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BACKGROUND & AIMS: GATA3 is a transcription factor that
regulates T-cell production of cytokines. We investigated the
role of GATA3 in development of colitis in mice. METHODS:
We performed quantitative polymerase chain reaction and
immunofluorescence analyses of colon tissues from patients
with Crohn’s disease (n ¼ 61) or ulcerative colitis (UC,
n ¼ 74) or from patients without inflammatory bowel
diseases (n ¼ 22), to measure levels of GATA3. Colitis was
induced by administration of oxazolone or 2,4,6-
trinitrobenzenesulfonic acid to control mice, mice with
T-cell�specific deletion of GATA3, and mice with deletion of
tumor necrosis factor receptor (TNFR) 1 and TNFR2 (TNFR
double knockouts); some mice were given a GATA3-specific
DNAzyme (hgd40) or a control DNAzyme via intrarectal
administration, or systemic injections of an antibody to TNF
before or during sensitization and challenge phase of colitis
induction. Colon tissues were collected and immunofluores-
cence and histochemical analyses were performed. Lamina
propria mononuclear cells and T cells were isolated
and analyzed by flow cytometry or cytokine assays. Colonic
distribution of labeled DNAzyme and inflammation were
monitored by in vivo imaging (endoscopy) of mice. RESULTS:
Levels of GATA3 messenger RNA were higher in colon tissues
from patients with UC, but not ileal Crohn’s disease, than
control tissues; levels of GATA3 correlated with levels of
inflammatory cytokines (interleukin [IL] 9, IL17A, IL6, IL5,
IL4, IL13, and TNF). We observed increased expression of
GATA3 by lamina propria T cells from mice with colitis
compared with controls. Mice with T-cell�specific deletion of
GATA3 did not develop colitis and their colonic tissues did
not produce inflammatory cytokines (IL6, IL9, or IL13). The
DNAzyme hgd40 inhibited expression of GATA3 messenger
RNA by unstimulated and stimulated T cells, and distributed
throughout the inflamed colons of mice with colitis. Colon
tissues from mice given hgd40 had reduced expression of
GATA3 messenger RNA, compared with mice given a control
DNAzyme. Mice given hgd40 did not develop colitis after
administration of oxazolone or 2,4,6-trinitrobenzenesulfonic
acid; lamina propria cells from these mice expressed lower
levels of IL6, IL9, and IL13 than cells from mice given the
control DNAzyme. Mini-endoscopic images revealed that
hgd40 and anti-TNF reduced colon inflammation over 3 days;
hgd40 reduced colitis in TNFR double-knockout
mice. CONCLUSIONS: Levels of GATA3 are increased in
patients with UC and correlate with production of
FLA 5.4.0 DTD � YGAST60681_proof �
inflammatory cytokines in mice and humans. A DNAzyme
that prevents expression of GATA3 reduces colitis in mice,
independently of TNF, and reduces levels of cytokines in the
colon. This DNAzyme might be developed for treatment of
patients with UC.
Keywords: Mouse Model; Gene Regulation; DNA Cleavage;
Immune Response.

nflammatory Qbowel disease (IBD) is composed of 2
Imajor disorders: ulcerative colitis (UC) and Crohn’s
disease (CD).1–3 Although the exact etiology of IBD is still
unclear, studies have highlighted an important pathogenic
role of both innate and adaptive immune systems.4,5 Within
the adaptive immune system, T-cell�derived cytokines
have been characterized causing mucosal inflammation.
However, T cells in CD have been found to produce
augmented levels of Th1 cytokines, such as interferon (IFN)
g and tumor necrosis factor (TNF). In contrast, mucosal T
cells in UC patients produced elevated amounts of the Th2
cytokines interleukin (IL) 5 and IL13.6–8 Additionally,
T cells in UC were shown to produce higher levels of IL9
than T cells in CD, suggesting the presence of Th9 cells in
the former disease.9,10 Finally, T cells in both CD and UC
were found to produce IL6 and the Th17-associated
cytokine IL17A.4,11–13

Cytokine production and gene transcription in T
lymphocytes is controlled by regulatory transcription
factors. While transcription factors, such as signal trans-
ducer and activator of transcription (STAT) 6, GATA3,
c-Maf, STAT5a/b, JunB, and NF-ATc1, have been described
to induce Th2 cytokine production by peripheral T cells,
8 November 2016 � 6:14 pm � ce
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BATF, STAT3, IRF4, and RORgt control Th17 cytokine
gene transcription and STAT1, STAT4, RUNX3, and T-bet
mediate Th1 cytokine production.14–18 Additionally,
various transcription factors, including PU.1, IRF4, and
BATF have been identified as inducers of IL9 cytokine
gene transcription in T cells.19 In the mucosal immune
system, several studies suggested the important roles of
STAT4 and T-bet for Th1 cells in CD.20,21 Additional
studies demonstrated augmented levels of RORC expres-
sion in patients with IBD.12 Furthermore, a recent study
showed increased expression of both GATA3 and STAT4
messenger RNA (mRNA) in pediatric UC, suggesting that
these factors may regulate cytokine production in the
inflamed mucosa.22 However, the role of GATA3 in
mucosal T cells of adult IBD patients remains to be
determined.

The initiating signals driving Th2-cell differentiation
result in phosphorylation and activation of STAT6. STAT6
induces GATA3 via activation of the GATA3 promoters and
an upstream conserved regulatory region.23,24 GATA3 has
been found to induce its own expression, either directly
via autoregulatory loops or indirectly via the transcription
factor Dec2, thereby stabilizing GATA3 expression in T
cells.25,26 Functionally, GATA3 was shown to inhibit
STAT4 function and the production of IFN g via sup-
pression of RUNX3-mediated Ifng expression, thereby
suppressing Th1-development.27 Furthermore, GATA3 is
both necessary and sufficient for Th2 cytokine gene
transcription and expression in CD4þ T cells by binding to
the IL5 and IL13 gene promoter regions and to genomic
Th2-cell specific DNase I hypersensitive sites. Moreover,
GATA3 augments expression of c-Maf, a transcription
factor that cooperates with JunB to enhance production of
IL4. Finally, GATA3 can form a complex with the chro-
modomain helicase DNA-binding protein4 (CHD4) in Th2
cells, thereby favoring Th2 cytokine gene transcription.28

Thus, GATA3 actively induces the chromatin remodeling
machinery, activates additional Th2-promoting factors
and transactivates Th2 gene promoters to orchestrate a
3-dimensional topography of Th2 cytokine gene-
expression in T cells.29

In the present study, we analyzed the expression and
function of GATA3 in IBD patients and experimental
colitis. Our findings suggest that therapeutic approaches
targeting transcription factors that control cytokine gene
=
Figure 1. Expression of GATA3 in IBD patients and correlation
colonic biopsies was isolated and analyzed for GATA3 mRNA ex
with active and inactive CD or UC were tested (left upper panel).
the inflammatory activity showed a correlation of GATA3 with
nificant differences are indicated and the mean values are ind
expression of GATA3 and IL9, IL6, IL13, IL4, IL5, TNFa, IFN g, an
between GATA3 and cytokine levels and significance levels
CD4-expressing cells in colonic samples from IBD patients an
were counterstained with Hoechst-33342. Double-positive cell
nificant differences are indicated. Data represent mean values ±
sorting analysis of GATA3 expression in human colonic lamina
cells among CD4þ cells is shown and significant differences are
1 patient.

