
Interleukin-22 drives nitric oxide-dependent DNA damage and 
dysplasia in a murine model of colitis-associated cancer

C Wang#1, G Gong#2, A Sheh1, S Muthupalani1, EM Bryant1, DA Puglisi1, H Holcombe1, EA 
Conaway3, NAP Parry1, V Bakthavatchalu1, SP Short3, CS Williams4, GN Wogan2, SR 
Tannenbaum2,**, JG Fox1,2,**, and BH Horwitz3,**

1Division of Comparative Medicine, Massachusetts Institute of Technology, Cambridge, 
Massachusetts 02139, USA

2Department of Biological Engineering, Massachusetts Institute of Technology, Cambridge, 
Massachusetts 02139, USA

3Department of Pathology, Brigham and Women's Hospital, Boston, Massachusetts 02115, USA

4Department of Medicine, Division of Gastroenterology, Hepatology, and Nutrition, and 
Department of Cancer Biology, Vanderbilt University Medical School, Nashville, Tennessee 
37232, USA

# These authors contributed equally to this work.

Abstract

The risk of colon cancer is increased in patients with Crohn's disease and ulcerative colitis. 

Inflammation-induced DNA damage could be an important link between inflammation and cancer, 

although the pathways that link inflammation and DNA damage are incompletely defined. RAG2-

deficient mice infected with Helicobacter hepaticus (Hh) develop colitis that progresses to lower 

bowel cancer. This process depends on nitric oxide (NO), a molecule with known mutagenic 

potential. We have previously hypothesized that production of NO by macrophages could be 

essential for Hh-driven carcinogenesis, however, whether Hh-infection induces DNA damage in 

this model and whether this depends on NO has not been determined. Here, we demonstrate that 

Hh infection of RAG2-deficient mice rapidly induces expression of iNOS and the development of 

DNA double-stranded breaks (DSBs) specifically in proliferating crypt epithelial cells. Generation 

of DSBs depended on iNOS activity, and further, induction of iNOS, the generation of DSBs, and 

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research, 
subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms
** Steven R. Tannenbaum, James G. Fox, and Bruce H. Horwitz share senior authorship Corresponding Author: Bruce H. Horwitz, 
HNRB 630E, Department of Pathology, Brigham and Women's Hospital, 77 Avenue Louis Pasteur, Boston, MA, 02115. Phone: 
617-525-4404; Fax: (617) 525-4422; bhorwitz@partners.org. 

Disclosures: The authors have no conflict of interest

AUTHOR CONTRIBUTIONS
CW and GG: Study concept and design, acquisition of data; analysis and interpretation of data; drafting of manuscript. EB, DAP, HH, 
AS, EAC: Study concept and design; acquisition of data; analysis and interpretation of data. SM, NMAP, and VB: Acquisition of data, 
analysis and interpretation of data. SPS and CSW: Study concept and design, acquisition of data, analysis and interpretation of data. 
GNW: Critical revision of manuscript for important intellectual content. SRT and JGF: Study concept and design, analysis and 
interpretation of data, critical revision of manuscript for important intellectual content, obtaining funding, study supervision. BHH: 
Study concept and design, analysis and interpretation of data, drafting of manuscript, obtaining funding, study supervision.

HHS Public Access
Author manuscript
Mucosal Immunol. Author manuscript; available in PMC 2017 October 18.

Published in final edited form as:
Mucosal Immunol. 2017 November ; 10(6): 1504–1517. doi:10.1038/mi.2017.9.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.nature.com/authors/editorial_policies/license.html#terms


the subsequent development of dysplasia were inhibited by depletion of the Hh-induced cytokine 

IL-22. These results demonstrate a strong association between Hh-induced DNA damage and the 

development of dysplasia, and further suggest that IL-22 dependent induction of iNOS within 

crypt epithelial cells rather than macrophages is a driving force in this process.

INTRODUCTION

Inflammatory bowel disease (IBD), including Crohn's disease (CD) and ulcerative colitis 

(UC), affect 1~1.3 million people in the United States1, and patients with IBD are at 

increased risk of developing colon cancer2, 3. It has been hypothesized that inflammation-

induced DNA damage leads to mutations that drive carcinogenesis4, and within the 

gastrointestinal tract, microflora are thought to play a key role in initiating the inflammatory 

pathways that contribute to the development of cancer5. While definitive associations with 

specific microflora and lower bowel cancer in patients with IBD have not been identified, 

DNA damage and genetic mutation are prominent disease components6. Colonization of 

colitis-prone murine models with enterohepatic Helicobacter species including Helicobacter 
hepaticus (Hh) has been strongly associated with the development of colitis and cancer7, and 

these models are powerful systems with which to study the mechanistic basis for 

inflammation-induced carcinogenesis within the lower bowel.

Evidence of reactive oxygen and nitrogen-mediated stress is evident in the lower bowel of 

both patients with IBD and Hh-infected RAG mice. Hh infection increases the production of 

NO in 129RAG2−/− mice and IHC localized iNOS production to both intestinal epithelial 

cells and infiltrating macrophages 3-4 months after infection8. Treatment of Hh-infected 

mice with the iNOS inhibitor NMA resulted in a trend towards decreased dysplasia and 

cancer, suggesting that Hh-induced NO production has an important role in this model8. 

While NO can cause DNA damage, whether NO induces DNA damage in epithelial cells 

following Hh infection is not known. Given the important parallels between lower bowel 

pathology that develops in Hh-infected 129RAG2−/− mice and human patients with IBD, 

determining whether Hh-infection causes DNA damage in intestinal epithelial cells has 

important implications for the etiology of colitis associated cancer.

