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Intestinal Epithelial Cell Tyrosine Kinase 2 Transduces IL-22
Signals To Protect from Acute Colitis

Eva Hainzl,""1 Silvia Stockinger,”"1 Isabella Rauch,“IE Susanne Heider,§ David Berry,'”
Caroline Lassnig,*’" Clarissa Schwab,# Felix Rosebrock,Jr Gabriel Milinovich,#
Michaela Schlederer,§ Michael Wagner,'H Christa Schleper,# Alexander Loy,'”

Tim Urich,” Lukas Kenner,***'" Xjaonan Han,** Thomas Decker,’ Birgit Strobl,* and

Mathias Miiller*

In the intestinal tract, IL-22 activates STAT3 to promote intestinal epithelial cell (IEC) homeostasis and tissue healing. The
mechanism has remained obscure, but we demonstrate that IL.-22 acts via tyrosine Kinase 2 (Tyk2), a member of the Jak family.
Using a mouse model for colitis, we show that Tyk2 deficiency is associated with an altered composition of the gut microbiota and
exacerbates inflammatory bowel disease. Colitic Tyk2™’~ mice have less p-STAT3 in colon tissue and their IECs proliferate less
efficiently. Tyk2-deficient primary IECs show reduced p-STAT3 in response to IL-22 stimulation, and expression of IL-22-STAT3
target genes is reduced in IECs from healthy and colitic Tyk2™'~ mice. Experiments with conditional Tyk2 ™"~ mice reveal that
IEC-specific depletion of Tyk2 aggravates colitis. Disease symptoms can be alleviated by administering high doses of rIL-22-Fc,
indicating that 7Tyk2 deficiency can be rescued via the IL-22 receptor complex. The pivotal function of Tyk2 in IL-22-dependent
colitis was confirmed in Citrobacter rodentium—induced disease. Thus, Tyk2 protects against acute colitis in part by amplifying
inflammation-induced epithelial IL-22 signaling to STAT3. The Journal of Immunology, 2015, 195: 5011-5024.

signals from transmembrane receptors to the nucleus,
where transcription of target genes is initiated. Tyrosine
kinase 2 (Tyk2) is a member of the Jak family and has been de-
scribed to participate in signaling of cytokines such as type I IFN,
IL-10, IL-12, IL-13, and IL-6 family members. Tyk2-deficient mice
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are highly susceptible to viral, bacterial, and parasitic infections,
which are mainly due to a diminished type I IFN response and an
impaired IL-12—-dependent IFN-y production (1). Owing to their
altered Th1/Th2, Th9, and Th17 cytokine profiles, these mice are
more prone to allergic airway inflammation (2, 3). Alternatively,
Tyk2-null mice are more resistant to autoimmune diseases (4, 5).
In humans, Tyk2 deficiency has been demonstrated to affect
signaling of type I IFNs, IL-6, IL-10, IL-12, and IL-23, leading
to increased susceptibility to infections and inflammatory symptoms
6, 7).

Cytokines and their respective signaling pathways regulate
intestinal homeostasis, and pro- and anti-inflammatory cytokines,
including the Tyk2-dependent IFNs, IL-6, IL-10, IL-12, IL-22,
IL-23, and IL-27, may have beneficial or detrimental roles in a
colitogenic environment (8). In a screen for susceptibility factors
in inflammatory bowel disease (IBD), polymorphisms in the 7yk2
and Stat3 loci were found (9). We recently identified that IFN-I
and IFN-III signals are involved in the progression and resolution
of colitis (10, 11). Several reports, including our recent findings,
demonstrate a proinflammatory function of IFN-vy (11, 12) whose
expression is known to be severely reduced in immunologically
challenged Tyk2™’~ mice (1). Also, IL-12 and IL-23 were shown
to have a key pathogenic role in colitis development whereas
IL-10 and IL-22 are considered to prevent disease (8). Besides the
cytokine milieu, multiple factors such as epithelial barrier defects
and altered microbiota composition contribute to the complex
etiology seen in IBD (13, 14).

In this study, we characterized the role of Tyk2 in intestinal
inflammation in various colitis models. Furthermore, influences of
Tyk2 deletion on cytokine expression and response in the intes-
tine were analyzed. A comprehensive intestinal microbiota anal-
ysis employing 16S rRNA gene-targeted amplicon sequencing and
metatranscriptomics was performed to elucidate the impact of
dextran sodium sulfate (DSS)—induced colitis in wild-type (WT)
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and Tyk2~/~ mice. We reveal a key function of Tyk2 in intestinal
epithelial cells (IECs) during acute colitis by critically affecting
IL-22/STAT3—-dependent responses.

Materials and Methods

Animals

Tyk2 ™", TykZﬂ/ﬂ, and Tyk2* " mice have been described previously (15).
Tyk2™ mice were crossed to Villin-cre transgenic mice (16) to obtain
Tyk24V"™ mice. Tyk2™" littermate mice were used as controls. All genet-
ically engineered mice were on C57BL/6N background controlled by
speed congenics (17). C57BL/6N WT controls were kept under identical
housing conditions. Mice were frequently tested to be specific pathogen-
free according to the recommendations of the Federation of European
Laboratory Animal Science Association, and they were additionally moni-
tored to be norovirus negative (18). All animal experiments were approved
by the Institutional Ethics Committee and were conducted in accor-
dance with Austrian laws (BMWF-66.006/0002-11/10b/2010, BMWE-
66.006/0003-11/3b/2012, BMWFW-66.006/0002-WF/V/3b/2015) and were
performed according to the guidelines of Federation of European Labo-
ratory Animal Science Associations and Animal Research: Reporting
In Vivo Experiments.

DSS treatment and assessment of colitis

Mice aged 8-10 wk of matched genders were treated with 2% (w/v) DSS
(MP Biomedicals, molecular mass of 36,000-50,000 Da) in autoclaved tap
water ad libitum for 7 d. On day 7 of treatment, mice received freshly
autoclaved tap water until the experimental endpoint (19). Where indi-
cated, mice were injected i.p. with recombinant murine (m)IL-22-Fc (50
1g/200 pl/mouse, provided by Genentech, South San Francisco, CA) (20)
or IgG2A isotype control.

