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Abstract

It has been reported that atopic dermatitis (AD) and ulcerative colitis are re-
lated. However, the mechanism underlying this association has not been clari-
fied. We therefore explored how AD induces ulcerative colitis. We developed
an AD mouse model (NC/Nga mice) with ulcerative colitis by administering
dextran sodium sulfate (DSS) for five days. DSS-induced ulcerative colitis was
deteriorated in our conventional AD mouse model compared with specific-
pathogen-free (SPF) mice. The plasma levels of thymic stromal lymphopoietin
(TSLP) and tumor necrosis factor-a increased the most in DSS-treated con-
ventional mice. Furthermore, the expression of dendritic cells (DC), retinoid-
related orphan receptor (ROR)t (marker of T helper 17 cells [Th17]), inter-
leukin (IL)-17, GATA binding protein 3 (GATA3) (marker of Th2), and IL-4
increased the most in the colon of the DSS-treated conventional mice com-
pared with DSS-treated SPF mice. In addition, TSLP inhibitor (TSLP neutra-
lizing antibody) did not exacerbate ulcerative colitis in DSS-treated conven-
tional mice. These results indicate that TSLP/DC/Th2 and Th17 play major
roles in the exacerbation of ulcerative colitis by AD.
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1. Introduction

Although the number of patients with ulcerative colitis has increased rapidly in
recent years, the cause of this disease remains unclear. Ulcerative colitis results

in the decomposition and ulcer formation in the stratum mucosum or in the
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substratum of the tunica-mucosa of the colon. Clinical symptoms include loose
intestines, bloody feces, celialgia and weight loss. In addition, the invasion of in-
flammatory cells and a decrease in the population of germinal cells and crypt
abscess have been reported as histological findings [1] [2] [3]. Studies on the
pathogenic mechanism have described changes in the pathogenic-recognition
sensors, such as toll-like receptor (TLR), nucleotide-binding and oligomeriza-
tion domain (NOD) [4], along with the influence of natural-immunity cells,
such as dendritic cells (DCs), macrophages and natural killer (NK) cells in the
digestive-tract tunica mucosa [5], as well as changes in the intestinal flora [6].
Environmental agents such as stress have also been implicated [7].

Atopic dermatitis (AD) is dermatitis that passes chronically following itchi-
ness. Symptoms include dry skin and fundamental deviations in the barrier
function, and various stimulants and allergens have been reported to induce the
development of AD. In addition, many AD patients have atopic disposition, and
stress has been suggested as a deteriorative agent [8]. New mechanisms under-
lying AD have recently been reported, such as the onset of allergy due to thymic
stromal lymphopoietin (TSLP), thymus and activation-regulated chemokine
(TARC) and basophils [9] [10]; the breakdown of the skin barrier function due
to decreases in filaggrin [11]; and the exacerbation of itchiness due to interleukin
(IL)-31 [12].

The relation between AD and ulcerative colitis is studied and it is reported
that AD increases risk of an ulcerative colitis [13] [14]. Furthermore, AD and
ulcerative colitis share a common pathopoiesis factor. For example, both are as-
sociated with increases in levels of TSLP, tumor necrosis factor (TNF)-a, IL-4
and DCs. Therefore, AD and ulcerative colitis may be related. However, few re-
ports have examined the influence of AD on ulcerative colitis. In this study, we
explored the association between AD and dextran sodium sulfate (DSS)-induced

ulcerative colitis in NC/Nga mice, a mouse model of AD.

2. Materials and Methods

2.1. Animal Experiments

Specific-pathogen-free (SPF) and conventional NC/Nga male mice (9 weeks old)
were obtained from SLC (Hamamatsu, Japan). They were housed in rooms at 23
£1°C, and the SPF mice were housed under SPF conditions. These animals were
subjected to experiments in accordance with the animal care regulations of Osa-
ka City University Medical Science. All surgeries were performed under pento-
barbital anesthesia, and all possible efforts were made to minimize suffering.
Conventional mice spontaneously started to exhibit symptoms characteristic of
AD at 7 weeks of age (under air-uncontrolled, conventional circumstances). As
expected, all of the conventional NC/Nga mice used for this experiment dis-
played AD-like symptoms. The AD symptom score in the conventional mice was
determined based on their severity of edema, erythema and hemorrhage (0, none;
1, slight; 2, moderate; 3, severe) as described previously [15]. We established the