Chronic infection studies have demonstrated that while Hh is able to persistently colonize 

the lower bowel of WT strains, development of colitis and colon carcinoma is strongly 

enhanced in strains lacking key immunoregulatory factors including IL-10 and regulatory T 

cells9. Targeted infection of 129RAG2−/− mice with Hh has demonstrated that colitis and 

cancer develop in the absence of B and T lymphocytes9. In contrast, recently described 

IL-17 and IL-22 producing type 3 innate lymphoid cells (ILCs) appear to play a critical role 

in Hh-induced innate colitis, as depletion of ILCs with anti-Thy1 antibody inhibits disease in 

this model10. Thus, ILCs, and/or their cytokine products, are intimately involved in the 

intestinal response to Hh infection.

We have found that IL-22 is highly induced within the colon of 129RAG2−/− mice following 

Hh-infection11. The IL-22 receptor is expressed on non-hematopoietic cell types, such as 

epithelial cells, and induces activation of STAT312, and the ability of IL-22 to induce 

production of antimicrobial peptides such as Reg3γ by intestinal epithelial cells plays a role 
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in protection from Citrobacter rodentium-induced lower bowel inflammation13. The ability 

of IL-22 to regulate intestinal microbiota is supported by observations that the gut 

microbiota are significantly altered in mice lacking IL-2214.

While IL-22 has a protective role in the acute response to intestinal pathogens, its role in 

modulating chronic intestinal inflammatory responses and cancer remains enigmatic. 

Previous experiments using a chronic model of inflammation-associated cancer induced by 

Hh-infection followed by treatment with 2-azoxymethane (AOM) demonstrated that 

treatment with anti-Thy1 antibody or anti-IL-22 antibody for 8 weeks significantly reduced 

high-grade hyperplasia and invasive colorectal cancer10. Treatment with anti-IL-22 antibody 

in this model was also associated with reduced STAT3 activation in intestinal epithelium as 

well as reduced expression of anti-microbial peptide mRNA within epithelial cells10. 

However, to our knowledge, whether IL-22 is directly involved in modulating key mutagenic 

pathways such as the induction of DNA damage that are thought to play a causative role in 

the development of inflammation-associated cancers has not been previously assessed. 

Therefore, in this study we examined the ability of Hh to induce DNA damage following Hh 

infection, and further, evaluated the role of IL-22 and NO in this process.

RESULTS

Hh-infection rapidly induces inflammatory pathology within the large bowel

Frank malignancy in Hh-susceptible models typically does not develop until several months 

post-infection7. Previous studies have evaluated Hh-induced inflammatory changes within 

the lower bowel of RAG2-deficient mice at 6 weeks or longer following infection, or at 12 

and 20 weeks post infection in mice subsequently treated with AOM10, 11, 15. However, Hh-

induced inflammatory changes at early time points following infection, such as 2 weeks, 

have not been characterized. We reasoned that evaluating Hh-induced inflammatory 

responses and lower bowel epithelial damage at earlier time points might distinguish key 

pathways involved in inflammatory-associated carcinogenesis. We therefore infected male 

and female adult 129RAG2−/− mice with Hh by oral gavage and evaluated gross and 

histologic alterations at 2 and 6 WPI. Tissue sections stained with hematoxylin and eosin 

from the cecum, proximal, transverse, and distal colon were scored by board-certified 

veterinary pathologists for histomorphological features including inflammation, edema, 

epithelial defects, crypt atrophy, hyperplasia and dysplasia/neoplasia (Fig. 1A). The 

cumulative scores were represented as a histological activity index (HAI) (Fig. 1B). At 2 

WPI, the infected bowel exhibited significant inflammatory pathology that was most intense 

in the cecum with decreasing intensity in the ascending, transverse, and descending colon. 

There was mild to moderate mucosal and submucosal inflammation characterized chiefly by 

neutrophils and macrophages. Further, there was increased crypt epithelial mitotic activity in 

association with mild to moderate epithelial hyperplasia. In addition, there was low to 

moderate epithelial dysplastic changes which were most notable in the vicinity of 

inflammatory foci, although these dysplastic changes did not reach the levels of high-grade 

dysplasia/glandular intraepithelial neoplasia or carcinoma. The overall histological findings 

within bowel segments from mice evaluated at 6 WPI were largely similar to findings at 2 

WPI (Figs. 1A and B). Further, we found significant induction of mRNA for both IL-22 and 
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TNFα within total RNA isolated from the cecum and colon (Fig. 1C). Interestingly, Hh-

infection was associated with increases in the relative percentages of inflammatory 

macrophages (MHCII+Ly6C+) and decreases in the percentages of anti-inflammatory 

MHCII+Ly6C− macrophages within the CD11b+CD64+ cell gate (Supplemental Fig. 1). 

These results indicate that Hh infection induces inflammation and induction of IL-22 as 

early as 2 weeks after infection associated with expansion of inflammatory macrophages 

populations. Therefore, the two-week time point was used for detailed sampling in 

subsequent experiments.

Hh-infection induces iNOS activity within colonic epithelial cells

Mice chronically infected with Hh demonstrate marked induction of iNOS within the colon 

as well as increases in urinary excretion of nitrate, suggesting increased production of NO8. 