FLA 5.4.0 DTD � YGAST60681_proof �
transcription will become options for clinical therapy of
IBD.

Methods
Patients With Inflammatory Bowel Diseases

Patients are described in the Supplementary Material.

Isolation of Human and Murine Colonic
Messenger RNA and Real-Time Polymerase
Chain Reaction Analysis

Details are described in the Supplementary Material.

Immunofluorescence Staining of Human
Colonic Tissues

Details are described in the Supplementary Material.

Animals
Mice (6–12 weeks old) were housed under specific

pathogen-free conditions and experiments were performed
in accordance with institutional guidelines. Mice with floxed
GATA3 allele were generated as described previously and
crossed to Cd4-Cre lines to obtain mice with T-cell�specific
ablation of GATA3.30 TNF-R1/2 knockout mice were a kind
gift from Frank Richter (University of Jena, Germany).
Oxazolone-induced Model of Intestinal
Inflammation

Mice were treated as described previously and in the Sup-
plementary Material.31 For treatment of colitis, hgd40 (1000
mg) and control DNAzymes were intrarectally administered at
indicated time points.
Immunofluorescence Staining in Murine Samples
Colonic cryosections were prepared for H&E staining.

Immunofluorescence staining was done using rat-anti-mCD4
antibodies (BioLegend, San Diego, CA) and goat-anti-rat
AlexaFluor488 antibody (Life Technologies, Carlsbad, CA).
For GATA3 staining rabbit-anti-mGATA3 antibody (Santa
Cruz Biotechnology, Santa Cruz, CA) were used together
with goat-anti-rabbit AlexaFluor594 (Life Technologies).
Negative control slides were incubated with secondary
with levels of inflammatory cytokines. (A) Total mRNA from
pression in relation to 18S rRNA. Healthy individuals, patients
Comparison of GATA3 mRNA expression in UC patients with
the endoscopic Mayo activity score (right upper panel). Sig-
icated by horizontal lines. Lower panels: The relative mRNA
d cofilin was analyzed in active UC. The correlation coefficient
are indicated. (B) Immunohistochemistry for GATA3- and

d controls. Negative controls showed no positive cells. Cells
s were counted per high-power field (HPF) (right panel). Sig-
SEM per HPF of 4 patients. (C) Fluorescence-activated cell

propria mononuclear cells. The percentage of GATA3þCD4þ

indicated. In the dot graphs in (A) and (C), each dot represents
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antibodies. For myeloperoxidase staining, rabbit-anti-mouse
myeloperoxidase antibody (Thermo Scientific, Logan, UT)
was used, incubated with biotinylated donkey-anti-rabbit
antibody (Immunoreagents, Raleigh, NC) and streptavidin-
Dylight 549. For FOXP3 staining, cryosections were
stained with rat-anti-mouse antibodies and goat-anti-rat
AlexaFluor488 antibody. Nuclei were stained with
Hoechst-33342.
548
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551

552

553

554
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557
High-Resolution Mini-Endoscopy and
Histopathology

Colitis development was monitored with the Coloview
System (Storz, Tuttlingen, Germany) and the MEICS (Modi-
fied Murine Endoscopic Index of Colitis Severity) scoring
system.32 In addition, colonic samples were analyzed by
histopathology for grading of colitis activity in a blinded
fashion.33
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In Vivo Imaging of Inflammation
For in vivo imaging of murine colitis activity, the imaging

system IVIS100 (Perkin-Elmer, Waltham, MA) was used.
One hundred microliters of a sterile solution of 20 mmol
luminol (Wako, Richmond, VA) was administered
intraperitoneally.
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DNAzymes
We used the GATA3 DNAzyme hgd40 as synthetic DNA

antisense molecule (34 bases)34,35 (50-GTGGATGGAGGCTAGC
TACAACGAGTCTTGGAG-30), ATTO665-labeled hgd40 (coupled
with fluorescence at the 50 end) and scrambled control
ODNg3 (50-CCATGTGGAGGCTAGCTACAACGACTGGAATCA-30)
(BioSpring, Frankfurt am Main, Germany). All oligonucleotides
were modified by the addition of an inverted thymidine at the
30 end. The ODNg3 contained a random sequence of the binding
arms and an intact catalytic domain sequence.
577

578

579

580

581

582

583

584

585
In Vivo and Ex Vivo Imaging of hgd40 Distribution
in the Colon

Mice subjected to the oxazolone-induced model were
treated with ATTO665-labeled hgd40. Pure ATTO665 dye
was used as negative control. Subsequently, the gastroin-
testinal tract was analyzed with spectral fluorescence by
using the Maestro In-vivo Imaging System (Cambridge
=
Figure 2. Regulatory role of GATA3 in CD4þ T cells in the exp
quantitative polymerase chain reaction analysis of GATA3 mRN
oxazolone-induced colitis and untreated mice (5–6 mice per
relative mRNA expression of GATA3, cofilin mRNA, and cytoki
colitis. The correlation coefficient is indicated. (B) Analysis of
control mice was done by double-staining with anti-GATA3 a
33342. Inserts show higher magnifications of stained nuclei. A
GATA3 and membrane CD4). Additionally, GATA3-expressing
animals. Data are representative of 7–9 samples per group.
expression in murine lamina propria mononuclear cells was per
cells is shown in healthy and oxazolone-treated colitic mice (n
ences are indicated.

FLA 5.4.0 DTD � YGAST60681_proof �
Research & Instrumentation, Inc, Woburn, MA) with red fil-
ters. Staining of cryosections from the colon of hgd40-treated
animals was performed by using confocal microscopy with
Hoechst dye.

Isolation and Analysis of Spleen
Mononuclear Cells and Lamina Propria
Mononuclear Cells

Lamina propria mononuclear cells and splenic T cells
were isolated with dissociation kit (Miltenyi Biotec, Bergisch
Gladbach, Germany). Cells were cultured in RPMI (10% fetal
calf serum, 1% penicillin/streptomycin, 1% L-glutamine)
and stimulated with anti-CD3 and anti-CD28 (4 mg/mL).
For in vitro target regulation experiments, T cells were
co-incubated with 1 mg/mL DNAzyme or controls for 48
hours.

Intracellular Fluorescence-Activated Cell Sorting
Analysis of GATA3 Expression

Isolated cells were stained with rat-anti-mCD4PE or mouse-
anti-hCD4PE and GATA3 labeled-AlexaFluor660 antibodies
(eBioscience, San Diego, CA) together with permeabilization
buffer. Cells were analyzed by fluorescence-activated cell sorting
(BD, San Jose, CA) and CD4þ/GATA3þ cells were determined in
percentages.

