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Abstract

Cathelicidin peptides secreted by leukocytes and epithelial
cells are microbicidal but also regulate pathogen sensing via
toll-like receptors (TLRs) in the colon by mechanisms that are
not fully understood. Herein, analyses with the attaching/ef-
facing pathogen Citrobacter rodentium model of colitis in
cathelicidin-deficient (Camp™") mice, and colonic epithelia
demonstrate that cathelicidins prevent apoptosis by sus-
taining post-transcriptional synthesis of a TLR adapter, toll-
interacting protein (TOLLIP). Cathelicidins induced phos-
phorylation-activation of epidermal growth factor receptor
(EGFR)-kinase, which phosphorylated-inactivated miRNA-
activating enzyme Argonaute 2 (AGO2), thus reducing avail-
ability of the TOLLIP repressor miRNA-31. Cathelicidins pro-
moted stability of TOLLIP protein via a proteosome-depen-
dentpathway.Thiscathelicidin-induced TOLLIPupregulation
prevented apoptosis in the colonic epithelium by reducing

levels of caspase-3 and poly (ADP-ribose) polymerase (PARP)-
1in response to the proinflammatory cytokines, interferon-y
(IFNy) and tumor necrosis factor-a (TNFa). Further, Camp™~
colonic epithelial cells were more susceptible to apoptosis
during C. rodentium infection than wild-type cells. This anti-
apoptotic effect of cathelicidins, maintaining epithelial TOL-
LIP protein in the gut, provides insight into cathelicidin’s
ability to regulate TLR signaling and prevent exacerbated in-

flammation. © 2022 The Author(s).
Published by S. Karger AG, Basel

Introduction

Small cationic cathelicidin peptides secreted by intes-
tinal epithelial cells and leukocytes in response to inflam-
matory and bacterial stimuli [1, 2] have been repurposed
as immunoregulators of inflammation and host innate
defenses [3, 4], given that their microbicidal role may be
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restricted during in vivo settings [3, 5]. The antibacterial
effect of cathelicidins is limited in the presence of sugars
[6], high salt content [7], and modified bacterial surfaces
(e.g., acetylated Salmonella lipopolysaccharide [LPS], de-
rived lipid A) [8]. Moreover, in vitro demonstration of
microbicidal activity typically requires concentrations of
cathelicidins >10 mM, which are cytotoxic to mammalian
cells [9, 10] and far exceed reported physiological concen-
trations (0.5-6 uM) achieved by the single form of human
cathelicidin, leucine-leucine with 37 amino acid residues
(LL-37) encoded by the cathelicidin antimicrobial peptide
(CAMP) gene [11].

At low non-antimicrobial concentrations (i.e., <2-4
uM) [12], cathelicidins can be internalized and modulate
the function of mast cells, leukocytes, and epithelial cells
[4]. For instance, LL-37 promotes mast cell degranulation
[13], neutrophil and macrophage chemotaxis [14-16],
and macrophage phagocytosis by interacting with integ-
rin aMp2 (Mac-1) [17], Fcy receptors, formyl peptide re-
ceptor (FPR) 2 [18], or the purinergic P2X7 receptor [19,
20]. A putative critical role of cathelicidins is the detec-
tion of damage- and microbe-associated molecular pat-
terns and regulation of toll-like receptor (TLR) responses
[3-5, 21-24]. Regulation of TLRs by cathelicidins has
been attributed to their binding to TLR ligands (e.g., LPS:
[25, 26]) and direct modulation of TLR signaling [4, 21].
For example, LL-37 prevents LPS-evoked tumor necrosis
factor-a (TNFa) secretion from macrophages by inhibit-
ing the nuclear factor kappa-light-chain-enhancer of ac-
tivated B cells (NF-kP) pathway [21] and evokes CXCL8
secretion in LPS-stimulated colonic epithelial cells by fa-
cilitating intracellular LPS-TLR4 endosomic signaling
[27]. Moreover, low doses of LL-37 enhance expression
and cytoplasmic translocation of TLR-4 in mast cells via
EGFR and FPR2 [28]. Other TLR regulatory functions of
LL-37 include reduction of monocyte chemoattractant
protein-1 (MCP-1) synthesis in human periodontal liga-
ment cells after LPS challenge [29] and downregulated
expression of the proinflammatory triggering receptor
expressed on myeloid cell (TREM-1) in peripheral blood
mononuclear cells stimulated by TLR2 and TLR4 ligands
[30]. Non-mammalian cathelicidins from Alligator sinen-
sis [31] and green sea turtle [32] likewise prevent LPS
binding to TLR4, reducing nitric oxide, and TNF-a, IL-1p
and IL-6 production in murine macrophages. Specific
LL-37 amino acid sequences enable intracellular immune
recognition of endogenous/self-nucleic acids, RNA [33],
and DNA [34]. The murine homologue of cathelicidin,
cathelicidin-related antimicrobial peptide (CRAMP) en-
coded by the Camp gene [35], has been also shown to
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regulate cellular responses to TLR ligands. Bone marrow-
derived macrophages from CRAMP-deficient mice
(Camp™") challenged by LPS secrete more IL-10 com-
pared to wild-type counterparts [36]. Regarding cell life-
span, LL-37 prevents apoptosis in primary human kera-
tinocytes exposed to camptothecin, a chemotherapeutic
DNA topoisomerase | inhibitor [37]. Likewise, pretreat-
ment of mice with a cathelicidin peptide isolated from the
snake Bungarus fasciatus prevents LPS-induced apopto-
sis in jejunal epithelium [38].

Despite repeated demonstration of cathelicidin modu-
lation of TLR-driven events, the underlying mechanisms
remain elusive. Of particular interest is the intracellular
TLR adapter toll-interacting protein (TOLLIP) [39].
TOLLIP blocks NF-kf activation after IL1R, TLR2, and
TLR4 activation by interacting with the toll/interleukin-1
receptor (TIR) domain of the IL1 receptor (IL1R) and by
inhibiting phosphorylation-dissociation of N-terminus
of the IL1 receptor-associated kinase 1 (IRAK-1) [39-41].
Ubiquitously expressed in many tissues [39] including
the colon [42, 43], TOLLIP is critical in colitis; Tollip‘/ -
mice are highly susceptible to dextran sodium sulfate
(DSS)-induced colitis [40, 42] and colitis-associated can-
cer [43]. Direct effects of cathelicidin on TOLLIP and
mechanism of action in colon homeostasis are largely un-
known. It has been reported that a low dose of LL-37 in
combination with Porphyromonas gingivalis-derived LPS
reduces TLR4 and CD14 gene expression and enhances
transcriptional expression of TLR adapters including
TOLLIP in human-derived gingival fibroblasts [44]. In
the current study, we reveal that cathelicidins sustained
TOLLIP expression in colonic epithelial cells, via post-
transcriptional prevention of miRNA-degradation. Such
cathelicidin-induced regulation of a TLR adapter mole-
cule key in NF-kp regulation enhanced epithelial cell sur-
vival in vitro and during Citrobacter rodentium-evoked
colitis.

