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EPITHELIAL AND MESENCHYMAL CELL BIOLOGY
The Epithelial Danger Signal IL-1a Is a Potent
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Intestinal epithelial cell (IEC) death is typical of inflammatory bowel disease (IBD). We investigated: i)
whether IECereleased necrotic cell products (proinflammatory mediators) amplify mucosal inflamma-
tion, ii) the capacity of necrotic cell lysates from HT29 cells or human IECs to induce human intestinal
fibroblasts’ (HIF) production of IL-6 and IL-8, and iii) whether IL-1a, released by injured colonocytes,
exacerbated experimental IBD. Necrotic cell lysates potently induced HIF IL-6 and IL-8 production
independent of Toll-like receptors 2 and 4, receptor for advanced glycation end-products, high-mobility
group box 1, uric acid, IL-33, or inflammasome activation. IL-1a was the key IEC-derived necrotic cell
product involved in HIF cytokine production. IL-1aepositive cells were identified in the epithelium in
human IBD and dextran sulfate sodium (DSS)-induced colitis. IL-1a was detected in the stool of colitic
mice before IL-1b. IL-1a enemas reactivated inflammation after DSS colitis recovery, induced IL-1
receptor expression in subepithelial fibroblasts, and activated de novo inflammation even in mice
without overt colitis, after the administration of low-dose DSS. IL-1a amplifies gut inflammation
by inducing cytokine production by mesenchymal cells. IL-1aemediated IECefibroblast interaction may
be involved in amplifying and perpetuating inflammation, even without obvious intestinal damage.
IL-1a may be a target for treating early IBD or preventing the reactivation of IBD. (Am J Pathol 2015,
185: 1624e1637; http://dx.doi.org/10.1016/j.ajpath.2015.02.018)
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Intestinal epithelial cell (IEC) injury and death are extremely
common events but only recently have been recognized as
drivers of inflammation.1e3 Excessive cell death results in
barrier defects and uncontrolled bacterial translocation that
together induce and sustain gut inflammation.1,4 In addition,
epithelial cells contain a myriad of intracellular substances
normally not recognized by the immune system but, during
cell necrosis, they are passively released in the surrounding
microenvironment and trigger inflammation. This response
may represent a novel pathogenic component of inflamma-
tory bowel disease (IBD), since epithelial damage is a
typical feature of both ulcerative colitis and Crohn dis-
ease.5,6 Cell products released by cells undergoing necrosis
(passive, programed, or after apoptosis) are called damage-
associated molecular patterns (DAMPs) or alarmins as they
stigative Pathology.
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alert the immune system and trigger a sterile inflammatory
response.7 These events give rise to the danger model of
immunity, which suggests that inflammation is preferen-
tially geared to defend against host damage rather than
foreign signals.8,9

DAMPs represent the endogenous counterpart of exoge-
nous pathogen-associated molecular patterns.10 DAMP
signals are likely to converge with microbe-derived
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DAMPs in Inflammatory Bowel Disease
pathogen-associated molecular patterns to amplify inflam-
mation, as they share various receptors and elicit similar
responses.11,12 This integration is especially important to the
microbiota-rich gut microenvironment, where plentiful and
diversified signals that mediate key cell interactions in IBD
are elicited. Evidence of the involvement of DAMPs in IBD
pathogenesis is limited. IBD tissue releases abundant
S100A12, S100A8/S100A9 complexes (calprotectin)13 and
high-mobility group box 1 (HMGB-1), which serve as fecal
biomarkers of intestinal inflammation.14 Hmgb-1 levels are
elevated in Il10�/� and in dextran sulfate sodium (DSS)-
induced murine colitis; blockade of Hmgb-1 ameliorates
inflammation.15,16

IL-1a has been recognized as a major product of
epidermal keratinocytes and enterocytes for some time17,18

but has only recently emerged as a major DAMP and
inducer of sterile inflammation.19e22 This prototypical
member of the IL-1 family is involved in the pathogenesis
of several acute and chronic inflammatory diseases and is
expressed in most cells, including IECs. However, unlike its
other family member IL-1b, little information is available on
the mechanisms by which IL-1a may function as a DAMP
in intestinal inflammation.23,24

We report here that epithelial cellederived DAMPs elicit
a potent proinflammatory cytokine response from human
intestinal fibroblasts (HIFs). These cells are active partici-
pants in intestinal inflammation,25 acting as first responders
to products of epithelial cell necrosis due to their anatomical
proximity. Among a number of potential DAMPs, our data
indicate that IL-1a appears to be the major alarmin involved
in the induction of proinflammatory cytokine production by
fibroblasts. We also present evidence that IL-1a is an early
mediator and reactivator of intestinal injury in vivo in
experimental colitis, suggesting a key role in the patho-
genesis of IBD.
Materials and Methods

Human Colonic Tissue Specimens

Human colonic tissue samples were obtained according to
the protocol approved by the Cleveland Clinic Institutional
Review Board (protocol 12e383; Cleveland, OH).
Cells and Reagents

HT29 cells (ATCC HTB-38) and THP1 cells (ATCC
TIB-202) were purchased from the ATCC (Manassas, VA).
Ultrapure lipopolysaccharide (LPS) was purchased from
InvivoGen (San Diego, CA). All cytokines [tumor necrosis
factor (TNF)-a, IL-1a, and IL-1b] were purchased from
PeproTech Inc. (Rocky Hill, NJ). Monosodium urate crys-
tals (5 mg/mL stock solution in phosphate-buffered saline
(PBS; InvivoGen) were vortexed for 5 minutes before use to
obtain a homogeneous suspension.
The American Journal of Pathology - ajp.amjpathol.org
Cell Isolation and Culture

Primary HIFs were isolated and cultured as previously
described.26 Briefly, HIFs were derived from outgrowths of
minced colonic mucosa explants placed on etched polystyrene
flasks containing HIF growth medium comprising Dulbecco’s
modified Eagle’s medium, 10% fetal bovine serum (FBS), 2
mmol/L L-glutamine, 25 mmol/L HEPES, 100 U/mL peni-
cillin, 100 mg/mL streptomycin, and 0.25 mg/mL amphotericin
B (all purchased from Lonza, Basel, Switzerland) and used
between passages 4 and 10 at 80% confluence.

IECs were isolated by a method that has been previously
reported in detail.27 Peripheral blood monocytes and neu-
trophils and lamina propria mononuclear cells were isolated,
and THP1 monocytic cells were cultured as previously
described.27e29

Necrotic cell lysates (NCLs; diluted 1:10 to 1:1000 in
PBS), recombinant human HMGB-1 (10 pg/mL to 5 mg/mL;
R&D Systems, Minneapolis, MN), IL-33 (0.01 pg/mL to 10
ng/mL; Peprotech), or recombinant IL-1a (0.1 to 1000 pg/
mL) as controls were incubated with HIFs for 24 hours at
37�C, and supernatants were harvested for cytokine
enzyme-linked immunosorbent assays (ELISAs).