Cytokine Analyses
Culture supernatants were taken 48 hours after stimulation.

Cytokine concentrations were measured by using m13plex-
FlowCytomix (eBioscience) or using enzyme-linked immuno-
sorbent assay kits for IL5 (Biolegend), IL6 (eBioscience), IL9
(Cusabio Q), and IL13 (eBioscience).
Statistics
Refer to Supplementary Material for more information.
Results
Transcription Factor GATA3 Is Highly
Expressed in Lamina Propria CD4þ T Cells
in Ulcerative Colitis

We found that GATA3 mRNA expression is significantly
elevated in patients with active UC compared to control
erimental oxazolone-induced colitis model. (A) Upper panel:
A expression in relation to 18S rRNA mRNA in colon tissue of
group). Significant differences are indicated. Lower panels:
ne mRNA expression was investigated in oxazolone-induced
GATA3-producing cells in oxazolone-treated and untreated
nd anti-CD4. Cell nuclei were counterstained with Hoechst-
rrows highlight GATA3þ T cells in oxazolone colitis (nuclear
CD4þ cells were quantified in oxazolone-treated and control
(C) Fluorescence-activated cell-sorting analysis of GATA3
formed. The percentage of GATA3þCD4þ cells among CD4þ

¼ 5�7). Representative images are shown. Significant differ-
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patients (Figure 1A). In contrast, mean GATA3 levels were
not augmented in patients with active CD, although higher
levels were observed in colonic compared to ileal CD, as
well as in non-stricturing and non-penetrating compared to
stricturing or penetrating CD (Supplementary Figure 1A). In
UC patients, GATA3 expression levels correlated with the
activity of the disease. As GATA3 is a key transcription
factor controlling production of various T-cell�derived
cytokines simultaneously,24,30 we next correlated GATA3
expression with the levels of inflammatory cytokines in UC
(Figure 1A). Highest correlations were seen between GATA3
mRNA expression and levels of IL9, IL17A, IL6, and IL5.
Additional correlations were detected with IL4, IL13, and
TNFa but not with IFN g and cofilin. These observations
were consistent with the hypothesis that GATA3 is a key
regulator of inflammatory Th2 and Th9 cytokine production
by lamina propria CD4þ T cells in UC. To analyze GATA3
expression in lamina propria T cells in IBD, we then
performed CD4/GATA3 staining analysis of colon cry-
osections from UC, CD patients (Figure 1B), and controls, as
well as flow cytometric analysis (Figure 1C). These studies
revealed a significantly increased number of mucosal CD4þ/
GATA3þ cells in UC patients compared to control and CD
patients. Additional staining revealed GATA3 expression in
some EpCAMþ epithelial cells, but little or no GATA3
expression in B cells, dendritic cells, and macrophages in
UC (Supplementary Figure 1B).
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Augmented Expression of GATA3 in
Oxazolone-Induced Colitis

We next determined the expression of GATA3 in
experimental oxazolone colitis.36,37 These studies revealed
an up-regulation of gata3 mRNA expression levels in
colonic tissue from oxazolone-treated mice compared to
untreated control mice (Figure 2A). Gata3 mRNA levels
showed highest correlation with mucosal cytokine expres-
sion levels of Il4, Il5, Il6, Il9, Il13, Ifna, and Il17a/f
(Figure 2A). In contrast, low correlation levels were noted
between Gata3 and Ifng and Il12 mRNA and cofilin
expression. To analyze GATA3 expression in lamina propria
T cells, we then performed CD4/GATA3 staining analysis in
untreated and oxazolone-treated murine colons. A signifi-
cantly increased number of double-positive T cells was
=
Figure 3. Conditional GATA3 deficiency in T cells protects an
GATA3fl/fl mice were treated with oxazolone. The inflammation w
(upper left panels). Histopathologic analysis was performed
Quantitative endoscopic (upper right panel) and histopathologic
is shown (3 independent experiments with 3–6 animals per gr
tissue was performed by using MPO antibody in both groups t
cells. Representative results of 3 independent experiments (n ¼
from both knockout and wild-type animals was performed. Nega
were counted per high-power field (HPF) (right panel). Represe
shown. (D) Cytokine production in experimental oxazolone co
Cd4CreGATA3fl/fl mice, followed by anti-CD3/anti-CD28 stimula
propria mononuclear cells was done in Cd4CreGATA3fl/fl mice c
3–6 mice per group.

FLA 5.4.0 DTD � YGAST60681_proof �
seen in oxazolone-treated compared to untreated tissue
(Figure 2B). In addition, GATA3 expression was observed in
some EpCAMþ epithelial cells, but not in B cells, dendritic
cells, and macrophages (Supplementary Figure 2).
Additionally, intracellular staining with flow cytometry for
the expression of GATA3 showed increased numbers of
GATA3-expressing CD4þ T cells from colonic tissue in
oxazolone-treated mice compared to untreated controls
(Figure 2C).
Conditional Targeting of GATA3
in T Cells Suppresses
Oxazolone-Induced Colitis

To determine the functional role of GATA3 in experi-
mental colitis, we generated T-cell�specific GATA3-defi-
cient mice (Cd4CreGATA3fl/fl) and subjected these mice to
oxazolone-induced colitis. Cd4CreGATA3fl/fl mice were
protected from experimental colitis compared to controls.
Scoring of colitis activity by mini-endoscopy demonstrated
a significantly higher activity of mucosal inflammation in
wild-type mice compared to Cd4CreGATA3fl/fl mice
(Figure 3A). Furthermore, histopathologic assessment
confirmed a significant suppression of oxazolone-induced
colitis in the absence of GATA3 in T cells. Consistently, the
staining of myeloperoxidase in colonic tissue samples
revealed more pronounced inflammation in wild-type mice
compared to Cd4CreGATA3fl/fl animals (Figure 3B). To
determine numbers of CD4þT cells in Cd4CreGATA3fl/flmice,
we then performed analysis of colon cryosections from
mice with an antibody against CD4. Similar numbers of
CD4þ T cells could be observed in wild-type and
Cd4CreGATA3fl/fl mice (Figure 3C), indicating that GATA3
does not directly control T-cell accumulation in the
inflamed intestine.