Materials and Methods

Colonic Epithelium and Fibroblast Culture

Human colon adenocarcinoma-derived HT29 epithelial cells
and murine subcutaneous connective tissue-derived L929 fibro-
blasts (provided by Dr. K. Chadee, Uni. Calgary) were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM; Gibson, Life Tech-
nologies) and Roswell Park Memorial Institute 1640 medium, re-
spectively, supplemented with 10% fetal bovine serum (FBS;
Benchmark Gemini Bio-Products), 1% penicillin (100 UmL™)/
streptomycin (100 pug mL~!; HyClone Thermo Fisher Scientific) in
a humidified environment with 5% CO,. For experiments, cells
were cultured in serum-free and antibiotic-free medium. Cellular
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receptor signaling was studied using chemical inhibitors (1 h pre-
treatment and through the experiment) for proteosomes (MG132,
HY-13259; MedChemExpress), human FPRL1 (WRW4, 2262;
Tocris Bioscience), P2X7 (A740003, 3701; Tocris Bioscience), and
EGFR-kinases (AG1478 hydrochloride, 1276; Tocris Bioscience)
[27]. LPS from S. typhimurium (100 ng/mL; L6143, Sigma-Al-
drich) was used as a control in L929 fibroblast experiments as this
dose combined with LL-37 (2 uM) induces IL-8 in HT29 cells [27].

Murine C. rodentium Colitis

Experiments to induce C. rodentium colitis were conducted on
male C57/BL6 (8-week-old, 20-25 gm weight) wild-type Camp*'*
and cathelicidin-null Camp™~ mice (B6.129X1-Camp™R%/J; The
Jackson Laboratory) littermates that had been co-housed for up to
10 generations in a pathogen-free environment (Univ. Calgary)
with ad libitum access to water and standard rodent chow diet.
Animal research studies were performed in accordance with the
Canadian Guidelines for Animal Welfare and the Univ. Calgary
Animal Care Committee (AC20-0050) and reported following AR-
RIVE guidelines https://arriveguidelines.org/arrive-guidelines.
Studies were conducted in males because sex differences have not
been observed in C. rodentium clearance or in the severity of the
infection-induced colitis in mice [45], and neutrophil activation by
closely related Escherichia coli is similar in males and females [46].
For infective challenge, C. rodentium was cultured on MacConkey
agar plates (16 h, 37°C), and a single colony was sub-cultured in LB
broth (5 mL, 16 h, 37°C) without shaking. Littermates were orally
inoculated (200 uL) with PBS or C. rodentium (DBS-100) at ~5 x
108 CFU, previously reported as effective to colonize C57/BL6 mice
[47]. Mice were humanely euthanized 7 days postinfection (dpi).

In restitutive experiments, Camp** and Camp™~ mice chal-
lenged with C. rodentium were injected intraperitoneally (ip.) with
synthetic CRAMP (AL0109; Shanghai Royobiotech, peptide se-
quence: H-Gly-Leu-Leu-Arg-Lys-Gly-Gly-Glu-Lys-Ile-Gly-Glu-
Ly-Leu-Lys-Lys-Ile-Gly-Gln-Lys-Ile-Lys-Asn-Phe-Phe-Gln-Lys-
Leu-Val-Pro-Gln-Pro-Glu-Gln-OH with trifluoroacetate salt, pu-
rity of >95%) at -1, 1, 3, and 5 dpi (8 mg/kg of body weight per
dose). This dose was selected because injection of CRAMP (5-10
mg/kg) into intestinal loops reduced Clostridium difficile-induced
colitis [48, 49], daily intrarectal delivery alleviated DSS model of
colitis [50], and given ip. mitigated diabetic [51], hypertrophy [52]
cardiomyopathies, and Candida albicans infection [53].

Isolation of Murine Primary Colonic Epithelial Cells

Whole colons were aseptically removed from healthy male
8-week-old wild-type Camp** and Camp~~ mice, rinsed with cold
PBS (1X), opened longitudinally, sectioned (2-cm pieces), and sus-
pended in isolation PBS buffer (10 mL) containing EDTA (5 mM;
15575020; Thermo Fisher Scientific) and DTT (0.324 M; D0632;
Sigma-Aldrich). Isolated cells were incubated (37°C, 20 min on a
rocker-shaker), passed through a cell strainer (70 pm; 10199656;
VWR), washed with cold PBS (3X), and processed for protein iso-
lation. Purity of this primary colonic epithelial cell population was
determined as CD326" (563477; BD Bioscience) CD45~ (103139;
BD Bioscience) cells using flow cytometry (~85-90%; data not
shown).

Murine Colonoids
Mini 3D-gut spheroids were developed from murine colonic
crypts [54]. Whole colon was excised aseptically, cleaned to re-

206 J Innate Immun 2023;15:204-221

DOI: 10.1159/000526121

move excess fat and mesentery, opened longitudinally, thoroughly
washed with PBS, cut (<1 mm), and suspended in 5 mM EDTA-
PBS solution (20 min, 4°C). Crypts were isolated by vigorous shak-
ing, filtered (70 um), and cultured on Matrigel matrix using Intes-
tiCult™ Organoid Growth Media (Stem Cell Technologies) for 10
days until colonoid morphology was apparent. For experiments,
colonoids suspended in Matrigel were basolaterally stimulated
with synthetic LL-37 (2 pM; for up to 8 h) added to culture media
and proteins isolated as described below.

Isolation of Murine Bone Marrow Macrophages

Bone marrow macrophages were isolated from femurs and tib-
ias aseptically removed from Camp** and Camp~~ mice [55].
Upon isolation, bone marrow macrophages were cultured (6 days)
for macrophage lineage differentiation in Roswell Park Memorial
Institute 1640 medium supplemented with 10% FBS, 2 mM L-glu-
tamine, 50 uM 2-mercaptoethanol, 10 mM HEPES buffer (pH 7.4),
1% penicillin (100 UmL™!)/streptomycin (100 pg mL™!), and 10%
conditioned media from 1929 cells (as a source of macrophage
colony-stimulating factor).

TOLLIP, LL-37, and MIR31 Plasmid Transfection into Colonic

Epithelial Cells

A short hairpin (Sh)-TOLLIP pGFP-V-RS, (Sh)-LL-37 pGFP-
V-RS, MIR31 pCMV-MIR plasmid vector, or noneffective scram-
bled shRNA construct (sham) (TG320555 and TG314213; Ori-
gene) was transfected into confluent HT29 cells (HT29ShTOLLIP,
HT29ShLL-37,and HT29MIR31, respectively) using Cell Line Nu-
cleofector® Kit V (VCA-1003; Lonza). Transfected cells were se-
lected for puromycin (30 ug/mL for ShLL-37 and 5 pug/mL for
ShTOLLIP) or neomycin (800 ug/mL for MIR31) resistance. Cells
were maintained in DMEM supplemented with either puromycin
(15 pg/mL for ShLL-37 and 2.5 pg/mL for S'TOLLIP) or neomycin
(400 pg/mL for MIR31).