Preparation of NCLs

NCLs were prepared by standard methods.30,31 The IEC line
HT29, fresh IECs, lamina propria mononuclear cells, pri-
mary human polymorphonuclear neutrophils, and human
monocytes were suspended in RPMI, 10% FBS medium
(Lonza) containing 2.5% v/v penicillin, streptomycin, and
amphotericin B, 1.5% v/v 1 mol/L HEPES buffer. THP1
cells were suspended in RPMI 10% v/v FBS medium con-
taining 0.5 mmol/L 2-mercaptoethanol. Cells were washed,
resuspended at 108 cells/mL in PBS, and subjected to five
freezeethaw cycles by placement sequentially in a liquid
nitrogen/37�C water bath, followed by centrifugation for 30
minutes at 15,000 � g. The supernatants were collected and
are hereafter referred to as NCLs.

Cytokine Measurement

HIFs were incubated with NCL (at 1:20 dilution in the
culture medium) for 24 hours, then supernatants were
collected. Levels of human IL-6 and IL-8 (BD Biosciences,
San Jose, CA) released into the HIF culture medium and of
IL-1a (BioLegend, San Diego, CA) and IL-1b (BD Bio-
sciences) in the NCLs were determined using ELISA kits
following the manufacturer’s protocols.

Reverse Transcription-PCR

For HIF Toll-like receptor (TLR) gene expression analysis,
total RNA was extracted from nonstimulated HIFs and
reverse-transcribed, and cDNA was amplified by RT-PCR.
Five microliters of cDNA was amplified in the presence
1625
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of 0.125 mmol/L each of the 50 and 30 primers (Biosynthesis,
Lewisville, TX) and 1 U of Taq DNA polymerase (Roche
Diagnostics Deutschland, Mannheim, Germany). PCR was
performed in a DNA thermal cycler using preoptimized
temperatures and times, with the following primers: TLR1:
forward 50-CTATACACCAAGTTGTCAGC-30, reverse 50-
GTCTCCAACTCAGTAAGGTG-30; TLR2: forward 50-GC-
CAAAGTCTTGATTGATTGG-30, reverse 50-TTGAAGTT-
CTCCAGCTCCTG-30; TLR3: forward 50-AAATTGGG-
CAAGAACTCACAGG-30, reverse 50-GTGTTTCCAGCG-
CCGTGCTAA-30; TLR4: forward 50-TGGATACGTTTC-
CTTATAAG-30, reverse 50-GAAATGGAGGCACCCCT-
TC-30; TLR5: forward 50-CTAGCTCTTAATCCTGATG-30,
reverse 50-CCATGTGAAGTCTTTGCTGC-30; TLR6: for-
ward 50-GAGGAAGCCCACTAAAGGAC-30, reverse 50-
GGGAGACAAAACAAAGATGGAC-30; TLR7: forward 50-
TCACCCTCACCATTAACCAC-30, reverse 50-TTTCAGG-
GAGAGCACTTTTAAC-30; TLR8: forward 50-TGTGGAA-
TGATGATGACAACAG-30, reverse 50-AGAAAGAAAGC-
CTTGTGCC-30; and TLR9: forward 50-GGAAAGAGGA-
AGGGGTGAAG-30, reverse 50-TGAGGGACAGGGATA-
TGAGG-30.

As a positive control, RNA was obtained from peripheral
blood mononuclear cells. Fifteen microliters of the PCR
product were subjected to electrophoresis on 1.5% Agarose
gel and stained with 0.5 mg/mL ethidium bromide, using
100-BP DNA ladder as a marker.

Preparation of DNA, Histones, and Chromatin

DNA
Genomic DNA was extracted from HT29 NCLs by incu-
bation in 700 mL of lysis buffer (20 mmol/L Tris, pH8, 20
mmol/L EDTA, 2% SDS, 0.5 mg/mL proteinase K) at 55�C
overnight with gentle shaking. Samples were mixed with an
equal volume of phenol: chloroform in phase-lock gel tubes.
DNA was then precipitated with cold ethanol (100%, 700
mL) and incubated for 1 hour at room temperature or
overnight at �20�C. DNA was pelleted at maximum speed
in a microcentrifuge at 4�C for 5 minutes and decanted, and
500 mL of 70% ethanol was added to wash the pellet.
Samples were spun in a microcentrifuge at maximum speed
at room temperature for 5 minutes, and DNA pellets were
air-dried and resuspended in distilled water.

Histones
Histones were extracted from HT29 nuclei (0.5 to 1 � 108)
by resuspension of the nuclear pellet in 0.4 normality sul-
furic acid and gentle shaking for 2 to 16 hours at 4�C as
previously described.32

Chromatin
Native chromatin was extracted from HT29 with the
ChIP-It Express enzymatic kit (Active Motif, Carlsbad, CA)
according to the manufacturer’s instructions, with modifi-
cations as detailed previously.33
1626
DNA, histones, and chromatin (5 � 106 cell equivalents/
mL, as this was equal to the cell equivalents in 1:20 dilution
of NCLs), were incubated with HIFs for 24 hours at 37�C.

Preparation of Nuclear and Cytosolic Extracts

Nuclear and cytosolic cell extracts were prepared as previously
described,34 using reagents from Sigma (St. Louis, MO).
Briefly, cells were washed in ice-cold phosphate-buffered saline
and scraped, on ice, in a hypotonic buffer containing additional
proteinase and phosphatase inhibitors [buffer A: 10 mmol/L
HEPES, pH 7.9, 1.5 mmol/L MgCl2, 10 mmol/L KCl, 0.5
mmol/L dithiothreitol (DTT), 100 mmol/L phenanthroline,
1 mg/mL pepstatin, 100 mmol/L E64, 100 mmol/L DCI, 10
mmol/L NaF, 100 mmol/L Na3VO4, and 25 mmol/L b-glycer-
ophosphate]. Cells were then lysed by incubating for 10minutes
on ice in 60 to 80 mL hypotonic buffer containing 0.2% NP40.
Lysates were then centrifuged (10,000 � g at 4�C) for 10 mi-
nutes, and the supernatants were discarded. The pelleted nuclei
were resuspended in 60 to 80 mL of a lysis buffer [buffer C: 20
mmol/L HEPES, pH 7.9, 420 mmol/L NaCl, 1.5 mmol/L
MgCl2, 0.2 mmol/L ethylenediaminetetraacetic acid (EDTA),
25% glycerol, and 100 mmol/L DCI] and were incubated at 4�C
for 15 minutes. Lysed nuclei were vortexed then centrifuged
(10,000� g at 4�C) for 10 minutes and supernatants were snap
frozen and stored at �80�C.

Treatment of NCL with RNase and Proteinase K

RNA and/or proteins were depleted from NCLs by digestion
with RNase (7 U/106 cells; 5 PRIME, Gaithersburg, MD) or
proteinase K (20 mg/106 cells, 5 PRIME) for 1 hour at 37�C.
RNA and protein content was evaluated by Agarose gel
electrophoresis and SDS-PAGE, respectively. Complete
digestion was confirmed in each case (data not shown).
Spectrophotometry (NanoDrop; Thermo Scientific, Roches-
ter, NY), was used to quantify RNA levels.

Inhibition of DAMPs and Related Pathways

One hour before stimulationwith theNCLs, HIFswere incubated
with the following antibodies: anti-TLR2 (5 mg/mL; InvivoGen),
anti-TLR4 (5 mg/mL; maba2-htlr4; Invivo-Gen), antiereceptor
for advanced glycation end-products (RAGE; 5mg/mL;AF1145;
R&D Systems), antieIL-33 (0.01 pg/mL to 10 ng/mL; Pepro-
tech), antieIL-1 receptor (IL-1RI; 2.5 mg/mL; AF269; R&D
Systems), antieHMGB-1 (5 or 10 mg/mL), soluble RAGE (5 or
10 mg/mL), or an IgG control antibody (5 or 10 mg/mL). NCLs
were also digestedwith uricase (10U/mL) for 30minutes at 25�C
for removal of monosodium urate crystals before being diluted
1:20 and incubated with HIFs. Supernatants were harvested 24
hours later, and IL-6 and IL-8 ELISAs were performed.

