














MATERIALS AND METHODS

Mice

Tkka™** knock-in has been previously described (Cao et
al., 2001). To delete exons 69 of Ikka in IECs and myeloid
cells, we crossed floxed Ikka mice (Takeda et al., 1999) to
villin-Cre (Madison et al., 2002) and LysM-Cre (Clausen et
al., 1999) transgenic mice, respectively. All mice, including
littermate controls, were crossed on FvB background for at
least four generations. Nfkb2™"~ (provided by R.M. Schmid,
Technical University Munich, Munich, Germany; Paxian et
al., 2002) and caspase-127"" (Saleh et al., 2006) mice have
been previously described. Ikka™***caspase-12~"~ double
mutants were kept on a mixed background and were gen-
erated by crossing mice heterozygous for the corresponding
genes. All mice experiments and procedures were reviewed
and approved by the Regierung von Oberbayern.

Colitis induction and histological scoring

Experimental acute colitis was induced by administrating
3.5% DSS (55 kD; MP Biomedicals) in the drinking water
for five consecutive days, followed by four additional days of
regular drinking water. Mice were euthanized on day 9, and
colons were excised, open longitudinally, fixed as Swiss-rolls
in 4% paraformaldehyde overnight at 4°C, and embedded in
paraffin. Sections were stained with hematoxylin and eosin
(H&E) according to standard protocols, and severity of colitis
was assessed in a blinded way. The colonic epithelial damage
score was assigned as follows: 0, normal; 1, hyperproliferation;
2, mild to moderate loss of crypts, 10-50%; 3, severe loss of
crypts, 50-90%; 4, complete loss of crypts, intact epithelium;
5, ulcerated epithelium. The infiltration with inflammatory
cells score was assigned separately for: mucosa (0 = normal, 1
= mild, 2 = modest, and 3 = severe), submucosa, and muscle/
serosa (0 = normal, 1 = mild to modest, and 2 = severe). The
scores for epithelial damage and inflammatory cell infiltration
were added, resulting in a total score ranging from 0—12.

Cells and reagents

HEK239T and Hela cells were transfected with either
Viromer red (Lipocalyx) or Lipofectamine 2000 (Thermo
Fisher Scientific) for plasmid overexpression. The follow-
ing reagents were used at final concentrations of: 20 pg/ml
L18-MDP (InvivoGen), 20 pg/ml C12-iE-DAP (Invivo-
Gen), 10 pg/ml cycloheximide (Sigma-Aldrich), 10 mM 3-
methyladenine (Sigma-Aldrich), 10 pM MG132 (Merck),
20 uM Z-VAD-FMK (EMD Millipore), and 30 pM ML120B
(Millennium Pharmaceuticals).

Cloning and site-directed mutagenesis

Generation of Flag-tagged wild-type Ikka and Flag-tagged
Ikka™ plasmids has been previously described (Kwak et al.,
2000). mCherry-fused human ATG16L1 cDNA was cloned
into the pcDNA3.1/hygro(—) vector (Thermo Fisher Scien-
tific) at Xho1 and EcoRV sites. Truncated human ATG16L1
c¢DNA fragments (amino acids 1-230, 231-352, and 358-607)
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were cloned into the GST vector pGEX4T1 (GE Health-
care) at EcoR1 and Xhol sites. Recombinant GST-tagged
ATG16L1 fragments were purified from BL21 Escherichia
coli competent cells using Glutathione Sepharose 4B (GE
Healthcare). Full-length GST-tagged human ATG16L1
was purchased from Abnova. Plasmid containing GST-
ATG16L1(231-352) and mCherry-ATG16L1 was used for
site-directed mutagenesis using a QuikChange Lightning
Site-Directed Mutagenesis kit (Agilent Technologies) fol-
lowing the manufacturer’s instruction. All mutations were
confirmed by direct sequencing and observing individual
sequence electropherograms. The primers used for the mu-
tagenesis are as follows: ATG16L1 sense primer (S278A),
5'-GCTGGAGGCCTTCTGGATGCTATCACTAATA
TCTTTGGG-3"; ATGI16L1 antisense primer (S278A),
5'-CCAAAGATATTAGTGATAGCATCCAGAAGGCC
TCCAGC-3"; ATG16L1 sense primer (S287A), 5-AAT
ATCTTTGGGAGACGCGCTGTCTCTTCCTTCCCAG
TC-3'; ATG16L1 antisense primer (S287A), 5'-GACTGG
GAAGGAAGAGACAGCGCGTCTCCCAAAGATATT-3";
ATG16L1 sense primer (S289A), 5'-GACTGGGAAGGA
AGCGACAGAGCGTCTCC-3";ATG16L1 antisense primer
(S289A), 5'-GGAGACGCTCTGTCGCTTCCTTCCCAG
TC-3"; ATG16L1 sense primer (S278E), 5'-CCTGCTGGA
GGCCTTCTGGATGAAATCACTAATATCTTTGGG
AGA-3’; ATGI16L1 antisense primer (S287E), 5'-TCT
CCCAAAGATATTAGTGATTTCATCCAGAAGGCC
TCCAGCAGG-3"; ATG16L1 sense primer (T300A), 5'-
CAGGACAATGTGGATGCTCATCCTGGTTCTGGTA
AAGAAGTG-3'; and ATG16L1 antisense primer (T300A),
5'-CACTTCTTTACCAGAACCAGGATGAGCATCCAC
ATTGTCCTG-3'. Bold letters indicate the mutated bases.