Apoptosis Assessment in Colonic Epithelium

HT29 cells were treated with LL-37 at various doses and/or
times as indicated in the figures, followed by a treatment regime
that consistently induces apoptosis composed of TNFa (10-100
ng/mL; 210-TA-005/CF; R&D) and IFNy (300 IU/mL; 285-IF-
100/CF; R&D) for 16 h. Cytokine-induced apoptosis was deter-
mined by cleavage of caspase-3 and poly (ADP-ribose) polymerase
(PARP)-1 in cell lysates using Western blotting. Cell death was
monitored by assessing the content of lactate dehydrogenase
(LDH) in cell supernatants (Pierce™ LDH Cytotoxicity Assay,
88953; Thermo Fisher Scientific).

Protein Determination by Western Blotting

Total proteins from cell lysates were isolated using denatur-
ation cell extraction buffer with a protease and phosphatase in-
hibitor cocktail. Extracted proteins were blotted using specific pri-
mary antibodies to detect human TOLLIP (ab187198; Abcam and
4748; Cell Signaling Technology), murine TOLLIP (97632; No-
vusBio), cleaved caspase-3 (9661; Cell Signaling Technology),
cleaved PARP (9542; New England Biolabs), phospho-EGFR-
Tyr1068 (2234; Cell Signaling Technology), phospho-Argonaute
2-Ser393 (ab215746; Abcam), LL-37 (NBP46781; Novus Biologi-
cals), and human GAPDH-6C5 (1001; Calbiochem). Antibodies
were diluted 1:1,000 in PBS (1x) containing 5% bovine serum al-
bumin, unless listed otherwise for specific antibody. Horseradish-
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peroxidase-conjugate goat anti-mouse IgG (H + L) (115-035-146;
Jackson ImmunoResearch; 1:10,000 in PBS) or horseradish-per-
oxidase goat anti-rabbit IgG (H + L) (115-035-144; Jackson Im-
munoResearch; 1:10,000 in PBS) were used as secondary antibod-
ies and developed using the Clarity Western ECL Detection Sys-
tem (BioRad). Image capture and densitometric analyses were
performed with the ChemiDoc MP Imaging system and ImageLab
4.0.1 software (BioRad), respectively. Normalization was done
with reference to the Western blot signal for GAPDH (housekeep-
ing protein). Results were reported as fold change of target expres-
sion in stimulated groups, compared to unstimulated control
groups.

Gene Transcription Analysis by Quantitative Real-Time

Polymerase Chain Reaction

Transcription mRNA of TOLLIP and inflammatory cytokines
in human and murine colons were quantified by quantitative real-
time polymerase chain reaction (QPCR). Total RNA was isolated
by conventional methods (Ribozol™ RNA extraction), and for mi-
croRNA (miR)-31-5p, total RNA was subjected to poly A tailing
prior to cDNA synthesis (95107; QuantaBio). miR-31-5p abun-
dance was assessed using MystiCq® microRNA qPCR assay prim-
er for miR-31-5p (MIRAP00090; Sigma-Aldrich) and RNU6-1
(MIRCP00001; Sigma Adrich). Expression of mRNA was quanti-
fied by qPCR using predesigned primers (RT? qPCR Primer Assay;
Qiagen) specific for human TOLLIP (PPH05844C; NM_019009),
human IFN-y (PPH00380C; NM_000619), human TNF-«
(PPH00341F;NM_000594),humaninterleukinIL-15(PPH00171C;
NM_000576), human GAPDH (PPH00150F; NM_002046.5), mu-
rine TOLLIP (PPMO06269E; NM_023764), murine Gapdh
(PPMO02946E; NM_008084) with verified specificity and efficiency
(>95%) to ensure amplification of a single product of the correct
size, as indicated in MIQE guidelines [56]. Target gene mRNA val-
ues were corrected relative to the normalizer, RNU6-1 (for miR-
NA) or GAPDH (for mRNA). Data were analyzed using the 2-24¢T
method and reported as mean fold change of target transcript lev-
els in stimulated groups versus untreated control groups.

Determination of Secreted Cytokines into Colonic Epithelial

Cells

Secreted CXCL1,1L10, IL8 in supernatants and IL1Ra in lysates
were quantified by ELISAs (DY275,DY217B,DY208, DY280 R&D
Systems, respectively) in HT29 cells and reported as absolute val-
ues (picograms per milliliter).

TOLLIP Expression and Apoptosis Assessment in Colonic

Mucosa Using Flow Cytometry

Colonic epithelial and lamina propria fractions were isolated
and sorted on FACS CANTO-II (BD BioSciences) from Camp*/*
and Camp™~ mice (+C. rodentium at 7 dpi) as CD326" (563477;
BD Biosciences) and CD45" (563891; BD Biosciences) cells, re-
spectively. Lamina propria cells were further separated into
CD11b*Ly6G* (neutrophils) and CDI11c*CX3CRI1* (resident
macrophages). Both epithelial and lamina propria fractions were
stained with anti-TOLLIP antibody (ab187198; Abcam; 1:100 dilu-
tion). TOLLIP expression data were represented as %
CD326"TOLLIP* (epithelial cells), % CD45*CD11c¢*CX3CR1"TO
LLIP* (macrophages), and % CD45*CDI11b*Ly6G*TOLLIP*
(neutrophils). For apoptosis, cell fractions were analyzed upon
staining with CD326, CD45, 7-AAD (559925; BD Biosciences),
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and annexin V (4830-01-K; Trevigen) antibodies, wherein early
and late apoptotic cells were classified as annexin V*7-AAD™ and
annexin V*7-AAD", respectively. Data were reported as %
CD326*annexin V*7-AAD" cells or % CD326"annexin V*7-AAD*
of the total cell fraction. The representative gating strategy for
TOLLIP expression in colonic epithelium, neutrophils, and mac-
rophages is shown in online supplementary Figure S1 (for all on-
linesuppl. material, see www.karger.com/do0i/10.1159/000526121).

PMIR-31-Luciferase Reporter Assay in Colonic Epithelium

HT29 cells were co-transfected with the pMIR-31-reporter
plasmid (provided by Mien-Chie Hung, Addgene #71871) (1 ug)
and constitutively luciferase-expressing pRL plasmid from Renilla
reniformis (0.1 ug) in DMEM media (FBS and antibiotic free) using
TransIT transfection reagent (MIR5405; Mirus Bio LLC). pRL null
plasmid was used as transfection control. After overnight transfec-
tion, HT29 cells were treated as discussed above. Results were
quantified using a dual luciferase reporter assay (PR-E1910; Pro-
mega). Data were calculated as inverse of firefly luciferase activity,
normalized to control, and reported as % miR-31 expression for
three independent experiments.

Shotgun Proteomics Analysis

Colons from C. rodentium-infected Cramp*’* and Cramp™~
mice were snap frozen in dry ice immediately after collection and
stored at —80°C. Protein samples were lysed with 1% SDS (0227-
100g; VWR), 0.1M EDTA (BDH9232-500g; VWR) in HEPES (200
nM, pH 8), and protease inhibitors (11836153001; Sigma). Pro-
teins were denatured with 10 mM DTT, and cysteines were alkyl-
ated with 15 mM iodoacetamide (Rpn6302v; VWR) in dark for 25
min at RT with pH adjusted to 6.5 with HCI (46414-463; VWR).
Samples were incubated with isotopically heavy formaldehyde (40
mM 13CD,0 + 20 mM NaBH;CN [sodium cyanoborohydride])
(41860-360; VWR) or light formaldehyde (40 mM light formalde-
hyde [CH,0] + 20 mM NaBH;CN) (1CCDLM4599-1MLOFS;
ACP chemicals) (18 h, 37°C) and subjected to C18 chromatogra-
phy before being subjected to liquid chromatography and tandem
mass spectrometry (LC-MS/MS).