To elucidate potential mechanisms of protection of
GATA3 deficiency in colitis, cytokine production by purified
splenic T cells and lamina propria mononuclear cells was
determined. Cytokine levels of IL4, IL6, IL9, IL13, IL1a, IL5,
and IL21 were significantly reduced in supernatants
of splenic Cd4CreGATA3fl/fl T cells compared to wild-type
mice in oxazolone-mediated colitis. Furthermore, a signifi-
cant reduction of IFN g, IL22, IL17A, IL5, IL9, IL13,
and IL6 production by mucosal cells was noted in
imals from experimental colitis. (A) Wild-type and Cd4-Cre-
as monitored by mini-endoscopy and scoring of colitis activity
using H&E staining of colon specimens (lower left panels).
(lower right panel) assessment of colitis activity in both groups
oup). (B) Myeloperoxidase (MPO) immunostaining of colonic
reated with oxazolone. Negative controls showed no positive
3�6) are shown. (C) CD4 immunostaining of colonic tissue

tive controls showed no positive cells. In addition, CD4þ cells
ntative results of 2 independent experiments (n ¼ 3�4) are
litis was measured. Cells were isolated from wild-type and
tion. Analysis of supernatants from splenic T cells or lamina
ompared to wild-type controls. The data represent results of
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oxazolone-treated Cd4CreGATA3fl/fl mice compared to con-
trols (Figure 3D). Although we assumed that the regulation
of IFN- g levels in the knockout mice was caused by
long-term deficiency of GATA3 in knockout T cells rather
than by direct short-term effects of GATA3 on IFN- g pro-
duction, we performed additional studies with IFN- g

knockout mice and excluded the possibility that the reduced
IFN- g production protects mice from oxazolone colitis
(Supplementary Figure 3). Taken together, these findings
highlighted a crucial role of GATA3 in T lymphocytes for the
development of colitis.
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A Specific DNAzyme Targeting GATA3
Suppresses Expression of GATA3 Messenger
RNA in T Cells and Can Be Administered
Topically to the Inflamed Colon

Next, we aimed at targeting of GATA3 expression by
using a GATA3-specific DNAzyme to inhibit mRNA expres-
sion (Figure 4A). In initial studies, we tested the effects of
the GATA3 DNAzyme, denoted hgd40, in T-cell cultures
in vitro. T cells were stimulated with anti-CD3/CD28 in the
presence or absence of hgd40 and ODNg3/controls, fol-
lowed by quantitative analysis of the relative expression of
GATA3 mRNA compared to 18S rRNA. We found that hgd40
is able to inhibit GATA3 mRNA expression in unstimulated
as well as in stimulated T cells (Figure 4A).

In subsequent experiments, we determined the po-
tential uptake and distribution of hgd40 in the inflamed
colonic tissue after topical intrarectal application. Thus,
red fluorescence�labeled hgd40 was applied once after
challenge with oxazolone and distribution of labeled
hgd40 was then determined with an in vivo imaging
system. The labeled hgd40 was detectable directly after
application and showed distribution throughout the
=
Figure 4. Distribution and efficacy of hgd40 in experimental c
structure of the GATA3-specific DNAzyme hgd40. The localizatio
Right upper panel: Quantitative polymerase chain reaction anal
murine spleen CD4þ T cells with and without (w/o) hgd40 or OD
of 4 independent experiments. Lower panels: kinetics of hgd40 d
Mice were treated with oxazolone and ATTO665-labeled hgd40
challenge. Analyses were performed before (left) and at indicated
dye was used. In vivo imaging was used to display the distributio
from 2 independent experiments are shown. White lines indicat
staining was detected and white arrows indicate the cecum. (B)
administration of ATTO665-hgd40 were analyzed immediately
Samples from untreated mice served as negative control. The
highlighted by arrows. After 4 and 6 hours, the DNAzyme was ma
T cells, F4/80þ macrophages, and CD123þ dendritic cells in col
colitis. Double-positive CD4 T cells containing ATTO665-hgd40
and counted per high-power field (HPF). One representative exp
analysis of gata3mRNA expression in colonic tissue of mice give
a control DNAzyme, denoted as CON) in relation to 18S rRNA.
Upper panels: mini-endoscopic analysis of mucosal inflammati
ODNg3. Lower panels: histopathologic analysis of murine mucos
or ODNg3. The data represent results of 3 independent experim
murine colonic cryosections with oxazolone colitis in the presen
from 3 independent experiments (n ¼ 5) are shown.

FLA 5.4.0 DTD � YGAST60681_proof �
murine inflamed colon after 4 hours, while pure dye was
localized in the rectum mainly and in the sigmoid colon
(Figure 4A). After 24 hours, hgd40 was still visible in the
rectum and cecum, although with low intensity, suggest-
ing degradation. After 32 hours, the fluorescently labeled
hgd40 could no longer be detected.

The uptake of hgd40 could already be observed 1 hour
after administration and after 2 hours, the DNAzyme was
almost selectively localized in the mucosa (Figure 4B).
Furthermore, we analyzed which cells showed uptake of
labeled hgd40 by immunostaining. These studies identified
mucosal CD4þ T cells rather than macrophages and den-
dritic cells as key targets of hgd40 (Figure 4B). Collectively,
these findings demonstrated that local administration of
labeled hgd40 resulted in T-cell uptake in the inflamed
colon.
1056
Intrarectal Administration of hgd40 Suppresses
Experimental Colitis

Then, we investigated GATA3 mRNA expression in the
colon of colitic mice in the presence or absence of hgd40 or
control DNAzyme administration compared to control mice.
The expression of GATA3 mRNA was up-regulated in
inflamed tissue in oxazolone-mediated colitis compared to
untreated mice (Figure 4C). Furthermore, local administra-
tion of hgd40 led to significant suppression of GATA3 mRNA
compared to control-treated and untreated mice, suggesting
that hgd40 can effectively suppress GATA3 expression in
the inflamed colon in vivo.

Mini-endoscopic images from the colon demonstrated
marked inflammation in oxazolone-treated mice
compared to untreated control mice (Figure 4D). Whereas
hgd40 administration caused a significant suppression of
endoscopic signs of colitis compared to untreated mice
with oxazolone-induced colitis, control DNAzyme
olitis model. (A) Left upper panel: Sequence and idealized
n of the catalytic domain and the cleavage site are indicated.

ysis of gata3 mRNA expression in stimulated or unstimulated
Ng3 incubation (1 mg/mL) for 48 hours. Data represent results
istribution in colitic mice was investigated by in vivo imaging.
(red) was administered intrarectally the day after oxazolone
time points after hgd40 administration (right). As control pure
n of ATTO665-labeled hgd40 in colon. Representative images
e the most proximal area of the murine colon where positive
Upper panels: cryosections from colonic tissue of mice after
before and 1, 2, 4, and 6 hours after hgd40 administration.
uptake of hgd40 (red) into the mucosa after 1 and 2 hours is
inly detected in the gut lumen. Lower panels: images of CD4þ

onic sections 2 hours after hgd40 administration in oxazolone
could be detected in colonic mucosa as yellow-colored cells
eriment is shown. (C) Quantitative polymerase chain reaction
n oxazolone (OXA) that were treated with hgd40 or ODNg3 (as
The data represent results of 3 independent experiments. (D)
on in mice given oxazolone that were treated with hgd40 or
al inflammation given oxazolone that were treated with hgd40
ents (n ¼ 5). (E) Myeloperoxidase (MPO) immunostaining of
ce or absence of hgd40 and ODNg3. Representative staining
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application had no significant effects. Similarly, histo-
pathologic assessment of colonic inflammation revealed
significant reduction of colitis activity upon application of
hgd40, but not control DNAzyme. Furthermore, the
staining of myeloperoxidase in colonic tissue samples
showed that hgd40 administration leads to marked
reduction of neutrophil infiltrations in oxazolone-
mediated colitis compared to control treated and
untreated mice (Figure 4E). Finally, we analyzed mucosal
FOXP3þ cells as a marker for regulatory T cells by im-
munostaining in colonic tissue samples, but no difference
in the number of FOXP3þ cells was noted (Supplementary
Figure 4).