Protein analysis, antibodies, and immunohistochemistry

IEC isolation and immunoblot and immunoprecipitation
analysis were performed as previously described (Cao et
al., 2001; Greten et al., 2004). The following antibodies
were used for immunoblotting: anti—caspase 12 (2202),
anti-CHOP (2895), anti-GRP78 (3177), anti-IREla
(3294), anti-LC3 (2775), anti-pelF2a (3398), anti-plkBa
(2859), anti-TRAF2 (4724), and anti-pNF-xB p65
(3033) from Cell Signaling Technology; anti-MMP-9
(sc-6840), anti-NF-kB p65 (sc-372), anti-GADPH (sc-
32233), and anti—o-tubulin (sc-32293; DMI1A) from
Santa Cruz Biotechnology, Inc.; anti-COX2 (1601006)
from Cayman; anti—f-actin (A4700) and anti-FLAG
(F1804) from Sigma-Aldrich; anti-IKKa (IMG136A)
from Imgenex; anti-p62 (GP62-C) from Progene; an-
ti-p62 (HO0008878-MO3) from Abnova; anti-ATG16L1
(M150-3; for immunoblotting) from MBL international;
anti-ATG16L1 (ab47946; for immunoprecipitation) from
Abcam;anti-pPERK (P3346-01) from US Biologicals; and
anti-lysozyme for immunohistological staining from Dako.
3.5-pm paraftin sections were stained using standard im-
munohistochemical procedures.
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In vitro kinase assay

Flag-tagged wild-type Ikka and Flag-tagged Ikka™* plas-
mids were overexpressed in HEK293T cells, and IKKa was
immunoprecipitated from cells lysates using an anti-Flag
antibody. Immunoprecipitated IKKa and 1 pg of recombinant
ATG16L1(231-352) Wt, S278A, S287A, and S289A fused to
GST were used for in vitro kinase assays in a mixture containing
ATP mix solution (10 mM ATP, 100 mM Tris, pH 7.5,50 mM
MgCl,,and 10 mM dithiothreitol [DTT]) and kinase assay buf-
fer (0.25 M Hepes, pH 7.5, 0.1 M MgCl,, 0.25 M B-glycer-
ophosphate, and 1.5 M NaCl). A total of 5 pCi (32P y-ATP;
Hartmann analytic) was used for 30 pl kinase reaction. Kinase
reactions were incubated for 30 min at 30°C.The reaction was
stopped by adding sample loading buffer,and samples were then
boiled, separated by SDS-PAGE, transferred to polyvinylidene
fluoride membranes, and visualized by autoradiography.

In vitro cleavage assay

pcDNA3.1 construct of wild-type, T300A, and S278A vari-
ants of human ATG16L1 with N-terminal mCherry tag
were transfected in HeLa cells using Lipofectamine 2000
following the manufacturer’s instruction. 600 pg of total
cell lysate and 15 pl of RFP-Trap beads (ChromoTek) were
used to immunoprecipitate mCherry-tagged ATGI16L1.
Then, immunoprecipitates were divided into two equal
parts; one part was used to monitor immunoprecipitation
efficiency, and the other part was washed twice with 1X
caspase activity buffer (MBL international). Finally, immu-
noprecipitated mCherry-ATG16L1 was subjected to in
vitro cleavage assay using 2 U of recombinant active caspase
3 (MBL international) in a total volume of 12 pl in 1X
caspase activity buffer + 10 mM DTT. Samples were in-
cubated at 37°C for 1 h to induce ATG16L1 cleavage, and
then, the reaction was stopped by adding 2X sample loading
buffer and boiled for 5 min.