Upon sacrifice, intestines were removed, flushed with PBS (PAA
Laboratories), and the colons were halved lengthwise. One half was
frozen in liquid N, for RNA or protein isolation and the other half was
flushed, prepared as a Swiss roll, and fixed in 2% paraformaldehyde.
H&E-stained paraffin sections were imaged and used for pathological
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evaluation. Sections were scored blindly by a pathologist, and a histo-
logical colitis score was calculated by the sum of inflammation severity,
inflammation extent, and crypt damage multiplied by the percentage of
tissue area involved (21).

2,4,6-Trinitrobenzene sulfonic acid treatment and assessment
of colitis

2,4,6-Trinitrobenzene sulfonic acid (TNBS) treatment was performed as
described (19). Because C757BL/6 mice have been shown to be rela-
tively resistant to TNBS colitis, a presensitization step has been in-
cluded. In brief, age- and sex-matched mice were presensitized with
TNBS via the skin. After 7 d, a 5% TNBS solution (Sigma-Aldrich)
mixed 1:1 with 1 vol absolute ethanol was applied intrarectally. Con-
trol mice received 50% EtOH. For histology, colons were isolated on
days 4 and 7 after intrarectal treatment, flushed with PBS (Sigma-Aldrich),
and fixed in 7.5% formaldehyde. H&E-stained paraffin sections were
imaged and used for pathological evaluation. Sections were scored by a
pathologist and a histological score of colitis was assessed as: 0, no in-
flammation; 1, very low levels of inflammation, low level of leukocytic
infiltration; 2, low level of leukocytic infiltration; 3) high level of leuko-
cytic infiltration, high vascular density, thickening of the colon wall; 4)
transmural infiltrations, loss of goblet cells, high vascular density, thick-
ening of the colon wall (22, 23).

16S rRNA gene amplicon pyrosequencing, data analysis, and
quantification of selected 16S rRNA gene copies by
quantitative PCR

16S rRNA amplicon libraries were produced from DNA of cecum and
colon lumen contents as described before (21). Pooled triplicate ampli-
fications were purified (Agencourt AMPure, Beckman Coulter Genomics)
and quantified with a fluorescent stain—based kit (Quant-iT PicoGreen,
Invitrogen). Pyrosequencing was performed with titanium reagents on a
454 genome sequencer FLX (Roche). Pyrosequencing reads were pro-
cessed as described (21). Amplicon sequencing libraries had a mean
number of 17,999 reads (range, 4,415-26,495). B diversity measures were

FIGURE 1. Detrimental effect of Tyk2 deficiency on DSS-induced colitis. (A—C) C57BL/6N (WT) and Tyk2 " mice were treated with 2% DSS for 7 d,
followed by 2 d of water. (A) Weight loss was determined daily and is displayed relative to initial weight. Data are derived from five independent
experiments with n =23 (WT) or n =19 (Tyk2 ~/7) total. Results are given as mean values = SEM. (B) Histological scores for days 0, 1, 2 (each n =3), 3, 6
(each n = 6), and 9 (n = 12) of DSS treatment. Results for individual mice and mean values are depicted. (C) WT and Tyk2™"~ colon tissue sections were
stained with H&E. Representative images are shown for untreated mice and for mice on day 9 of DSS treatment. *p < 0.05, ***p < 0.001.
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analyzed at 3500 reads. Quantitative PCR (qPCR) for quantitation of se-
lected 16S rRNA genes was performed as described before (10).

Metatranscriptome sequencing and data analysis

cDNA libraries from luminal contents were prepared as described before
(24) and paired-end sequenced using an Illumina genome analyzer or

5013

HiSeq (Campus Science Support Facilities, Vienna, Austria). Data were
processed and analyzed as described (24).

All pyrosequencing data in the study, including amplicon and meta-
transcriptomic data, are available in Supplemental Table I or archived at
National Center for Biotechnology Information Sequence Read Archive
under accession no. SRA059289 (http://www.ncbi.nlm.nih.gov/sra).
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FIGURE 2. DSS and inflammation induce changes in intestinal microbiota composition. (A) Principal component analysis (PCA) of taxonomically classified 16S
rRNA reads from metatranscriptomes of intestinal microbiota of untreated and DSS-treated WT and Tyk2 ™~ mice. The first two principal components PCI (x-axis)
and PC2 (y-axis) account for 40.7% of the total variation in the dataset. Three clusters could be observed: 1) untreated (green, day 0), 2) preinflammation DSS-
treated (gray, days 1-3), and 3) early DSS-induced inflammation (blue, day 6). Vectors indicate microbial taxa associated with these clusters. Samples from Tyk2 ™~
mice are shown in darker colors. (B) Principal coordinate analysis of 16S rRNA gene amplicon libraries from intestinal microbiota of untreated and day 6 DSS-
treated WT and Tyk2 ™~ mice based on weighted UniFrac distance. Samples are colored by condition: untreated WT (O) and untreated T9k2 ™~ ( A ); DSS-treated
WT (@) and DSS-treated 7yk2 ™ (&). The 95% confidence limits are smaller than the respective data points (i.e., triangles or circles). Bacterial indicator phylotypes
for genotype and treatment are shown in Supplemental Fig. 2B. (C) qPCR quantification of Enterobacteriaceae 16S rRNA genes (log gene copies per microgram
extracted DNA). **p < 0.01 for differences between Enterobacteriaceae 16S TRNA genes in WT and Tyk2~~ mice. (D) Fluorescence in situ hybridization image of
Enterobacteriaceae in untreated and DSS-treated 7yk2 ™~ mice at day 6. Eukaryotic cells are depicted in green (SYBR Green), Enterobacteriaceae in pink (Cy3-
labeled probe specific for Enterobacteriaceae), and other bacteria in blue (Cy5-labeled probe mix targeting all bacteria). Original magnification X400.
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Fluorescence in situ hybridization