following four groups (n = six mice each) and used all of the mice at the same
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time: SPF mice, conventional mice with AD, DSS-treated SPF mice and DSS-
treated conventional mice. To induce ulcerative colitis, we administered 5.0%
(W/V) DSS (molecular weight: 36,000 - 50,000 Da; MP Biomedicals, Solon, OH,
USA) via the drinking water of the SPF and conventional mice in the DSS-
treated groups for 5 consecutive days. The development of colitis was monitored
in each mouse by observing their feces. The severity of colitis was determined by
assessing the feces condition and colon length. The fecal condition was scored
using two parameters: stool consistency (0 = normal; 1 = soft; 2 = very soft but
formed; 3 = liquid) and fecal bleeding (0 = negative; 1 = faintly blue; 2 = mod-
erately blue; 3 = dark blue; 4 = blood visible using the guaiac paper test), with
the sum considered to be the animal’s disease activity score [16]. In addition, we

use six mice per group, and each experiment was repeated three times.

2.2. TSLP Antibody Treatment

We used the mouse TSLP antibody (R&D Systems, Minneapolis, MN, USA), in
order to inhibit TSLP activity in mice. This antibody is used as a neutralizing an-
tibody. TSLP antibody (0.4 pg/ml/day) was suspended in phosphate-buffered sa-
line (PBS), which was intraperioneally injected on each day of the experiment in
DSS-treated SPF and conventional mice [17].

2.3. Preparation and Staining of the Skin and Colon

For the histological studies, mice were sacrificed five days after the start of the
experiment. Skin and colon specimens were fixed in PBS containing 4% para-
formaldehyde, embedded in frozen Tissue Tek, OCT compound (Sakura Fine-
tek, Tokyo, Japan), and cut into 5-um-thick sections. The sections were stained
with hematoxylin-eosin (HE) in accordance with the established procedure for
the histological analysis of the tissue.

Skin and colon specimens were also subjected to immunostaining. We de-
scribed the details of the staining method in our previous report [18]. Briefly, the
specimens were incubated overnight at 4°C with one of the following primary
antibodies: rat monoclonal anti-I-A/I-E (marker of DCs, 1:100; BD Biosciences,
San Jose, CA, USA), rabbit monoclonal anti-GATA binding protein 3 (GATA3)
(marker of T helper [Th]-2, 1:100; Cell Signaling Technology Inc., Danvers, MA,
USA) and rabbit polyclonal anti-retinoid-related orphan receptor (ROR)t
(marker of Th17, 1:100; Biorbyt, Cambridge, UK). The specimens were then in-
cubated at room temperature for 2 h with fluorescein isothiocyanate-conjugated
(FITC) anti-goat or anti-rabbit immunoglobulin (both used at 1:30; DakoCyto-
mation, Glostrup, Demmark). The protein expression was evaluated immuno-
histochemically using a fluorescence microscope. The number of I-A/I-E-posi-
tive cells was determined using the software program Image J (National Institute
of Health, Bethesda, MD, USA).

2.4. Western Blotting Analysis

The colon samples were homogenized in Lysis buffer (Kurabo, Osaka, Japan),
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and centrifuged at 8000 g for 10 minutes. The supernatant from each samples
were then isolated and stored at —80°C until the analysis. We performed a Wes-
tern blotting analysis as previously described [19]. Briefly, the membranes were
incubated at 25°C for 1 h with primary antibodies against GATA3 (1:1000; Cell
Signaling Technology Inc.), IL-4 (1:1000; Caltag Laboratories, Carlsbad, CA,
USA), RORt (1:1000; Biorbyt) and IL-17 (1:1000; Aviva Systems Biology, San
Diego, CA, USA) or S-actin (1:5000; Sigma-Aldrich, St. Louis, MO, USA). The
membranes were then treated with a horseradish peroxidase-conjugated sec-
ondary antibody (Novex, Frederick, MD, USA). The immune complexes were
detected using ImmunoStar Zeta regent (Wako, Osaka, Japan), and images were
acquired using the Multi-Gauge software program (Fujifilm, Greenwood, SC,
USA).