Organoid culture

Colon organoids were established from Wt and Ikka
mice from a mixed background as previously described
(Sato et al., 2009) and cultured as described for human
colon cultures (Sato et al., 2011). In brietf, colonic organ-
oids were cultured in ENR medium (Advanced DMEM/
F12 [Invitrogen]|, Hepes [Invitrogen|, penicillin/strepto-
mycin [Invitrogen], Glutamax [Invitrogen]|, 1X B27 [In-
vitrogen|, 1X N2 [Invitrogen], 80 uM N-acetylcysteine
[Sigma-Aldrich], 20% Noggin [in-house produced], 10%
R-spondin [in-house produced], 200 ng/ml mouse epi-
dermal growth factor, supplemented with 3.4 pg/ml Rock
inhibitor [Sigma-Aldrich], 5 puM CHIR [Axon], 500 nM
A83-01 [Tocris Bioscience], and 10 mM nicotinamide
[Sigma-Aldrich]). The organoids were grown in Matrigel
(BD) in 48-well plates and passaged at a 1:3 ratio once a
week. The medium was changed every 2 d, and stimulations
were performed in unsupplemented ENR medium, in the
absence of N-acetylcysteine.

AA/AA
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Isolation of IECs and lamina propria cells

After dissection, colons were excised and flashed with RPMI
medium supplemented with penicillin and streptomycin (In-
vitrogen) and gentamycin (Invitrogen). Then, colons were
cut in small pieces and incubated with gentle shaking for 30
min at 37°C in RPMI medium containing antibiotics, 5 mM
EDTA (Roth), 3% FCS (Invitrogen), and 0.145 mg/ml DTT
(Sigma-Aldrich). For IEC isolation, the supernatant was fil-
tered with 100-uM strainers and centrifuged, and the pellet
was resuspended in 30% (vol/vol) Percoll (GE Healthcare).
The top layer was isolated, and 100,000 cells were plated on
collagen type I (GE Healthcare)—precoated 96-well plates and
cultured overnight. For isolation of lamina propria cells, the
residual colon pieces were incubated in RPMI medium con-
taining antibiotics, 0.1 mg/ml Liberase (Roche), and 0.05%
DNase (Roche) for 30 min at 37°C with gentle shaking. Then,
the supernatant was filtered with 70-uM strainers,and pelleted
cells were washed two times in RPMI medium containing
10% FCS. Myeloid cells were sorted with a flow cytometer
(FACS Aria; BD) using anti—Ly-6G (eBioscience), anti-CD45
(eBioscience), and anti-CD11b (eBioscience), seeded on 96-
well plates, and cultured overnight. The remainder of the
lamina propria cells (mostly lymphocytes) indicated as others
were cultured as well along with the myeloid and IECs.

RNA analysis, Xbp1 splicing, and

densitometry quantification

Total RNA from intestinal mucosa, isolated epithelial cells,
or colon organoids was extracted using an RNeasy Mini kit
(QIAGEN). SuperScript II Reverse transcription (Invitro-
gen) was used for cONA synthesis and real-time PCR anal-
ysis using FastStart Universal SYBR Master mix (Roche)
in 20-pl total volume on a StepOne Plus Real-Time PCR
system (Applied Biosystems). Relative gene expression levels
were quantified by using cyclophilin as a housekeeping gene
(21Ct eyclophilin = Ct wrget genel) ‘"The PCR product of Xbpl un-
spliced (205 bp) and spliced (179 bp) were resolved on 2%
agarose gel. Densitometric quantification of Xbp! splicing
and immunoblots was performed with Adobe Photoshop.

ELISA and IL-18 treatment

Secreted IL-18 levels in blood sera were determined by the
commercially available IL-18 ELISA kit according to the
manufacturer’s instructions (MBL international). For IL-18
rescue experiments, recombinant IL-18 (MBL international)
dissolved in cold PBS (Invitrogen) was injected intraperito-
neally at a concentration of 0.5 pg/mouse every day during
the acute DSS treatment.

Bone marrow chimeras

Bone marrows were isolated from femur and tibia of Ikkar
and Tkka*** congenic donors. Recipient mice were irra-
diated with a lethal dose of 9 Gy to get rid of the immune
cells and were injected with 4 x 10° cells in 100 pl PBS
in the tail vein. The transplanted mice were given broad-
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spectrum antibiotic (Ciprobay; Bayer) at a concentration of
1 mg/ml for 2 wk in drinking water. After 8 wk in total, the
mice were treated with DSS and sacrificed on day 9. Colons
were collected and stained for H&E.