To verify the beneficial effects of hgd40 in a second,
independent model of colitis, we addressed its effects in
chronic 2,4,6-trinitrobenzenesulfonic acid�mediated colitis.
Mice that had been given hgd40 had significantly reduced
inflammation and fibrosis compared to control DNAzyme-
treated mice (Figure 5E), indicating therapeutic efficacy of
hgd40 administration.
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Kinetics of hgd40 Effects in Comparison to
Anti-Tumor Necrosis Factor Treatment in
Oxazolone-Induced Colitis

Anti-TNFa has been shown to be effective for limiting
experimental colitis and human IBD.1,38–41 We therefore
studied the therapeutic effects of hgd40 in comparison to
anti-TNF treatment. Accordingly, mice with oxazolone-
mediated colitis were given hgd40 or control DNAzyme
intrarectally or anti-TNF systemically. Mini-endoscopic
images demonstrated significant mucosal inflammation
in oxazolone-treated and control DNAzyme-treated mice,
whereas mice receiving hgd40 intrarectally or anti-TNF
systemically showed significant suppression of colitis ac-
tivity (Figure 6A). Similar findings were obtained by his-
topathologic assessment of colitis activity (Figure 6B). No
significant differences between anti-TNF and hgd40
application were noted, suggesting that both types of
therapy are suitable for effective suppression of intestinal
inflammation.

Next, we analyzed the effects of hgd40 and anti-TNF
application in oxazolone-mediated colitis in a time-
dependent manner. Accordingly, mice with oxazolone
=
Figure 5. Efficacy of topical hgd40 treatment in the chronic
model. (A) Mice with chronic TNBS colitis (8 cycles) were tre
TNBS colitis served as controls. Mini-endoscopic analysis a
represent results of 2 independent experiments (n ¼ 5). (B)
TNBS-colitis model in the presence or absence of hgd40 or O
of collagen with colon cryosections from chronic TNBS-
hgd40 or ODNg3 treatment, as indicated. Sirius red staining
imaging of treated mice by using luminol for detection of in
inflammation were detected in chronic TNBS-induced colitis a
animals. No inflammatory signs were observed in hgd4
Myeloperoxidase (MPO) immunostaining of murine colonic
or absence of hgd40 and ODNg3. Representative staining a
animals.
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colitis were monitored by mini-endoscopy over 3 consecu-
tive days after hgd40, control DNAzyme administration, or
anti-TNF application. Mini-endoscopic images of the un-
treated control group with oxazolone-mediated colitis dis-
played marked inflammation over the entire period
(Figure 6C). While control DNAzyme administration led to a
small decrease of colitis activity on days 7 and 8, hgd40 and
anti-TNF application caused a highly significant suppression
of colitis activity over 3 days. In vivo imaging demonstrated
signs of inflammation in oxazolone-treated mice and the
control DNAzyme-treated group rather than in the hgd40-
or anti-TNF�treated groups (Figure 6D). Similarly, histo-
pathologic scoring showed significant suppression of gut
inflammation in hgd40 and anti-TNF�treated groups
(Figure 6E). Collectively, these findings indicated that the
efficacy of hgd40 administration is preserved over a 3-day
time period. In a final series of studies, we determined the
efficacy of hgd40 application in mice with established
oxazolone-mediated colitis. Accordingly, mice were given
hgd40 at day 6 or 7 after administration of oxazolone, while
control mice were left without application (Figure 6F). Mini-
endoscopic images of these mice at day 8 showed clear
inflammation in untreated mice with oxazolone-mediated
colitis, whereas administration of hgd40 led to signifi-
cantly less inflammation comparably to mice receiving
hgd40 given preventively. Additionally, histopathologic
assessment of colonic inflammation revealed significant
reduction of colitis activity in mice with established
oxazolone-mediated colitis upon hgd40 administration
(Figure 6F).
Intrarectal Administration of hgd40 Suppresses
Tumor Necrosis Factor Receptor-Independent
Oxazolone-Induced Colitis

The fact that hgd40 administration suppresses several
inflammatory cytokines suggested that such application
might be effective in TNF-independent or TNF-refractory
situations. To test this concept, we analyzed the capacity
of hgd40 to block TNF-independent colitis by using TNFR1/
2 double-knockout mice. TNFR1/2 knockout mice were
subjected to oxazolone-induced colitis followed by admin-
istration of hgd40, control DNAzyme, or phosphate-buffered
saline. While mice that were given hgd40 showed significant
2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced colitis
ated with hgd40 or ODNg3 as control. Untreated mice with
nd endoscopic scoring were performed in all groups. Data
Histopathologic analysis of colon from mice with chronic
DNg3 treatment, as indicated. (C) Histopathologic analysis
induced colitis in mice in the presence or absence of
showed less collagen in hgd40-treated animals. (D) In vivo
flammation was performed in all groups. Higher levels of
nd ODNg3 control-treated mice compared to hgd40-treated
0-treated mice. Representative images are shown. (E)
cryosections with chronic TNBS colitis in the presence
re shown. Fewer MPOþ cells were found in hgd40-treated
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protection from colitis activity, control DNAzyme or
phosphate-buffered saline treatment did not result in
amelioration of colitis activity (Figure 7A). Consistent re-
sults were observed by histologic scoring (Figure 7B). In
addition, hgd40 administration led to reduction of
myeloperoxidase-expressing neutrophils in experimental
colitis (Figure 7C).

Next, we studied cytokine production by lamina propria
mononuclear cells in TNFR1/2-deficient animals with
oxazolone-mediated colitis. A significant reduction of IL5,
IL6, IL9, and IL13 production was noted, as well as lower
mean IL17a, IFN g, and TNFa levels in lamina propria
mononuclear cells from oxazolone-treated animals upon
hgd40 administration compared to untreated animals
(Figure 7D). In contrast, no significant changes were noted
in control animals given phosphate-buffered saline or
control DNAzyme, suggesting that hgd40 mainly suppresses
Th2 and Th9 cytokine production in TNF-independent
oxazolone-induced colitis.
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Discussion
Here, we observed increased expression of GATA324,42

in mucosal T lymphocytes from patients with active UC
that correlated with mucosal Th2 and Th9 cytokine
expression. In addition, conditional GATA3 deficiency in T
cells prevented experimental oxazolone-induced colitis; a
murine model of UC associated with augmented IL9 and
IL13 production.9,36 Finally, intrarectal administration of
GATA3-specific DNAzyme suppressed Th2 and Th9 cyto-
kine production by mucosal T cells and ameliorated
oxazolone-derived colitis. Taken together, these findings
suggest a key regulatory role of GATA3 in experimental
colitis and identify GATA3 as an attractive target to block
the activity of various inflammatory cytokines
simultaneously.

