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Abstract

Chronic inflammation is strongly associated with approximately 1/5t of all human cancers. Arising
from combinations of factors such as environmental exposures, diet, inherited gene polymorphisms,
infections, or from dysfunctions of the immune response, chronic inflammation begins as an attempt
of the body to remove injurious stimuli; however, over time, this results in continuous tissue
destruction and promotion and maintenance of carcinogenesis. Here we focus on intestinal
inflammation and its associated cancers, a group of diseases on the rise and affecting millions of
people worldwide. Intestinal inflammation can be widely grouped into inflammatory bowel diseases
(ulcerative colitis and Crohn's disease) and celiac disease. Long-standing intestinal inflammation is
associated with colorectal cancer and small-bowel adenocarcinoma, as well as extraintestinal
manifestations, including lymphomas and autoimmune diseases. This article highlights potential
mechanisms of pathogenesis in inflammatory bowel diseases and celiac disease, as well as those
involved in the progression to associated cancers, most of which have been identified from studies
utilizing mouse models of intestinal inflammation. Mouse models of intestinal inflammation can be
widely grouped into chemically induced models; genetic models, which make up the bulk of the
studied models; adoptive transfer models; and spontaneous models. Studies in these models have
lead to the understanding that persistent antigen exposure in the intestinal lumen, in combination
with loss of epithelial barrier function, and dysfunction and dysregulation of the innate and adaptive
immune responses lead to chronic intestinal inflammation. Transcriptional changes in this
environment leading to cell survival, hyperplasia, promotion of angiogenesis, persistent DNA
damage, or insufficient repair of DNA damage due to an excess of proinflammatory mediators are
then thought to lead to sustained malignant transformation. With regards to extraintestinal
manifestations such as lymphoma, however, more suitable models are required to further investigate
the complex and heterogeneous mechanisms that may be at play.
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1. Evidence of Inflammation and Cancer

Chronic inflammation is characterized by persistently activated immune cells in which there
is a vicious cycle of tissue destruction and repair due to either irremovable injurious stimuli or
a dysfunction in any component of the normal inflammatory response. Sources of chronic
inflammation include infectious agents, physical and chemical agents such as environmental
exposures and dietary carcinogens, sustained wounds or trauma, gastric fluids, bile acids, or
urine reflux, and dysfunctions of the immune system. The consequential tissue atrophy and
increased cellular proliferation in an environment of damaging free radicals can lead to many
pathological conditions, including atherosclerosis, autoimmune diseases, inflammatory
diseases, and cancer [1]. Chronic inflammation is strongly associated with and is proposed to
be at the root of approximately 1/51 of all human cancers [2].

After more than 100 years of correlating inflammation and cancer, it is now widely
acknowledged that chronic inflammatory conditions can both pave the way for and sustain
conditions favorable for carcinogenesis and tumor progression [3,4]. Although the molecular
mechanisms of this causal relationship remain to be elucidated further, there is strong evidence
in support of this correlation stemming from abundant epidemiological and molecular
histopathological studies.

1.1 Epidemiological Correlations

1.11 Infectious agents—The principal cause of 18% of all cancer cases worldwide affecting
1.2 million people per year are infectious agents [5,6]. Liver cancers are strongly associated
with hepatitis B/C virus infection; cholangiocarcinoma with liver flukes; stomach cancer and
mucosa-associated lymphoid tissue (MALT) lymphoma with Helicobacter pylori infection;
urinary tract and colorectal cancers with schistosomiasis; lymphoid tissue cancers with Epstein-
Barr virus; non-Hodgkin's lymphoma and Kaposi's sarcoma with human immunodeficiency
virus and/or human herpes virus type 8; cervix and uterine cancers with certain strains of human
papilloma virus; and ovarian cancers with gonorrhea, chlamydia, or human papilloma virus
[3,4,7]. These chronic infections serve as irremovable, injurious stimuli to the immune system,
and contribute to the persistent activation of immune cells, or chronic inflammation. It is
important to note that viral agents such as human papilloma virus may also act through other
mechanisms aside from chronic inflammation; such as through direct production of oncogenic
proteins [6].

1.12 Chemical/Physical agents—Many inflammation-derived pathological conditions
with known etiology have been well documented, including lung airway inflammation due to
smoking and air pollution. Lung cancer has become the leading cause of cancer death among
women, affecting more than 71,000 in 2007, attributed to increasing smoking rates among
women [8]. In addition to smoking, exposure to air pollution, specifically fine particulate matter
from vehicle exhaust, has been associated with lung cancer and adverse cardiovascular/
respiratory events, including development of chronic obstructive pulmonary disease (COPD),
respiratory infections, and heart failure through occupational and population based studies
[9,10]. Smoking and exhaust particles destroy cilia and lung epithelial tissue, increase mucus
production, and thus increase susceptibility to respiratory infections, which also contribute to
inflammation [11]. Studies have confirmed consistently higher levels of C-reactive protein
(CRP) in circulating blood of lung cancer patients even after a five-year latency period [12],
demonstrating constant activation of the immune system and suggesting the presence of
inflammatory mediators in the lung cancer microenvironment [13]. In addition, peroxides and
nitrosamines found in exhaust and in smoking are suggested to produce reactive oxygen and
nitrogen species (RONS) through metabolic activation of reactive intermediates or activation
of CYP enzymes, which in turn is thought to be mutagenic and immunotoxic [14,15]. Other
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similar forms of recurring tissue atrophy and persistent activation of the immune response, as
well as mutagenicity resulting from long-term exposures include asbestos fiber and silica
particle-derived lung cancers, bladder inflammation and consequential cancer due to urinary
catheters or chronic indwelling, gastric acid reflux and esophageal cancer, talcum powder use
and endometriosis/ovarian cancer [16], and exposure to UV light and skin inflammation/
melanoma. Although these associations to neoplasms are evident among many populations,
the nature of the local, as well as systemic immune response to the stimuli and hence tumor
microenvironment varies from person to person due to polymorphisms in antioxidant, DNA
repair, and immune response/cytokine genes. Duration and dose of exposures are also
important determinants of individual response variation.