A Cy3-labeled oligonucleotide probe specific for the 23S rRNA of Entero-
bacteriaceae, S-*-EBAC-1790-a-A-18 (5'-CGT GTT TGC ACA GTG CTG-
3"), was used in combination with an unlabeled competitor probe (5'-CGT GTT
TGC AGA GTG CTG-3") and a Cy5-labeled probe mix targeting all bacteria
(EUB 338 I-1II) in a 40% formamide hybridization solution under standard
hybridization conditions (24). As a eukaryotic stain, SYBR Green was used.
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Isolation and stimulation of IECs

Colon and cecum were isolated, cut into 2 to 3 mm pieces, and rinsed in cold
PBS. Tissue pieces were then shaken at 37°C in PBS containing 30 mM
EDTA for 10 min. The supernatant was centrifuged (1000 X g, 5 min) and
washed three times in cold PBS and then either frozen in liquid N, for
RNA or protein isolation or stimulated with rIL-22 (R&D Systems, Min-
neapolis, MN) at 37°C in RPMI 1640 for 15 min. After stimulation, cells
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FIGURE 3. Reduced STAT3 phosphorylation in Tyk2-deficient colon tissue. (A) Western blot for pY-STAT3 on homogenized colon tissue of WT and
Tyk2™'~ mice on days 0, 3, 6, and day 9 of DSS treatment. STAT3 and pan-ERK were used as a loading control. (B) Representative images of immu-
nohistochemical staining for pY-STAT3 on day 0 and day 6 of DSS treatment for WT and Tyk2 ™"~ mice. Original magnification X200. (C) Quantification of
pY-STAT3 immunohistochemistry on WT and Tyk2 ™"~ colon tissue sections on days 0 and 6 of DSS treatment using HistoQuest software. Stainings are
derived from two independent experiments, with a total of six mice per genotype; a minimum of three images per mouse were quantified. Results are given
as mean values = SEM. (D) Representative images of immunohistochemical staining for pY-STAT3 and Keratin8 on day 0 and day 6 of DSS treatment for
WT and Tyk2~’~ mice. Original magnification X200. (E-G) Quantification of immunohistochemistry for Keratin8 and pY-STAT3 using HistoQuest
software. Results are derived from two independent experiments with a total of five to six mice per genotype. (E) Keratin8 single-positive cells among total
analyzed cells. (F) pY-STAT3" cells among Keratin8™ cells. (G) pY-STAT3" cells among Keratin8* cells. *p < 0.05, ***p < 0.001.
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were pelleted and resuspended in RIPA buffer containing 10 mM Tris-HCl
(pH 8), 1 mM EDTA, 0.5 mM EGTA, 0.2 mM sodium vanadate, 25 mM
sodium fluoride, 140 mM NaCl, 5% glycerol, 0.1% sodium deoxycholate,
0.1% SDS, 1% Triton X-100, 1 mM PMSF, and 1X SigmaFAST protease
inhibitor tablet (Sigma-Aldrich) for Western blot analysis.

Western blot analysis

Colon tissue and IEC preparations were homogenized in RIPA buffer (see
Isolation and stimulation of IECs). Western blots were performed as de-
scribed previously (25) using the following Abs: rabbit anti—phospho-
STAT3 (Tyr’®), rabbit anti-STAT3 (both Cell Signaling Technologies,
Danvers, MA), mouse anti-panERK (BD Biosciences, San Diego, CA),

A
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B-tubulin (Santa Cruz Biotechnology, Dallas, TX), and rabbit anti-RegIIly
(26) (provided by L. Hooper, University of Texas, Southwestern Medical
Center, Dallas, TX).

Immunohistochemistry

Paraffin sections were rehydrated and boiled in a Tris-EDTA—containing
buffer (pH 9) for 45 min to unmask Ags, then blocked with 10% goat
serum (Zymed, Carlsbad, CA) and incubated with phospho-STAT3 (Tyr’®)
Ab (Cell Signaling Technologies, Danvers, MA) 1:200 overnight at 4°C. For
double stainings, sections were additionally incubated with Troma 1 rat mAb
against cytokeratin-8 (Developmental Studies Hybridoma Bank, Iowa City,
TA). To detect proliferation, slides were boiled 20 min in citric buffer (pH 6)
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and incubated with rabbit polyclonal anti-Ki67 (Leica/Novocastra) Ab
1:1000. Sections were then incubated with goat anti-rabbit HRP (Dako) and
developed using 3-amino-9-ethylcarbazole substrate kit for single stainings
(ID Labs, London, U.K.) or with 3,3’-diaminobenzidine substrate kit (Vector
Laboratories, Burlingame, CA) and HistoGreen (Linaris, Dossenheim,
Germany) for double stainings. Sections were counterstained with Mayer’s
hematoxylin and imaged on an epifluorescence microscope (Zeiss Axio
Imager), and at least three images per colon were taken. Positive-stained
cells were quantified using the HistoQuest software (TissueGnostics,
Vienna, Austria) as described previously (10). For determination of
goblet cell numbers, deparaffinized formaldehyde-fixed tissue sections
were stained with Alcian blue (Sigma-Aldrich). At least five images per
colon were taken and mean values of goblet cells per crypt are displayed.

RT-qPCR from colon tissue pieces

RNA was isolated from colon tissue or from isolated IECs using a Nucleo-
Spin RNA 1I kit (Macherey-Nagel, Diiren, Germany) according to the
manufacturer’s protocol. Real-time qPCR (RT-qPCR) was performed and
calculated as described previously (25) unless stated otherwise using the
primer sequences or order numbers for Qiagen QuantiTect assays given in
Supplemental Table II.

IL-1B and IL-22 determination

Frozen tissue was homogenized in PBS containing proteinase inhibitors
(PMSF; Roche cOmplete protease inhibitor mixture), I mM vanadate, and
1 mM DTT. The homogenate was freeze-thawed twice. Total protein in
the supernatants was determined by bicinchoninic acid assay (Pierce), and
IL-1B and IL-22 levels were determined using a FlowCytomix kit (eBio-
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science) on 25 wl supernatant according to the manufacturer’s instructions.
The IL-1B and IL-22 amounts were normalized to total protein.

