterized by elevated IL-1f and IL-23
production and an increase in IL-22-producing lin-Scal*Thy1MRORC™* ILC3. Despite
significantly more translocated bacteria, a leaky gut and heightened colonic inflammation,
TLR1-deficient mice do not exhibit any overt phenotype. However, upon intestinal injury
induced by DSS, TLR1-deficient mice decline rapidly and are unable to heal after DSS-
withdrawal. Using neutralizing antibodies, we show that an increase in Scal*Thy1hi ILC3
and a concomitant rise in tissue levels of IFN-y contribute to this phenotype.

J Immunol. Author manuscript; available in PMC 2019 December 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kamdar et al.

Page 13

One key question is whether the altered colonic epithelial phenotype of the 1KO is due to a
primary impact of TLR1-deficiency, secondary to an altered microbiota and/or a response to
chronic inflammation. TLR1KO mice had no major alterations in their cecal microbial
community, and fecal microbiota transfer between 1KO and WT mice was not sufficient to
induce inflammation arguing against a secondary effect due to a microbial dysbiosis. This is
consistent with the work of Ubeda et al, who found only minor differences in microbial
community when comparing littermates from TLR-deficient mouse strains (45). Bone
marrow chimera studies determined that barrier function was mediated by TLR1 signaling in
the non-hematopoietic cell compartment further suggesting that a defect of TLR1 in the
epithelium is primary in this model. Whether epithelial derangement precedes the chronic
inflammatory response or is a symptom of dysregulated immune activation is challenging to
determine and these processes likely develop in concert in vivo.

The intestinal epithelium is in a state of constant renewal, being replaced roughly every 5
days (13, 35, 46) and this renewal is mediated via the coordinated signals of factors that are
involved in proliferation and differentiation. In addition to the observation that TLR1-
deficiency was associated with an increase in proliferation of the colonic crypt, we also
found these mice had spatial and functional differences of the specialized epithelial cell. One
intriguing finding was the presence of lysozyme- and a-defensin-1-expressing cells. These
antimicrobial agents are typically restricted to the small intestine, where they are co-
expressed in Paneth cells. Ectopic expression of Paneth cell markers has been reported in a
number of studies (2, 6, 10, 37, 42, 47-49), particularly those examining WNT and Notch
signaling due to their roles in proliferation (11, 46) and differentiation (50), respectively.
However, we were unable to find any difference in Motch-1 and its downstream target genes
(unpublished observations).

There is increasing evidence that innate-sensing of the microbiota plays an important role in
regulating epithelial cell proliferation. Studies using germ-free or antibiotic-treated mice
have shown a reduction in the proliferation of IEC respective to controls (12, 51-53). More
recently, a comparison of antibiotics that favor either the depletion of gram-positive or gram-
negative bacteria found a reduction in proliferation when only the gram-positive bacteria
were depleted (11). However, the data concerning the role of MyD88 in this process are
conflicting. Using MyD88KO mice, Rakouf-Nahoum et al reported that commensal TLR
signaling was required for homeostasis and, in particular, found an increase in the number of
BrdU+ cells in the colons of MyD88KO mice, suggesting an inhibitory role of TLRs on
proliferation (7), yet subsequent reports have demonstrated that TLR and MyD88 signaling
promote epithelial proliferation (5, 11, 14). Our data aligns with the studies by Rakoff-
Nahoum, as we identified a significant increase in Brdu+ and Ki67+ cells within the colonic
epithelium of naive TLR1-deficient mice. An intriguing possibility is that engagement of
commensal-derived TLR1 ligands may induce a genetic program that regulates or
coordinates signaling of growth and/or differentiation factors in the colon leading to
regulation of proliferation. However, analysis of Notchl1, Wnt5a, Wnt3, Jaggedl, and the
downstream Notchl1-responsive transcription factor HesZ, revealed no difference in
expression between the colons of WT and 1KO mice (Supplemental Fig. 2 and unpublished
data). The Notch and WNT families contain many members and are both regulated by a
variety of different factors. Thus, a much more comprehensive screen looking at the role of
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TLR1 in the direct regulation of WNT and Notch family members and their inhibitors is
currently underway in our laboratory.

Here, using antibiotics to deplete the commensal microbiota, we provide evidence that the
microbiota is necessary for the increased proliferation observed in the TLR1-deficient mice,
yet the composition and the function of the microbiota from TLR1-deficient mice were not
sufficient to induce this proliferative response when transferred to antibiotic-treated WT
recipients. These data do not exclude a role for TLR1 in directly regulating the growth and
differentiation signals in the crypt, as it is possible that through other innate immune
receptors the microbiome drives proliferation and TLR1 drives regulatory factors that
counter this commensal-driven activation.