2.5. Enzyme-Linked Immunosorbent Assay (ELISA) Analysis of
Plasma Immunoglobulin E (IgE), Tumor Necrosis Factor
(TNF)-a, TSLP and Interferon (IFN)-y Levels

Blood samples were taken from the heart on the fifth day after the start of DSS
treatment. The plasma levels of IgE, TNF-a, TSLP and IFN-y were determined
using commercial ELISA kits (IgE: YamasaShoyu Co., Ltd., Chiba, Japan; TNF-
a, IFN-y and TSLP: R&D systems) in accordance with the manufacture’s in-
structions. The optical density was measured with a microplate reader (Molecu-
lar Devices, Sunnyvale, CA, USA).

2.6. Statistical Analyses

All data are presented as the means + standard deviation. Results were statisti-
cally analyzed using Microsoft Excel 2010 and a one way analysis of variance
(ANOVA) followed by Tukey’s post hoc test using the software program SPSS,

version 20. Results were considered significant at p < 0.05.

3. Results
3.1. Evaluation of the Severity of AD

No symptoms associated with AD were observed after 5 days of DSS-treatment
in SPF mice. In contrast, the conventional mice exhibited marked symptoms
characteristic of AD, including edema, erythema and hemorrhaging of their ro-
stral skin. DSS administration resulted in no marked differences in the presence
of such symptoms (Figure 1(a)). The morphological findings are shown in Fig-
ure 1(b). No marked differences in histopathological changes were detected be-
tween the non-treated and DSS-treated SPF mice. In the conventional mice,
notable acanthosis, hyperplasia of the epidermis, ulceration and infiltration of
large numbers of lymphocytes in the dermis were evident. Of note, DSS admin-

istration resulted in no marked differences in the presence of such changes.

3.2. Effect of AD in DSS-Treated Mice

Diarrhea and fecal bleeding were observed after DSS-treatment in both SPF and
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Figure 1. Skin symptoms, atopic dermatitis scores, and histological analysis of skin. (a)
Skin symptoms and atopic dermatitis scores after treatment with 5.0% DSS for 5 consecu-
tive days. (b) A histological analysis of skin tissue sections after treatment with 5.0% DSS
for 5 consecutive days. SPF: specific-pathogen-free, conv: conventional. The values are
expressed as the mean + SD derived from 6 animals. *p < 0.05.

conventional NC/Nga mice. However, the activity scores in the DSS-treated
conventional mice were higher than in the DSS-treated SPF mice; the scores in
both groups of untreated mice were 0 (Figure 2(a)). DSS treatment also resulted
in a dramatic decrease in the colon length. The colon length in the DSS-treated
conventional mice was shorter than in the DSS-treated SPF mice, while the colon
length in both groups of untreated mice was roughly the same (Figure 2(a)).
H&E staining also highlighted the cellular distraction of the intestinal epithelium
in the colon of DSS-treated mice as well as edema in the submucosa. The state of
the colon was more severe in the DSS-treated conventional mice than in the
DSS-treated SPF mice, while the colon of both groups of untreated mice was rel-
atively normal (Figure 2(b)).

3.3. Effects of AD on the Plasma Levels of IgE, TNF-«, IFN-y and
TSLP in DSS-Treated NC/Nga Mice

We performed ELISA assays to measure the plasma levels of IgE, TNF-a and
IFN-y in the DSS-treated mice after five days of treatment. We found that the
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Figure 2. Effects of atopic dermatitis (AD) on DSS-induced ulcerative colitis. The tem-
poral response of the colitis score (a). The length of the large intestine (b) after treatment
with 5.0% DSS for 5 consecutive days. A histological analysis of the colon (c) after treat-
ment with 5.0% DSS for 5 consecutive days. Scale bar = 100 pm. The values are expressed
as the mean * SD derived from 6 animals. *p < 0.05. SPF: specific-pathogen-free, conv:
conventional, each groups, n = 6.

plasma levels for each protein were significantly higher in both groups of
DSS-treated mice and in untreated conventional mice than in untreated SPF
mice. In the conventional mice, the levels of IgE, TNF-a and TSLP were higher
than in the SPF mice. Furthermore, the TNF-a and TSLP levels in the DSS-
treated conventional mice were higher than in either group of untreated mice.
No marked differences in the levels of IgE were noted between DSS-treated and
untreated mice. However, while the levels of IFN-y did not markedly differ be-
tween the DSS-treated mice and the untreated conventional mice, the levels were

significantly higher in the untreated SPF mice (Figure 3).