Citrobacter rodentium infection

Citrobacter rodentium strain ICC169 (nalidixic acid resistant) was ob-
tained from Siouxsie Wiles (27, 28) and grown in Luria broth (Roth,
Karlsruhe, Germany) culture supplemented with nalidixic acid (Sigma-
Aldrich) at 37°C. C. rodentium (1-2 X 10° CFU per mouse) was admin-
istered via oral gavage. Control mice received sterile PBS. To determine
bacterial load, spleens, ceca, and colons were homogenized on day 7
postinfection and serial dilutions were plated on Luria broth plates sup-
plemented with nalidixic acid. For assessment of intestinal permeability,
mice were starved for 4 h on day 7 postinfection and 60 mg/g mouse FITC-
dextran (Sigma-Aldrich) was applied via oral gavage. Serum was isolated
5 h later and fluorescence was determined and calculated relative to
a standard curve. Serum of untreated mice was used for determination of
background levels. For histology, colons were isolated on day 7 postin-
fection, flushed with PBS (Sigma-Aldrich), and fixed in 7.5% formaldehyde.
H&E-stained paraffin sections were imaged and used for pathological
evaluation. Sections were scored by a pathologist, and a histological colitis
score was assessed for submucosal edema, goblet cell depletion, epithelial
hyperplasia, epithelial damage, and neutrophil and mononuclear cell in-
filtration as described (29, 30).

Statistical analysis

Statistical analysis was performed using GraphPad Prism software
(GraphPad Software, San Diego, CA) by one-way ANOVA followed by
a Bonferroni post hoc test. For C. rodentium infection experiments,
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FIGURE 5. Reduced IL-22 signaling and target gene expression in Tyk2-deficient mice. (A) IECs were isolated from colon tissue of untreated WT and
Tyk2™’~ mice and stimulated with 0.5, 1, 5, and 10 ng/ml IL-22 for 15 min. Lysates were analyzed for pY-STAT3 on Western blot. STAT3 and pan-ERK
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given as mean values = SEM. *p < 0.05, ***p < 0.001.
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statistical analysis was performed using the Mann—-Whitney U test.
A p value <0.05 was considered statistically significant.

Results
Tyk2-deficient mice are highly susceptible to DSS-induced
colitis

To characterize the role of 7yk2 in acute intestinal inflammation,
C57BL/6N (WT) and Tyk27/7 mice were treated with 2% DSS
(w/v) in the drinking water for 7 d and subsequently offered normal
water. Weight loss in both genotypes started on average at day 6 of
DSS treatment; the experimental endpoint was set at day 9. From
day 7 on, Tyk2™~ mice lost significantly more weight than did the
WT controls (Fig. 1A). Starting on day 3, DSS-treated mice showed
intestinal crypt damage and signs of acute inflammation as deter-
mined by pathology scoring (Fig. 1B). In accordance with the
weight loss, Tyk2~~ mice displayed more severe colitis pathology
scores compared with WT mice at the experimental endpoint
(Fig. 1B). More specifically, almost complete destruction of the
epithelium as well as increased infiltration of inflammatory cells
was seen in histological sections (Fig. 1C). To further investigate
the role of Tyk2 in intestinal inflammation, we employed a second
chemically induced model, hapten-induced colitis using TNBS (31).
Because C57BL/6 mice are described to be relatively resistant to
this model, a presensitization step was included as described (19).
WT and Tyk2 ™/~ mice were treated intrarectally with 5% TNBS
mixed with an equal amount of ethanol on day 0 and where ap-
plicable colons were isolated at the indicated time points. In con-
trast to the DSS model, no major weight loss in both genotypes
could be observed (Supplemental Fig. 1A) and no significant dif-
ferences in colon lengths were detected (Supplemental Fig. 1B).
Induction of pathology upon TNBS treatment peaked after 4 d of
treatment and recovery already started at day 7 in both WT and
Tyk2~"~ mice (Supplemental Fig. 1C, 1D), indicating that Tyk2 is
dispensable for protection against TNBS-induced colitis. We thus
focused on the clear effect of Tyk2 in the DSS model in our sub-
sequent analyses.

DSS administration induces characteristic changes in
intestinal microbiota structure and activity in WT and
Tyk2-deficient mice

Alterations in microbial community composition accompany IBD
development in mice and humans and have been observed in
DSS-induced colitis models in C57BL/6 mice (21, 24).
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To determine the composition and transcriptional activity of the
intestinal microbiota in the development of colitis and the ab-
sence of Tyk2, we performed both bacterial 16S rRNA gene-
targeted sequencing and shotgun metatranscriptomics using 454
titanium and Illumina sequencing, respectively. Principal compo-
nent analysis (PCA) of taxonomically classified 16S rRNA tran-
scripts from the metatranscriptomes revealed that DSS treatment
was the major factor driving changes in intestinal microbiota com-
position (Fig. 2A). The first two principal components PC1 (x-axis)
and PC2 (y-axis) accounted for 40.7% of the total variation in the
dataset. Microbial communities clustered into three distinctive
groups based on phase of treatment: 1) untreated, 2) prein-
flammation DSS-treated (on days 1, 2, and 3), and 3) early DSS-
induced inflammation (on day 6). The 16S rRNA abundance of
several high-level taxa drove the differences in community com-
position. Lactobacillaceae and Bacteriodales were characteristic
of untreated mice, and several groups such as Enterobacteriaceae,
Verrucomicrobiaceae, Porphyromonodaceae, 4C0d-2, and Defer-
ribacteraceae were generally characteristic of DSS-induced in-
flammation, independent from genotype (Fig. 2A and data not
shown). Additionally, PCA plots of functionally classified mes-
senger RNAs also revealed treatment phase—dependent clustering
of samples (Supplemental Fig. 2). However, only two distinctive
groups could be resolved: 1) untreated and 2) DSS treatment. The
clustering was driven by contributions from several transcript
classes, reflecting a characteristic shift in profiles involving mul-
tiple functional categories (e.g., for untreated, sulfur meta-
bolism and respiration; for DSS treatment, protein and RNA
metabolism).