Our study is also the first to identify a role of TLR1 in regulation of the epithelium and the
first to support a regulatory role for this molecule in proliferation. Our data is in sharp
contrast to studies using TLR2 agonists (25, 26) and TLR2KO mice (5, 11, 14), which show
increased and decreased proliferation, respectively. TLR1 forms a heterodimer with TLR2 to
recognize tri-acylated lipoproteins (11, 12, 28) (28). Our group, and others, have shown that
TLR2/1 signaling induces pro-inflammatory innate immune responses through activation of
MyD88 and NFkB or Pi3K/Akt and mTOR (3, 22, 23, 34, 38, 54, 55) in immune cells, but
its downstream signaling pathways may be different in epithelial cells due to the expression
of different co-receptors. The promiscuity in binding by TLR2 allows it to form complexes
with co-receptors TLR6, TLR10, Dectin-1, TLR4, CD14 and CD36. Analysis of mRNA
transcripts for 7/rZ by our group has revealed increasing expression as you move distally
from the ileum to the rectum. In porcine small intestinal tissue, 7/ gene expression is low
at the base of the crypt and increases as you move towards the villous tip (56). 7/r1
expression has also been observed in the colons of naive mice, yet unlike expression of 7/r2
and 7/r6 which increases during DSS administration, 7/rZ expression remains unchanged
(57). Additionally, it is not known whether TLR1, TLR6 and TLR10 compete with each
other for binding with TLR2, as no studies to date have analyzed TLR2/6 and TLR2/10
expression in 1KO mice or in individuals with the polymorphisms that disrupt cellular
surface expression, such as the TLR1 1602S polymorphism. It is a distinct possibility that
shifting recognition of commensal ligands to TLR2/6 or, in humans, TLR2/10, may promote
proliferation. Interestingly, analysis of TLR6-deficient crypts revealed no change in the
number of BrdU+ cells (unpublished observations) further demonstrating the differential
effects mediated by TLR1 and TLR6.

We observed a shift in the expression of cytokines and transcription factors in the lin
~Scal*Thy1M ILC3 in the TLR1-deficient mice. In naive WT and 1KO controls these cells
expressed higher levels of //22but the latter also expressed transcripts for //17. Upon tissue
injury induced by DSS, the lin-Scal*Thy1Ni cells from WT mice had an increase in //22
transcripts as well as //17. In contrast, after DSS induced injury in the 1KO there was an
increase in 7berand /fng expression in the lin~Scal*Thy1i cells (data not shown) that
correlated with an elevation of IFN-y protein in the tissue. This phenotype, along with our
observed increase in I1L-12, is reminiscent of 1L-22*Roryt* ILC3, which acquire 7betin the
presence of 1L-12 and have been termed “exILC3” in both mice and humans (8, 58). It is
well established that IFN-y negatively regulates the epithelial barrier and antagonizes
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proliferation (15, 59, 60) and thus its presence during DSS in the 1KO mice would block the
beneficial effects of 1L-22, thereby preventing epithelial proliferation and exacerbating the
damage. Indeed, depletion of the Thy1* cells in the TLR1-deficient RagkO mice and
neutralization of IFN-y both ameliorated the severity of DSS administration. Other studies
have shown that chronic inflammation of the intestine leads to IL-12 production and the
expansion of IFN-y* cells (48, 49, 61) or the re-programming of IL-17 expressing cells (36).

Our results provide new insight into the regulation of the colonic crypt and suggest an
unexpected role for TLR1-sensing of endogenous ligands in this process. Understanding
how the microbiome may contribute to epithelial homeostasis and the consequence of
disrupted signaling through host genes or changes in the gut microbiome has broad
implications. These data provide biological evidence for the observations of an increased
frequency of patients expressing mutations in the TLR1 locus with IBD, and that IBD
patients expressing defective TLR1 genes are more likely to have anti-commensal antibodies
(18, 54). These studies also provide a biological framework for the development of TLR1
agonists that could be used to promote a healthy intestinal barrier and suggests that persons
expressing variant 7L R7 alleles may be at a higher risk for developing systemic
inflammation, leaky gut and long term chronic intestinal disease.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of TLR1 prevents mucosal-associated bacteria and their translocation to