To examine whether iNOS was expressed within the lower bowel of 129RAG2−/− mice at 2 

WPI, we compared iNOS expression in total RNA from the cecum of infected and control 

uninfected mice. We found that there was a >500-fold induction of iNOS following Hh 

infection (Fig. 2A), suggesting that this is an early event mediating Hh pathogenesis. We 

have previously found that iNOS protein can be localized within lower bowel epithelial cells 

as well as infiltrating macrophages in 129RAG2−/− mice chronically infected with Hh8. To 

extend these results we performed immunofluorescence staining of cecal sections from mice 

infected with Hh for 2 weeks as well as uninfected control mice. Remarkably, Hh strongly 

induced the expression of iNOS along the apical aspect of cecal EpCAM+ epithelial cells, 

while staining within F4/80+ macrophages was quite limited (Fig. 2B). Further, we observed 

increases in nitrotyrosine staining (previously associated with elevated levels of NO16) 

within the cecal epithelium of Hh infected mice compared to uninfected controls, which was 

inhibited by treatment of infected mice with the iNOS inhibitor NMA for 1 week prior to 

euthanization (Fig. 2C). These results indicate that Hh induces epithelial iNOS expression at 

early time points after infection, and that this is likely associated with increased levels of NO 

within epithelial cells. While we were able to appreciate faint iNOS staining of F4/80+ 

macrophages, the considerably stronger epithelial staining raises the possibility that 

epithelial cells rather than infiltrating myeloid cells are the primary source of NO at this 

early time point.

Hh-infection increases epithelial crypt cell proliferation and induces DNA damage

Reactive oxygen and nitrogen species (RONS) are thought to play a central role in DNA 

damage and mutagenesis associated with colitis-associated cancer17. We have previously 

hypothesized that NO produced following Hh infection plays a role in the development of 

malignancy observed in Hh infected 129RAG2−/− mice by facilitating DNA damage in 

intestinal epithelial cells8, although NO dependent epithelial DNA damage has not 

previously been directly demonstrated in this model. To assess this possibility, sections of 

cecum from uninfected control mice and mice infected with Hh for 2 weeks were stained 

with Ki-67, a marker of cell proliferation, and anti-γH2AX, an antibody that recognizes the 

phosphorylated form of histone H2AX, which is rapidly and transiently assembled on 

chromatin at the sites of DNA double-stranded breaks (DSBs)18 (Fig. 3A). As expected, 

Ki67 staining was largely confined to the base of the cecal crypts in uninfected mice, while 

staining was more extensive in Hh-infected mice (Fig. 3A). This was reflected in increased 
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numbers of Ki67+ epithelial cells following Hh infection (Fig. 3B). Interestingly, while there 

was limited staining for γH2AX within epithelial cells from uninfected mice, γH2AX+ 

epithelial cells were frequently found within the crypts of infected mice (Fig. 3A). γH2AX 

staining was largely restricted to Ki67+ cells, which was reflected in a statistically 

significant increase in the percent of Ki67+ positive cells that were also γH2AX+ following 

Hh infection (Fig. 3B). γH2AX staining exhibited punctate nuclear staining within epithelial 

cells of Hh-infected mice (Fig. 3C), consistent with the previously described staining pattern 

for labeling DNA double-stranded breaks. Remarkably, NMA treatment significantly 

decreased the percentage of Ki67+ cells that were γH2AX+ in Hh infected mice (Fig. 3A, 

3B). These results strongly suggest that NO-dependent DNA damage is the result of Hh-

induced epithelial iNOS expression.

Hh-induced iNOS expression is mediated by IL-22

iNOS induction within myeloid cells is associated with inflammatory factors such as LPS 

and TNF that induce NF-κB activation19. However, pathways responsible for iNOS 

induction in epithelial cells are less well defined. It has been reported that IL-22 can 

synergize with IFN-γ to induce iNOS in cultured epithelial cells20. This process depended 

on STAT3 activation, but whether this pathway plays an important role in inducing epithelial 

iNOS expression in vivo following Hh infection has not been determined. To examine this 

question, we treated Hh-infected 129RAG2−/− mice with a previously validated depleting 

anti-IL-22 antibody10 or a control antibody during the final week of the 2-week infection 

protocol. As expected, Hh-infection induced expression of iNOS, as well as the IL-22 target 

genes anti-microbial peptides Reg3β and Reg3γ (Fig. 4A). Depletion of IL-22 strongly 

inhibited induction of Reg3β and Reg3γ (Fig. 4A), and inhibited STAT3 activation within 

total colonic extracts (Fig. 4B) indicating successful depletion of IL-22 activity, and 

suggesting that the marked increase in IL-22 mRNA observed in this model results in the 

production of functional protein. Remarkably, depletion of IL-22 also inhibited the induction 

of iNOS mRNA (Fig. 4A), and strongly reduced iNOS staining on the epithelial apical 

border following Hh infection (Fig. 4C), as well as reducing the percentage of crypts that 

demonstrated positive staining with iNOS (Fig. 4D). The loss of iNOS staining was 

accompanied by decreased staining with anti-NT antibody, suggesting decreased production 

of NO (Fig. 4C). Interestingly, Hh infection also induced nuclear staining with antibody 

directed at pY705-STAT3 within crypt epithelial cells that was blocked by anti-IL-22 

antibody (Fig. 4C), correlating with results obtained by western blotting. To determine 

whether IL-22 was capable of inducing iNOS expression directly in intestinal epithelial 

cells, WT mouse enteroids were treated with 1 ng or 5 ng of IL-22. We observed a 

significant and dose-dependent induction of Reg3β and Reg3γ, as well as iNOS (Fig. 4E). 

These results strongly suggest that Hh-induced IL-22 directly induces STAT3 activation, 

expression of iNOS, and production of NO within epithelial cells of the lower bowel.