1.13 Autoimmunity and other unknown etiologies—In addition to chronic infection
or environmental exposures, chronic inflammatory states can arise from many other
pathological conditions and etiologies, including immune imbalances such as in autoimmunity,
and other unknown mechanisms. Patients with autoimmune disease such as Sjégren's
syndrome, rheumatoid arthritis, multiple sclerosis, systemic lupus erythromatosus, and
inflammatory bowel diseases that display characteristics similar to those of autoimmune
diseases demonstrate increased susceptibility to hematopoetic cancers such as non-Hodgkin's
T-cell lymphomas and mucosa-associated lymphoid tissue lymphomas compared to the general
population [17-23]. Autoimmune diseases are generally more prevalent in females compared
to males, possibly due to differences in hormonal factors, though the exact reasons for this are
unknown. Mechanisms responsible for the development of lymphomas arising from
autoimmunity also remain to be elucidated; however, chronic antigenic stimulation,
deficiencies in immune surveillance, and in the case of intestinal autoimmune diseases,
increased intestinal permeability to environmental carcinogens, have been proposed [24,25].
Given the relatively long latency between disease and lymphomagenesis, a multistep process
of genetic instability and consequential alterations is probable for disease progression. For
example, in rheumatoid arthritis patients, inflammation-induced DNA damage in the form of
microsatellite instability, as well as strand breaks in peripheral lymphocytes and the repression
of DNA mismatch repair genes, have been observed [26,27].

In addition to autoimmune diseases, the etiology of inflammation-associated prostate cancer
remains to be elucidated further. It has been recently proposed that chronic inflammation
contributes to the dysplasia—adenocarcinoma sequence in the prostate. Sources of inflammation
have not been clarified; although infection, immune dysfunction, dietary carcinogens such as
2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP), and urine reflux have all
demonstrated the potential to chronically activate the innate immune system [2].

Although idiopathic inflammatory diseases of the colon, such as ulcerative colitis, Crohn's
disease, and celiac disease, are associated with the development of small bowel or colonic
lymphomas as described previously, inflammatory bowel diseases (IBDs) are associated most
strongly with the development of colorectal cancer, increasing the relative risk 0.5-1% per year
after 7 years of colitis [28-30]. Crohn's disease patients share a similar increased risk for small
bowel adenocarcinoma, as do celiac disease patients, who are at increased risk for small bowel
adenocarcinomas as well as cancers of the pharynx and esophagus [25,31]. Extraintestinal
cancers, such as hepatobiliary cancers, also have been observed in IBD patients at variable
rates [31]. Because the causes of these inflammatory diseases are complex and multi-faceted,
many models have been created to mimic characteristic symptoms in rodents in hopes of
clarifying how underlying inflammation in the colon can lead to inflammation-associated
cancers.
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1.2 Histopathological evidence and the inflammatory microenvironment

In addition to the strong correlations of cancer occurrence preceded by chronic inflammatory
states derived from epidemiological evidence, there is a wealth of molecular histopathological
evidence of inflammation playing a vital role throughout the process of carcinogenesis in many
types of cancers. The presence of an inflammatory infiltrate in and around tumors has been
recognized for over a century. Positive staining of CD45" leukocytes in the tumor and in areas
surrounding the tumor suggests attraction of immune cells towards and into the tumor [3]. The
inflammatory component of tumors, as well as the surrounding stroma, has been found to
contain many types of inflammatory cells, including mononuclear cells such as tumor-
associated macrophages, dendritic cells, eosinophils, mast cells, and lymphocytes [32,33].
These cell types as well as the tumor cells themselves are able to produce cytokines and
chemokines that will further attract inflammatory cells and result in production of a wide array
of reactive oxygen and nitrogen species, various proteases, and pro-angiogenic growth factors
that can favor tumor growth and sustainability.

In addition to the inflammatory cell infiltrate of developing tumors, there is also evidence of
the presence and involvement of inflammatory cells in pre-neoplastic tissue such as polyps or
dysplastic tissue. Pre-malignant tumors may be seen as “wounds to be healed” by the immune
system, in which tumor growth is mediated by neighboring stromal cells via upregulation of
genes involved in prostaglandin synthesis to mediate tissue repair such as cyclo-oxygenase 2
(COX-2), cell survival via upregulation of nuclear factor (NF)-«xB, promotion of cell
proliferation, and eventually angiogenesis [34,35]. Tumors arising without persistent infection
or irritation, such as mammary adenocarcinoma, also contain an inflammatory infiltrate
composed of activated macrophages; further supporting the role of the inflammatory
microenvironment in tumorigenesis.

1.3 Use of anti-inflammatory agents in prevention of carcinogenesis

Finally, the involvement of inflammation in carcinogenesis has been solidified further by the
use of non-steroidal anti-inflammatory drugs (NSAIDs) in the prevention of many types of
cancers, including colon cancer and prostate cancer [36,37]. Risk has been shown to be reduced
dramatically when NSAIDs such as COX-2 inhibitors are administered in low doses over long
periods of time for multiple types of cancers. Most NSAIDs inhibit COX function and prevent
platelet synthesis of prostaglandins or platelet aggregation, which is thought to be a mechanism
in the inhibition of carcinogenesis. However, some NSAIDs that are known to have no effect
on COX function also have chemopreventative effects, potentially through inducing apoptosis,
enhancing immune surveillance, or by cell-cycle regulation [38]. It is worth noting that several
high-dose COX-2-specific NSAID treatments have resulted in adverse cardiovascular events,
including myocardial infarction and stroke. This has caused several large clinical studies to be
halted [39,40,41]. Mechanisms are believed to center around a physiological imbalance
between the accumulation of the COX-1-dependent thromboxane and decreased production of
the COX-2-dependent prostacyclin, which opposes the thrombogenic effects of thromboxane
[42]. Therefore, other treatments, such as mild COX-2 selective inhibitors or nonselective COX
inhibitors, are preferred for prevention or treatment.

