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Research article ”‘?%

IL-22 ameliorates intestinal inflammation
in @ mouse model of ulcerative colitis

Ken Sugimoto,’2 Atsuhiro Ogawa,'22 Emiko Mizoguchi,?45 Yasuyo Shimomura,’2 Akira Andoh,3
Atul K. Bhan,'24 Richard S. Blumberg,267 Ramnik J. Xavier,2458 and Atsushi Mizoguchi’.24

‘Experimental Pathology Unit, Massachusetts General Hospital, Boston, Massachusetts, USA. ?Harvard Medical School, Boston, Massachusetts, USA.
*Department of Internal Medicine. Shiga University of Medical Science, Seta Tukinowa, Otsu, Japan. *Center for the Study of Inflammatory Bowel Disease,
Massachusetts General Hospital, Boston, Massachusetts, USA. SGastrointestinal Unit, Massachusetts General Hospital, Boston, Massachusetts, USA.
sDivision of Gastroenterology. Hepatology and Endoscopy, Brigham and Women's Hospital, Boston, Massachusetts, USA. THarvard Digestive Diseases Genter.
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Expression of IL-22 is induced in several human inflammatory conditions, including inflammatory bowel
disease (IBD). Expression of the IL-22 receptor is restricted to innate immune cells; however, the role of IL-22
in colitis has not yet been defined. We developed what we believe to be a novel microinjection-based local
gene-delivery system that is capable of targeting the inflamed intestine. Using this approach, we demonstrated
a therapeutic potency for IL-22-mediated activation of the innate immune pathway in a mouse model of Th2-
mediated colitis that induces disease with characteristics similar to that of IBD ulcerative colitis (UC). IL-22
gene delivery enhanced STATS3 activation specifically within colonic epithelial cells and induced both STAT3-
dependent expression of mucus-associated molecules and restitution of mucus-producing goblet cells. Impor-
tantly, IL-22 gene delivery led to rapid amelioration of local intestinal inflammation. The amelioration of
disease by IL-22 was mediated by enhanced mucus production. In addition, local gene delivery was used to
inhibit IL-22 activity through overexpression of IL-22-binding protein. Treatment with IL-22-binding pro-
tein suppressed goblet cell restitution during the recovery phase of a dextran sulfate sodium-induced model
of acute colitis. These data demonstrate what we believe to be a novel function for IL-22 in the intestine and

suggest the potency of a local IL-22 gene-delivery system for treating UC.

Intraduction
1L-22 belongs to the IL-10 family of cytokines (1-3) and has recently
been shown to be preferentially expressed by the Th17 subser (4,
5). IL-22 targets innate immune pathways due to the restricted
expression of IL-22 receptors on innate cells, such as epithelial
cells, keratinocytes, and hepatocytes but not acquired immune
cells, including T or Bcells (1-3, 6-9). IL-22 serves as a strong
activator of STAT3 (6; 8, 9). Interéstingly, IL-22 has been demon-
strated to possess the dual abilities of enhancing the expression of
regulatory (e:g., SOCS3, IL-10, and antibacterial peptides) (7-10)
and inflammarory (e.g.; IL-8 and CRP) (8, 11) molecules: Indeed,
the role of IL-22 in inflammacion differs depending on the spe-
cific tissuere.g:; IL-22 contributes ro the regulation of hepatitis (6),
whereas dermal inflanimation is mediated by chis cytokine (5).
Inflammatory bowel disease (IBD)is a chronic, relapsing intesti-
nal inflammatory condition that is classified into 2 major forms,
Crohn disease (CD) and ulcerative colitis (UC), CDand UC are
mediated by both common and distinct mechanisms and exhibit
distinctclinical features (12-14). Incerestingly, recent seudies have
demonstrated that colonic IL-22 expression is induced in IBD,
but this inducible IL-22 expression {s significantly higher in CD
as compared with UC (8, 11). IL-22 is capable of enhancing the
ERK:imediated expression of a proiniflammatory cytokine, IL-8,by

Nonstandard abbreviations used: CD, Crohn disease; CEC, colonic epithelial cell;
DOTAP, 1,2-dioleoyl-3-trimethylammonium proparne; DSS, dextran sulfate sodium;
IBD; inflamematory bowel disease; 1L-22BP, 1L-22-binding protein; LP, lamina propria;
Muc, mucus-associated protein; UC; ulcerative colitis.
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colonic epichelial cell (CEC) lines in vitro (8). In addition, IL-22 is
preferentially produced by Th17 cells (4,'5), which have recently
been shown to play a pathogenic role in CD-like experimental coli-
tis (15; 16). Therefore, a pathogenic role of IL-22 in CD has been
proposed (8, 11). In contrast, a regularory role of [L-22 in IBD has
recently been proposed due to the ability of IL-22 to dampen sys-
temic inflammatory response through the induction of lipopoly-
saccharide-binding protein (17). Thus, the role of IL-22 in IBD is
still unclear and remains to be established.