Hh-induced DNA damage depends on IL-22

The observations that induction of iNOS in this model depends on IL-22 raised the 

possibility that IL-22 was necessary for Hh-induced epithelial DNA damage. To directly test 

this hypothesis, we evaluated γH2AX staining in Hh-infected mice following depletion of 

IL-22. Notably, IL-22 depletion markedly inhibited staining with γH2AX (Fig. 5A, 5B). 
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While IL-22 depletion appeared to partially inhibit Hh-induced increases in epithelial cells 

that stain positively for Ki67 (Fig. 5A, 5B), the percentage of Ki67+ epithelial cells that also 

stain positively for γH2AX, was significantly lower in Hh infected mice treated with anti-

IL-22 antibody than with the control antibody (Fig. 5B), indicating the decrease in epithelial 

cells staining positively for γH2AX is not simply the result of fewer proliferating epithelial 

cells following IL-22 depletion. Further, we did not appreciate significant differences in 

overall HAI scores in the cecum following treatment with the anti-IL-22 antibody (Fig. 5C), 

suggesting that effects of IL-22 depletion on DNA damage are not due to differences in 

overall levels of inflammation.

IL-22 depletion inhibits DNA damage and dysplasia in 129RAG2−/− mice chronically 
infected with Hh

We have demonstrated that Hh infection induces IL-22-dependent DNA damage in the rapid 

infection model. However, as dysplasia and cancer are not features of this early time point 

we were unable to determine whether IL-22 was necessary for the development of cancer. To 

evaluate this issue, 129RAG2−/− mice were infected with Hh for 10 weeks and treated with 

either depleting IL-22 antibody or control antibody for the final week of infection. Hh-

infected mice treated with control Ab, developed colitis that was characterized by 

inflammation, hyperplasia and significant dysplasia. IL-22 depletion significantly inhibited 

these parameters and most notably had a marked inhibitory effect on the development of 

dysplasia (Fig. 6A and 6B). Consistent with effective depletion of IL-22, evaluation of gene 

expression from total RNA isolated from the cecum and colon demonstrated significant 

reduction of anti-microbial gene expression in the group treated with the IL-22-depleting Ab 

compared to the group treated with the control Ab, although we did not detect statistically 

significant differences in expression of iNOS (Fig. 6C).

In conjunction with dysplasia we found that crypt epithelial cells in mice infected with Hh 

for 10 weeks and treated with control antibody demonstrated wide-spread punctate nuclear 

staining for γH2AX indicating significant DNA damage (Fig. 7A). As in the γH2AX 

staining that was observed 2 weeks following Hh infection, staining was largely confined to 

Ki-67+ cells, which were also increased in number, indicating the presence of DSBs in 

proliferating epithelial cells (Figs. 7A and 7B). Remarkably, depletion of IL-22 reduced Hh-

induced staining of iNOS along the apical border of crypt epithelial cells and the percentage 

of crypts that demonstrated epithelial iNOS staining, without dramatically altering 

expression within F4/80+ macrophages (Figs. 7C and 7D), supporting the hypothesis that 

IL-22 specifically induces iNOS expression within epithelial cells. These results indicate 

that depletion of IL-22 inhibits the development of DNA damage and dysplastic changes in 

this chronic Hh infection model.

Depletion of IL-22 does not interfere with neutrophil recruitment

Our results suggest that induction of iNOS and subsequent production of NO plays a 

significant role in mediating IL-22-dependent DSBs following Hh infection. However, it has 

also been suggested that other ROS could play a role in the development of DNA damage 

following Hh infection15. Neutrophils are a potent source or ROS and accumulate in the 

colon following Hh infection, and it has been recently shown that treatment of 129/RAG2−/− 
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mice with anti-Thy1 antibody interferes with neutrophil recruitment to the colon 2 weeks 

after infection21. As Thy1 antibody depletes innate lymphoid cells from the colon and these 

cells are a source of IL-22, it raises the possibility that IL-22 depletion could limit the 

development of DNA damage by interfering with neutrophil recruitment. To evaluate this 

possibility, we compared the numbers of neutrophils infiltrating the cecum and colon in mice 

treated with depleting IL-22 antibody or control antibody at both 2 and 10 weeks post Hh 

infection, using staining for the neutrophil marker myeloperoxidase (MPO). Interestingly, 

we found no significant difference in the number of infiltrating MPO+ neutrophils in mice 

that received IL-22 antibody at either 2 or 10 weeks post-infection (Figs. 8A and 8B). This is 

consistent with our observations of minimal differences in overall levels of inflammation 

between IL-22 or control Ab treated mice. These results indicate that depletion of IL-22 

does not interfere with the recruitment of neutrophils in this model, suggesting that a defect 

in neutrophil recruitment is not responsible for inhibition of DSBs observed following 

treatment with anti-IL-22.

Hh-induced IL-22 expression exacerbates dysbiosis.

Previous observations indicate that expression of IL-22 can markedly influence colonization 

levels of intestinal pathogens13, and it has been suggested that the composition of the 

microbiome can affect the development intestinal cancer22. To determine whether IL-22 

modulates colonization levels of Hh following infection of 129RAG2−/− mice, we used PCR 

to quantify levels of the Hh 16s rRNA gene within cecal content of Hh infected mice treated 

with control or anti-IL-22 antibody 23. We were unable to observe significant differences at 

either 2 weeks (Fig. 9A) or 10 weeks (data not shown) after infection, suggesting that 

depletion of IL-22 has minimal influence on the absolute level of Hh colonization. As it has 

been suggested that colon cancer may be associated with intestinal dysbiosis24, we next used 