In addition to the protective effect of NSAIDs, there are many other anti-inflammatory
therapeutic agents that have been used in studies of prevention of inflammation-associated
carcinogenesis. Monoclonal anti-tumor necrosis factor a (TNF-a), currently used in therapy
as infliximab, has been administered to dampen TNF-o mediated inflammation [43];
dexamethasone as a glucocorticoid receptor agonist [44]; statins acting in cholesterol
checkpoint regulation of inflammation [45]; agonists of vitamin D3 as inducers of innate and
adaptive regulatory function [46]; peroxisome proliferator-activated receptor gamma (PPAR-
v) agonists as repressing inflammatory transcriptional programs [47]; and IL-17A as mediating
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protection in T cell-mediated colitis [48], in addition to the many other monoclonal antibodies
targeting components of the innate immune response. The administration of prebiotics/
probiotics have also gained interest in their abilities to restore balance to the gastrointestinal
microbiota and reduce intestinal inflammation, although whether or not these agents act as
anti-inflammatory agents is yet to be clarified [49]. However, there still remains ample room
for improvement in prevention and therapy for inflammation-associated cancers.

2. Overview of Mechanisms in Inflammation-Associated Carcinogenesis

Mechanisms involved in the progression of chronic inflammation to cancer, as well as the role
of inflammation in cancer and cancer-related inflammation have been scrutinized extensively,
leading to the acceptance of several paradigms. Not only can processes involved in chronic
inflammation promote malignant transformation of tissue, termed the extrinsic pathway, but
tissues “initiated” by a series of genomic mutations such as in oncogenes can also change the
transcriptome of cells to express an inflammatory microenvironment, termed the intrinsic
pathway [50,51]. Both of these pathways are thought to be involved in further promotion of
chronic inflammation and tumor growth through induction of genetic instability, upregulation
of key regulators such as NF-xB and pro-inflammatory cytokines, suppression of antitumor
immunity, and proliferation and survival of malignant cells.

In the setting of chronic inflammation, monocytes are activated by T cell-derived cytokines
and differentiate into immature dendritic cells and macrophages in tissues. Plasma cells become
terminally differentiated B cells, and T and B cells both are in turn antigen-activated by
macrophages and dendritic cells. In tissue that has already been “initiated” carrying key genetic
mutations and in the “promotion” stage of carcinogenesis, continuous recruitment of
monocytes and maintenance of proliferation of macrophages is sustained through cytokines,
such as interferon-y (IFN-y), both through the intrinsic and extrinsic pathways involving the
tissue itself, the surrounding stroma, and infiltrating inflammatory cells. Persistent activation
and recruitment of leukocytes, especially innate immune cells, including macrophages and
dendritic cells, can cause continuous tissue destruction and atrophy via release of a myriad of
substances. The latter include neutral proteases, matrix metalloproteinases, elastase,
collagenase, plasminogen activator, acid hydrolase, phosphatases, lipases, plasma proteins,
complement components, reactive metabolites of oxygen, eicosanoids, cytokines/chemokines
(IL-1, IL-8, TNF-a), growth factors (PDGF, EGF, FGF, VEGF, TGF-B), and nitric oxide
among other reactive metabolites [4,52,53]. Cytokines released in response to this tissue
destruction can induce upregulation of key genes thought to be necessary for malignant
transformation of chronically inflamed tissue, such as COX-2 and NF-«xB, which are thought
to inhibit apoptosis, promote angiogenesis, modulate cellular adhesion, and induce
proinflammatory mediators such as prostaglandin E,, in addition to further recruitment of other
innate and adaptive cell types [52,54,55]. Inflammasomes present in cells of the innate immune
system, particularly macrophages, also have the ability to activate pro-inflammatory caspases
that can activate IL-1B, leading further to a potent inflammatory response [56].

The damaged epithelial cells consequential to the macrophage-derived reactive intermediates
are usually replaced by cell division from resident progenitor cells. Cell division in the setting
of these DNA damaging agents results in increased risk of mutation and genetic instability,
leading to malignant transformation. In addition, resident stem cells can acquire genetic and
epigenetic changes necessary for transformation into cancer stem cells in this environment
[57]. Furthermore, chronic inflammation and associated tissue injury could also lead to
depletion of the indigenous stem cell niche either through continuous proliferation or
interference with niche signaling [58]. These empty stem cell niches could then be reoccupied
by bone marrow-derived stem cells or tissue progenitor cells, which if incompletely
reprogrammed by niche signals, may become cancer stem cells or contribute to the tumor mass
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[59]. Chronic inflammation also promotes bone marrow stem cells to enter circulation,
increases their homing to sites of inflammation, and promotes heterotypic cell fusion of myelo-
lymphoid cells and non-hematopoietic cells [60].