Inn chis report, we provide unexpected insights into the role of TL-22
that contribures to goblet cell mucus restitution and rapid attenta-
tion of local inflammation associated with Th2-mediated colitis.

Resulis
Insufficient expression of inducible IL-22 expression in. Th2-mediated
colitis as compared with Thl-mediated colitis. Through a combined
screening approach utilizing DNA microarray and quantitative
PCRanalysis of an additional 1.300 molecules not covered by the
DNA microarray chip, we observed specific induction of [L-22
expression wichin the colon after the onset of both Th2-mediated
colitis in TCR a KO {TCRaKO) mice (18, 19) and Thi-mediated
colitis in the CD4SRBY transfer model (20) (Figure 1A). How-
ever; the expression levels of IL-22 detected were significantly
lower in the TCRaKO mice in comparison with the CD45RBM
transfer model (Figure TA). This expression pattern of [L-22 was
consistent with studies in human IBD wherein IL:22 expression
was lower in UC in comparison with CD (8, 11} (Figure 1B). In
addition, similar to humans (11}, a major source of IL-22 in the
inflamed colon of mice was CD4* T cells (Figure 1C). The expres-
sion of IL:22 by purified colonic CD4* T cells wias significantly
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Figure 1
Enhancement of STAT3 activation in CECs by 1L-22. (A) Expression levels of [L-22 in normal colon of WT (1 = 9} and inflamed colon of TCRuKO

(TCRu) mice (n = 9).and the CD45RB colitis model (n= 4. (B} Expression levels of IL-22 in intestinal biopsy samples from healthy controls
{n = 10 and from patients with UC (n = 12) or CD (n = 9) are shown. {C) Expression levels of 1L.-22 in purified CD4* T cells and igM- cells from
inflamed colon of TCRaKO mice are shown, (D) Expression levels of IL-22/in purified CD4+.T cells from inflamed colon of TCRaKO mice and
CD45RB model are shown. (E) Expressions of p-actin, IL-22RA%; and 1L.-10R2 in.CECs (red lines) and colonic LP (black lines) of TCRuKO mice.
Results represent averages of 4 different experiments + SEM: Quantitative data relative to p-actin expression are summarized in the 2 right
panels: (F and G) Freshly isolated CECs from WT mice were stimulated with various doses of [L-22 for 15 minutes (F). Normal human colonic
tissues were stimulated without (cont) or.with 10 ng/mi of IL-22 (G). Protein lysates (10 ug) were immunoblotted with anti-phospho-STAT3
(P-STAT3) or anti-phospho~ERK1/2 Abs. After stripping the Abs, the membrarie was reprobed with anti-STAT3 or anti-ERK1/2 Abs. The result
is representative of 3 individual expetiments. (H) Human colonic specimen was stimulated without (top panel) or with IL-22 (bottom panel) for 2
hours and stbjected to immunohistochemical analysis using anti-phospho-STAT3 Abs. Original magnification, x40.

mal CECs and neoplasti¢c CECs with adenomatous or carcinogenic
changes (Supplemental Figure 2). Similar to humans, IL-22RAl

lower in TCRaKO mice as compared with the CD4SRBY transfer
imodel (Figure 1D).

IL-22 binds to a heterodineric receptor that consists of the
1L:22RAT and IL-10R2 chains (2, 3). As previously demonstrated (1),
expression of IL-22RAT was restricted to CECs, including goblet cells
of UCand CD patients (Supplemental Figure 17supplemental mate-
rial available online with this article; doi:10.1172/JCI33194DS1). In
addition, IL-22RAT expression was constitttively detectable on not
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exptression was detectable by real-time PCR at high levels in CECs in
comparison with the colonic lamina propria (LP) of TCRaKO mice
(Figure 1E). In contrast, similar levels of IL-10R2 expression were
observed in the CECs'and LP of these mice (Figure 1E).

Activation of STAT3, but not ERK1/2; in riormal CECs by IL-22.1L-22
has been demonseraced to efficiently activate STAT3'and ERK1/2
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