High-Performance Liquid Chromatography and Mass

Spectrometry

Experiments were carried out using an Orbitrap Fusion Lumos
Tribrid MS (Thermo Scientific) operated with Xcalibur (4.0.21.10)
and coupled to a Thermo Scientific Easy-nLC (nanoflow liquid
chromatography) 1,200 system (Southern Alberta Mass Spectrom-
etry, Univ. Calgary). Tryptic peptides (2 pg) were loaded onto a
C18 trap (75 pm x 2 cm; Acclaim PepMap 100, P/N 164946; Ther-
mo Scientific) at a flow rate of 2 uL/min of solvent A (0.1% formic
acid and 3% acetonitrile in LC-MS grade water). Peptides were
eluted using a 120 min gradient from 5 to 40% (5-28% in 105 min
followed by an increase to 40% B in 15 min) of solvent B (0.1%
formic acid in 80% LC-MS grade acetonitrile) at a flow rate of 0.3
pL/min and separated on a C18 analytical column (75 um x 50 cm;
PepMap RSLC C18; P/N ES803; Thermo Scientific). Peptides were
electrosprayed using 2.3 kV voltage into the ion transfer tube
(300°C) of the Orbitrap Lumos operating in positive mode. The
Orbitrap first performed a full mass spectrometry scan at a resolu-
tion of 120,000 FWHM to detect the precursor ion having an m/z
between 375 and 1,575 and a +2 to +7 charge. The Orbitrap AGC
(Auto Gain Control) and the maximum injection time were set at
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4 x 10° and 50 ms, respectively. The Orbitrap was operated using
the top speed mode with a 3 s cycle time for precursor selection.
The most intense precursor ions presenting a peptidic isotopic
profile and having an intensity threshold of at least 5,000 were iso-
lated using the quadrupole and fragmented with HCD (30% colli-
sion energy) in the ion-routing multipole. Fragment ions (MS2)
were analyzed in the ion trap at a rapid scan rate. The AGC and the
maximum injection time were set at 1 x 10? and 35 ms, respec-
tively, for the ion trap. Dynamic exclusion was enabled for 45 s to
avoid acquisition of the same precursor ion with a similar m/z (+10

ppm).

Proteomic Data and Bioinformatics Analysis

Spectral data were matched to peptide sequences in the murine
UniProt protein database using the Andromeda algorithm [57] as
implemented in the MaxQuant [58] software package v.1.6.10.23,
at a peptide-spectrum match FDR of <0.01. Search parameters in-
cluded a mass tolerance of 20 ppm for the parent ion, 0.5 Da for
the fragment ion; carbamidomethylation of cysteine residues
(+57.021464 Da); variable N-terminal modification by acetylation
(+42.010565 Da); and variable methionine oxidation (+15.994915
Da). N-terminal and lysine heavy (+34.063116 Da) and light
(+28.031300 Da) dimethylation were defined as labels for relative
quantification. The cleavage site specificity was set to Trypsin/P for
the proteomics data, with up to two missed cleavages allowed. Sig-
nificant outlier cutoff values were determined after log,) transfor-
mation by boxplot-and-whiskers analysis using the BoxPlotR tool.
Changes in abundance of proteins as log(,) (Camp™" vs. Camp*'*)
means log(,) values >0 represent proteins that were upregulated in
Camp™~ and log,) values <0 proteins that were downregulated in
Camp™~.

Statistical Analyses

Mice were randomly assigned to treatments with no criteria for
inclusion or exclusion. Comparisons were done between Camp*/*
and Camp™" mice + C. rodentium at 7 dpi. Analytical data repre-
sented as histograms were recorded as mean values with bars rep-
resenting standard errors of the mean (SEM) from a minimum of
three independent experiments, with data obtained in triplicate,
unless stated otherwise. When possible, normality was assessed us-
ing Shapiro-Wilk (Royston) tests. All comparisons were per-
formed using either a two-sided unpaired Student’s t test or a one-
way analysis of variance with a post hoc Bonferroni correction for
multiple group comparisons or two-way analysis of variance. A p
value was assigned to each group with reference to control group,
unless shown specifically on the graph, and p < 0.05 was accepted
as a statistically significant difference. All statistical analyses were
performed with GraphPad Prism (v5.0).

Results

Cathelicidins Sustained TOLLIP Production in

Colonic Epithelium from Mice Infected with C.

rodentium, Cultured Epithelia, and Colonoids

Since cathelicidins modulate TLR responses in colon-
ic epithelia [27, 59, 60], we investigated their possible im-
pact on the TLR downstream effector, TOLLIP. While
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TOLLIP protein was minimally expressed in the colonic
epithelium of noninfected Camp** and Camp~~ mice
(Fig. 1a), Camp*’* mice infected with C. rodentium dis-
played abundant TOLLIP immunostaining at 7 dpi with
marked expression in epithelial cells at the top of colonic
crypts. These increases in TOLLIP abundance in re-
sponse to C. rodentium did not occur in colons of Camp ™~
mice (Fig. 1a). In addition, primary colonic epithelium
isolated from Camp*/* mice revealed more immunoblot-
ted TOLLIP protein compared to epithelia from Camp~~
colons (Fig. 1b, full blot in online suppl. Fig. S2A). Flow
cytometry confirmed that colonic TOLLIP was present
in CD326" epithelial cells during homeostasis and at 7
dpi with C. rodentium, with increased expression levels
in Camp™* mice (Fig. 1c). Intraperitoneal injection of
synthetic murine cathelicidin (CRAMP; 8 mg/kg of body
weight) before and during C. rodentium colonization (at
-1, 1, 3, and 5 dpi) increased TOLLIP expression in
CD326" epithelial cells of Camp~~ mice but had no sig-
nificant effect in Camp™™* littermates (Fig. 1c). TOLLIP
protein was also more abundant in Camp*’* bone mar-
row-derived macrophages under homeostasis (online
suppl. Fig. S2B) and during C. rodentium infection (on-
line suppl. Fig. S2C, D) in lamina propria
CD45*CD11b*Ly6G™* neutrophils (online suppl. Fig.
§2C) and CD45*CD11c*CX3CR1* macrophages (online
suppl. Fig. S2D) compared to Camp~/~ cells. TOLLIP
mRNA in the colonic epithelium was not different be-
tween Camp** and Camp~~ mice (online suppl. Fig.
S2E), suggesting that cathelicidin-deficient mice have
impaired colonic post-transcriptional synthesis of TOL-
LIP.