Once atissue has transformed into a malignant tumor, recruited inflammatory cells can migrate
readily through the extracellular matrix in response to proteolytic enzymes, and given their
inherent mobile nature, may facilitate epithelial cell invasion into stromal compartments and
tumor growth. Cytokines released by the tumor-associated macrophages (TAMSs) can promote
epithelial cell proliferation and can stimulate angiogenesis and lymphangiogenesis. Given the
appropriate conditions, properly activated TAMs (M1 polarized) are able to correctly attack
tumor cells, the signals from the microenvironment of the tumor, and the surrounding stroma
involving NF-xB gear macrophage activation (M2 polarized) towards a growth advantage of
the tumor [61,62]. By secreting extracellular proteases and cytokines such as IL-10, tumor cells
and macrophages are able to inhibit cytotoxic T cells and, therefore, aid in suppression of the
immune response against the tumor [4,52]. The inflammatory microenvironment of malignant
tissue, including the tumor stroma, therefore aids in orchestrating further progression of the
tumor. Further detailed mechanisms of inflammation-associated carcinogenesis have also been
reviewed in detail elsewhere [35,50,63].

3. Intestinal Inflammation and Associated Cancers

3.1 Chronic intestinal inflammation

Chronic inflammatory diseases of the intestinal tract include IBDs and celiac disease, which
account for the majority of known cases. The most common forms of IBDs include ulcerative
colitis and Crohn's disease. Clinically, intestinal inflammation in ulcerative colitis is limited
most commonly to the colon, whereas Crohn's disease and celiac disease encompass both the
small and large intestinal tract. The Gl tract is a very complicated system to study because
billions of microbes reside in both the proximal and distal portions of the colon, co-existing in
a symbiotic fashion. Microbes are generally considered to be pathogenic to the body, but in
the colon, various programs involving basal, constitutive immune surveillance have been
established by the immune system to allow for tolerance to these organisms without mounting
an overt immune response. A dysregulated immune response, including loss of tolerance
against commensal bacteria in the intestinal lumen caused by transient breaks in the mucosal
barrier, has been heavily implicated in the pathogenesis of colitis and other forms of
inflammatory bowel disease [64].

3.1.1 Ulcerative colitis—UIlcerative colitis is an intermittent disease characterized by cycles
of exacerbation or “disease flares” followed by periods of remission. Patients mainly suffer
from abdominal pain, vomiting, diarrhea, hematochezia, and weight loss. Pathology is
characterized by continuous ulceration of mucosal tissue in the colon, also usually involving
the rectum and extending proximally. Pathology does not involve the small intestines. In
addition, presence of crypt abscesses, extensive lymphocyte infiltration into the lamina propria,
and loss of crypt architecture are common features of the disease [65]. Pathogenesis is thought
to involve loss of integrity of the mucosal barrier of the intestinal epithelium, in which the
mucosal immune system elicits a dysregulated immune response against the normal commensal
microflora in immunocompetent individuals. The cytokine profile of inflammatory cells
demonstrates excess IL-13, IFN-y, TNF-a, IL-8, and IL-4 production, with a generally
polarized Th2-like immune response [66].

Treatment is adjusted depending on the individual, involving aminosalicylates, corticosteroids,
immunomodulators, and TNF-a blockers such as infliximab. Surgical removal of the colon is
also performed as a potentially curative procedure in extreme cases.
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3.1.2 Crohn's disease—Crohn's disease is another form of IBD in which patients may
develop severe inflammation of not only the colon but also of the entire span of the
gastrointestinal tract, commonly involving the small intestine. Crohn's disease is also a chronic
relapsing disease in which disease flare-ups are followed by periods of remission. Patients
suffer from abdominal pain, vomiting, diarrhea, malnutrition, and weight loss. Pathology is
characterized by patchy discontinuous ulcerations in which inflammation is transmural,
spanning the entire length of the intestinal wall, in contrast to ulcerative colitis where only the
mucosa is affected. Granulomas as well as crypt abscesses, leukocyte infiltration into lamina
propria, blunting of the intestinal villi, formation of fistulae (obstructing abnormal connections
of the intestines), and intestinal stenosis are common features of the disease [67]. Crohn's
disease is associated with elevated IL-12/IL-23 and IFN-y/IL-17 production, or a Th1/Th17
polarized immune response. The disease has a strong genetic link to mutations in the
CARD15 (NOD2) gene, TNFSF, IL23R, and more recently XBP1, which serve as partial
explanations for pathogenesis of Crohn's disease [68]. CARD15/NOD2 mutations result in
decreased microbial detection and reduced production of Paneth-cell and mucosal defensins,
which are endogenously occurring antibiotics with microbicidal activity. Lack of defensins
results in decreased epithelial barrier function as a part of the innate immune response [69].
CARD15/NOD2 mutations are also thought to result in uncontrolled NF-xB activation and
consequential release of pro-inflammatory cytokines [70]. TNFSF encodes for the tumor
necrosis factor super family of genes involved in pro-inflammatory responses as well as in
apoptosis, whereas IL23R encodes the receptor for the cytokine IL-23, which is highly
expressed in Crohn's disease and representative of the adaptive immune response. XBP1, also
found to be mutated in ulcerative colitis patients, is an endoplasmic reticulum (ER) stress-
response protein, which when lacking in epithelial cells, promotes a pro-inflammatory response
[71]. Therefore, the combination of increased permeability and decreased barrier function of
the epithelial cells, as well as the dysregulated immune response against the commensal
bacteria, are thought to be responsible for pathogenesis. Treatment regimens are similar to
those for ulcerative colitis, including TNF-a blockers such as infliximab, corticosteroids, and
immunomodulatory agents. Disease-specific monoclonal antibodies such as anti-1L-12/p40,
which targets both IL-12 and IL-23, the key cytokines of the Th1-mediated immune response,
have recently shown surprising efficacy and hold promise for therapy [65,72].