Function and Blockade of TLR2 and TLR4
The functionality of TLR2 and TLR4 expressed by HIFs
was tested by exposing the cells to their respective specific
ajp.amjpathol.org - The American Journal of Pathology
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ligands, synthetic diacylated glycoprotein 1, a TLR2/TLR6
agonist (1 mg/mL), and LPS (1 mg/mL), in the presence or
absence of neutralizing antibodies against TLR2 and TLR4.
HIFs were preincubated for 1 hour with 5 mg/mL neutral-
izing anti-human TLR2 antibody (InvivoGen) followed by 1
mg/mL ligand fibroblast-stimulating ligand 1, or with 5 mg/
mL neutralizing anti-human TLR4 antibody (InvivoGen)
followed by 1 mg/mL ligand LPS for 24 hours. IL-6 and IL-
8 levels in the supernatants were measured by ELISA.

Neutralization of DAMPs in HT29 NCLs
To neutralize IL-1a and IL-1b, NCLs were diluted 1:20 in cell
medium and incubated for 1 hour with each specific antieIL-1
antibody [1 mg/mL; antieIL-1a (AF-200-NA) or antieIL-1b
(AF-201-NA); R&D Systems]. The IL-1eneutralized NCLs
were then incubated with HIFs for 24 hours. The optimal
antibody concentration was determined for each antibody by
using concentrations ranging from 0.1 to 5 mg/mL. For
neutralization of uric acid, NCLs were incubated with 10
U/mL uricase for 30 minutes at 25�C. At the end of each
treatment, lysates were diluted 1:20 and incubated with
HIFs for 24 hours.

RNA Interference

Transfection of HIFs and HT29 cells was performed by
Nucleofection technology (Amaxa, Koln, Germany) accord-
ing to the manufacturer’s instructions, using a control siRNA
(2 mmol/L; ON-TARGETplus nontargeting pool, D-001810-
10-05; GE Dharmacon, Lafayette, CO) or an siRNA targeting
human IL-1a (ON-TARGETplus SMARTpool siRNA,
L-007952-00-0005; GE Dharmacon). Transfected HIFs were
incubated with NCL (at 1:20 dilution in growth medium) 24
hours after transfection, and then supernatants were collected
24 hours later for cytokine measurements. Transfected HT29
cells were rendered necrotic 48 hours after transfection, as
described in the Preparation of NCLs section. The efficiency
of silencing was evaluated 48 hours after transfection by
measurement of the levels of IL-1a and b-actin mRNA by
real-time RT-PCR. The following primers were used:
IL1A: forward 50-AGTGCTGCTGAAGGAGATGCCTG-30,
reverse 50-CCCTGCCAAGCACACCCAGTAG-30; ACTB:
forward 50-CTGGACTTCGAGC-AAGAGATG-30, reverse
50-AGTTGAAGGTAGTTTCGTGGATG-30.

HT29 Cell Infection with Shigella flexneri

Confluent HT29 cells were infected with log-phase cultures
of either Shigella flexneri strain M90T or the noninvasive
strain BS176 (gifts from Philippe Sansonetti, Institute Pas-
teur, Paris, France) at a multiplicity of infection of 50 for 8
hours. Cells were washed with PBS, and infection was
continued in Dulbecco’s modified Eagle’s medium, 10%
FBS supplemented with 100 mg/mL gentamicin, for an
additional 16 hours. Medium was collected and centrifuged
for 5 minutes at 250 � g, and supernatants were snap-frozen
The American Journal of Pathology - ajp.amjpathol.org
at �80�C before vacuum concentration and assessment of
IL-1a release by ELISA. Infected cells were analyzed by
fluorescence flow cytometry on an LSR II FACScan (BD
Biosciences) to determine the number of necrotic cells using
the Live/Dead Fixable Cell Stain Kit (L23105; Life Sci-
ences, Grand Island, NY) according to manufacturer’s in-
structions. Noninfected and dead cells were used as positive
and negative controls, respectively, and 10,000 events were
captured. The percentage of cells undergoing necrosis was
calculated relative to infected control cells.
Activation of the Inflammasome

HT29 cells (1 � 106) were seeded into 6-well plates for 24
hours. Cells were then washed and grown in medium con-
taining 2% FCS for 24 hours before either being incubated in
2% growth medium or primed with 10 ng/mL to 1 mg/mL
ultrapure LPS (InvivoGen) for 3 hours at 37�C. HT29 cul-
tures were then incubated with either 100 ng/mL TNF-a, 5
mmol/L ATP, or 0.1 to 0.6 mg/mLmonosodium urate crystals
for 24 hours at 37�C. Supernatants were harvested, cytokine
(IL-1a, IL-1b, and IL-8) levels were quantified by ELISA,
and the remaining cells were lysed. Protein in cell lysates
was quantified (BCA protein assay; Pierce, Rockford, IL),
and all ELISA assays were normalized to lysate protein
content.
DSS Murine Model of Colitis

Mice (male; C57Bl/6; Jackson ImmunoResearch Labora-
tories, West Grove, PA) were conventionally housed, and
all husbandry and treatments were performed in accordance
with protocols approved by the Institutional Animal Care
and Use Committee of the Cleveland Clinic. For the in-
duction of DSS colitis, mice were allowed to drink sterile,
acidified water in the presence or absence of added 1.5% or
3.0% w/v DSS (MP Biomedicals, Solon, OH) ad libitum.
Mice were euthanized on days 0, 3, 5, and 7 (three mice per
group). In some experiments, mice were given water for 21
days after 7 days of DSS. On day 28, mice were adminis-
tered a 45% ethanol enema 30 minutes before receiving an
IL-1a enema (10 ng in 150 mL PBS). Mice were then
euthanized 24 hours after the IL-1a enema. In each mouse,
the colon from the cecum to the rectum was dissected and
removed. The tissue was then fixed whole in Histochoice
(Sigma, St. Louis, MO), paraffin-embedded, and sectioned
for hematoxylin and eosin staining by the Lerner Research
Institute, Histological Examination Core, Cleveland
Clinic. The histopathological degree of inflammation in
the colonic sections was scored as previously reported,35

and images were obtained using a microscope (Leica
Microsystems, GmbH, Wetzlar, Germany), with Image-
Pro Plus version 7 (Media Cybernetics, Rockville, MD)
and Photoshop version 9 (Adobe Systems, San Jose, CA)
software.
1627
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Fluorescence IHC and Immunocytochemical Staining
for IL-1a

IL-1a Staining
Paraffin sections of mouse colon were rehydrated and
incubated in a solution of Hanks’ balanced salt solution
(HBSS) containing 2% FBS for 30 minutes to block
nonspecific antibody binding. Subsequently, the slides were
incubated overnight at 4�C with 15 mg/mL specific goat
polyclonal antibody against murine IL-1a (R&D Systems)
diluted in HBSS þ 2% FBS. The slides were washed three
times in HBSS and then incubated with a solution con-
taining Alexa 488etagged donkey anti-goat IgG (1:1000;
Molecular Probes, Eugene, OR) in HBSS þ 2% FBS, for 1
hour at 25�C. The slides were washed three times in HBSS
and coverslips mounted in Vectashield containing DAPI
(Vector Laboratories, Inc., Burlingame, CA), sealed, and
stored at �20�C until visualization. Images were obtained
using a TCS-SP laser scanning confocal microscope (Leica).