The mechanisms by which cathelicidins induce TOL-
LIP were studied in human colon-derived HT29 epithe-
lial cells. Increasing concentrations of LL-37 (1-10 pg/
mL, equivalent to 0.2-2 uM) or treatment times up to 8 h
did notincrease TOLLIP mRNA expression in HT29 cells
(online suppl. Fig. S2F) but did increase TOLLIP protein
abundance (Fig. 1d). HT29 cells exposed to high concen-
trations of LL-37 (e.g., 200 pg/mL) had reduced TOLLIP
protein (online suppl. Fig. S3A), consistent with reports
of cytotoxic effects of elevated doses of cathelicidins [61].
Colonic organoids from normal/control Camp** mice
also showed increased TOLLIP protein levels following
exposure to LL-37 (Fig. le). LL-37 increased TOLLIP
protein in murine adipose-derived (L929) fibroblasts
(online suppl. Fig. S3B).
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Cathelicidin-Upregulated TOLLIP Prevented IRAK-

1 Phosphorylation and Pro-Inflammatory Cytokine

Synthesis in Colonic Epithelium

Because TOLLIP prevents phosphorylation to inhibit
IRAK-1/NF-kf signaling in macrophages [39, 62, 63], we
investigated if the TLR-IRAK-1 axis in colonic epithelia
was impacted by the ability of cathelicidin to increase
TOLLIP. On average, phospho-IRAK-1 was reduced in
primary colonic epithelial cells from Camp** mice com-
pared to those from Camp~~ littermates (Fig. 2a). Pre-
treatment with LL-37 prevented phosphorylation of
IRAK-1 in LPS-stimulated HT29 cells (Fig. 2b). To deter-
mine if cathelicidins reduce IRAK-1 activation through
TOLLIP, endogenous LL-37 and TOLLIP were silenced
in HT29 cells (knockdown efficiency ~90% for LL-37
(online suppl. Fig. S3C) and TOLLIP (online suppl. Fig.
S3D) cells. Both shLL-37 and shTOLLIP HT29 cells ex-
pressed higher basal phospho-IRAK-1 compared to sh-
am-transfected HT29 cells (Fig. 2¢).

We next evaluated if LL-37 regulates inflammatory
signaling directly through TOLLIP. shTOLLIP HT29
cells stimulated with LL-37 had increased expression of
IFNy, TNFa«, and ILI mRNA, but the responses were
lesser compared with TOLLIP-expressing sham-trans-
fected HT29 cells (Fig. 2d). Regardless of TOLLIP avail-
ability, secretion of CXCLI, IL10, IL8 and production of
IL1Ra remained unaffected post-LL-37 treatment (for up
to 16 h) (online suppl. Fig. S3E). Collectively, the data in-
dicate that cathelicidins via TOLLIP inhibition of phos-
pho-IRAK-1 in colonic epithelia limit the synthesis of
proinflammatory cytokines.

Fig. 1. Cathelicidins upregulate TOLLIP abundance in colonic ep-
ithelium. Camp** and Camp~'~ mice were given C. rodentium (~5
x 108 CFU in 200 pL of PBS) or PBS by oral gavage. a TOLLIP im-
munostaining in colons showing abundant expression in Camp*/*
colonic epithelium at the top of the crypts (7 days postinfection),
while Camp™~ mice did not produce TOLLIP in response to C.
rodentium. Images were taken with a ZEISS AXIO microscope
(20X, NA 0.5) and analyzed by ZEN 2.6 (2018) software. Fluores-
cent TOLLIP (green) was calculated using Image] 1.53c software
(National Institute of Health, USA) and represented as mean fluo-
rescence intensity (MFI). Data are shown as means + SEM (n = 3-7
mice/group) and analyzed by Kruskal-Wallis test for mean com-
parison and Mann-Whitney U test. p < 0.05 was considered sig-
nificant. b TOLLIP synthesis in colonic epithelial cells of Camp*/*
and Camp~~ mice determined by Western blotting (1 = 4 mice/
group, numbered at top), and the corresponding bar graph depict-
ing quantification of the blot after normalization to GAPDH. ¢

210 J Innate Immun 2023;15:204-221

DOI: 10.1159/000526121

Cathelicidins Induced Trans-Activation of Epidermal

Growth Factor Receptor (EGFR) in Colonic

Epithelium

To assess mechanisms of TOLLIP regulation, cell sur-
face receptors previously implicated in mediating cathe-
licidin’s effect on enterocytes and leukocytes were exam-
ined, namely, EGFR, FPR2, and P2X7 [19]. Blocking of
EGEFR phosphorylation/activation with the EGF kinase
inhibitor, AG1478, reduced LL-37-induced expression of
TOLLIP, whereas FPR2- or P2X7-selective inhibitors did
not alter the LL-37 effect (Fig. 3a). A scrambled peptide
sequence of LL-37 (sLL-37) did not affect TOLLIP abun-
dance (Fig. 3a). Furthermore, LL-37 increased phospho-
EGFR in HT29 cells (Fig. 3b). Primary colonic epithelium
from Camp*/* mice displayed higher constitutive phos-
pho-EGFR compared to cells from Camp~~ mice (Fig. 3¢).

Cathelicidins Inhibited miRNA-31 to Increase
TOLLIP and Regulate RNA Silencing Dicer Argonaute
2(AGO2)

In the absence of evidence that cathelicidins alter TOL-
LIP gene transcription (online suppl. Fig. S2E, F), post-
transcriptional regulation was considered. We focused on
miR-31, a single-stranded non-coding RNA that cleaves
mRNA targets [64] and represses TOLLIP expression in
enteric epithelia [65] and THP-1 monocytes [66]. Stimu-
lation of HT29 cells with LL-37 reduced the gene expres-
sion (Fig. 4a) and activity of miR-31 as determined in a
luciferase reporter assay (Fig. 4b). The reduced gene ex-
pression of miR-31 by LL-37 in HT29 cells was abrogated
by co-treatment with the EGFR kinase inhibitor, AG1478
(Fig. 4c). Overexpression of miR-31 in HT29 cells (~3-
fold) (online suppl. Fig. S3F) prevented LL-37-induced

Flow cytometry analysis of TOLLIP expression in primary colonic
epithelial (CD326") cells isolated from Camp*’* and Camp™~ mice
infected with C. rodentium and ip. injected with synthetic CRAMP
(8 pg/body weight g; —1-, 1-, 3-, and 5-days postinfection). The
staggered histogram shows cell counts on the y-axis and TOLLIP
protein synthesis intensity on x-axis. The bi-directional arrow on
the top of the second peak on histogram represents cell population
with increased TOLLIP protein synthesis. d, e TOLLIP quantifica-
tion in (d) HT29 cells and (e) Camp*’* colonoids stimulated with
LL-37 (2 uM; for up to 8 h) determined by Western blotting with
corresponding bar graphs depicting quantification of the blots af-
ter normalization to GAPDH. Blots are representative of 3 inde-
pendent experiments with comparable results. Data are mean +
SEM. p < 0.05 (two-way ANOVA or one-way ANOVA post hoc
Bonferroni correction for multiple group comparison) was con-
sidered significant.
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Fig. 2. Cathelicidins prevent IRAK-1 phosphorylation and proin-
flammatory cytokine expression in colonic epithelium via TOLL-
IP. a Constitutive IRAK-1 phosphorylation (pIRAK-1) in primary
colonic epithelial cells isolated from Camp** and Camp~~ mice
determined by Western blotting (# = 5 mice/group, numbered at
top). b, c IRAK-1 phosphorylation (pIRAK) in (b) wild-type HT29
cells and (c) HT29 cells sham transfected or knocked-down for
endogenous LL-37 (shLL37) or TOLLIP (shTOLLIP) stimulated
by (b) LL-37 (2 uM; 8 h) or (c) nonstimulated after challenge with
(b) LPS (0.1 or 10 pg/mL; 2 h) or (c) inert control (sham) deter-
mined by Western blotting. a-c Relative pIRAK:GAPDH signal