3.13 Celiac disease—Celiac disease is a more common disorder, occurring in 1% of the
population [73], separately classified from IBDs and genetically determined. Most patients
carry the heritable human leukocyte antigen (HLA)-DQ2 or —-DQ8 haplotype, which codes for
a complex on antigen-presenting cells for presentation of gluten-derived peptides to T cells.
Inflammation is caused by dietary gluten, present in wheat, barley, and rye in which the gluten-
derived peptides are presented to T cells, provoking a Th1 pro-inflammatory response and
damaging the intestinal epithelial layer [74]. The expression of the HLA-DQ2 or -DQ8
molecules is, therefore, not sufficient for disease development. Patients may or may not
demonstrate gastrointestinal symptoms, depending on the clinical manifestation of the disease.
Latent celiac disease, for example, may develop into celiac disease in the future, or may be
present in a person who had the disease who is presently able to eat gluten and has normal
intestinal pathology. Similarly, silent or asymptomatic celiac disease occurs in patients without
gastrointestinal symptoms, although they may manifest non-intestinal symptoms such as other
autoimmune disorders, including dermatitis herpetiformis. Active or classical celiac disease is
characterized by diarrhea, abdominal pain, weight loss, metabolic bone disease, and anemia
[75]. The proximal small intestine, potentially involving the entire small intestine, is affected,
demonstrating varying grades of villous atrophy with crypt hyperplasia and intraepithelial
lymphocytosis, depending on the patient and severity of disease [76]. Positive serological tests
for autoantigens, including antibodies to tissue transglutaminase, also characterize celiac
disease. Pathology is thought to be dependent on the development of a chronic anti-gluten T
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cell response involving secretion of IFN-y and proliferation of an inflammatory response in
the lamina propria and intestinal epithelium, assuming ingestion of gluten [77]. Exposure to
gliadin peptides, derived from digested gluten, results in preferential presentation by HLA-
DQ2 or -DQ8 molecules to pathogenic CD4 T cells in the lamina propria, resulting in a Thl
pro-inflammatory response and damage to the intestinal epithelium [78]. In addition,
intraepithelial TCRyd T cells in the small intestine can interact with NKG2D ligands on stressed
or damaged enterocytes through the NKG2D-activating receptor, which induces further
cytotoxicity, contributing to villous atrophy [79]. Treatment of celiac disease involves a strict
gluten-free diet for life, which usually results in a rapid clinical response, commonly without
the reversal of histopathological alterations of the gut.

3.2 Association of chronic intestinal inflammation with colorectal cancer and small bowel
adenocarcinomas

Chronic inflammation, through complex mechanisms involving persistently activated immune
cells and DNA damage in the setting of proliferation, is associated most commonly with
development of cancer at the site of inflammation. In ulcerative colitis patients, in which
inflammation is restricted most commonly to the colon, duration and severity of inflammation
correlate with the cumulative probability of colorectal cancer development, ranging from 2%
at 10 years of colitis to 18% after 30 years [80]. Crohn's disease patients with the most severe
inflammation restricted to the small intestine have a 12- to 60-fold increased risk of developing
small-bowel adenocarcinoma compared to the normal population [81]. Unfortunately, the
prognosis of small-bowel adenocarcinoma is poor, with mortality at 1-2 years being as high as
30-60% [82,83]. Crohn's disease patients with colonic involvement, or Crohn's colitis, have a
relative risk for colorectal cancer of 23.8 compared to 4.3 in the general Crohn's population
[84]. Others determined relative risk for colorectal cancer to be 5.6 for Crohn's patients with
exclusively colonic involvement, 3.2 for those with ileocolitis, and 1.0 for those with only ileal
involvement [81,85,86]. These observations demonstrate the heterogeneity of the disease and
consequential differences in the risk for either colorectal cancer or small-bowel
adenocarcinoma. Crohn's disease patients with a similar extent and severity of inflammatory
involvement in the colon as ulcerative colitis patients have similar risks for development of
colorectal cancer [86]. Celiac disease, which is generally restricted to the small intestine, is
strongly associated with development of small-bowel adenocarcinoma, with patients having
an 80-fold greater risk than the general population [24,75,87].

3.3 Association of chronic intestinal inflammation with extraintestinal cancers including

lymphoma

Many cases of pediatric and young adult IBD patients developing non-Hodgkin's T cell
lymphomas have been described. In these patients, the inflammatory process itself, as well as,
immunosuppressive or chemotherapeutic therapy, can increase the risk of lymphomas,
including colonic lymphoma and gut-mucosa-associated lymphoid tissue (GALT) lymphoma
[88]. Case reports have described ulcerative colitis patients developing malignant colonic or
rectal lymphoma [89-91], as well as non-lymphoid cancers such as rectal carcinoma and
hepatobiliary carcinoma [31]. In addition to ulcerative colitis, Crohn's disease patients have
also demonstrated evidence of lymphomas, including hepatic T cell lymphoma [92] and non-
Hodgkin's T cell lymphomas [93], especially after immunomodulatory treatments such as
azathioprine or anti-TNF therapy [94,95]. Although many meta-analyses have been performed
on cohort studies or case series, to date, no case-controlled trial in IBD patients has been carried
out to specifically evaluate severity of inflammation to lymphoma risk. However, H. pylori
infection and its associated chronic inflammation have been found to increase the risk of gastric
lymphoma [96]. In addition, in a large matched case-control study of rheumatoid arthritis
patients, chronic inflammation itself, independent of treatment, was found to increase
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significantly the risk of lymphoma [97]. Therefore, chronic inflammation of the small and large
intestine may also increase risk for extra-intestinal cancers, including lymphomas.