Transmission electron microscopy

Transmission electron microscopy was used to visualize ultra-
structural changes in mouse ileal tissue. Therefore, ileal tissues
were initially fixed overnight using 2.5% glutaraldehyde buft-
ered in cacodylate. The embedding procedure comprised fixa-
tion in 1% osmium tetroxide, dehydration in a graded ethanol
series with an incubation step with uranyl acetate (between
the 50 and 90% ethanol step), and finally rinsing in propylene
oxide. The specimens were then embedded in epoxy resins
that polymerized for 16 h at 60°C. After embedding, semithin
sections (0.5 pm) were cut using an ultra-microtome (Ultra-
cut UCT; Leica Biosystems) with a diamond knife. Sections
were stained with Toluidine blue, placed on glass slides, and
examined by light microscopy to select appropriate areas for
ultrathin preparation. Ultrathin sections (50-70 nm) were cut
again using an ultra-microtome. Sections were mounted on
copper grids and contrasted with uranyl acetate for 2-3 h at
42°C followed by lead citrate for 20 min at room tempera-
ture. Imaging was performed using a transmission electron
microscope (Tecnai G2 Spirit Biotwin; Thermo Fisher Scien-
tific) at an operating voltage of 120 kV.

Mass spectrometry

Peptide fractions were analyzed on a quadrupole Orbitrap
mass spectrometer (Q Exactive Plus; Thermo Fisher Scien-
tific) equipped with an ultrahigh performance liquid chroma-
tography system (EASY-nLC 1000; Thermo Fisher Scientific)
as described previously (Cox et al., 2011). Peptide samples
were loaded onto C18 reversed phase columns (15 cm length,
75 pm inner diameter, and 1.9 pm bead size) and eluted with
a linear gradient from 8 to 40% acetonitrile containing 0.1%
formic acid in 2 h. The mass spectrometer was operated in
data-dependent mode, automatically switching between MS
and MS2 acquisition. Survey full scan MS spectra (m/z 300—
1700) were acquired in the Orbitrap. The 10 most intense
ions were sequentially isolated and fragmented by higher-
energy C-trap dissociation (Olsen et al., 2007). An ion selec-
tion threshold of 5,000 was used. Peptides with unassigned
charge states, as well as with charge states <2 were excluded
from fragmentation. Fragment spectra were acquired in the
Orbitrap mass analyzer. Raw data files were analyzed using
MaxQuant (version 1.5.2.8; Cox and Mann, 2008). Parent
ion and MS2 spectra were searched against a database con-
taining 88,473 human protein sequences obtained from the
UniProtKB released in December 2013 using the Andromeda
search engine (Cox et al., 2011). Spectra were searched with
a mass tolerance of 6 ppm in MS mode, 20 ppm in higher-
energy C-trap dissociation MS2 mode, strict trypsin specific-
ity, and allowing up to three miscleavages. Cysteine carbami-
domethylation was searched as a fixed modification, whereas
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protein N-terminal acetylation, methionine oxidation, and
phosphorylation of serines, threonines, and tyrosines were
variable modifications. Site localization probabilities were de-
termined by MaxQuant using the posttranslational modifica-
tion scoring algorithm as described previously (Olsen et al.,
2006; Cox and Mann, 2008).The dataset was filtered based on
posterior error probability to arrive at a false discovery rate of
<1% estimated using a target-decoy approach.

Statistical analysis

Data are expressed as mean + SE. Two-tailed Student’s ¢ test
and ANOVA followed by Bonferroni posthoc test were per-
formed for statistical analysis of two and multiple datasets, re-
spectively, using Prism5 (GraphPad Software). P-values <0.05
were considered significant.

Online supplemental material
Fig. S1  shows that
from DSS-induced colitis.
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Figure S1.  Epithelial IKKa protects from DSS-induced colitis. (A and B) Representative H&E staining of colon Swiss rolls from lkka"""" and lkka* (A)
and Ikka™ and ko€ (B) mice treated with DSS for 5 d and analyzed on day 9. Bars, 2 mm. The histograms show the quantification of total ulcer length.
Data represent mean + SEM. n = 8 for lkka"*"" and Ikka™**4. n = 5 for Ikka™ and Ikka®" €. *, P < 0.05; ** P < 0.001 by Student's ¢ test.
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