the periphery

Colons from naive 1KO mice were compared to naive WT colons. (A) Representative 40X
confocal images from Carnoy’s fixed sections of the distal colon of WT and 1KO mice
hybridized with a probe against eubacterial 16S rRNA (red) and counter stained with DAPI
(blue). Image on far right is a fluorescent microscope image of 1KO with using the 16S
FISH probe (red), DAPI (blue) and DBA lectin (green). (B) Fold change of 16S DNA
expression from 1KO luminal colonic contents or colonic mucosal scrapings normalized to
WT. (C) Relative fluorescent units in the serum of WT and 1KO mice 1 hour post-intrarectal
administration of FITC-Dextran. Each dot represents an individual mouse. (D) Endotoxin
units from serum of WT and 1KO mice as determined using LAL test. Each dot represents
an individual mouse. (E) Representative bacterial plates from livers of 1KO and WT mice.
(F) CFU per gram of liver cultured anaerobically on TSA plates. Each dot represents an
individual mouse. (Data is represented as the mean + s.e.m from 2-3independent
experiments. A, n= 3 mice per group; B-F, n=7-10 mice per group; *, p<0.05, **, p<0.01.

Student’s unpaired t-test.
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Figure 2. TLR1-deficiency isassociated with distur bed immune homeostasisin the colonic
lamina propria

(A) Cytokine levels in whole colonic lysate were measured and normalized to the weight of
the tissue of naive 1KO and WT. Representative FACS plots of naive WT and 1KO lamina
propria cells. Dead cells were excluded and all live cells were gated on FSC and SSC, (B)
CD3+ and TCR 6+ T cells, (C) CD3+CD4+ and intracellular IL-17 and IL-10 and (D) lin™
(CD11b~, CD11c™, NKp44~, F480~, B220~, CD19-, CD3"), Scal* and Thy1Mi cells.
Relative expression of mMRNA transcripts for indicated (E) Absolute cell number of lin-
Scal+Thy1hi cells in the colonic lamina propria from mice. lin-Scal*Thy1Ni cells were
sorted from the colonic lamina propria and quantitative RT-PCR was performed to obtain
relative expression levels of (F) transcription factors and (G) cytokines using GAPDH as a
reference housekeeping gene and showing fold changed to WT using 2724t Data is pooled
from 2 independent experiments; A, E-G is expressed as mean + s.e.m. A—E n=5-6 mice per
group. F-G, Cells were isolated by pooling isolated and sorted lin~Scal*Thy1M from two
mice from each genotype and the experiment was repeated twice. *, p<0.05, **, p<0.01,
*** p<0.001. A, One-way ANOVA, E-G, Student’s unpaired t-test.
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Figure 3. The microbiota of the 1KO miceisrequired for homeostatic immune regulation
(A-B) 1KO and WT mice born from antibiotic treated pregnant dams were maintained on

antibiotic-treated water 1-2 weeks after weaning and analyzed for (A) absolute number of
lin"Scal*Thy1Ni cells in antibiotic treated WT and 1KO mice compared to naive (untreated)
mice determined by flow cytometry, and (B) the concentration of IL-18 and IL-23 detected
in colonic homogenates as measured by ELISA. (C-D) A different set of antibiotic-treated
WT and 1KO mice were given a fecal microbiota transplant (FMT) from the indicated
donors and allowed to reconstitute for two weeks before quantification of (C) absolute cell
number of lin-Scal+Thy1hi cells and (D) concentration of IL-1i and IL-23 detected in the
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colonic lamina propria of FMT-treated WT and 1KO mice. Data is expressed individual
mice pooled from 2-3 independent experiments with A-B, n=5-6 mice per group; C-D,
n=5-9 mice per group. *, p<0.05, **, p<0.01. One-way ANOVA. E) PCoA analysis based
on genus level identification of 16s rDNA sequences from 1KO (n = 13) or WT (n = 12)
mouse cecal contents. F) Inverse-Simpson measurement of a-diversity in 1KO and WT
mice. G) Family relative abundance in 1KO and WT cecal contents. Student’s t test with
false discovery rate correction showed no significant difference in relative abundance of
different families between 1KO and WT mice.
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Figure 4. Aberrant immune activation isdueto loss of TLR1 signaling in the epithelium
Bone marrow chimeras were generated using WT and 1KO recipients and WT and 1KO

mice as donors. Six weeks after reconstitution (A) IL-1p and I1L-23 levels from the colonic
lamina propria were measured and (B) the number of bacteria in the liver was evaluated by
gPCR for 16S. A-B, data is represented as the mean * s.e.m. from two independent
experiments with n= 7-9 mice per group. *, p<0.05, **, p<0.01. One-way ANOVA.
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Figure 5. Reduced mucus secretion and an increase in anti-bacterial peptides occursin the