During colitis, microbial community composition can ex-
perience major shifts at a fine phylogenetic/taxonomic level
that are not observed at higher taxonomic levels (21). We
therefore also studied changes in the community structure at
the more resolved phylotype level using 16S rRNA gene-targeted
amplicon pyrosequencing. Microbial community composition
shifted significantly between untreated and day 6 DSS-treated
mice (Fig. 2B, permutational ANOVA p = 0.002). We observed
a statistically significant interaction between treatment and geno-
type (p = 0.001), which indicated the presence of a Tyk2-specific
response of the intestinal microbiota to DSS treatment. Using a
statistical model, we identified 39 species-level phylotypes that
were significantly associated with DSS-induced inflammation, 34
of which were genotype specific (Supplemental Fig. 2, Supplemental
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FIGURE 6. Reduced epithelial proliferation in the absence of Tyk2. (A) Representative images of immunohistochemical staining for Ki67 on colon tissue
sections of untreated and day 6 DSS-treated WT and 7yk2 ™"~ mice. Original magnification X200. (B) Quantification of Ki67 immunohistochemistry on WT and
Tyk2 ™"~ colon tissue sections on days 0, 3, and 6 of DSS treatment using HistoQuest software. Stainings are derived from two independent experiments with
a total of six mice per genotype; a minimum of three images per mouse were quantified. Results are given as mean values = SEM. *p < 0.05, ***p < 0.001.
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Table I). For example, one phylotype belonging to Entero-
bacteriaceae was significantly enriched in DSS-treated Tyk2 ™"~
mice and not in WT mice. qPCR using group-specific primers
showed an increase in Enterobacteriaceae during DSS treatment,
with higher enrichment in Tyk2™~ mice at day 3 compared with
WT mice (Fig. 2C). Fluorescence in situ hybridization with a group-

Tyk2 PROTECTS FROM ACUTE COLITIS

specific probe also revealed characteristic rod-shaped Entero-
bacteriaceae in the intestinal microbiota of DSS-treated Tyk2 ™"~
mice (Fig. 2D), whereas it was not detectable in WT animals
(data not shown) and untreated 7Tyk2 ~~ mice. Consistent with this, an
increase of mRNA and rRNA transcripts of Enterobacteriales was
observed in metatranscriptomes of Tyk2 ™~ mice (data not shown).
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FIGURE 7. Tyk2 in IECs crucially contributes to protection against acute colitis. (A and B) Tyk2™", Tyk22Vin and Tyk2 ™~ or Tyk2*“M" littermate mice
were treated with 2% DSS for 7 d, followed by 2 d of water. Data are derived from three independent experiments each with three to five mice per genotype
per treatment. (A) Weight loss was determined daily and is displayed relative to initial weight. Results are given as mean values = SEM. (B) Histological
scores are shown for day 9 of colitis regimen. Results for individual mice and mean values are depicted. (C and D) Quantification of immunohistochemistry
for pY-STAT3 (C) or Ki67 (D) of Tyk2™", TykZA villin_and Tyk2* M colon tissue sections on days 0 and 6 of DSS treatment using HistoQuest software. Data
are derived from two independent experiments with a total of six mice per genotype per treatment; a minimum of three images per mouse were quantified.
(E) Expression of RegllIB and Regllly mRNA in IECs isolated from untreated Tyk2™", TykZA Villin - and TykZACM V mice was determined by RT-qPCR.
Relative expression was calculated relative to Oaz/ and normalized to Tyk2™. Data are derived from two independent experiments with a total of six mice
per genotype. Results are given as mean values = SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Colitis-induced STAT3 tyrosine phosphorylation is reduced in
Tyk2-deficient IECs

STAT3 activity is associated with colitogenic as well as anti-
inflammatory cytokines such as IL-6, IL-10, IL-12, IL-22, IL-
23, and type I IFNs (8, 32). Activation of STAT3 by these cyto-
kines has been reported to be, at least partially, dependent on Tyk2
(1). Thus, we investigated tyrosine phosphorylation of STAT3
(pY-STAT3) by Western blot of whole colonic tissue extracts of
WT and Tyk2™"" mice in the course of colitis. In healthy animals
pY-STAT3 was low in WT and not detectable in Tyk2 ™"~ mice.
pY-STAT3 increased in both genotypes with a peak on day 6 of
DSS treatment; however, levels were markedly decreased in Tyk2-
deficient animals (Fig. 3A).

Because the contribution of STAT?3 to colitis varies depending on
the cell type activating STAT3 (32), we determined the major sites
of pY-STAT3 by immunohistochemistry. As expected from Western
blot analysis, few pY-STAT3" cells were found in untreated mice
(Fig. 3B, upper panels), whereas on day 6 of DSS treatment a large
number of cells contained pY-STAT3 in WT mucosa and fewer cells
were positive in Tyk2-deficient mucosa (Fig. 3B, lower panels).
Quantification of pY-STAT3" cells confirmed the highly significant
reduction of pY-STAT3 in Tyk2-deficient mice (Fig. 3C). The
overall numbers of Keratin8" (i.e., epithelial) cells were similar in
untreated WT and Tyk2 ™"~ mice. DSS treatment led to greater loss
of Keratin8* cells in TykZ_/ ~ mice (Fig. 3D, 3E), consistent with
the more severe pathology at day 9 (Fig. 1B). WT and Tyk2 ™"~ mice
had slightly decreased numbers of nonepithelial cells (Keratin8 )
with activated STAT3 (Fig. 3D, 3F), whereas pY-STAT3*/Keratin8*
cells were significantly decreased in Tyk2 ™/~ colonic tissue
(Fig. 3D, 3G).