Deidentified human colonic tissue was obtained from in-
dividuals undergoing colonic resection, fixed in Histochoice
(AMRESCO, Solon, OH), and embedded in paraffin. Anti-
body staining was performed on serial 4-mm sections on a
Benchmark XT automated immunostainer (Ventana Medical
Systems, Inc., Tucson, AZ) using an iVIEW DAB Detection
Kit (Ventana) with no cell conditioning and minus the pro-
vided secondary. Primary antibody, polyclonal rabbit antieIL-
1a (catalog #PA5-25921; Thermo ScientificePierce) was
diluted 1:50 and incubated with sections for 60 minutes fol-
lowed by goat anti-rabbit biotinylated secondary antibody
(Vector Laboratories) used at 1:200 for 8 minutes. Paraffin-
embedded sections of HeLa cells were used as a positive
control (not shown), and negative controls comprised HeLa
and colon tissue incubated with secondary antibody only.
Imageswere taken on aDMRuprightmicroscope (Leica) with
a Retiga EXi Cooled CCD camera with liquid crystal tunable
RGB filter (QImaging, Surrey, BC, Canada) using Image-Pro
Plus software version 7 (Media Cybernetics).

IL-1 Receptor Staining
Histochoice-fixed paraffin-embedded mouse colon tissue or
thymus (positive control; not shown) was stained with a
goat polyclonal antibody to the extracellular domain of the
murine IL-1RI (GT15109; Neuromics, Edina, MN). Tissue
sections were deparaffinized and rehydrated, and slides were
incubated in 3.0% hydrogen peroxide for 20 minutes. Slides
were washed and incubated with 3.0% normal rabbit serum/
PBS (catalog #S-5000, Vector Laboratories) for 20 minutes
at room temperature before Avidin D blocking solution
(catalog #SP-2001; Vector Laboratories) was added for a
further 15 minutes at room temperature. After rinsing three
times in PBS, biotin-blocking solution (catalog #SP-2001;
Vector Laboratories) was added for a further 15 minutes at
room temperature, followed by rinsing as before in PBS.
The polyclonal goat antieIL-1RI was added at 2 mg/mL
diluted in 3.0% normal rabbit serum/PBS overnight at 4�C.
1628
Slides were rinsed in PBS/0.05% Tween 20 (10 minutes,
three times each). The secondary biotinylated goat anti-
rabbit IgG (catalog #BA-1000; Vector Laboratories) diluted
1:200 in PBS with 3% rabbit serum was added for 30 mi-
nutes at room temperature, and tissue sections were rinsed
with PBS/0.05% Tween 20 (10 minutes, three times each).
Freshly prepared avidinebiotin complex peroxidase reagent
was incubated with the slides for 30 minutes at room tem-
perature before rinsing with PBS/0.05% Tween 20 as
before. ImmPACT DAB peroxidase substrate (catalog #SK-
4105; Vector Laboratories) was added to the tissue sections
for 2 minutes for appropriate color development and then
rinsed thoroughly in water. Slides were counterstained in
hematoxylin for 3 minutes and rinsed in warm water for 3
minutes. Sections were dehydrated and tissue sections
cleared in ethanol and xylene before being mounted in
Cytoseal XYL (Thermo ScientificeRichard-Allan Scienti-
fic). IL-1R staining was visualized and imaging performed
as described for IL-1a staining.

Stool Collection and Sample Preparation

Stools were collected from mice treated with or without
DSS. They were suspended in an equal volume of PBS and
protease inhibitor cocktail 1� (Thermo Scientific) and
centrifuged at 15,000 � g for 30 minutes. Supernatants were
collected and total protein content measured by a BCA
protein assay kit (Thermo Scientific). Samples were stored
at �80�C until assayed for murine IL-1a and IL-1b.

Statistical Analysis

The means � SEM of the data were calculated. The statistical
significance of the differences between the two groups
exposed to different experimental conditions was determined
by the paired Student’s t-test. When mentioned, n indicates the
sample size and number of biological or independent repli-
cates. P < 0.05 was considered statistically significant.

Results

Intestinal Epithelial Necrotic Cell Lysates Induce a
Potent Proinflammatory Response in Human Intestinal
Fibroblasts

Injury of the gut epithelium releases endogenous danger
signals that may be recognized by nearby cells, such as
subepithelial mesenchymal cells, and results in amplification
of inflammation. To investigate the potential proin-
flammatory effect of epithelial cellederived DAMPs, HIFs
were incubated with NCLs from HT29 cells, which resulted
in dose-dependent increases in IL-6 and IL-8 production by
HIFs (Figure 1A). At a dilution of 1:10, >10-fold inductions
in both IL-6 and IL-8 proteins were observed. Notably, the
increases in IL-6 and IL-8 in response to NCL were greater
than or equivalent to those induced by potent inflammatory
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Intestinal epithelial necrotic cell lysates (NCLs) elicit IL-6 and
IL-8 production by human intestinal fibroblasts (HIFs). A: HIFs were
incubated in medium alone or 10-fold serial dilutions (1:0 to 1:1000) of
HT29 NCLs, 1 mg/mL lipopolysaccharide (LPS), or 100 U/mL tumor necrosis
factor (TNF)-a for 24 hours. B: HIFs were incubated in medium alone or in
1:20 dilution of NCLs from HT29, primary human intestinal epithelial cells
(IECs), lamina propria mononuclear cells (LPMCs), human blood poly-
morphonuclear neutrophils (PMNs), human blood monocytes, or THP1 cells
for 24 hours. IL-6 and IL-8 levels in the supernatants were measured by
enzyme-linked immunosorbent assay. n Z 3 (A); n Z 7 (B). *P < 0.05,
**P < 0.01, and ***P < 0.001.

DAMPs in Inflammatory Bowel Disease
stimuli such as TNF-a or LPS at optimal doses. Only
background levels of IL-6 and IL-8 (23.8 � 0.9 pg/mL and
185.3 � 4.7 pg/mL, respectively; n Z 4) were detected in
nondiluted NCLs. NCLs prepared from a variety of other
human cell types, such as freshly isolated IECs, lamina
propria mononuclear cells, polymorphonuclear neutrophils,
peripheral blood monocytes, and the monocytic THP1 line,
all enhanced HIF production of IL-6 or IL-8 or both, to
varying degrees (Figure 1B).
Identification of the Epithelial CelleDerived Bioactive
Factor Inducing Fibroblast Activation

The findings presented in Figure 1 are compatible with the
assumption that epithelial DAMPs were accountable for the
observed effect. Therefore, a sequential series of experi-
ments was performed to identify the nature of the DAMP(s)
involved in HIF activation. As an initial step, NCLs were
pretreated with nuclease and/or proteinase to deplete RNA,
DNA, and protein content (Supplemental Figure S1A).
NCL, with or without prior RNase treatment, resulted in the
induction of IL-6 and IL-8, suggesting that the removal of
RNA did not alter the ability of NCLs to activate the in-
flammatory response in HIFs (Supplemental Figure S1A).
However, the removal of proteins from NCLs by proteinase
K essentially abolished HIF cytokine production
(Supplemental Figure S1A). Notably, HIFs failed to respond
to residual DNA in RNase combined with proteinase
Ketreated NCLs. Further fractionation of NCLs into cyto-
solic and nuclear fractions revealed the cytosolic localiza-
tion of the protein(s) contributing to the induction of IL-6
The American Journal of Pathology - ajp.amjpathol.org
and IL-8 by HIFs (Supplemental Figure S1B). Likewise,
stimulation with chromatin or human genomic DNA alone
failed to induce IL-6 and IL-8 release (Supplemental
Figure S2).