3.4. Effects of AD on the Expression of DCs in DSS-Treated Mice

Next, we investigated the expression of DCs in the colon. DC expression was

higher in the colon of DSS-treated mice than in untreated mice. In addition,
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Figure 3. An analysis of the plasma IgE, TSLP, TNF-a and IFN-y con-
centrations after treatment with 5% DSS for 5 consecutive days. The val-
ues are expressed as the mean + SD derived from 6 animals. *p < 0.05.
SPEF: specific-pathogen-free, conv: conventional.

among the DSS-treated mice, the DC expression was higher in the colon of con-

ventional mice than in SPF mice (Figure 4).

3.5. Effects of AD on the Expression of GATA3 and IL-4 in
DSS-Treated NC/Nga Mice

We investigated the expression of Th2 cells activated by DCs. GATA3 was used
as a marker of Th2 cells [20]. The expression of Th2 cells in the colon of DSS-
treated mice was higher than in untreated mice. In addition, among the DSS-
treated mice, the Th2 cell expression was higher in the colon of conventional
mice than in SPF mice (Figure 5(a)). We also examined the expression of IL-4,
which has a close relationship with Th2 cells. We observed similar trends in the

expression of IL-4 in the colon as for Th2 cells (Figure 5(b)).

3.6. Effects of AD on the Expression of RORyt and IL-17 in
DSS-Treated NC/Nga Mice

We also investigated the expression of Th17 cells activated by TSLP. RORt was
used as a marker of Th17 cells [21]. The expression of Th17 cells in the colon of
DSS-treated mice was higher than in untreated SPF mice. In addition, the ex-
pression was highest in DSS-treated conventional mice (Figure 6(a)). We then
examined the expression of IL-17, which has a close relationship with Th17 cells.
We observed similar trends in the expression of IL-17 in the colon as for Th17

cells (Figure 6(b)).
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Figure 4. The effect of DSS treatment on the expression of dendritic cells (DCs) in the
colon. An immunohistochemical analysis of DCs and stained DC counts in the colon af-
ter treatment with 5.0% DSS for 5 consecutive days. The values represent the means + SD
derived from 6 animals. *p < 0.05. Scale bar = 100 um. SPF: specific-pathogen-free, conv:

conventional.
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Figure 5. The effect of DSS treatment on the expression of Th2 cells and IL-4 in the co-
lon. An immunohistochemical analysis of Th2 cells (a) and a Western blotting analysis
for Th2 cells and IL-4 in the colon (b) after treatment with 5.0% DSS for 5 consecutive
days. The values are expressed as the mean + SD derived from 6 animals. *p < 0.05. Scale

bar = 100 um. SPF: specific-pathogen-free, conv: conventional.

3.7. AD Symptoms in DSS-Treated NC/Nga Mice after Anti-TSLP
Injection

The colitis score and the shortening of the colon length improved in DSS-treated
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Figure 6. The effect of DSS-treatment on the expression of Th17 cells and IL-17 in the
colon. An immunohistochemical analysis of Th17 cells (a) and a Western blotting analy-
sis for Th17 cells and IL-17 in the colon (b) after treatment with 5.0% DSS for 5 consecu-
tive days. The values represent the mean * SD derived from 6 animals. *p < 0.05. Scale
bar = 100 um. SPF: specific-pathogen-free, conv: conventional.

conventional mice after anti-TSLP treatment. However, no marked difference
was noted before and after anti-TSLP administration in DSS-treated SPF mice,
DSS- and anti-TSLP-treated SPF mice, and DSS and anti-TSLP-treated conven-
tional mice (Figure 7(b)). Anti-TSLP administration did not appear to ameli-
orate the AD symptoms in the untreated conventional mice (Figure 7(a)).