In addition to increased risk of small-bowel adenocarcinoma development, 8-13% of celiac
disease patients develop non-Hodgkin's enteropathy-associated T cell lymphoma [23], which
is a much higher percentage than when compared to ulcerative colitis or Crohn's disease
patients. When celiac disease is left untreated, patients have a 43-fold higher relative risk of
developing small-bowel lymphoma, a 12-fold higher relative risk of developing esophageal
cancer, and a 10-fold higher relative risk of developing oralpharyngeal squamus carcinoma
[23-25]. Other extra-intestinal malignancies include cancer development in the liver, spleen,
thyroid, skin, nasal sinus, brain, and B cell lymphomas or other extra-intestinal lymphomas
[23,24]. Elderly celiac disease patients with other autoimmune diseases in addition to celiac
disease, such as dermatitis herpetiformis and autoimmune thyroiditis, also have a much higher
risk of developing lymphoma [23]. Aside from extra-intestinal cancer development, celiac
disease patients also may develop other autoimmune disorders, such as insulin-dependent
diabetes, Sjégrens syndrome, thyroid disease, cardiomyopathy, and autoimmune neurological
disorders [25].

4. Mouse Models of Intestinal Inflammation and Cancer

A plethora of mouse models are now available to study an aspect of chronic inflammation
thought to play an important role in the pathogenesis of IBDs and in inflammation-associated
carcinogenesis. Most mechanistic studies of celiac disease involve the use of human biopsies,
and the use of mouse models to study pathogenesis is limited. However, new transgenic mouse
models mimicking the HLA-DQ variants and celiac disease progression are emerging. Though
no single model captures all of the clinical features and manifestations of the human diseases,
each has contributed to the understanding of the multifaceted and heterogeneous mechanisms
thought to be involved. For more detailed reviews on current mouse models of inflammatory
bowel diseases see [98,99].

4.1 Chemically induced models

Chemically induced models of inflammation and inflammation-associated carcinogenesis in
healthy wild-type mice and in mice genetically susceptible to colitis or colitis-associated
cancers are used commonly by many investigators due to their ease of induction of colitis-like
symptoms and associated pathology as well as their high reproducibility. The most widely used
models of chemically induced intestinal inflammation (Table 1) have been divided into those
that disrupt the mucosal/epithelial barrier and/or that involve hapten-induced hypersensitivity
reactions in the induction of intestinal inflammation.

4.1.1 Disruption of the epithelial barrier—One such experimental model of colitis and
colitis-associated neoplasia is cyclic administration through the drinking water of dextran
sulfate sodium (DSS), a non-genotoxic sulfated polysaccharide [100,101]. Acute and chronic
colonic inflammation can be induced depending on dose and duration. In healthy wild-type
mice, DSS administration is characterized by gross bleeding in the stool, diarrhea, and weight
loss, especially after cyclic administration, with one cycle usually consisting of 5-7 days of
DSS followed by 7-14 days of normal water. Pathology of the colon is similar to that seen in
ulcerative colitis, consisting of ulcerations, erosion of the epithelial barrier, and extensive
lymphocyte and granulocyte infiltration [100,105]. Administration of four cycles of DSS,
followed by an extended four-month period of normal water, leads to dysplasia followed by
development of colorectal cancer, a sequence also observed in IBD patients [101]. Notably,
acute DSS administration is not sufficient to induce tumor development, thus leading to many
studies utilizing carcinogen-induced initiation followed by DSS-induced tumor promaotion.
DSS is thought to induce direct metabolic epithelial toxicity (further discussed in 4.2.3) in the
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basal crypts, which compromises the mucosal barrier and allows mucosal intrusion of enteric
microbiota and their products. Resultant inflammation in response to this disruption is driven
predominantly by innate rather than adaptive immune cell types [100,106-108], making the
DSS model useful for studying the contribution of innate mechanisms, as well as the disruption
of the integrity of the epithelial barrier in colitis. Notably, the lack of a major role of the adaptive
immune response in DSS colitis was found by the development of severe colitis in
C.B-175CID (SCID) and Rag1/2”- mice due to DSS, at least during the acute phase [108].
Although DSS itself is not genotoxic [109], it can activate macrophages and other inflammatory
cells both directly and indirectly [100,110], producing immune profiles similar to those seen
in genetic models of immune-mediated colitis [111-114].

In addition to DSS administration alone, DSS can be administered following an initial dose of
a colon carcinogen such as azoxymethane or 1,2-dimethylhydrazine to initiate carcinogenesis.
Colorectal cancer development is, therefore, much faster in this scheme of treatment compared
to many cycles of DSS treatment alone, and it is useful to study the role of inflammation in the
promotion of carcinogenesis after initiation [115-118]. The DSS-induced colitis model has also
been used in many other transgenic mice in addition to immunodeficient mice, most of which
are genetically susceptible to intestinal inflammation. For example, mice deficient in TLR4 or
MyD88, which are involved in bacterial sensing and activating immune responses, when
treated with DSS have more severe symptoms and pathology than DSS-treated wild-type mice.
Similar results are seen in Tir8”" mice, which are incapable of regulating TLR signaling in
intestinal epithelial cells or dendritic cells [119], as well as in DNA repair-deficient mice, such
as Oggl”-[120], Aag”- [121], and recently, Atm”- mice [122].

4.1.2 Hapten-induced colitis—Intrarectal administration of ethanol-dissolved 2,4,6-
trinitrobenzene sulfonic acid (TNBS), dinitrobenzene sulfonic acid (DNBS), or oxazolone (4-
ethoxymethylene-2-phenyl-2-oxazoline-5-one) in wild-type mice will result in a local mixed
Th1/Th2 colitis depending on the hapten, susceptibility of the mouse strain, and conditions of
administration. Ethanol is used to break the mucosal barrier, whereas TNBS/DNBS/oxazolone
haptenizes proteins autologous or derived from the microflora, which then renders them as
immunogenic, leading to priming of antigen-specific T-cells. The hapten-induced colitis
models, similar to DSS-colitis, also have been used in many types of transgenic mice deficient
in immunoregulation or susceptible to immune-mediated colitis and inflammation-associated
adenocarcinoma such as SCID mice, CD4- and CD8"~ mice [123], CD1”- mice [124], Epstein
Barr virus-induced gene 3 (EBI3)-deficient mice [125], and IFN-y”~ mice [126].