GATA3 expression was detected in gut T cells and some
epithelial cells rather than in macrophages, B cells, and
dendritic cells in experimental colitis and IBD. In particular,
studies in patients with IBD revealed an increased expres-
sion of GATA3 in mucosal T cells from patients with UC
=
Figure 6. Efficacy of topical hgd40 treatment in comparison t
induced colitis model. (A) Mice with oxazolone colitis were tre
oxazolone colitis served as controls. Mini-endoscopic analy
Data represent results of 2 independent experiments (n ¼ 5).
mice with oxazolone colitis in the presence or absence of hg
results of 2 independent experiments (n ¼ 5). (C) Kinetic analy
in experimental oxazolone colitis. Mice were given hgd40, OD
by mini-endoscopy at days 7, 8, and 9. (D) In vivo imaging of
was performed in all groups. Higher levels of inflammation w
compared to hgd40- and anti-TNFa�treated animals. Repres
was performed in all groups of mice. Data represent results o
with established oxazolone colitis. Oxazolone-treated mice we
#1) or day 7 (OXAþhgd40 group #2). Untreated mice with o
before oxazolone challenge (OXAþhgd40 group) served as co
representative images at day 8 for all groups are shown. In ad
in all groups.
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1542
compared to CD and control patients. The reasons for these
differences are unclear, but it should be noted that
increased levels were also found in subgroups of UC-like CD
patients with colonic inflammation and non-stricturing and
non-penetrating disease behavior. However, elevated GATA3
expression has been previously reported in other chronic
inflammatory disorders, most notably atopy and allergic
asthma, where GATA3 levels were correlated with
augmented production of Th2 cytokines, such as IL5 and
IL13.35,36,43 Similarly, we noted a positive correlation
between GATA3 and mucosal IL5/IL13 levels in UC patients.
However, the highest correlation was observed between
GATA3 and the Th9 cytokine IL9. Indeed, GATA3 has been
found to bind to the IL9 promoter region44 and
GATA3-deficient T cells have been shown to fail to produce
IL9 when cultured under Th9 cell skewing conditions,45

suggesting that GATA3 may control expression of this
cytokine in T cells. Therefore, our findings were consistent
with the idea in which T-cell�derived GATA3 drives
Th2 and Th9 cytokine production in UC.

A recent study indicated that overexpression of GATA3 in
T cells from transgenic mice augments dextran sulfate
sodium�induced colitis.46 However, the effects of GATA3
inactivation in experimental colitis have not been studied.
Here, we identified elevated GATA3 expression in murine T
cells in oxazolone-induced colitis, where Gata3 levels were
correlated with mucosal Th2 and Th9 cytokine levels.
The functional relevance was highlighted by studies in
Cd4CreGATA3fl/fl mice. These mice were protected from
experimental colitis and had reduced inflammatory cytokine
production. Thus, these findings suggested that GATA3 may
represent a promising target for therapeutic intervention in
colitis.

Because Gata3 is expressed only intracellularly, we
next tested the therapeutic effects of a GATA3-specific
DNAzyme with in vivo cell-penetrating capabilities that
allow cleavage of GATA3 mRNA and subsequent degra-
dation by endogenous, intracellular enzymes.34 DNA-
zymes of the 10–23 family are single-stranded DNA
molecules that are characterized by their capability to
specifically cleave RNA molecules after appropriate
binding.47 Thus, they directly exert RNA endonuclease
o systemic anti�TNF-antibody treatment in the oxazolone-
ated with hgd40, ODNg3, or anti-TNF. Untreated mice with
sis and endoscopic scoring were performed in all groups.
(B) Histopathologic analysis and scoring were performed in
d40 and ODNg3 or anti-TNFa, as indicated. Data represent
sis of the effects of DNAzyme and anti-TNFa administration
Ng3, or anti-TNFa. Mucosal inflammation was determined
treated mice by using luminol for detection of inflammation
ere detected in oxazolone colitis and control-treated mice
entative images from mice are shown. (E) Histology score
f 2 independent experiments (n ¼ 5). (F) Treatment of mice
re given hgd40 starting at days 6 and 7 (OXAþhgd40 group
xazolone colitis (OXA group) and colitic mice given hgd40
ntrols. Mini-endoscopy was performed at days 7 and 8 and
dition, histopathologic analysis and scoring were performed
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activity after Watson-Crick base-pairing of their binding
domains to their corresponding sequence in the target
mRNA and thus activation of their catalytic domain. Such
DNAzymes represent a particular class of antisense mol-
ecules combining the superior specificity of antisense
molecules with an inherent catalytic activity that makes
them an attractive tool for the blockade of GATA3.48 In
our studies on Gata3-specific DNAzyme hgd40, we used
local delivery of the drug directly to the gut and noted
efficient distribution throughout the colon in oxazolone
colitis. Subsequent studies with fluorescent hgd40
demonstrated penetration through the inflamed gut
epithelium and identified intracellular uptake of hgd40 by
mucosal T cells within 2 hours after administration. Up-
take of DNAzyme led to significant suppression of colitis
activity associated with marked suppression of Th2
cytokine production. These observations are consistent
with previous studies suggesting that Gata3 expression is
essential to maintain a Th2 phenotype in T cells.42,49

Additionally, production of IL9, a Th9 cytokine-driving
activity of oxazolone-induced colitis,9 was significantly
suppressed by hgd40 administration. Taken together, our
findings in the Cd4CreGATA3fl/fl mice and with the GATA3
DNAzyme consistently show that GATA3 deficiency has
profound effects on Th2 and Th9 cytokine production by
mucosal T cells in colitis. The differences between some
cytokines, such as IFN g in knockout mice vs DNAzyme-
receiving mice, are most likely due to the long-term
effects of GATA3 deficiency in the knockout mice vs
short-term GATA3 suppression in hgd40-treated mice,
and highlight the preferential rapid regulation of mucosal
Th2 and Th9 cytokines by GATA3 compared to additional,
later-occurring effects on other proinflammatory
cytokines. It is tempting to speculate that long-term
treatment of IBD patients with GATA3 blockers, such as
hgd40, may not only block Th2 and Th9 cytokines, but
also other proinflammatory cytokines, such as IFN g, over
time, and may therefore exhibit cumulative beneficial
effects.