HIF Responses to Necrotic Epithelial Products Are
Independent of TLR2, TLR4, RAGE, or IL-33 Ligation

To identify the cytosolic DAMP(s) that triggered the in-
flammatory response in HIFs, we focused on TLR2 and
TLR4, as these are two of the best-characterized receptors
shared by various DAMPs and pathogen-associated molec-
ular patterns.36 We first confirmed that: i) the HIF cell lines
tested for the production of IL-6 and IL-8 in response to the
NCLs and all other stimuli expressed TLR1 to TLR9 by RT-
PCR (Supplemental Figure S3), ii) HIF TLR2 and TLR4 are
functional, as specifically demonstrated by the induction of
IL-6 and IL-8 production on ligation by the respective ligands
(Supplemental Figure S4), and iii) the function of TLR2 and
TLR4 induced by the ligands could be specifically blocked
by neutralizing antibodies, but not IL-6 or IL-8 secretion
induced by the cell lysates (Supplemental Figures S4eS6).
Surprisingly, these experiments also demonstrated that the
NCLs were remarkably powerful in activating HIFs, as
shown by the far greater amounts of IL-6 and IL-8 that they
induced compared with those induced by TLR2 and TLR4
stimulation (Supplemental Figure S5). The lack of a signifi-
cant inhibitory effect observed when HIFs were exposed to
NCLs in the presence of antibodies to TLR2 and TLR4
(Supplemental Figure S6, A and B) indicated that TLR2 and
TLR4 are dispensable for IL-6 and IL-8 induction.

Similar results were obtained after the treatment of NCLs
with an anti-RAGE antibody (Supplemental Figure S6C), or
soluble RAGE, an antibody to HMGB-1, or an IgG control
(Supplemental Figure S7A), and by the failure of recombi-
nant HMGB-1 to induce IL-6 and IL-8 from HIFs
(Supplemental Figure S7B). Removal of urate crystals,
another classic DAMP,37 by the treatment of NCLs with
uricase, also did not alter the ability of the NCLs to induce
cytokine production by HIFs (Supplemental Figure S8).
Finally, HIF secretion of IL-6 and IL-8 induced by NCL
stimulation occurred independently of the DAMP IL-33, as
shown by the inability of an IL-33 antibody to block, and
failure of recombinant IL-33 to induce, HIF cytokine pro-
duction (Supplemental Figure S9).

Necrotic Epithelial Cell Products Activate HIFs in an
IL-1a�Dependent but Not in an IL-1b�Dependent
Manner

We next investigated whether the IL-1 pathway was
involved in the NCL activation of HIFs because cytosolic
IL-1a is a prototypical DAMP, is only intracellular under
physiological conditions, and is universally expressed along
with its receptor, IL-1RI.38 Incubation of NCLs with a
specific antibody to IL-1RI completely blocked cytokine
1629

http://ajp.amjpathol.org


Figure 3 Intestinal epithelial, but not mesenchymal, cellederived IL-
1a induces cytokine production by human intestinal fibroblasts (HIFs). A:
HIFs and HT29 cells were transfected with siRNA specific for IL-1a or
scrambled siRNA as control. siRNA-mediated silencing was validated 48
hours after transfection by real-time quantitative PCR for IL-1a mRNA. B:
HIFs transfected with IL-1a siRNA or scrambled siRNA were incubated with
HT29 necrotic cell lysate (NCL) (dilution 1:20) for 24 hours. C: HT29 cells
transfected with IL-1a siRNA or scrambled siRNA were rendered necrotic 24
hours after transfection; the resulting NCLs were diluted 1:20 and incu-
bated with HIFs for 24 hours. IL-6 and IL-8 levels in the supernatants were
measured by enzyme-linked immunosorbent assay. n Z 5 (A); n Z 4 (B
and C). *P < 0.05, **P < 0.01, and ***P < 0.001.

Figure 2 Intestinal epithelial necrotic cell lysate (NCL)einduced IL-6
and IL-8 production by human intestinal fibroblasts (HIFs) is mediated
by IL-1 receptor (IL-1R) and IL-1a but not IL-1b. A: HIFs were incubated
with 2.5 mg/mL neutralizing antibody to type I IL-1R (IL-1RI) for 1 hour,
followed by HT29 NCLs (diluted 1:20) for 24 hours. B and C: HIFs were
incubated for 24 hours with HT29 NCLs (diluted 1:20) preincubated for 1
hour with 0.1 mg/mL neutralizing anti-human IL-1a antibody (B) or with
2.5 mg/mL neutralizing anti-human IL-1b antibody (C). IL-6 and IL-8 levels
in the supernatants were measured by enzyme-linked immunosorbent
assay. n Z 3 (AeC). *P < 0.05, **P < 0.01, and ***P < 0.001.
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production (Figure 2A). This occurred in a dose-dependent
manner (Supplemental Figure S10A), suggesting that the
IL1-RI pathway is required for the sterile inflammatory
response triggered by NCLs. To confirm this possibility and
to identify the involved IL-1 species, we measured IL-6 and
IL-8 secretion after treatment with neutralizing antibody to
IL-1a or IL-1b. Interestingly, neutralization of IL-1a
inhibited HIF production of IL-6 by 92.0% and of IL-8 by
92.5% (Figure 2B and Supplemental Figure S10B), whereas
the antibody to IL-1b failed to significantly decrease the
capacity of NCLs to induce HIF cytokine secretion
(Figure 2C and Supplemental Figure S10C). Recombinant
human IL-1a incubated with HIFs at different doses (0.1 to
1000 pg/mL) for 24 hours was found to induce IL-6 and
IL-8 production in a dose-dependent manner (Supplemental
Figure S11). Comparison of the quantity of cytokines
induced by NCLs (1:10) to that produced in response to
recombinant IL-1a (10 pg/mL) indicated that approximately
0.4 ng/mL IL-1a was present in the NCLs in vitro.