A single dose of TNBS may be administered at the start of the experiment that results in an
acute inflammatory response characterized by upregulation of Thl cytokines within 2-3 days,
or a delayed-type hypersensitivity reaction may be developed by an initial sensitization step
with TNBS given either intrarectally or via the skin, which then requires a second
administration after about 6 days to induce the delayed-type hypersensitivity reaction to the
haptenized proteins [127]. CD4* T cells are heavily implicated in the IL-12-driven Th1 immune
response, resulting in transmural colitis reminiscent of Crohn's disease [123,128]. Compared
to the DSS-induced colitis model, the cytokine patterns are, therefore, distinctly different
[129]. In TNBS-susceptible SJL/J mice, resultant acute mucosal inflammation is mediated by
excessive cytokine production of Thl cytokines, including IFN-y, TNF-a, and IL-12,
accompanied by infiltration of neutrophils and macrophages into the mucosa and submucosal
layers [130]. Chronic colitis more reminiscent of IBDs induced by weekly injections of TNBS
is characterized by increased production of IL-23 and IL-17 due to repeated induction of
delayed-type hypersensitivity reactions and fibrotic lesions [131]. DNBS-induced colitis is
also similar to TNBS-induced colitis, in which extensive tissue damage and an acute
inflammatory infiltrate similar to Crohn's disease is CD4* T cell dependent [123].
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Unlike TNBS/DNBS colitis, oxazolone-induced colitis is a Th2-type experimental colitis with
a strong histological resemblance to ulcerative colitis that is dependent on NK-T cell derived
IL-13 production as well as T cell derived IL-4 and IL-5 production [124,132]. The rapidly
developing colitis is usually confined to the distal colon and exhibits neutrophil and lymphocyte
infiltration into the mucosa that is accompanied by strong TGF-f induction, which then limits
the extent, duration, and severity of the inflammation [132].

4.2 Genetic models of intestinal inflammation

The development of a wide variety of transgenic and knock-out mouse models of genetic traits
have given insight into the pathogenesis and the association of chronic intestinal inflammation
with colonic adenocarcinoma, as well as into the polygenic and heterogeneous nature of IBDs.
Studied most frequently are those involved in promotion of inflammation by impairment of
epithelial barrier function and bacterial sensing, innate immune signaling, immune regulation,
and stress-response signaling (Table 2).

4.2.1 Epithelial barrier function—An anatomically and immunologically compromised
intestinal epithelial barrier allows direct contact of the intestinal mucosa with the luminal
bacteria and plays a crucial role in the development and maintenance of IBDs by initiating
chronic inflammatory responses. Crohn's disease patients demonstrate increased epithelial
permeability early on in disease reoccurrence, and first degree relatives of both Crohn's disease
and ulcerative colitis patients also exhibit abnormal intestinal permeability [133]. Celiac
disease patients also demonstrate increased intestinal permeability compared to healthy
relatives [134]. In addition, it has been shown that Crohn's disease is associated with variants
of the intracellular pattern-recognition receptor gene CARD15 (NOD?2), as well as the organic
cation transporters OCTN1 and OCTN2, which are involved in intestinal epithelial barrier
function [135,136]. Mouse models recapitulating defects in epithelial barrier function have,
therefore, played a large role in the understanding of pathogenesis of IBDs and celiac disease.

Dominant negative N-cadherin transgenic mice, expressing the mutant form in intestinal
epithelial cells, develop areas of porous epithelium and altered intercellular adhesion leading
to spontaneous chronic inflammatory bowel disease similar to Crohn's disease, eventually
leading to intestinal neoplasia [137]. Mice deficient in Keratin-8, a structural intermediate
filament protein, also spontaneously develop intestinal inflammation and colorectal
hyperplasia [138]. Deficiency of vital structural components of the protective mucosal layer,
such as core 3-derived O-glycans [107], Muc2 [139], and trefoil factor [140], have
demonstrated either spontaneous colitis development due to increased intestinal permeability
or increased sensitivity to agents such as DSS and impaired mucosal healing. In addition to
structural components, genes encoding transporters and exchangers in intestinal epithelial
cells, such as MDR1a (P-glycoprotein), SLC9A-3 (NHE3 or Na*/H exchanger 3), and
OCTN2 (carnitine transporter), are also affected and regulated by innate immune responses to
luminal bacterial flora, as knockout mouse models demonstrate spontaneous transmural colitis,
colitis restricted to the distal colonic mucosa, or spontaneous villous atrophy mimicking
Crohn's disease, respectively [141-143]. Interestingly, mice deficient for pattern recognition
receptors or bacterial-sensing genes such as NOD2, TLR4, TLR2, and MyD88 do not develop
spontaneous intestinal inflammation, demonstrating the necessity of additional triggers for
colitis development; however, TLR4-, TLR2-, and MyD88-deficient mice have an increased
susceptibility to DSS-induced colitis [144-147]. NOD2-deficient mice, however, have
excessive 1L-12 production due to TLR2 activation, and studies have suggested inhibitory
cross-regulation between several bacterial sensors, giving insights into the loss-of-function
mutations of NOD2 seen in Crohn's disease. Furthermore, the lack of NF-«xB activation
specifically in intestinal epithelial cells (IKKy and IKKf deficiency) leads to an exaggerated
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response to the luminal bacterial flora [148,149], demonstrating the protective role of the
intestinal epithelial cells to the luminal bacterial flora independent of the immune system.