16s rRNA sequencing of bacterial DNA isolated from fecal content to evaluate microbial 

communities in mice infected with Hh for 2 weeks. We found that Hh-infection of 

129RAG2−/− mice induced marked intestinal dysbiosis characterized by significant 

decreases in Chao1 and Shannon diversity indexes (Fig. 9B), marked increases in the relative 

abundances of the phylum Proteobacteria and the family Enterobacteriaceae, as well as 

decreases in the relative abundances of the phylum Bacteriodetes (Fig. 9C). Interestingly, 

depletion of IL-22 partially ameliorated the Hh-induced dysbiosis, exemplified by increase 

in diversity indexes, decreases in the relative abundance of Proteobacteria and 

Enterobacteriaceae, and increases in Bacteriodetes. To confirm these differences, we used 

phyla and family specific q-PCR for Bacteriodetes and Enterobacteriaceae and found results 

that mirrored results obtained with 16S sequencing (Fig. 9D). These results indicate that Hh 

infection induces a dysbiotic state that is at least in part mediated by IL-22.

DISCUSSION

In this study we have demonstrated that Hh infection induces DNA double-stranded breaks 

in proliferating crypt epithelial cells within the lower bowel. The ability of Hh to induce 

IL-22 was essential for this process, as was the ability of IL-22 to induce iNOS and 

production of NO. In addition to blocking the accumulation of DSBs, depletion of IL-22 

inhibited the development of dysplasia that develops in chronically infected mice, a lesion 
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that is thought to represent a precursor to frank malignancy. Given the association between 

DNA damage and malignancy, these results suggest that the ability of IL-22 to drive DSBs 

during inflammatory responses to intestinal bacteria may be a key factor in the development 

of colitis-associated cancer.

It has previously been demonstrated that depletion of IL-22 but not IL-17 inhibits dysplasia 

and invasive adenocarcinoma when evaluated at 20 weeks post-infection in Hh-infected 129/

RAG2−/− mice that were treated with the carcinogen azoxymethane10. Further, it has been 

shown that depletion of IL-22 in the recovery phase of the AOM/DSS model of colitis-

associated cancer reduces tumor number and tumor score25. However, to our knowledge it 

has not been determined whether IL-22 is essential for Hh-induced dysplasia that develops 

in the absence of carcinogen treatment. Our results strongly suggest that DNA damage is a 

central component of both the initial and chronic response to Hh-infection even in the 

absence of an exogenous carcinogen, and that IL-22 plays a key role in this process. It has 

also been demonstrated that IL-22 plays an important role in development of colon cancer in 

APCmin/+ mice that lacks overt signs of inflammation25. However, whether induction of 

epithelial iNOS expression and the development of DSBs are associated with the 

development of cancer in this model will require further study.

Depletion of IL-22 also influenced the severity of Hh-induced inflammation. Two weeks 

after Hh-infection IL-22-depletion did not significantly reduce the severity of inflammation 

or inflammatory cytokine production in the cecum, although it did reduce inflammation 

within the colon (Supplemental Figure 2). These results are consistent with the results of 

Morrison, who recently demonstrated that neutralization of IL-22 following infection of 

C57BL/6 mice with Hh and treatment with IL-10-receptor monoclonal antibody inhibited 

development of inflammation in the colon, but not the cecum26. In contrast, 10 weeks after 

infection, depletion of IL-22 inhibited inflammation in both the cecum and colon consistent 

with the previous observations of Kirchberger, et al.10.

We have suggested that Hh-induced NO production could be a central factor driving DNA 

damage and ultimately carcinogenesis in colitis-associated cancer8. Here we demonstrate 

strong induction of iNOS activity at 2 WPI, which is largely confined to epithelial cells, 

rather than both epithelial cells and macrophages observed after chronic infection at 10 or 20 

weeks8. Further, we were quite surprised to observe crypt epithelial cells that stained 

positively for γH2AX within the cecum at 2 WPI, and to find that this staining depends of 

the function of iNOS. Given that γH2AX+ epithelial cells were not observed within 

proliferating Ki-67+ crypt epithelial cells from sham infected mice (Fig. 3A) it seems 

unlikely that induction of γH2AX+ foci is a normal aspect of crypt epithelial cell 

proliferation, but rather specifically associated with Hh-infection. Our results suggest that 

induction of DSBs results from Hh-induced iNOS expression.

One interesting aspects of our results is that while we observed virtually complete inhibition 

of DSBs by IL-22 depletion at 2 WPI, we noted only partial suppression at 10 WPI. This 

does not seem to reflect inability to suppress epithelial iNOS expression at the later time 

point as immunofluoresence demonstrated nearly complete suppression at both time points. 

It is possible that IL-22-independent expression of iNOS by infiltrating phagocytes at the 
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later time point explains this partial response, and this would be consistent with our 

observation that depletion of IL-22 does not significantly inhibit iNOS mRNA expression 

within total RNA isolated from cecum or colon at 10 weeks post-infection, despite a marked 

inhibition of iNOS staining on intestinal epithelial cells. Certainly, additional experiments 

employing tissue specific knockouts of the IL-22 receptor and iNOS will be necessary to 

help clarify these issues. An alternative explanation for this observation is that IL-22 

mediated inflammation damages intestinal stem cells and that these damaged stem cells 

produce progeny that are more susceptible to DNA DSBs. If correct, the observation of 

DSBs within crypt epithelial cells might be a marker for genetically unstable ISCs, a 

potential precursor for cancer. Further, if the ISC is the key target of injury, one might 

anticipate that susceptibility to DNA damage would exhibit a clonal pattern. In fact, we 

believe that our results are consistent with a clonal process, in that at both 2 and 10 weeks 

epithelial DSBs were clustered in individual crypts rather than exhibiting a diffuse 

distribution. Our estimate that 5% of crypts exhibit DSBs at 2 WPI and 40% of crypts 

exhibit DSBs at 10 WPI is consistent with a clonal rather than diffuse pattern of injury. 