HIF Cytokine Production Depends on Paracrine
Activation by Necrotic Epithelial CelleDerived IL-1a

To distinguish between intracellular IL-1a released on
epithelial cell necrosis and the endogenous IL-1a present in
HIFs that could exert autocrine effects on cytokine gene
expression,21,39,40 we used siRNA to silence IL-1a in either
HT29 cells or HIFs. IL-1a siRNA or a scrambled siRNA
1630
control was transfected into HIFs or HT29 cells. The degree
of silencing compared with a scrambled siRNA control was
validated by real-time quantitative PCR in both HIFs and
HT29 cells (Figure 3A). When HIFs were transfected with
IL-1a siRNA and then incubated with NCL, no change in
the levels of IL-6 and IL-8 production by HIFs was
observed (Figure 3B). The cytokine levels were similar to
those after transfection of the scrambled siRNA control.
However, when NCLs were prepared from IL-1aesilenced
HT29 cells and then incubated with HIFs, decreased pro-
duction of both IL-6 and IL-8 was observed (Figure 3C).
The Gut Pathogen S. flexneri Induces Intestinal
Epithelial Cell Necrosis and IL-1a Release

The importance of cell death in intestinal pathology has
been demonstrated by the ability of gut pathogens to induce
death of host cells on infection.36,41 To investigate whether
IL-1a released by necrotic IECs after bacterial infection
could activate HIFs, we incubated HT29 cells with invasive
(M90T) and noninvasive (BS176) strains of S. flexneri.41

Only the invasive form of the S. flexneri M90T strain
significantly increased IEC necrosis and concomitantly
induced IL-1a but not IL-1b release (Figure 4A).
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 Intestinal epithelial cell IL-1a is released during bacterial infectioneinduced necrosis but not exposure to lipopolysaccharide (LPS), inflammasome
agonists, or tumor necrosis factor (TNF)-a. A: HT29 cells were incubated with the invasive Shigella flexneri strain M90T or the noninvasive strain BS176 for 8 hours
and cultured in 100 mg/mL gentamicin containing medium for an additional 16 hours. Supernatants were analyzed for IL-1a and IL-1b. The percentages of necrotic
cells relative to the number of cells incubated with the noninvasive strain BS176 strain as a control are shown. B and C: HT29 cells were incubated in growth medium
or primed with 100 ng/mL to 1 mg/mL ultrapure LPS for 3 hours and then incubated with 100 ng/mL TNF-a or 5 mmol/L ATP or 0.1 to 0.6 mg/mL monosodium urate
(MSU) crystals for 24 hours; levels of cytokines in the necrotic cell lysate (B) and supernatants (C) are shown. IL-1a and IL-8 levels were quantified by enzyme-linked
immunosorbent assay. All cytokine levels were normalized to lysate protein content. n Z 3 (A); n Z 3 (B and C). *P < 0.05, ***P < 0.001.

DAMPs in Inflammatory Bowel Disease
Lack of IL-1a Secretion in Response to TNF-a or
Inflammasome Activators

Findings from recent studies have suggested that IL-1a can be
secreted in a nonconventional cell- and stimulus-specific
manner after priming with LPS and incubation with activators
of the NOD (nucleotide-binding oligomerization domain-
containing protein)-like receptor protein 3 (NLRP3)
inflammasome.39,42,43 To determine whether epithelial cells can
be activated to secrete IL-1a, HT29 cells were primed by in-
cubation with 10 ng/mL to 1 mg/mL ultrapure LPS for 3 hours.
At the end of this period, cell cultures were incubated with
TNF-a or soluble and particulate activators of the NLRP3
inflammasome: 5 mmol/L ATP or 0.1 to 0.6 mg/mL mono-
sodium urate crystals, respectively, for 24 hours.43 Intracellular
and secreted levels of IL-1awere quantified inwhole NCLs and
supernatants collected from the HT29 cultures. TNF-a caused
an increase in intracellular levels of IL-1a in the NCLs
(Figure 4B) but failed to induce secretion of IL-1a irrespective
of whether the cells were primed with LPS (Figure 4C). In
contrast, under these same conditions, TNF-a alone and TNF-a
after LPS priming induced a large increase in IL-8 secretion in
the HT29 supernatants (Figure 4C). In addition, IL-1awas also
not secreted in response to ATP or monosodium urate crystals
with or without LPS priming (Figure 4C). Similar experiments
with human peripheral blood monocytes confirmed that acti-
vation of the NLRP3 inflammasome could induce IL-1b release
by these cells (not shown).44

Presence of IL-1aePositive Cells in the Epithelium in
Murine Colitis and Human IBD

Immunofluorescence staining of colon sections of mice with
DSS colitis revealed intense expression of IL-1a in the
The American Journal of Pathology - ajp.amjpathol.org
epithelium (Figure 5A) compared with controls (Figure 5C),
and shedding of IL-1aepositive IECs in the lumen was
evident at days 3 through 7 (Figure 5, B and D). Immuno-
staining of colonic tissue sections from patients with Crohn
disease and ulcerative colitis also showed intense IL-1a
staining in the epithelium (Figure 5E). IL-1awas also detected
in the control colonic mucosa sections from non-IBD control
patients but at substantially lower intensity.

IL-1a Production Precedes IL-1b and Parallels
Intestinal Tissue Damage in Colitic Mice

The release of IL-1a is an early event in various forms of
necrosis-induced sterile inflammation,45,46 but the precise
timing of the appearance of IL-1a during intestinal inflam-
mation compared with IL-1b is not known. Stool samples
were collected from mice during the progression of DSS
colitis, and the extent of disease activity was evaluated. Low
levels of IL-1a were detectable in the stools at baseline and
day 3 and progressively increased until day 7 (Figure 5F) in
parallel with progressive tissue damage (data not shown).
IL-1b was not detected until day 5 and was increased on day
7 (Figure 5F), suggesting that the release of the epithelial
cell DAMP IL-1a is a very early event in experimental IBD.

IL-1a Exacerbates Intestinal Inflammation after
Epithelial Injury

IBD is characterized by recurrent episodes of inflammation
interspersed with periods of remission, but what exacerbates
or reactivates inflammation is unclear. We asked whether
IL-1a could: i) trigger inflammation, ii) exacerbate ongoing
inflammation, or iii) reactivate inflammation after clinical or
histological remission. Three groups of mice were studied:
1631
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i) control mice given no DSS, ii) mice given a standard
colitis-inducing dose (3.0%) of DSS, and iii) mice given a
low dose (1.5%) of DSS. The latter two groups received
DSS for 7 days and then water for 21 additional days,
received an enema of ethanol alone or ethanol plus IL-1a on
day 28, and were sacrificed on day 29 (Figure 6A).

Mice given 3.0% DSS displayed progressive weight loss
and concomitant acute intestinal injury (not shown), with
recovery starting at day 10 and continuing thereafter
1632
(Figure 6A). On day 28, when active intestinal inflammation
had subsided, the administration of IL-1a rapidly (<24
hours) induced severe inflammation, whereas ethanol alone
failed to reactivate inflammation (Figure 6B). In contrast,
mice given 1.5% DSS maintained a stable weight
throughout the duration of the experiment, but the weight
was less than that of mice not given DSS, with no histo-
logical evidence of intestinal inflammation (Figure 6A).
However, after the administration of IL-1a on day 28, in
<24 hours they also developed severe intestinal inflamma-
tion (Figure 6B) that was, to a degree, comparable to that in
mice given IL-1a enemas after recovery from 3.0% DSS-
induced colitis or mice with acute DSS colitis (day 7; not
shown). Ethanol alone failed to induce inflammation in mice
given 1.5% DSS (Figure 6B). These observations were
confirmed by the matching histopathological scores of
inflammation (Supplemental Table S1). Administration of
enemas containing ethanol alone or ethanol plus IL-1a
induced no histological evidence of colitis in mice that did
not receive DSS (Figure 6B).
In mice given DSS for 7 days, allowed to recover for 21