colonic crypt in the absence of TLR1 signaling

Methacarn-fixed sections from the colons of WT and 1KO mice were stained by
immunohistochemistry for the indicated markers. (A) 40X fluorescent microscopy images of
colon tissue stained for MUC2 (peptide sequence of mucin), Alcian blue (AB)(acidic
mucins), Mucicarmine (acidic mucins) and Periodic Acid Schiff and Alcian Blue (PAS/AB)
(neutral/acidic mucins). Scale bar equals 50 microns. Confocal images of GOB5 (MCLCA3)
staining of the distal colon. (B) Alcian blue stained distal colonic sections from WT and
1KO mice were used for quantification of (C) mucus layer thickness and (D) Alcian blue
positive vesicles per crypt. (E) Relative ROS activity in mucosa and colonic contents. (F)
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10X and 40X fluorescent microscope images of distal colon stained with antibodies against
lysozyme and a-defensin-1 (DEFA-1) and 10X image of isotype control. Scale bar equals 50
microns. A-B and F, representative images taken from 3-5 mice per group; C and D,
individual measurements of mucus thickness along the distal colon taken from 3 mice per
group; E, each point is an individual mouse from two different experiments. C and D, ****,
p<0.0001 Mann-Whitney Test; F, *, p = 0.02 Students’ t-test corrected for multiple
comparisons (Holm-Sidak
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Figure 6. Endogenous TLR1 signaling regulates colonic crypt proliferation
A-C, Histological sections of the colon from 1KO and WT mice under normal SPF

conditions or 1KO and WT mice born from a dam receiving antibiotic treated (ABX) water
and then maintained on ABX for another two weeks post-weaning. (A) 40X magnification
of colon stained with Ki-67. (B) 40X images of colons from mice injected with BrDU 2.5
hours prior to euthanasia. (C) Quantification of total BrdU+ cells per crypt (D) Relative
transcript expression of Ccndl in colonic crypts isolated from control and ABX-treated WT
and 1KO mice. A, B, representative 40X images taken from 5 mice. C, data is expressed as
the mean + s.e.m. of counts performed independently by 2 two individuals, each counted 30
crypts from 5 mice. D, data is expressed as mean + s.e.m. from three independent
experiments. D, n =5-6 mice per group.; *, p<0.05, **, p<0.01, ***, p<0.001. C, Student’s
unpaired t-test; D, Two-way ANOVA.
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Figu_re 7. Loss of TLR1 exacer bates DSS-induced cytokine production and prevents colonic
repair

V\e/F')I' and 1KO littermates were administered drinking water containing 2.5% DSS for 7 days
to induce epithelial injury followed by a 7-day recovery period in which they were returned
to normal drinking water. (A) Percent change in weight, (B) survival, (C) colon length at
days 7 and 14 (D), fecal occult score. At days 7 and 14 colons were fixed and stained for (E)
H&E and (F) histological score was given after analysis by a gastroenterologist. (G)
Concentration of IL-18 and IL-23 found in whole colon homogenates. (H) IL-17, IL-22 and
IFN-7y levels from the supernatants of colonic explant cultures derived from naive mice or
mice treated with DSS for 10 days. (I) Mean number of cells in the colonic LP determined
by flow cytometry for indicated cell type gated as described in Fig 1. legend. A-D, data is
expressed as mean + s.e.m from 3 independent experiments, n=8-10 mice per group. E, the
mean of histological scores from 2 independent experiments, n=3 mice per group. F,
representative microscopy images of 3 mice per group. G-I, data is expressed as mean +
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s.e.m from two independent experiments with n=6-8 mice per group. A, Wilcoxon log rank

test; B, Kaplan Meyer; C, E, G, H, | Students t-test; D, Two-way ANOVA. *, p<0.05, **,
p<0.01. ***, p <0.001.
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Figure 8. IFN- vy contributesto the mortality observed in the context of TL R1-deficiency
RAG2KO (RAGKO) and TLR1IKOXRAG2KO (1KO-RAGKO) were treated with anti-Thy1

depleting antibody every other day beginning on the day of DSS administration through day
12. (A) Percent change in weight, (B) percent survival, (C) colon length at day 12 were
assessed. Colonic tissue explants were incubated overnight and the concentration of (D)
IL-22 was measured in the supernatant. Levels of (E) IL-17 and (F) IFN-y levels were
determined whole mucosal scrapings. All data is expressed as the mean + s.e.m. pooled from
2-3 independent experiments. RAGKO and 1KO-RAGKO were treated with polyclonal
antibodies against (G) IFN-vy, (H) IL-17 or (I) IL-22 throughout the course of both DSS and
recovery and percent change in weight was observed. A, n=7-12 mice per group; B-F I,
n=5-7 mice per group. *, p<0.05, **, p<0.01. Students t-test.
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