Further studies employing methodology that can trace descendants of individual ISCs will 

be necessary to unravel this issue.

A central tenet of the model proposed here is that NO-mediated DSBs play an integral role 

in the development of colitis-associated cancer. However, studies directed at evaluating the 

role of iNOS in murine models of intestinal cancer are somewhat inconsistent. We have 

previously shown that treatment of Hh infected 129RAG2−/− mice with NMA results in a 

trend towards reduced dysplasia scores in a chronic infection model8. Ahn et al. 

demonstrated a significant reduction in adenoma development within both the large and 

small bowel of APCmin/+ mice lacking iNOS27. Shaked, et al. demonstrated that both 

colonic tumors and epithelial DNA damage observed in IKKβ(EE)IEC/APC+/?IEC mice were 

reduced by treatment with NMA28. These studies strongly support the concept that iNOS 

activity and NO-mediated epithelial DNA damage are key factors in the development of 

cancer of the lower bowel. In contrast, Zhang et al. have shown increased severity of 

dysplasia and increased number of polyps within the ascending colon of IL10−/−/iNOS−/− 

mice compare to IL10−/− mice after 6 months of age29. While there may be many variables 

that explain the discrepancy between these model systems, it has been suggested that 

reduced nitrosative stress expected in iNOS-deficient mice is largely compensated for by 

induction of eNOS30. Thus further experiments are needed to fully understand the role of 

iNOS and NO production in inflammatory-associated carcinogenesis.

This study confirms a central role for IL-22 in the regulation of anti-microbial peptide 

expression in the lower bowel following infection with Hh. Further, we demonstrate here 

that infection with Hh rapidly induced a dysbiotic state characterized by expansion of 

Enterobacteriaceae that was partially reversed by depletion of IL-22. Dysbiosis, and 

especially expansion of Enterobacteriaceae has been associated with both IBD and colon 

cancer 31-33. Previous studies have suggested that Enterobacteriaceae and especially certain 

selected E. coli strains express colibactin genotoxins22. These toxins, like cytolethal 

distending toxin (cdt) produced by Hh, induce DNA damage and double strand 

breaks23, 34, 35. Interestingly, using 2 different models of lower bowel inflammation, it has 

been demonstrated that iNOS-dependent nitrate production enables the relative expansion of 
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E. coli strains, which can utilize nitrate as a terminal electron receptor for anaerobic 

respiration36. Thus it might be expected that IL-22 driven iNOS induction could lead to 

expansion of Enterobacteriaceae including those that carry genotoxins associated with 

cancer. In fact, we have observed the widespread presence of Colibactin producin E. coli 

within our colony37, and although not specifically quantified in this study, it is possible that 

Hh could promote DNA damage by enhancing colonization with these E. coli. The 

relationship between Hh-infection, dysbiosis, genotoxins, and DNA damage will clearly 

require further studies. However, it is notable that a previous study observed increased 

numbers of γH2AX positive epithelial cells in AOM treated IL-10−/− mice mono-associated 

with Colibactin producing E. coli, compared to mice mono-associated with an isogenic 

mutant that lacks the ability to produce Colibactin22. Thus, understanding the role of IL-22 

in this process could lead to novel insights into the interface between dysbiosis, immune 

response, and cancer.

MATERIALS AND METHODS

Helicobacter hepaticus (Hh) culture, animals, and in vivo infection

Hh strain 3B1 (American Type Culture Collection 51449) was cultured as we have 

previously described. Six to eight week old, male and female 129S6/SvEvTac-Rag2tm1Fwa 

(129Rag2−/−) mice obtained from in-house colonies free of Helicobacter species were orally 

dosed three times every other day with either 2 × 108 CFU of Hh or sham dosed with 

Brucella broth. Mice were euthanized with CO2 at two weeks, six weeks, or 10 weeks post-

infection. For IL-22 depletion experiments infected mice received 100 µg control Ab 

(GP120 10E7.1D2) or anti-IL22 Ab (8E11) (Genentech) every other day during the last 

week of infection. For NMA treatment experiments mice were treated with either 30 mM L-

NMMA (Enzo) or 30 mM acetate (control) pH 7.0 in the drinking water for the final 7 days 

prior to necropsy. Mice were maintained under specific pathogen-free conditions within a 

facility accredited by the Association for the Assessment and Accreditation of Laboratory 

Animal Care. All animal experiments were approved by the Massachusetts Institute of 

Technology Committee on Animal Care.

Histology scoring of cecal and colon lesions

Cecum and colon obtained from mice were fixed in 10% formalin immediately after 

necropsy. Paraffin-embedded sections were prepared and 4µm sections were stained with 

hematoxylin and eosin. All slides were examined by board-certified veterinary pathologists 

blinded to sample identity. Histological Activity Index (HAI) is the sum of scoring of 

inflammation, edema, epithelial defects, crypt atrophy, hyperplasia, and dysplasia/neoplasia 

on a scale of 0-4 (maximum score 24) 38.

qPCR analysis of cytokine mRNA expression

Tissues for RNA isolation were harvested immediately upon euthanasia, snap-frozen in 

liquid nitrogen, and stored at −80 °C prior to processing. RNA was prepared using Trizol 

reagents according to manufacturer's instructions (Invitrogen). Five µg of total RNA from 

each sample was reverse transcribed using the High-Capacity cDNA Archive kit (Applied 

Biosystems, Foster City, CA). mRNA levels for Reg3β, Reg3γ, TNF, iNOS, and IL-22 were 
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measured by qPCR using commercial primers and probes (TaqMan Gene Expression 

Assays) in the 7500 FAST Sequence Detection System. Transcript levels were compared 

using the ??CT method (Applied Biosystems).