In contrast to effector T-cell function, a recent report
showed that function of regulatory T cells is not affected
by selective GATA3 inactivation.50 Furthermore, Gata3-
deficient and wild-type regulatory T cells (Tregs) were
comparable in their suppressive function of effector T-cell
proliferation, as well as their capacity to survive and
proliferate.51 However, GATA3 has been found to control
=
Figure 7. Intrarectal administration of hgd40 in TNFR double-k
knockout mice with oxazolone colitis were treated with hgd40
served as controls. The inflammation of the mucosa was mea
images are shown. Data represent results of 2 independent exp
groups are shown. A marked reduction of colitis activity was no
Myeloperoxidase immunostaining of colonic cryosections in TNF
absence of treatment with hgd40 and ODNg3. Representativ
Cytokine production in experimental colitis in TNFR1/2 knocko
anti-CD3/anti-CD28 stimulation. Analysis of supernatants from
strated significant suppression of IL5, IL6, IL9, and IL13 produc
data represent results of 3–5 mice per group.

FLA 5.4.0 DTD � YGAST60681_proof �
Treg accumulation in inflamed tissues in vivo,51 suggest-
ing that long-standing suppression of Gata3 expression in
T cells may interfere with Treg function. However, we did
not obtain evidence for impaired Treg accumulation un-
der our experimental conditions.

Anti-TNF is routinely used for clinical therapy with active
UC.3 However, 30%�50% of the patients fail to respond to
anti-TNF therapy due to the presence of TNF-independent
mucosal inflammation. We therefore considered the
possibility that hgd40 might be effective in TNF-independent
colitis by blocking various inflammatory cytokines.
Accordingly, we used TNFR1/2 double-knockout mice52 to
induce TNF-independent oxazolone-mediated colitis and
analyzed the effects of hgd40 application. We noted efficient
suppression of colitis activity and significant impairment
of production of various inflammatory cytokines by mucosal
T cells indicating that hgd40 suppresses TNF-independent
experimental colitis. Additionally, we found that
hgd40 application was effective in another model of colitis
mediated by chronic 2,4,6-trinitrobenzenesulfonic acid
administration.

In summary, we have targeted expression and function
of the transcription factor GATA3 by genetic ablation
strategies and local administration of a GATA3-specific
DNAzyme in experimental colitis. GATA3 blockade
ameliorated colitis activity and was associated with sup-
pression of local production of multiple inflammatory Th2
and Th9 cytokines in experimental colitis. The local rather
than systemic targeting of GATA3 may prevent potential
side effects caused by systemic blockade of multiple bio-
logically relevant cytokines. Interestingly, hgd40 was
effective in protecting mice in 2 independent colitis
models, as well as in TNF-independent colitis consistent,
with the concept that blockade of GATA3 function may be
broadly applicable for blockade of colitis. As a recent
clinical study indicated the potential benefit of local
DNAzyme-mediated GATA3 blockade in patients with
allergic asthma,34 hgd40 emerges as a novel approach for
therapy in human UC.
Supplementary Material
Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at http://dx.doi.org/10.1053/
j.gastro.2016.09.005.
nockout mice during oxazolone colitis. (A) TNFR1/2 double-
or ODNg3. Untreated and oxazolone-treated knockout mice
sured by mini-endoscopic scoring at day 8. Representative
eriments (n ¼ 5). (B) Representative histologic images from all
ted in the hgd40 group compared to the oxazolone group. (C)
R1/2 knockout mice with oxazolone colitis in the presence or
e staining from 2 independent experiments are shown. (D)
ut mice. Cells were isolated from knockout mice followed by
spleen T cells or lamina propria mononuclear cells demon-
tion by cells in mice given hgd40 compared to controls. The
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Supplementary Material and Methods

Patients With Inflammatory Bowel Diseases
To determine the expression of GATA3 mRNA in humans,

samples from IBDpatients and healthy controls were analyzed.
Specimens from patients with CD (n ¼ 61) and UC (n ¼ 74)
were compared with control samples (n ¼ 22). To determine
expression of GATA3 in CD patients, samples were determined
after Montreal classification1 and analyzed. Characteristics of
the patient samples are described in Supplementary Table 1.
The collection of samples was approved by the ethical com-
mittee of University Erlangen-Nürnberg.

Animals
Mice (6–12 weeks old) were housed under specific

pathogen-free conditions and experiments were performed
in accordance with institutional guidelines. IFN- g knockout
mice were a kind gift from Ulrike Schleicher (University of
Erlangen, Germany).

Isolation of Human and Murine Colonic
Messenger RNA and Real-Time Polymerase
Chain Reaction Analysis

Total RNA was isolated from colonic tissue with the
RNA-Micro kit (Machery-Nagel, Bethlehem, PA). Comple-
mentary DNA was subsequently generated with iScript (Bio-
Rad, Hercules, CA). Quantitative reverse transcription
polymerase chain reaction was performed with SensiFAST-
SYBR (Bioline, Taunton, MA) and specific primers (Qiagen,
Valencia, CA). Using 18S rRNA, the relative expression level
of cytokine mRNA was calculated with the formula: relative
cytokine mRNA expression ¼ 2

ˇ

[ct(mRNA of interest) �
ct(mRNA 18S rRNA)], where ct is the number of the cycle in
which emission exceeds an arbitrarily defined threshold.

Immunofluorescence Staining of Human
Colonic Tissues

Colonic cryosections from healthy and UC patients were
stained with mouse-anti-hCD4 antibody (BioLegend). After-
ward, slides were incubated with goat-anti-mouse Alexa-
Fluor488, goat-anti-rat AlexaFluor488, or goat-anti-rabbit
AlexaFluor594 secondary antibody (Life Technologies). Nuclei
were counterstained with Hoechst-33342 (Invitrogen). Double
staining for CD4, EpCAM (clone 9C4), CD14 (clone RA3-6B2),
CD45R (clone 63D3), CD123 (clone 6H6), and rabbit-anti-h/
mGATA3 antibodies (Santa Cruz Biotechnology) was per-
formed together with permeabilization buffer (eBioscience).
For detection goat-anti-rabbit AlexaFluor594 antibodies (Life
Technologies) were applied. Negative control slides were
incubated with secondary antibodies.

Immunofluorescence Staining in Murine Samples
Murine colonic cryosections were fixed with methanol

and immunofluorescence staining was done using rat-anti-
mEpCAM, -mB220, -mF4/80, and -mCD123 antibodies
(BioLegend). Afterwards, sections were incubated with

Supplementary References
1. Silverberg MS, Satsangi J, Ahmad T, et al. Toward an

integrated clinical, molecular and serological classifica-
tion of inflammatory bowel disease: report of a working
party of the 2005 Montreal World Congress of Gastro-
enterology. Can J Gastroenterol 2005;19:5–36.