days, and administered IL-1a for 24 hours, stool levels of
IL-1a and IL-1b were assessed by ELISA (Supplemental
Figure S12). The levels of IL-1a increased early, before IL-
1b, but remained relatively constant over the period of the
experiment. In contrast, IL-1b levels increased more, partic-
ularly in the 24 hours after the IL-1a enema administration.
Immunostaining with an antibody to the IL-1RI was

performed (Figure 7 and Supplemental Figures S13 and
S14). The specificity of staining by the antibody to the IL-
1RI was validated on mouse thymus tissue (not shown)
before immunostaining of colon tissue sections. The antie
IL-1RI antibody staining showed constitutive levels of
IL-1RI expression in the intestinal epithelium and progres-
sively enhanced levels of staining in the epithelial, mono-
nuclear, and mesenchymal cell populations with increasing
number of days of treatment with both 1.5% and 3.0% DSS
Figure 5 IL-1a is expressed in the intestinal epithelium and is released
before IL-1b during dextran sulfate sodium (DSS)-induced colitis. A:
Immunofluorescence staining shows prominent IL-1a expression (red) of
murine colonic epithelium before DSS administration. B: IL-1a staining of
inflamed epithelium and necrotic colonocytes (arrows) shed in the lumen
during DSS colitis [days 3e7; nuclei are stained in blue (DAPI)]. C: Section
adjacent to A without primary antibody. D: Hematoxylin and eosin staining
of inflamed epithelium and cellular debris (arrow) shed in the lumen during
DSS colitis (days 3 to 7). E: immunohistochemical staining showing
prominent IL-1a expression in the epithelium and lamina propria in colons
with Crohn disease (CD) and ulcerative colitis (UC); IL-1a staining of a
normal control colon (NL) is shown but is substantially weaker; antibody
control indicates staining in the absence of primary antibody. F: Differential
and time-dependent increases in IL-1a (early) and IL-1b (late) in the stool
of mice during the progression of DSS-induced colitis. Images were
captured with a Leica DMR upright microscope with a Retiga EXi Cooled CCD
camera with liquid crystal tunable RGB filter using Image-Pro Plus software.
Images are representative of four experiments (AeD) and 3 mice per
group (E); n Z 5 to 9 mice per group (F). Images were obtained with 20�
objective (AeD) or a 10� objective (E).
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Figure 6 IL-1a exacerbates intestinal injury in
dextran sulfate sodium (DSS)-induced colitis. A:
Percent changes in body weight of control (no
DSS) mice and mice given DSS 1.5% or 3.0% w/v
for 7 days and then water for 28 days. On day 28,
an IL-1a enema was administered, and mice were
sacrificed on day 29. B: Hematoxylin and eosin
staining of colons from control (no DSS; day 0),
3.0% DSS, and 1.5% DSS mice given enemas of
ethanol alone or ethanol with IL-1a (day 29).
Images were captured with a Leica DMR upright
microscope with a Retiga EXi Cooled CCD camera
with liquid crystal tunable RGB filter using Image-
Pro Plus software. n Z 5 mice per group (A);
image is representative of 3 mice per group (B).
*P < 0.05, **P < 0.01, and ***P < 0.001. Images
were obtained with a 2.5� objective.

DAMPs in Inflammatory Bowel Disease
(Supplemental Figure S13, B and C). The subepithelial
staining was evident on day 5 of DSS treatment and was
particularly pronounced 24 hours after the introduction of
IL-1a. Increased levels of IL-1RI detected in the lamina
propria also indicated an expansion in the mesenchymal cell
population (Supplemental Figures S13, AeC, and S14).
Discussion

Over the past decade, cell injury and death have emerged as
potent inducers of inflammatory responses, yet knowledge
of the underlying mechanisms and their importance in in-
testinal inflammation remains limited.36,37 Because epithe-
lial damage is a common event in IBD, we set out to define
the key DAMPs released by injured epithelial cells and to
determine whether they promote proinflammatory activity
by other mucosal cells. Myofibroblasts lie immediately
below the epithelium, and a DAMP-initiated interaction
between them could magnify intestinal inflammation.10,25

Our initial experiments demonstrated that HT29-derived
DAMPs elicited IL-6 and IL-8 production by HIFs in a
The American Journal of Pathology - ajp.amjpathol.org
dose-dependent manner, and this induction was even greater
than that induced by potent proinflammatory mediators such
as LPS and TNF-a. This response is likely to occur in vivo
since NCL from primary human IECs also induced HIFs to
produce IL-6 and IL-8. The enhanced production of these
cytokines would result in recruitment and activation of
additional inflammatory cells. Our findings are consistent
with those from studies that employed mice with conditional
epithelial deletions of either caspase 8 or Fas-associated
death domain (adaptor proteins required for death receptore
induced apoptosis) that identified epithelial cell necrosis as a
crucial factor in the initiation and perpetuation of terminal
ileitis and colitis.1,4

A variety of DAMPs from multiple sources have been
described that include nuclear and cytosolic proteins as well
as nucleic acids and urate crystals.37 We found that the
epithelial DAMPs that mediate the response of HIFs are
cytosolic proteins and not DNA or RNA. In subsequent ex-
periments, blockade of the IL-1RI essentially abrogated the
IL-6 and IL8 production by HIFs, pointing to the IL-1
pathway as vitally involved in the observed effects. This
finding was enlightening because one of the two IL-1 species
1633
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Figure 7 IL-1 receptor (IL-1R) immunostaining of colons after dextran sulfate sodium (DSS) induction of colitis and IL-1a administration. A and B:
Microscopic images of IL-1R immunostaining of colons from control (no DSS; day 0), 3.0% DSS, and 1.5% DSS mice given enemas of ethanol alone or ethanol
with IL-1a (day 29) shown in A. Images were captured with a Leica DMR upright microscope with a Retiga EXi Cooled CCD camera with liquid crystal tunable
RGB filter using Image-Pro Plus software. Images are representative of 3 mice per group. Images were obtained with 2.5� objective (A) or 10� objective (B).
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able to bind the IL-1RI is IL-1a, a protein abundantly
expressed in epithelial cells and a known major mediator of
sterile inflammation.21,24 In fact, neutralization of IL-1a, but
not IL-1b, inhibited HIF production of IL-6 and IL-8 by
>90%. These results, combined with the fact that all other
components present in the NCLs contribute to <10% of the
activation process, provide compelling evidence that IL-1a is
the DAMP involved in the HIF activation process. To
consolidate this conclusion, we excluded the involvement of
proteins that signal through TLR2 or TLR4 and other danger
signals, namely HMGB-1, IL-33, DNA, histones, chromatin,
and uric acid crystals, as the mediators of HIF cytokine
production. Finally, the presence of IL-1a in NCLs of HT29
cells and IEC isolates from normal and IBD mucosa was
confirmed on findings of IL-1aepositive epithelial cells in
the corresponding tissues on immunohistochemical analysis.