Immunofluorescence staining

5µm sections of formalin fixed paraffin embedded tissue were deparaffinized and washed in 

gradient ethanol 100%, 90%, 70% and water. After antigen retrieval (boiling at 95°C for 20 

minutes) in Dako modified citrate-based buffer (Dako, S1700), sections were blocked with 

3% BSA in PBS-Triton (0.03% v/v) overnight, and then incubated with anti-EpCAM 

antibody (Santa Cruz Biotechnology, Cat# sc53532), anti-iNOS antibody (Abcam, Cat#: 

ab15323), F4/80 antibody (Abcam, Cat# ab6640), anti-nitrotyrosine antibody (Millipore, 

Cat#: 05-233), anti-Ki67 antibody (BD Pharmingen, Cat#: 550809), anti-γH2AX antibody 

(Cell signaling, Cat#: 9718), anti-Phospho-STAT3 (Tyr705) (Cell Signaling, Cat#: 9145), 

and anti-MPO antibody (Abcam cat#: ab45977) at room temperature for one hour. Primary 

antibodies were visualized with Alexa-Fluor-568 conjugated or Alexa-Fluor-488 conjugated 

secondary antibodies (goat-anti-rabbit, goat-anti-rat, or goat-anti-mouse, Invitrogen). Tissue 

sections were counter-stained with DAPI. All the stained slides were examined under a Zeiss 

Axioskop 2 plus microscope with QIClick digital CCD Camera (QImaging). Morphometric 

analysis from at least 8 random images was performed using Image Pro-Plus (version 7.2, 

Media Cybematics, Silver Spring, MD, USA). All images were acquired using a 20X or 

100X objective lens.

Western Blotting

Cecum samples were homogenized with a handheld homogenizer in 300µL of RIPA buffer 

(Thermo Fisher) supplemented with complete protease inhibitors and phosstop phosphatase 

inhibitors (Roche). 5 µg of protein was subject to PAGE and blotted with anti-GAPDH (Cell 

Signaling 2118), anti-STAT3 (Cell Signaling 4904), or anti-pSTAT3 (Y705) (Cell Signaling 

9145).

Culture of mouse enteroids

Organoids were isolated and cultured by established methods39. Organoid cultures were 

maintained and split weekly by repeated passage through a 25-gauge needle. Newly 

passaged organoids were treated with PBS (untreated) or mIL-22 (GenScript) as noted. 

Organoids were collected after 3 days of treatment and homogenized in Trizol (Thermo 

Fisher) by passage through a 25-gauge needle. Organoid RNA was isolated by chloroform 

extraction followed by column purification (RNEasy Mini Kit, Qiagen) and 1 µg reverse 

transcribed using the SuperScript Vilo cDNA synthesis Kit (Thermo Fisher). 2 µl of diluted 

cDNA was analyzed on an ABI StepOnePlus machine using Taqman qPCR probes as above.

Quantitative PCR for Hh colonization levels

To quantify Hh colonization levels, DNA was prepared from the cecal content using a High 

Pure PCR Template kit according to the manufacturer’s protocol (Roche Applied Science). 

Levels of the Hh 16s rRNA gene were measured by qPCR in the 7500 Fast Sequence 

Detection System (Applied Biosystems) as described previously 23. The colonization levels 
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of Hh were quantified by normalizing to µg of mouse chromosomal DNA measured by 

qPCR using 18S rRNA gene-based primers and probe mixture (Life Technology).

Bacterial 16S rRNA sequencing and qPCR

DNA was extracted from fecal pellets using the UltraClean Fecal DNA Kit (MO BIO 

Laboratories). Amplicons were generated using oligonucleotide primers that target 

approximately 300 bp of the V4 variable region of the 16S rRNA gene (primers 515F and 

806R) 40 and also were barcoded and pooled to construct the sequencing library, followed by 

sequencing with an Illumina MiSeq instrument to generate paired-end 150×150 reads. The 

software package QIIME 1.7.0 was used to analyze, display, and generate figures of 

microbiome data using a previously defined method41. Bacterial DNA of Enterobacteriaceae 
and Bacteriodetes from fecal content was quantified using six-point standard curves 

constructed with reference bacteria specific for each bacterial group measured by qPCR in 

the 7500 Fast Sequence Detection System (Applied Biosystems). All the reactions were set 

up in Fast SYBR Green Master Mix (Applied Biosystems) at 20 µL total volume. Copy 

number of Enterobacteriaceae and Bacteriodetes was normalized to copy number of 

universal bacteria. The initialization step was 95°C for 10 minutes, the amplification step 

had 40 cycles of 95°C for 10 seconds followed by optimal annealing temperature for 45 

seconds. The primers and reaction conditions are listed in Table S1.

Statistical analyses

Statistical analyses were performed using the GraphPad Prism 5 software package (La Jolla, 

CA). Histopathologic scores were compared using a Mann–Whitney nonparametric U test 

with median values shown. Cytokine expression and Hh colonization levels were analyzed 

using unpaired two-tailed Student's t-test, with mean value and SEM shown. p<0.05 was 

considered statistically significant. *, **, ***, **** indicate p<0.05, p<0.01, p<0.001, and 

p<0.0001, respectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hh-infection induces acute inflammation in the lower bowel
Uninfected 129RAG2−/− mice, or 129RAG2−/− mice infected with Hh by oral gavage were 

euthanized at 2 weeks post-infection (WPI) and 6 WPI. Sections of the cecum, proximal 

colon, and distal colon were processed for histological analysis and RNA isolation. (A) 

Representative hematoxylin and eosin staining of cecum, proximal colon, and distal colon. 