Cathelicidins Induce TOLLIP in Colonic
Epithelium

ratios obtained by densitometry with corresponding bar graphs
depicting quantification of the blots after normalization to GAP-
DH. b, ¢ Blots are representative of three independent experiments
with comparable results. d mRNA expression of IFNy, TNFa, and
IL1P in HT29 cells either wild-type (sham) or sh-down-regulated
TOLLIP (shTOLLIP) cells upon treatment with LL-37 (2 uM, 16 h)
determined by qPCR. Data were represented relative to GAPDH.
Data are means = SEM. p < 0.05 (one-way ANOV A post hoc Bon-
ferroni correction for multiple group comparison or two-tailed
Student’s ¢ test for 2 groups) was considered significant.
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Fig. 3. Cathelicidins induce colonic TOLLIP upregulation via
EGFR activation-phosphorylation. a TOLLIP protein synthesis in
HT29 cells pretreated with chemical inhibitors/antagonists for
EGFR kinase (AG1478; 1 uMm), formyl peptide receptor-like-1
(WRW4; 10 puM), purinergic P2X7 receptor (A740003; 10 uMm), or
DMSO vehicle (1 h), followed by treatment with LL-37 (2 uM) or
scrambled LL-37 peptide (sLL37, 2 uM; 8 h) determined by West-
ern blotting. Data were represented relative to the GAPDH signal
by densitometry. Blots are representative of 3 independent exper-
iments with comparable results. b EGFR phosphorylation-activa-
tion in HT29 cells upon treatment with LL-37 (2 um) for variable

TOLLIP upregulation (Fig. 4d). Primary colonic epithelia
from Camp*’* mice showed lower miR-31-5p expression
compared to Camp '~ littermates (Fig. 4e). We next test-
ed whether TOLLIP degradation in the absence of LL-37
was through proteosome activity. While LL-37 alone en-
hanced TOLLIP synthesis in HT29 cells, the proteosome
inhibitor, MG132, prevented the stimulatory effect of cat-
helicidin; then, TOLLIP expression remained at control
levels (Fig. 4f).

To further explore the role of cathelicidins in TOLLIP
RNA silencing, a shotgun proteomic profile of colons
from Camp*/* and Camp~~ mice infected with C. roden-
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times (top of blot) determined by Western blotting. Synthetic EGF
(1 ng/mL; 2 h) was used as a positive control. Blots are representa-
tive of 3 independent experiments with comparable results. ¢
Spontaneous EGFR phosphorylation in primary colonic epithelial
cells isolated from Camp™* and Camp~~ mice (n = 5 mice/group,
numbered at top) determined by Western blotting. a-c Corre-
sponding bar graphs depicting quantification of the blots after nor-
malization to GAPDH illustrated next to the blots. Data are mean
+ SEM. p < 0.05 (two-way ANOVA or one-way ANOVA post hoc
Bonferroni correction for multiple group comparison) was con-
sidered significant.

tium (7 dpi) was conducted (online suppl. Fig. S4). Co-
lons from C. rodentium-infected Camp~~ mice had in-
creased expression of proteins involved in RNA silencing
and mRNA metabolic processing pathways (online suppl.
Fig. $4). Specifically, C. rodentium-infected Camp™~ co-
lons showed dicer Argonaute 2 (AGO2), a protein that
cleaves pre-miRNAs, in association with the functionally
related proteins, mRNA repressive Y-box-binding pro-
tein (Ybx3), zinc finger CCCH-type containing antiviral
(Zc3hav) 1, polyadenylate-binding nuclear protein (Pab-
pn) 1, and tudor domain containing (Tdrd) 1 (online sup-
pl. Fig. S4; Table 1). Subsequently, LL-37 increased phos-
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pho-AGO2 expression in HT29 cells, an effect abrogated
by AG1478 (Fig. 4g). Isolated colonic epithelia from
Camp*’* mice revealed increased phospho-AGO2 com-
pared to those from Camp ™~ mice (Fig. 4h). Thus, cathe-
licidins could lower miR-31 levels in colonic epithelium
by activation of its negative regulator, AGO2.

TOLLIP Upregulated by Cathelicidins Decreased

TNFao/Ifny-Induced Epithelial Apoptosis

Since LL-37 prevents apoptosis in endothelial cells
[67] and neutrophils [68], and TOLLIP signaling is asso-
ciated with apoptosis suppression in bronchial [69] and
colonic epithelia [43], we sought to determine if a func-
tional impact of cathelicidin induction of TOLLIP is in-
creased epithelial survival. Both Camp** and Camp~'~
mice showed comparable overall numbers of apoptotic
cells in distal colons at 7 and 14 dpi with C. rodentium as
determined by TUNEL assay (online suppl. Fig. S5A, B).
However, the number of early and late apoptotic CD326*
epithelial cells increased in colons of both Camp*’* and
Camp™~ mice at the peak of C. rodentium-induced colitis
(i.e., 7 dpi), but it was higher in Camp~~ mice (Fig. 5a).
Furthermore, Camp ™~ epithelial cells were more sensi-
tive to apoptosis, as gauged by higher levels of cleaved
caspase-3 and PARP compared with C. rodentium-infect-
ed Camp*’* epithelia (Fig. 5b). To determine if the pre-
vention of apoptosis by cathelicidins is dependent on
TOLLIP, shTOLLIP HT29 cells were treated with TNFa
(100 ng/mL) + IFNy (300 IU/mL) to induce apoptosis
(Fig. 5¢, d). LL-37 reduced caspase-3 and PARP cleavage
(Fig. 5¢) and LDH release (Fig. 5d) in sham-transfected
HT29 cells but not in TOLLIP-silenced cells. The pro-
teomic analysis of C. rodentium-infected Camp™* colons

Fig. 4. Cathelicidins promote colonic TOLLIP expression via pro-
teosome activation, EGFR-mediated AGO2 phosphorylation, and
downregulation of miR-31. a miR-31 quantification in HT29 cells
stimulated with LL-37 (2 pum) for the stated times by qPCR. Data
are represented as fold change relative to LL-37. U6 snRNA was
used to normalize the miRNA-31 signal. b, c miR-31 expression in
HT29 cells (b) untreated or (c) pretreated with EGFR kinase in-
hibitor (AG1478; 1 uM, 1 h) stimulated with LL-37 (2 uMm) deter-
mined by luciferase assay. Luciferase signal was calculated as the
inverse of luciferase activity normalized to constitutive luciferase
activity of pRL null plasmid used as transfection control. d TOL-
LIP protein synthesis in HT29 cells transfected with empty vector
(sham) or a miR-31 overexpression plasmid (d) stimulated with
LL-37 (2 uM) determined by Western blotting and represented rel-
ative to the GAPDH signal. e miR-31 expression in primary co-
lonic epithelial cells isolated from Camp** and Camp~~ mice (n
= 4-5 mice/group) quantified by gPCR and normalized using U6
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(7 dpi) demonstrated enrichment for peroxisome prolif-
erator-activated receptor (PPAR) signaling pathways
(online suppl. Fig. $4), associated with apoptosis, differ-
entiation, and cell cycle arrest [70, 71]. Moreover, single
protein resolution analysis in C. rodentium-infected
Camp™~ colons compared to Camp™* showed an in-
crease in the proapoptotic factor, serine/threonine-pro-
tein kinase (PRKC) apoptosis WT1 regulator protein
(PAWR) (log(;) value 1.94) and a decrease in the anti-
apoptotic protein, apoptosis antagonizing transcription
factor (AATF) (logy) value —6.8) (Table 1). Thus, we sur-
mise that cathelicidins might sustain the lifespan of co-
lonic epithelium via TOLLIP.