Tyk2 does not affect the expression of most colitis-associated
cytokines

To further characterize the mechanism underlying the reduced
pY-STAT3 in Tyk2 '~ IECs, we measured mRNA expression profiles
of relevant cytokines in colonic tissues (8). IL-6, IL-10, and IL-22
are the most likely candidate cytokines involved in the IEC-
specific activation of STAT3 in a Tyk2-dependent manner (1, 32).
Colonic tissue reacted to DSS treatment with an increased IL-6,
IL-10, and IL-22 mRNA expression from days 3 to 6 on with no
significant differences between WT and Tyk2 ™~ animals except
for elevated /L-10 mRNA levels on day 9 (Fig. 4A-C). IL-22
production was further verified on protein level also showing no
significant differences between WT and Tyk2 ™'~ tissue upon DSS
treatment (Fig. 4J).

Tyk2 was shown to impact on IL-12 and IL-23 production and
on IL-12—dependent /FN-y as well as IL-23—dependent IL-17
mRNA expression by various immune cells (1). Colitis-induced in-
crease of IL-12p40, IFN-v, and IL-17A transcription was observed

FIGURE 8. Tyk2 deficiency can be overcome by
excess IL-22-Fc in murine DSS colitis. (A and B)

2% DSS
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in both genotypes whereas expression of /L-23A remained grossly
unaltered (Fig. 4D-G). A significant genotype-related difference
could be detected for IFN-y expression on day 9 (Fig. 4G).

TNF and IL-1 B are also central in colitis (8). TNF was tran-
scriptionally activated starting at days 3—6 of DSS regimen without
significant variation between WT and Tyk2 ™'~ colons (Fig. 4H).
Similarly, production of IL-1 3 was not altered between WT and
Tyk2~"~ colons (Fig. 41).

Taken together, alterations in the production of STAT3-inducing,
Th1/Th17 axis, or proinflammatory cytokines do not seem to be
the major cause for the phenotype observed in Tyk2~~ mice, be-
cause most cytokines follow a similar expression pattern in WT
and mutant mice. Reduced /FN-vy, which was expected due to the
well-described function of Tyk2 in cytokine-mediated IFN-y
production (1), and enhanced IL-10 expression, which might be
induced as a consequence of an overall increased inflammation
in Tyk2™/~ colon tissue at later time points, resemble an anti-
inflammatory condition. However, this is not likely to cause the
observed pathology, because both conditions reach significance
only at late stages and are expected to protect mice from DSS-
induced inflammation (33, 34).

IL-22 signaling and target gene expression are compromised in

Tyk2-deficient IECs

Next we evaluated the influence of Tyk2 deletion on cytokine re-
sponsiveness in IECs and in colitis. IL-22 is the major STAT3-
activating cytokine in IECs in DSS-induced colitis (35). Isolated
primary murine IECs showed a basal level of pY-STAT3 and a
dose-dependent increase upon treatment with IL-22 (Fig. 5A). In
Tyk2 ™'~ IECs, this response was drastically reduced (Fig. 5A). To
test the relevance of the impaired IL-22 signaling in vivo, we an-
alyzed the expression of Reglllf3 and Regllly, which at present are
known targets of IL-22 signaling in IECs (35, 36). IECs were iso-
lated from DSS-treated mice and levels of RegllIB3 and Regllly
mRNA were measured by RT-qPCR. Expression of both IL-22 re-
sponse genes was significantly reduced in 7yk2-deficient animals
(Fig. 5B). This result was confirmed on the protein level using
Western blot analysis of IEC preparations derived from four dif-
ferent mice per genotype, where Regllly was hardly detectable in
Tyk2 ™"~ IECs compared with WT IECs (Fig. 5C). In untreated
colon tissue homogenates, Reglll'y protein was undetectable in
both genotypes; however, the protein could be detected on day 6 of
DSS colitis in WT colons whereas it was again absent in Tyk2-
deficient colons (Fig. 5D). As IL-22 is also involved in goblet cell
protection during colitis (37), we furthermore analyzed the number
of goblet cells after DSS treatment using Alcian blue staining. As
described (38), DSS treatment results in a depletion of goblet
cells, which is modestly but significantly more pronounced in the
absence of Tyk2 (Fig. SE).
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FIGURE 9. Tyk2 deficiency leads to susceptibility to C. rodentium infection. (A—F) WT and Tyk2 ™/~ mice were infected orally with 1-2 X 10° CFU
C. rodentium for 7 d. (A) Translocation of bacteria to the spleen (left panel) as well as bacterial load in cecum (middle panel) and colon (right panel) was
determined and is displayed as log CFU/g tissue. Data depicted are from two independent experiments with five to six mice per genotype. (B) Intestinal
permeability was measured by determining the concentration of FITC-dextran in the serum. Data depicted are from two independent experiments with five
to six mice per genotype. (C) Colon length was determined on day 7 postinfection. (A—C) Results for individual mice and mean values are depicted. (D)
Weight loss was determined daily and is displayed relative to initial weight. Data are derived from two independent experiments (Figure legend continues)
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Reduced epithelial proliferation in the absence of Tyk2

IL-22 signaling via STAT3 in IECs has an important role in mu-
cosal wound healing and promotes epithelial proliferation (35).
Proliferating cells of the colon were determined in WT and Tyk2-
deficient mice using histological staining for Ki67 (39). Untreated
mice showed comparable staining for Ki67" cells (Fig. 6A, upper
panel). In WT, the number of Ki67" cells did not significantly
change during early colitis. However, in Tyk2-deficient colon tis-
sue on days 3 and 6 of DSS treatment, proliferating cells were
significantly reduced (Fig. 6).