Abundant evidence indicates that IL-1a acts as an impor-
tant DAMP in sterile inflammation in a variety of conditions,
such as rheumatoid arthritis, gout, autoinflammatory syn-
dromes, chronic lung disease, and atherosclerosis.22,47 Inter-
estingly, findings from studies of infectious lung disease,
such as Legionnaires pneumonia infection, suggest that IL-
1a but not IL-1b is the dominant cytokine produced early in
the disease.46 Nonetheless, given the importance of the IL-1
family of cytokines to innate immunity, the actions of IL-1a
have been far less studied and understood than those of IL-
1b.38 Emerging evidence indicates differential timing and
clear functional differences between IL-1a and IL-1b,45,48

including nonredundant roles for each cytokine in Myco-
bacterium tuberculosis infection.49

Investigation into the mechanisms by which IL-1a
regulates cytokine gene expression has shown that intra-
cellular IL-1a can exert transcriptional effects by inter-
acting with chromatin and activating cytokine gene
expression.39,40 Thus, it was crucial to distinguish be-
tween the intracellular HIF pool of IL-1a and the one
released by necrotic epithelial cells. The IL-1a siRNA
experiments showed that paracrine activation by epithelial
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cellederived IL-1a was involved in eliciting cytokine
production by HIFs. These experiments indicate that HIF
sensing of IEC injury, with subsequent activation of
cytokine synthesis, is mediated by IL-1a acting as an
alarmin and does not involve the intracellular IL-1a pool
in HIFs. No evidence of HIF cell death was observed
during these experiments, ruling out the involvement of
autocrine effects due to the release of endogenous IL-1a
by HIFs (not shown). The location of fibroblasts imme-
diately below the intestinal epithelium and overlaying the
immune cell compartment indicates that these mesen-
chymal cells are strategically located to sense superficial
intestinal injury through IL-1aedependent signaling and
then produce cytokines to directly amplify the immune
response in the deeper mucosa.
Some reports claim that IL-1a is released only from

necrotic but not live or apoptotic cells.38,39,43,50,51 However,
in specific contexts, live monocytes/macrophages, dendritic
cells, and keratinocytes can atypically secrete IL-1a. Secre-
tion of the cytokine occurs in response to NLRP3 inflam-
masome agonists, LPS priming, and calpain cleavage.43

Conflicting reports also suggest that inflammasome-
activated caspase 1 and caspase 11 can mediate the secre-
tion of IL-1a in response to noninfectious stimuli, whereas
other studies have concluded that neither of these pathways is
required.46,52,53 In our experiments with live IECs (HT29),
TNF-a and both soluble and particulate activators of NLRP3
failed to induce IL-1a secretion by HT29. Our controlled
experiments verified that the same stimuli could induce the
release of IL-1a and IL-1b by human peripheral blood
monocytes.51 Therefore, it appears that intracellular IL-1a is
released by injured but not intact intestinal epithelium in
response to proinflammatory or NLRP3 inflammasome stimuli.
This conclusion is supported by the identification of IL-

1a in murine and human colonocytes by immunostaining
and the presence of necrotic IL-1aepositive epithelial cells
in the lumen of mice with DSS colitis. In addition, our
experiments with the gut pathogen S. flexneri showed that
ajp.amjpathol.org - The American Journal of Pathology
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the invasive, but not the noninvasive, strain caused release
of IL-1a but not IL-1b, and that this release occurred only
concomitantly with epithelial cell necrosis. Recent studies
using a Matrigel plug containing supernatants of hypoxic
cells injected into mice have shown that, during inflamma-
tion, IL-1a and IL-1b recruit distinct types of myeloid cells
(neutrophils and macrophages, respectively) in a time-
dependent fashion.45 To dissect the in vivo function of IL-
1a, we examined the timing of the appearance of the
cytokine in the stool of mice with DSS colitis. We found
that IL-1a and IL-1b are separately expressed at an early
and late phase, respectively, of the gut inflammatory
response. These experiments clearly consolidate the role of
IL-1a as an important DAMP acting as a very early medi-
ator of intestinal inflammation, a conclusion supported by
findings in other tissues such as in the lung inflammatory
response to bacterial infection.46,49

To further define the role of IL-1a, we conducted in vivo
experiments to determine whether it acts as a proin-
flammatory DAMP only in the early gut inflammation,
during recovery, or even in the absence of overt inflam-
mation. Mice were given a 3.0% dose of DSS, which in-
duces overt clinical and histopathological evidence of
colitis, or a 1.5% dose, which does not induce histopatho-
logical evidence of inflammation. After a 3-week recovery
period, they were challenged with intrarectal IL-1a. Mice
that had acute colitis in the first week and had essentially
recovered both clinically and histologically experienced
reactivation of severe colitis in a remarkably short period of
time (<24 hours). Even more remarkable was the observa-
tion that mice given 1.5% DSS and without histological
evidence of colitis also developed acute severe colitis on
colonic exposure to IL-1a. These novel observations sug-
gest that, whereas IL-1a is unable to induce inflammation in
the healthy intestine, it acts as an inflammatory DAMP not
only in active gut inflammation but also during the apparent
recovery of a previous inflammatory episode. Thus, even a
subtle epithelial injury that releases IL-1a may be enough to
trigger overt inflammation in an intestine that is normal at
the histological level but not at the molecular level. A
limited number of previous studies have investigated the
role of the IL-1RI specifically, in amplification of intestinal
inflammation in experimental colitis or in human IBD.54e57

Inhibition of the IL-1RI with the IL-1RI antagonist in
experimental colitis has been reported to both suppress
inflammation and enhance susceptibility to intestinal dam-
age. In our studies, immunostaining of the colons from mice
in recovery after 3.0% or 1.5% DSS administration showed
enhanced levels of IL-1RI in the lamina propria, as well as
expanded numbers of fibroblasts in this region of the colon,
in response to a 24-hour enema of IL-1a. Along with the
increased levels of the IL-1 type I signaling receptor in 1.5%
and 3.0% DSSetreated mice, high levels of IL-1a and IL-
1b were released as detected in the stool, suggesting that the
IL-1 pathway is pivotal to the reactivation of inflammation
in DSS colitis and possibly in flare episodes of human IBD.
The American Journal of Pathology - ajp.amjpathol.org
Interestingly, multiple inflammatory genes remain dys-
regulated in the colon after recovery from murine colitis58

and human ulcerative colitis.59 This is consistent with the
concept that changes at the molecular level underlie the
recurrence of inflammation associated with the chronic, re-
lapsing nature of IBD. Taken together, our observations also
suggest that the local, early release of IL-1a may be suffi-
cient to reactivate inflammation, possibly by inducing the
expression of IL-1b and/or IL-1RI.60 This may be the
mechanism underlying the accelerated induction of severe
colitis in IL-10edeficient mice treated with nonsteroidal
anti-inflammatory drugs, agents known to induce epithelial
cell injury.61 Combined, these observations are potentially
of clinical significance in view of the well-known emer-
gence or reactivation of human IBD after intestinal epithe-
lial damage caused by subclinical infections or agents such
as nonsteroidal anti-inflammatory drugs.62,63

In summary, our studies provide the basis of a new
paradigm that epithelial DAMPs induce sterile proin-
flammatory responses in IBD and contribute to innate
immune responses through nonimmune cell interactions in
the inflamed intestine. It is likely that DAMP-induced pro-
duction of large quantities of IL-8 and IL-6 would lead to
neutrophil recruitment as well as T-cell and monocyte dif-
ferentiation, respectively. These well-documented conse-
quences of cytokine production are pivotal events by which
the intestinal inflammatory response can be amplified and
perpetuated. Hence, IL-1a is a mediator of epi-
thelialefibroblast interaction and plays a vital role in
amplification and reactivation of intestinal inflammation.
Specifically targeting IL-1a in these nonimmune cell in-
teractions may provide alternative and effective strategies
for treating and even preventing intestinal tissue damage.
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