Discussion

This study establishes that cathelicidins regulate TLR
signaling in colonic epithelium by sustaining TOLLIP, a
negative TLR/IRAK-1/NF-kP adapter [39]. Moreover,
cathelicidin-mediated maintenance of TOLLIP, via EGFR
activation and reduction of miR-31, reduces the synthesis
of proinflammatory cytokines and enhances cell survival
in colonic epithelia. These findings underscore the anti-
inflammatory capacity of LL-37 [4], many of which con-
verge on regulation of the TLR4/TRL2/1-NF-kp axis [21,
25, 26, 72-74] and denote the importance of this peptide
in mobilizing epithelial innate defenses [27]. In accor-
dance with the data herein, TOLLIP has been found to
inhibit LPS-mediated IRAK-1 phosphorylation in em-
bryonic kidney epithelial (HEK293) cells [62] and nitric
oxide synthase-mediated NO/COX2 and IL8 production
in HT29 cells [75]. Moreover, TOLLIP reduces secretion

snRNA. f TOLLIP protein synthesis in HT29 cells pretreated with
the proteosome inhibitor (MG132; 10 uM, 1 h) stimulated with LL-
37 (2 uM; 8 h) determined by Western blotting and represented
relative to the GAPDH signal. g Time course of AGO2 phosphor-
ylation-inactivation (pAGO2) in HT29 cells + EGF kinase inhibi-
tor (AG1478; 1 mM, 1 h pretreatment) determined by Western
blotting and represented relative to the GAPDH signal. h AGO2
phosphorylation-inactivation in Camp** and Camp~~ mice as-
sessed by Western blotting and normalized to the GAPDH signal
(n = 5 mice/group). b, f-h Corresponding bar graphs depicting
quantification of the blots after normalization to GAPDH illus-
trated next to the blots. b, f-g Blots were representative of 3 inde-
pendent experiments with comparable results. Data are mean *
SEM. p < 0.05 (two-way ANOVA or one-way ANOVA post hoc
Bonferroni correction for multiple group comparison) was con-
sidered significant.
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Fig. 5. Cathelicidins prevent C. rodentium-induced apoptosis in
murine colonic epithelium and cytokine-induced apoptosis in
HT29 cells via TOLLIP. a Flow cytometry analysis of colonic
CD326" “early apoptotic” (Annexin* 7AAD~) and “later apoptot-
ic” (Annexin*7AAD") epithelial cells and (b) cleaved caspase-3
and PARP in colonic epithelium from Camp*/* and Camp~~ mice
infected with C. rodentium at 7 days postinfection (n = 4 mice/
group, numbered at top) analyzed by Western blotting. GAPDH
was used as a housekeeping control. ¢ Cleaved caspase-3 and PARP
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determined by Western blotting and (d) cell death analyzed by
LDH activity in supernatant from HT29 cells pretreated with LL-
37 (10 pg/mL; 8 h) followed by a combination of TNFa (100 ng/
mL) and IFNy (300 U/mL) for 16 h. b, ¢ Corresponding bar graphs
depicting quantification of the blots after normalization to GAP-
DH illustrated next to the blots. Data are mean + SEM. p < 0.05
(one-way ANOVA post hoc Bonferroni correction for multiple
group comparison or two-tailed Student’s ¢ test for two groups)
was considered significant.

] Innate Immun 2023;15:204-221 215
DOI: 10.1159/000526121



Table 1. Major protein hits identified in upregulated mRNA metabolic process pathways from C. rodentium-infected Camp™~ colons and

involvement in different biological processes

Protein name Gene name Log, (Camp‘/‘: Biological process (GO)
Camp+/+)

KH domain-containing, RNA-binding, signal Khdrbs3 591 Positive regulation of RNA splicing; regulation of alternative

transduction-associated protein 3 mRNA splicing, via spliceosome; regulation of mRNA splicing, via
spliceosome

Pinin Pnn 1.64 RNA splicing; mRNA processing; cell-cell adhesion

Splicing factor 3A subunit 2 Sf3a2 3.49 U2-type pre-spliceosome assembly; spliceosomal complex
assembly; ribonucleoprotein complex assembly

Polyadenylate-binding protein 2 Pabpn1 1.79 Positive regulation of polynucleotide adenylyltransferase activity;
regulation of polynucleotide adenylyltransferase activity; poly(A)+
mRNA export from nucleus

WDA40 repeat-containing protein SMU1; WD40 Smul 1.83 RNA splicing, via transesterification reactions; RNA splicing, via

repeat-containing protein SMU1, N-terminally transesterification reactions with bulged adenosine as

processed nucleophile; mRNA splicing, via spliceosome

Survival of motor neuron-related-splicing factor 30 Smndc1 1.66 RNA splicing; mRNA processing; mRNA metabolic process

Zinc finger CCCH-type antiviral protein 1 Zc3hav1 2.26 Positive regulation of RIG-I signaling pathway; cellular response to
exogenous dsRNA; regulation of RIG-I signaling pathway

AHNAK nucleoprotein 2 Ahnak2 1.66 Regulation of RNA splicing; regulation of RNA metabolic process;
regulation of nucleobase-containing compound metabolic
process

Plakophilin-3 Pkp3 1.61 Desmosome assembly; desmosome organization; negative
regulation of mRNA catabolic process

MKIAA3013 protein Scaf11 1.79 Spliceosomal complex assembly; ribonucleoprotein complex
assembly; ribonucleoprotein complex subunit organization

Protein Argonaute-2 Ago2 1.82 Regulation of translation, ncRNA mediated; positive regulation of

translation, ncRNA mediated; mRNA destabilization-mediated
gene silencing by siRNA

of IL6, TNFa, and IFN{ in murine macrophages [76] and
abolishes inflammatory signaling in murine medullary
thick ascending limbs [77]. Given the immunoregulatory
characteristics of TOLLIP-driven LPS-TLR signaling,
cathelicidins may contribute to gut hypo-responsiveness
to LPS to limit exaggerated inflammatory responses.
Here, cathelicidins promoted post-transcriptional
synthesis of TOLLIP in colonic epithelium independent
of de novo transcription, and a similar uncoupling of
TOLLIP mRNA and protein synthesis was reported in
murine colon but not small bowel extracts [65]. Our data
in primary murine colonic epithelium and human epithe-
lial HT29 cells showed cathelicidins increased TOLLIP
via phosphorylation of EGFR, although LL-37-treated
epithelia did not produce measurable amounts of re-
leased EGF (data not shown). In accordance, LL-37 alone
has no effect on EGFR phosphorylation [78] and CRAMP
fails to interact with EGFR in vitro [79], but combined
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with LPS, LL-37 activates EGFR in colonic epithelium
[27]. LL-37 induces EGFR phosphorylation in keratino-
cytes [80, 81]. The mechanism of EGFR activation by cat-
helicidins awaits elucidation, although it likely occurs via
intracellular receptor transactivation due to perturbation
in cholesterol-rich lipid raft domains in the plasma mem-
brane [27]. Supporting this assumption, cholesterol de-
pletion in the fibroblast plasmalemma induces EGFR ac-
tivation in a ligand-independent manner [82].