4. Discussion

The present study demonstrated that AD causes the deterioration of DSS-in-
duced ulcerative colitis. The levels of TSLP and TNF-a in the blood of DSS-
treated conventional mice were increased more than in the other experimental
groups. Furthermore, the expression of DCs, Th2 cells, Th17 cells, IL-4 and
IL-17 in the colon in DSS-treated conventional mice was higher than in the oth-
er groups. However, the symptoms of ulcerative colitis were ameliorated by
treatment with TSLP inhibitor in DSS-treated conventional mice to the level ob-
served in DSS-treated SPF mice.

DSS induces the development of intestinal-mucosa epithelium lesions by a
kind of a mucopolysaccaride. DSS penetrates to the tunica-mucosa substratum,
and antigen-presenting cells (APCs) carry out phagocytosis at that site. The
APCs activated by the phagocytosis induce the activation of T cells, causing
symptoms similar to those of inflammatory bowel disease [22]. Activated DCs,
which are a type of APCs, increase the expression of IgE, TNF-a and TSLP
(Figure 3 and Figure 4). This increase in TSLP induces tunica-mucosa barrier
lesions [23], thereby activating DCs, which DSS induces reinforces further. In
addition to this vicious cycle, TSLP is produced by epithelial cells due to allergo-
sis and acts on innate immunity systems, such as DCs, mast cells (MCs)and
NKT cells [24] [25] [26]. Thus, the activation of is reinforced several-fold DCs
by ulcerative colitis and AD (Figure 4).
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Figure 7. The effect of TSLP inhibitor on the skin symptoms and atopic dermatitis score (a),
and the colitis score and length of the large intestine (b). Each parameters was measured after
treatment with 5.0% DSS for 5 consecutive days. TSLP inhibitor (TSLP antibody) was itraperi-
toneally injected on each day of the experiment. The values represent the mean + SD derived
from 6 animals. *p < 0.05. SPF: specific-pathogen-free, conv: conventional.

Thl cells are not produced by this cycle, as the induced TSLP suppresses the
production of IL-12. Furthermore, IL-4, IL-5 and IL-13 are produced from MCs
and basophilic leukocytes by TSLP released from epithelial cells. DCs, which
matured in such situations, selectively induce Th2 cells [27] [28]. The inflam-

matory cytokine released from these Th2 cells exacerbates ulcerative colitis [29].
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We further observed an increase in the expression of IL-4 and Th2 cells in the
colon in the present study (Figure 5). These findings in our AD model mice
suggest that the pathway of TSLP/DC/Th2 cells becomes activated by DSS, sub-
sequently deteriorating ulcerative colitis. We also observed an increase in the
expression of Th17 cells and IL-17 in this study (Figure 6). TSLP produced by
DCs is reported to control the expression of Th17 cells [30] [31]: TSLP combines
with the TSLP receptor (TSLPR), which regulates Th17 cell via the activation
and phosphorylation of signal transducer and activation of transcription 5 (p-
STATS5). The activation of Th17 cells may have been induced by activated DCs,
with activated Th17 cells increasing the expression of IL-17 and thereby exacer-
bating inflammation. TSLP also activates regulatory T cells (Tregs) [32]. How-
ever, in the present study, we did not evaluate the expression of Treg cells; fur-
ther examination is necessary.

In this study, the DSS-induced ulcerative colitis in our AD model was ameli-
orated by the administration of an inhibitor of TSLP (Figure 7). These findings
suggest that the strong expression of TSLP badly influences other diseases in AD
patients. Of note, no previous report has observed any relationship between the
severity of illness and TSLP levels in AD subjects [33]. We also observed no
marked changes in the AD symptoms following the administration of a TSLP
inhibitor.

5. Conclusion

In this study, the deterioration of DSS-induced ulcerative colitis was observed in
AD model mice. Our findings suggested that TSLP played a major role in this
deterioration (Figure 8). Based on these results, we may be able to establish a
NC/Nga mice (conventional mice)

il el ‘

TSLP

¢,(— o re €

Th17 Th2 *

v Vv
[ IL-QTNF-G, L4 |
v

Deterioration of ulcerative colitis

Figure 8. The mechanism of the effect of TSLP on DSS-treated NC/Nga mice.
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therapy for ulcerative colitis in AD patients. We believe that these findings may

be useful for clarifying the causes of and developing treatments for a number of

diseases afflicting AD patients.
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