Tyk2 in IECs crucially contributes to the protection against
acute colitis

To evaluate whether the defective IL-22/STAT3 response in
Tyk2 ™/~ mice is an epithelial cell-intrinsic effect, we crossed
mice carrying floxed alleles of Tyk2 (Tyk2™") that were recently
generated in our laboratory (15) to a mouse line expressing Cre
recombinase under the control of the Villin promoter (16). In
the resulting Tyk24V1M mice, RT-qPCR in isolated IECs dem-
onstrated that Cre-mediated Tyk2 depletion was highly efficient
(data not shown). TykZﬂ/ﬂ mice crossed to a CMV-Cre line
(Tyk22“MY) served as the corresponding complete Tyk2-deficient
control and displayed similar colitis development as did conven-
tional Tyk2~/~ mice (data not shown). The weight curves of
TykZA Villin and TykZACMV (or Tyk2™7) mice after DSS treatment
were similar and showed more weight loss compared with Tyk2™"
(WT) littermate controls (Fig. 7A). IEC-specific depletion of Tyk2
led to pathohistological colitis scores similar to Tyk2™’~ mice
(Fig. 7B). As observed for Tyk2™/~, Tyk2*“™Y mice displayed
reduced pY-STAT?3 levels in colon tissue, whereas TykZA Villin hice
showed an intermediate phenotype (Fig. 7C). Proliferation of cells
was reduced in the colons of TykZAWZ’i" mice, albeit differences
to Tyk2™" and Tyk22“™" did not reach statistical significance
(Fig. 7D). However, consistent with the data obtained above, ex-
pression of RegllI3 and Regllly was similarly diminished in
Tyk22V"" and Tyk24MY 1EC fractions (Fig. 7E). Collectively, we
demonstrate an epithelial cell-intrinsic role for Tyk2 during DSS-
induced colitis.

Tyk2™"™ mice are rescued by rIL-22Fc from the development of
severe colitis

Depletion of murine Tyk2 leads to partial impairment of the cy-
tokine signals transduced from the cognate receptors (1). In line
with the published observations, we detected pY-STAT3 in Tyk2 '~
IECs upon treatment with high IL-22 doses (Fig. 5A). This led us to
the hypothesis that in vivo Tyk2 deficiency can be bypassed by
administration of exogenous IL-22. We used an mIL-22Fc fusion
protein and followed a protocol resulting in therapeutic effects of
IL-22 in colitis models (20, 36). DSS-induced colitis in Tyka/ B
mice was ameliorated to WT levels by excess administration of IL-
22Fc, whereas in WT mice no significant improvement of weight
loss and colitis scores was observed (Fig. 8).

TykZ_/ " mice are prone to IL-22—dependent bacterial colitis

Intact IL-22 signaling is critical for the host defense against colitis
induced by C. rodentium (Enterobacteriaceae) (40). Therefore, we
infected WT and Tyk2-deficient mice with this intestinal pathogen
to confirm the role of 7yk2 in an IL-22-dependent colitis model.
Tyk2-deficient animals show a significantly higher bacterial load in
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cecum and colon and severely impaired invasion resistance against
C. rodentium as monitored by splenic bacterial load (Fig. 9A).
Increased bacterial load was accompanied by impaired barrier
integrity (Fig. 9B), decreased colon length (Fig. 9C), and in-
creased weight loss (Fig. 9D) of Tyk2-deficient mice in response
to C. rodentium infection. Accordingly, Tyk2 ™"~ mice displayed
more severe colitis pathology scores compared with WT mice
(Fig. 9E) and more severe inflammation (Fig. 9E, 9F).

Taken together, our results clearly demonstrate a critical role
of epithelial Tyk2 in protection during both DSS and bacteria-
mediated colitis.

Discussion

The protective functions of the protein tyrosine kinase Tyk2 are
mainly linked to cytokine responses involved in immunity to in-
fection and cancer (1, 7). Genome-wide association studies iden-
tified Tyk2 as susceptibility locus for IBD in humans (41). During
inflammation, 7yk2~’~ mice show opposing phenotypes in that
they are either protected from Thl- or Th17-driven diseases (4, 5,
42, 43) or more prone to Th2- or Th9-dominated pathology (2, 3).
To our knowledge, we are the first to show that murine Tyk2
protects against acute colitis induced either by chemical irritation
or by bacterial infection (Figs. 1, 9). Loss of IL-22 and IEC STAT3
leads to more severe acute colitis (35, 44, 45). In the present study,
we place the IEC-specific Tyk2 as a crucial protective effector
downstream of the IL-22R and as an upstream kinase of STAT3.
Using three mouse colitic models, our data suggest that the un-
derlying pathomechanism in the absence of Tyk2 is rather a per-
turbance of the intestinal epithelial barrier involving insufficient
expression of antimicrobial peptides as well as impairment in epi-
thelial regeneration during inflammation than an imbalance of Th
cell polarization.

A previous study using Tyk2-deficient mice has identified the
kinase as an important constituent of the Th1/Th17 axes in
DSS-induced colitis and hence a promoter of the disease (42). In
contrast to this study, we did not detect a significant influence of
Tyk2 deletion on levels of IL-12p40 and IL-23A mRNA. Further-
more, IL-17A or IL-22 mRNA levels were also not altered (Fig. 4).
The discrepancy to our findings may be explained by the differ-
ing susceptibility of C57BL/6 (this study) and BALB/c strains to
DSS-induced colitis (46) and/or the strain- and housing-depen-
dent differences in the microbiota (47). Additionally, different DSS
concentrations (2% in the present study versus 3%) were used,
which may lead to opposing effects in the outcome of colitis pa-
thology as we described recently (10). In the TNBS model, which
is a mainly Th1-driven model of acute colitis (31, 48), Tyk2 is not
essential to protect against colitis (Supplemental Fig. 1). Interest-
ingly, EtOH-treated Tyk2 "~ control mice reacted with a signifi-
cantly increased pathology score caused by the mild disturbance of
the epithelial barrier compared with EtOH-treated WT mice, which
remained unaffected (Supplemental Fig. 1C). These results further
support a cell type—specific function of Tyk2 in the protection
against acute colitis with a strongly protective role in epithelial cells
but a negligible (this study) or detrimental role (40) in T cells.