The effect of cathelicidins on TOLLIP via EGFR elic-
ited AGO2 phosphorylation while reducing mature miR-
31 (miR-31-5p). A crosstalk between EGFR and AGO2
could regulate miR processing as EGFR signaling has
been shown to increase miR-21 in the human bronchial
epithelial (HBET2) cell line [83], and AGO2 ablation in-
creases phospho-EGFR and mature miRs in murine pan-
creas [84, 85]. Conversely, EGFR phosphorylates AGO2
and reduces miR-31-5p expression in hypoxic HeLa cells
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mechanisms elicited by cathelicidins to
sustain TOLLIP synthesis in colonic epi-
thelium. Cathelicidins activate intracellu-
larly EGFR in colonic epithelial cells and
promote phosphorylation of AGO2. This
action inactivates AGO2 and the matura-
tion of miR-31. Non-functional miRNA-31
is not available to promote catalytic degra-
dation of TOLLIP and thus sustained TOL-
LIP synthesis occurs. TOLLIP suppresses
TLR/MYDS88/IRAK-1 signaling and the
synthesis of proinflammatory cytokines
(IFNy, TNFa, IL1P) and promotes cell sur-
vival by inhibiting apoptosis.
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[86], and EGFR signaling downregulates miR-143/145
expression in colonic tumors [87]. Phosphorylation of
AGO2 causes its degradation or inactivation [88, 89], and
hence, cathelicidins by transactivating the EGFR could
suppress AGO2 activity. Indeed, we detected abundant
AGO2 proteinin colonsof C. rodentium-infected Camp ™~
mice compared to Camp*’* mice. Since EGFR inhibits
miRNA maturation through phosphorylation of AGO2
in hypoxic breast cancer cells [86], cathelicidin-evoked
phosphorylation of AGO2 via EGFR would inactivate
AGO?2 and repress miRNA-31 maturation (Fig. 6). Re-
pression in miR levels can occur through an ubiquitin-
proteasome pathway [90], and use of MG132 indicates a
role for the proteosome machinery in cathelicidin preser-
vation of TOLLIP protein stability in colonic epithelia.
Further studies should elucidate additional aspects of the
mechanism of cathelicidins maintenance TOLLIP, in-
cluding direct phosphorylation of tyrosine-kinase sub-
strates, for example, TOLLIP by EGF [91] and phosphor-
ylation of TOLLIP-associated Tom1L1 proteins [92, 93].

The proposed link between cathelicidins and TOLLIP
with miR-31-5p could be important in the regulation of
inflammation. Reduced miR-31-5p expression is associ-
ated with enhanced TOLLIP in murine colons [65], and
an LL-37 analog, FF/CAP18, provokes secretion of exo-
somes containing miR-31-5p from human colonic epi-
thelial (HCT116) cells [94]. In addition, cathelicidin and

Cathelicidins Induce TOLLIP in Colonic
Epithelium

miRNAs might act reciprocally, since LL-37 increases
miR200c-3p levels in HT29 cells, whereas overexpression
of miR-130a in murine bone-marrow derived mononu-
clear cells reduces Camp expression [95, 96]. Administer-
ing CRAMP at doses shown to protect mice from infec-
tious [48, 49] and abiotic [50] colitis and auto-inflamma-
tory diseases [51, 52] partially replenished colonic
expression of TOLLIP in C. rodentium-infected Camp™~~
mice. But naive mice treated with CRAMP showed unal-
tered TOLLIP protein synthesis. These data are consis-
tent with the earlier finding that LPS is critical for cathe-
licidin induction of colonic epithelial cytokine production
[27].

Colitis evoked by attaching/effacing enteropathogens
has been associated with colonic epithelial damage [97,
98] and apoptosis due to aberrant TLR signaling and ex-
aggerated release of proinflammatory cytokines [99-
101]. Although the antiapoptotic role of cathelicidins is
not yet fully understood, low concentrations of LL-37 (~1
pg/mL) prevent LPS-induced apoptosis in murine endo-
thelial cells [67] and enhance expression of the antiapop-
totic signal, Bcl-x(L), in human neutrophils [68]. Our
data indicate that cathelicidins, via TOLLIP, sustain co-
lonic epithelial cell survival in the face of challenge with
IFNy and TNFa, and in C. rodentium-evoked murine
colitis. Moreover, apoptotic caspase-3 and PARP proteins
along with early apoptotic colonic epithelial cells pre-
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vailed in Camp~~ mice after infection with C. rodentium.
Lack of differences between C. rodentium-infected
Camp~~ and Camp*’* mice in TUNEL" cells via micro-
scopical quantification likely correspond to excessive ep-
ithelial cells lost in Camp™~ mice during infection as
apoptotic colonic epithelium can be shed into the intesti-
nal lumen during C. rodentium infection [102]. In con-
cordance with our data, endogenous TOLLIP reduces in-
testinal epithelial apoptosis in response to DSS [42, 103]
and downregulates apoptosis-related genes in mice dur-
ing early tumorigenesis [43]. Similarly, our proteomic
analysis revealed higher expressions of apoptosis-induc-
ing effectors, such as PARP13, in C. rodentium-infected
Camp™~ colons compared to Camp** mice. PARP13
RNA-binding protein regulates mRNA stability and
counteracts TNF-related apoptosis-inducing ligand
(TRAIL) R4, a decoy receptor for TRAIL [104]. More-
over, PPAR, abundant in C. rodentium-infected Camp” +
colons, has been associated with cell lifespan [70, 71] and
induces colon epithelial cell survival via vascular endo-
thelial growth factor (VEGF) signaling pathways [105].
Proteomic analysis in C. rodentium-infected Camp~'~
mice also showed higher caspase-8 protein, a downstream
effector in extrinsic apoptosis triggered by TNFa + IFNy
[106]. Other post-transcriptional effects on cathelicidins
could further mitigate LPS-TLR4 signaling, including the
citrullination of arginine residues in LL-37 that decreases
its affinity for LPS [107].

In summary, while concentrations of cathelicidins as
high as 300 uM have been reported in cases of atopic der-
matitis, pneumonia, or systemic infection in newborn in-
fants [12], we present evidence that lower, physiological-
ly relevant levels of cathelicidins (i.e., <2-4 um) limit pro-
inflammatory cytokine production by colonic epithelia
and promote cell survival. Mechanistically, these events
require EGFR activation and reduced miR-31 to sustain
TOLLIP protein, which in turn reduces IRAK-1 activa-
tion.
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