2. Fichtner-Feigl S, Fuss IJ, Young CA, et al. Induction of
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goat-anti-rat AlexaFluor488 antibody (Life Technologies).
For GATA3 staining, rabbit-anti-mGATA3 antibodies (Santa
Cruz Biotechnology) were used together with permeabiliza-
tion buffer and goat-anti-rabbit AlexaFluor594 (Life Tech-
nologies). Negative control slides were incubated with
secondary antibodies. Nuclei were stained with Hoechst-
33342. For FOXP3 staining, colonic cryosections were
acetone-fixed and staining was done using rat-anti-mouse
antibodies. Then, slides were incubated with goat-anti-rat
AlexaFluor488 antibody. Nuclei were stained with Hoechst-
33342.

Collagen Staining in Murine Samples
Cryosections of murine colon were prepared and first

incubated with hematoxylin, then in Pico-Sirius red solution
for 1 hour before mounting.

Oxazolone-Induced Model of
Intestinal Inflammation

Oxazolone-induced colitis was performed as follows:
mice were sensitized by epicutaneous application of 2.5%
oxazolone (Sigma-Aldrich, St Louis, MO) at a 4:1 dilution in
acetone/oil mixture on day 0, followed by intrarectal
administration of 1% oxazolone in 50% ethanol, as
described previously. Monitoring of inflammation and
endoscopy was performed as described previously.

Chronic 2,4,6-Trinitrobenzenesulfonic
Acid�Induced Model of Intestinal Inflammation

2,4,6-Trinitrobenzenesulfonic acid�induced colitis was
described previously by Fichtner-Feigl et al2 and performed
as follows: mice were sensitized by epicutaneous applica-
tion of 1% 2,4,6-trinitrobenzenesulfonic acid (Sigma-
Aldrich) at a 4:1 dilution in acetone/oil mixture on day 0,
followed by intrarectal administration of 1%�2.5% 2,4,6-
trinitrobenzenesulfonic acid in 50% ethanol for 8 cycles.
For treatment of experimental colitis hgd40 (1000 mg) and
control DNAzymes (1000 mg) were intrarectally adminis-
tered at beginning of each cycle.

Statistics
Statistical differences between groups were determined

by using analysis of variance or Student t tests. Correlation
studies were performed by Spearmen’s r. P values<.05 were
considered statistically significant (*P < .05; **P < .01;
***P< .001). Results are expressed as mean values with SEM.
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Supplementary Figure 1. Expression of GATA3 in CD patients and immunohistochemical staining of GATA3 in UC patients.
(A) Total mRNA from biopsies of CD patients was isolated and analyzed for GATA3-mRNA expression in relation to 18S rRNA.
Patients with active and inactive CD were tested for GATA3 mRNA expression level. CD samples were categorized according
to the Montreal classification into different subgroups, dependent on age of sample taking (A1�3), behavior (B1�3), and
localization (L1�3). Data are representative of 7�35 patients per group. (B) Immunohistochemistry for GATA3 and EpCAM,
CD45R, CD14, and CD123 expressing cells in colonic samples from UC patients and controls. Cells were counterstained with
Hoechst-33342. Inserts show higher magnifications of stained nuclei. Whereas few or no GATA3-expressing cells could be
observed together with CD45R, CD14, and CD123 cells, few GATA3/EpCAM-positive cells were found in healthy controls and
UC patients. Images are representative of 2–3 samples per group.
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Supplementary Figure 2. Immunohistochemical staining of GATA3 expression in inflamed murine colonic cells. Analysis of
GATA3-producing cells in oxazolone-treated and untreated control mice was done by double staining with anti-GATA3 and
anti-B220, anti-EpCAM, anti-F4/80, and anti-CD123 antibodies. Cell nuclei were counterstained with Hoechst-33342. Inserts
show higher magnifications of stained nuclei. While some GATA3-expressing epithelial cells were noted, little or no macro-
phages and dendritic cells or B cells expressed GATA3. No differences between oxazolone colitis and control samples with
regard to the GATA3-expressing cells were noted. Data are representative of 3 samples per group.

17.e3 Popp et al Gastroenterology Vol. -, No. -

FLA 5.4.0 DTD � YGAST60681_proof � 8 November 2016 � 6:15 pm � ce

2281

2282

2283

2284

2285

2286

2287

2288

2289

2290

2291

2292

2293

2294

2295

2296

2297

2298

2299

2300

2301

2302

2303

2304

2305

2306

2307

2308

2309

2310

2311

2312

2313

2314

2315

2316

2317

2318

2319

2320

2321

2322

2323

2324

2325

2326

2327

2328

2329

2330

2331

2332

2333

2334

2335

2336

2337

2338

2339

2340

2341

2342

2343

2344

2345

2346

2347

2348

2349

2350

2351

2352

2353

2354

2355

2356

2357

2358

2359

2360

2361

2362

2363

2364

2365

2366

2367

2368

2369

2370

2371

2372

2373

2374

2375

2376

2377

2378

2379

2380

2381

2382

2383

2384

2385

2386

2387

2388

2389

2390

2391

2392

2393

2394

2395

2396

2397

2398

2399

2400



w
e
b
4
C
=
F
P
O

Supplementary Figure 3. IFN- g deficiency did not protect animals from experimental colitis. (A) Wild-type and IFN- g
knockout mice (n ¼ 5) were treated with oxazolone. The inflammation was monitored by mini-endoscopy and scoring of colitis
activity (upper left panels). No significant differences were noted. (B) Histopathologic analysis was performed using H&E
staining of colon specimens.
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Supplementary Figure 4. Immunohistochemical staining of FOXP3 expression in inflamed murine colonic cells. FOXP3 im-
munostaining of murine colonic cryosections with oxazolone colitis and untreated controls in the presence or absence of
hgd40 and ODNg3 was done. FOXP3þ cells were counted per high-power field (HPF). Representative staining from 3 inde-
pendent experiments (n ¼ 5) are shown. No significant differences in numbers of FOXP3þ cells were observed.

- 2016 Role of GATA3 in Colitis in Mice 17.e4

FLA 5.4.0 DTD � YGAST60681_proof � 8 November 2016 � 6:15 pm � ce

2401

2402

2403

2404

2405

2406

2407

2408

2409

2410

2411

2412

2413

2414

2415

2416

2417

2418

2419

2420

2421

2422

2423

2424

2425

2426

2427

2428

2429

2430

2431

2432

2433

2434

2435

2436

2437

2438

2439

2440

2441

2442

2443

2444

2445

2446

2447

2448

2449

2450

2451

2452

2453

2454

2455

2456

2457

2458

2459

2460

2461

2462

2463

2464

2465

2466

2467

2468

2469

2470

2471

2472

2473

2474

2475

2476

2477

2478

2479

2480

2481

2482

2483

2484

2485

2486

2487

2488

2489

2490

2491

2492

2493

2494

2495

2496

2497

2498

2499

2500

2501

2502

2503

2504

2505

2506

2507

2508

2509

2510

2511

2512

2513

2514

2515

2516

2517

2518

2519

2520



Supplementary Table 1.Patient Characteristics

Characteristics Data

n 157
Control, n 22
CD, n 61
UC, n 74
Age, y, range (XX)Q16 10�79 (37, 78)
Female, n (%) 40 (13)
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