(B) Histological Activity Index (HAI) from individual mice (n=10-11). (C) RT-PCR results 

were obtained from RNA isolated from indicated tissue at 2 WPI. n=17-20.
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Figure 2. Hh-induces expression of iNOS and production of NO within the lower bowel 
epithelium
(A) RT-PCR results were obtained from RNA isolated from the cecum at 2 WPI, n=8-11. (B) 

Representative sections from uninfected 129RAG2−/− mice or mice infected with Hh for 2 

weeks evaluated for expression of iNOS within the epithelium (EpCAM) or macrophages 

(F4/80). Boxed areas in center images are shown at higher magnification on right. (C) 

Representative images from uninfected mice, or infected mice treated either with NMA or 

acetate (control for NMA), evaluated for the presence of nitrotyrosine (NT).
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Figure 3. Hh-induces iNOS-dependent DNA damage
Uninfected 129RAG2−/− mice or mice infected with Hh for 2 weeks were treated either with 

NMA or acetate in the drinking water for the final week of infection. (A) Representative 

histological sections from the cecum were evaluated by immunofluorescence with indicated 

stains. (B) Bar graphs demonstrating the percent of epithelial cells that were Ki67+ (top), the 

percent of epithelial cells that were γH2AX+ (middle), and the percent of Ki67+ epithelial 

cells were also γH2AX+ (bottom). n = 7-10. (C) Higher magnification image of cecum an 

Hh-infected mouse demonstrating punctate nuclear staining with γH2AX.
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Figure 4. IL-22 is necessary for induction of iNOS
Uninfected 129RAG2−/− mice or mice infected with Hh for 2 weeks were treated either with 

100 µg control Ab or anti-IL22 Ab every other day during the second week of infection. (A) 

RNA was isolated from the cecum and expression of indicated gene was analyzed by RT-

PCR. n=9-11. (B) Western blot of total colonic extracts from 3 individual mice per group 

with indicated antibodies. (C) Representative histological sections from the cecum were 

analyzed with indicated stains. (D) The fraction of crypts that exhibited iNOS staining was 

compared (n=3-4). (E) RNA isolated from mouse intestinal organoids treated with IL-22 at 

indicated dosages was analyzed by RT-PCR. n=6.
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Figure 5. Hh-induced DNA damage depends on IL-22
Uninfected 129RAG2−/− mice or mice infected with Hh for 2 weeks were treated either with 

depleting IL-22 Ab or a control Ab. (A) Representative histological sections from the cecum 

were analyzed with indicated stains. (B) Graphs representing the percent of epithelial cells 

that were γH2AX+ (left), the percent of epithelial cells that were Ki67+ (center), and the 

percent of the percent of Ki67+ epithelial cells that were also γH2AX+ (right) in indicated 

groups. n=8-14. (C) Histological Activity Index (HAI) of individual mice from each group.
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Figure 6. IL-22 depletion inhibits dysplasia in mice chronically infected with Hh
(A) Representative hematoxylin and eosin staining of cecum from uninfected 129RAG2−/− 

mice or mice infected with Hh for 10 weeks treated either with control or IL-22 depleting 

Ab for the final week of infection, as indicated. (B) Inflammation, hyperplasia, and 

dysplasia scores for uninfected mice (n=7) or mice infected with Hh for 10 weeks and 

treated with control Ab (n=8) or anti-IL-22 depleting antibody (n=8) as above. (C) 

Expression of RegIIIβ, RegIIIγ, and iNOS in total RNA isolated from cecum or colon of 

mice treated as above (n=7-8).
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Figure 7. IL-22 depletion inhibits DNA damage in mice chronically infected with Hh
Uninfected 129RAG2−/− mice or mice infected with Hh for 10 weeks were treated either 

with depleting IL-22 Ab or a control Ab for the final week of the experiment. (A) 

Representative histological sections from the cecum were analyzed with indicated stains. (B) 

Graphs representing the percent of epithelial cells that were Ki67+ (top) or γH2AX+ 

(bottom), n=9. (C) Representative histological sections with indicated stains comparing 

localization of iNOS within epithelial cells (EPCAM) and macrophages (F4/80). Single 

channel stains of iNOS alone are provided to more clearly demonstrate the differential 

effects of IL-22 depletion on epithelial cells and macrophages. (D) The fraction of crypts 

that exhibited iNOS staining was compared (n=3-4).
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Figure 8. IL-22 depletion does not inhibit neutrophil recruitment to the cecum following Hh-
infection
(A) Representative histological sections from the cecum of Uninfected 129RAG2−/− mice or 

mice infected with Hh for 2 and 10 weeks were treated either with depleting IL-22 Ab or a 

control Ab for the final week of the experiment. (A) Micrographs show representative 

sections stained with antibody to MPO. (B) The number of MPO+ cells per 1000 cells within 

the cecum was determined (n=4-8 mice/group).
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Figure 9. Hh infection induces IL-22 dependent dysbiosis
(A) Quantification of Hh colonization density in the cecal content. n=9-11. (B) Chao and 

Shannon diversity indices from 16S rRNA sequencing data obtained from fecal pellets of 

uninfected mice and Hh infected mice treated with control or anti-IL-22 antibody as 

indicated. (C) Relative abundance of indicated taxa from groups described in B. (D) Relative 

abundance of indicated taxa as determined by taxa specific 16s rRNA qPCR from groups 

described in B.
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