Acute colitis induced significantly lower pY-STAT3 in Tyk2 ™/~
colonic tissue, and this could be grossly confined to IECs (Fig. 3).
Previous reports demonstrated a requirement of Tyk2 for full-
fledged STAT3 activation upon inflammation for lymphoid tis-
sues (4) and keratinocytes (5). As expected (8), the expression of

with six mice per genotype. Results are given as mean values = SEM. (E) Histological scores for day 7 postinfection. Results for individual mice and mean
values + SEM are depicted. (F) WT and Tyk2 ™"~ colon tissue sections were stained with H&E. Representative images are shown for untreated mice and for
mice on day 7 postinfection. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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the major STAT3-activating cytokines IL-6 and IL-22 was ele-
vated during colitis, albeit with no genotype differences that could
account for the impaired pY-STAT3 in Tyk2~’~ mice (Fig. 4).
Tyk2 is dispensable for IL-6-mediated signaling in mice (1). In-
stead, IL-22R signaling was impaired in the absence of Tyk2 and
responsible for the diminished pY-STAT3 in IECs (Fig. 5). A bi-
ologically significant contribution of Tyk2 to IL-22R signaling has
also been found in murine keratinocytes (5) and hepatocytes (49).

The antimicrobial proteins RegllI and Regllly are protective
during colitis and have been previously described as direct targets
of IL-22/STAT3 in colonic epithelial cells (35, 40, 50). Consistent
with impaired STAT3 activation upon IL-22 stimulation in Tyk2 '~
IECs, ReglIl mRNA and protein induction was strongly reduced
in IECs and colon tissue isolated from inflamed 7yk2™’~ mice
(Fig. 5). Goblet cell depletion is a characteristic feature of IBD
(38). In line with the described protection of goblet cells by IL-
22 (37), we found more severe goblet cell depletion in Tyk2 ™/~
mice upon DSS treatment (Fig. 5). Consistent with the pivotal
function of STAT3 in maintaining or restoring the IEC integrity
in homeostasis or colitis (35, 51), we furthermore found a severe
proliferation defect in Tyk2 ™'~ colonic epithelial cells (Fig. 6).

The central role of epithelial-specific Tyk2 is demonstrated by
the use of conditional TykZAV“““ mice, which recapitulated the
phenotype observed in complete 7Tyk2-deficient mice with respect
to histopathological colitis score and IL-22/STAT3 target gene
expression (Fig. 7). However, the proliferation defect and the
decreased level of STAT3 activation in colonic tissue of Tyk22V"
mice appeared less severe as in 7yk2~~ mice. This indicates the
expected function of Tyk2 in cells other than IECs and through
other cytokines than IL-22. Likely candidates are IFN-I, IL-23,
and IL-27, which engage Tyk2 for production and/or signaling and
have been shown to counteract acute DSS colitis (10, 36, 52).

The IL-22R is composed of IL-10R2 and IL-22R1 and in ad-
dition to Tyk2 engages Jak1 for signal transduction (53). Consistent
with observations by others (5, 49) we report residual 1L-22 re-
sponsiveness in the absence of Tyk2 (Fig. 5). In agreement with
these findings we show that excess exogenous IL-22 ameliorates
DSS-induced colitis in Tyk2~'~ mice (Fig. 8). Our findings un-
derscore the potential of rIL.-22 to restore inflammation-damaged
intestinal epithelia (20, 36, 54). Albeit not proven formally, a
likely mechanistic explanation is the promotion of IL-22/STAT3-
mediated epithelial barrier integrity through residual IL-22R sig-
naling at high dose in the absence of Tyk2.

Infection with C. rodentium results in induction of acute colitis
critically depending on the IL-22/STAT3 axis (55, 56). Absence of
Tyk2 leads to a significantly increased bacterial load in spleen,
cecum, and colon (Fig. 9), with the strongest effect observed in the
spleen. This result and the significantly increased permeability to
a fluorescent tracer point to an important role of Tyk2 in main-
taining epithelial barrier integrity in response to bacterial-induced
colitis. Consequently, Tyk2-deficient mice display also more se-
vere pathology compared with WT mice (Fig. 9). These results
complement our findings on the crucial role of Tyk2 in IL-22—
mediated colitis protection.

The interdependence of the host and the gut microbiome under
homeostatic and inflammatory conditions is well established (13,
57). We confirmed that the intestinal microbiota composition and
activity were dramatically shifted upon DSS treatment (10, 21,
24). The community structure of 7Tyk2-deficient mice upon ad-
ministration of DSS had shifts distinctive from diseased WT mice,
including generally elevated levels of Enterobacteriaceae, which
have been associated with colitis (21, 58, 59), and differences in
specific species-level phylotypes (Fig. 2). Interestingly, mice de-
ficient for IL-22 have altered microbiota composition compared
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with WT mice (60) and show decreased susceptibility to patho-
genic Salmonella due to overgrowth of commensals such as
Enterobacteriaceae (61). However, further studies are necessary
to determine the exact influence of the IL-22/Tyk2 signaling
pathway on structuring the intestinal microbiota composition and
activity. Our results support the link between Enterobacteriaceae
abundance and inflammation severity in the DSS model (10, 21)
and that relative abundance of intestinal Enterobacteriaceae could
serve as a predictive marker of acute colitic flares. Additionally, in
the present study Enterobacteriaceae were identified not only in
the gut lumen but also within the underlying mucosal tissue
(Fig. 2D), indicating that members of this group might provoke
inflammation.

We suggest that depending on the severity of inflammatory
stimuli, the chronicity, and the genetic factors, Tyk2 is either
anticolitogenic by promoting mucosal healing through IL-22/
STAT3 action in IECs or colitogenic by elevating the Thl and
Th17 adaptive immune responses. By analogy, it was also observed
for IL-22 and STAT3 that in addition to the protective IEC-
restricted function in colitis, pathogenic effects may occur
through perturbation of cytokine levels and/or immune -cell
recruitment/activation (62, 63). The complex Tyk2 functions in
mice are also reflected in humans, because variation occurs be-
tween human populations with respect to Crohn’s disease sus-
ceptibility and its correlation to the Tyk2 and STAT3 loci (64). In
conclusion, a future use of Tyk2 inhibitors (65, 66) for the treat-
ment of colitis should carefully consider whether the primary
therapeutic benefit is expected through the regeneration of the
epithelial barrier or the dampening of the hyperinflammation.
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