4.2.2 Immunoregulation—Many genetic defects in immune regulation have been studied
in mice that lead to development of colitis that involve regulatory cytokines and their receptors,
pro-inflammatory cytokines, regulators of NF-«xB signaling and cytokine responses, and
associated signal-transduction molecules, and other soluble mediators. These studies have led
to evidence supporting excessive immune activation and insufficient downregulation, as also
seen in intestinal immune cells from IBD patients.

4.2.2.1 T and B cell Regulation: Commonly studied mouse models of deficiencies in T cell
regulatory cytokines include TGF-B1 and its signal transducer Smad3, IL-2, and IL-10. The
lack of regulatory cells in TGF-p1-deficient and dominant-negative TGF- BR2 in T cells result
in diffuse multiorgan inflammation and death as early as 5 weeks and development of severe
colitis and mononuclear infiltration, respectively [150,151]. Smad3 deficiency, resulting in
loss of TGF- B1 signal transduction, similarly results in chronic intestinal inflammation and
causes death within 1 to 8 months [152]. The autoimmune phenotype is rescued in TGF- g1/
Rag2 double-knockout mice, which live up to 8 months, but when infected with H.
hepaticus develop neoplasia of the cecum and colon with granulocytic inflammation of the
mucosa, similar to Rag2-deficient mice infected with H. hepaticus [153,154].

IL-2 is important for T cell clonal expansion and activation-induced cell death, a mechanism
underlying peripheral tolerance, and plays a crucial role in expansion of the regulatory T cell
subsets. IL-2 and IL-2 receptor a-deficient mice develop unremitting spontaneous colitis and
systemic wasting disease due to impaired T cell activation-induced cell-death mechanisms, as
well as decreased CD4*CD25" T cells. Due to their relatively long lifespan, 1L-10/g2M (B2-
microglobulin) double-knockout mice also develop a milder spontaneous colitis followed by
carcinoma of the colon and rectum [155,156].

IL-10 is also a crucial anti-inflammatory cytokine produced by many cells types involved in
the generation of the Trl subset of regulatory T cells. The popularly utilized IL-107- mice are
characterized by a mild disease progression involving spontaneous CD4* Thi-driven
enterocolitis, dependent on IFN-y for onset and IL-12 for sustaining disease and progression
to adenocarcinoma, occurring from 5-6 months of age [158,159]. Similar to the IL-107" mice,
deficiency of CRF2-4, a subunit of the IL-10 receptor, results in development of splenomegaly
and chronic colitis [160]. Whereas the IL-10R2/TGFSR2 double-knockout mouse develops
rapid fulminant ulcerative colitis within weeks after birth, other double-knockouts, including
IL-10/Leptin and IL-10/iNOS, develop similar mild colitis compared to IL-107~ mice, and their
genetic status does not confer protection or rescue the phenotype of the IL-10 deficiency
[161-163].

In addition to T cell regulation, loss of B cell regulation by deficiencies in the T cell receptor
(TCR)-associated genes such as TCR, TCR-a, TCR-8, major histocompatibility complex Il
(MHCII), and associated double knockouts (Table 2), induces spontaneous unremitting colitis
and wasting of varying severity driven by effector subsets producing IL-4, independent of
STATG or IFNy [164-168]. Preferential differentiation of intestinal CD4 T cells into Th2 T
cells and polyclonal expansion and activation of B cells with autoantibody production in the
colon contributes to disease progression, including dysplasia and adenocarcinoma, in these
models.

4.2.2.2 Signal-transducing molecules and transcription factors: Mouse models with
alterations in signal-transduction molecules, including signal transducer and activator of
transcription 3 (STAT3), STAT6, STAT4, Gai2, A20, NF-kB subunits, the transcription factor
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T-bet, and suppressor of cytokine signaling-1 (SOCS1), develop forms of spontaneous
enterocolitis. STAT3 is a critical signal transducer in the pathway of 1L-10 among other
cytokines. STATS3 deficiency specific to myeloid-derived cells or to the bone marrow results
in segmental, granulomatous transmural colitis in both the small and large intestine resembling
Crohn's disease, dependent on continuous inflammatory cell activation and a Th1-polarized
response to bacterial antigens, which evolves into colorectal adenocarcinoma within several
months [169,170]. Double knockouts involving STAT3 combined with IL-12p40 or RAG2
deficiency results in complete ablation of enterocolitis, establishing the dependency of STAT3-
deficiency driven colitis on the presence of adaptive immune cells and 1L-12p40 [171].
Deficiency of STATS, involved in IL-4-mediated activities similarly results in colitis as in
STAT3-deficient mice [172]. STATA4 is a regulatory transcription factor involved with IL-12/
IL-23 receptor-mediated signaling. Transgenic mice overexpressing STAT4 develop chronic
transmural colitis characterized by abnormal 1L-12-driven Th1 responses against bacterial
antigens [173], supporting the role of STAT3 deficiency in colitis development.

Gai2 encodes for the a-subunit of the Gi2 protein, a heterotrimeric G-protein regulating
downstream signal transduction through adenylyl cyclase found in lymphocytes and intestinal
epithelial cells among other cell types. Gai2”- mice develop alterations in T cell maturation
and function, including defective chemotactic migration of thymic and colonic T cells, which
contributes to a Th1/Th17-driven colitis after 3-4 weeks of age and colorectal cancer within
3-4 months [112,174,175]. A defective epithelial barrier prior to clinically active inflammation
and defective numbers and regulatory function of B cells in the mesenteric lymph nodes also
have been observed, implicating both epithelial cells and immune cells in colitis development
in this model [167]. Histopathological features are similar to ulcerative colitis in humans.

A20 is a widely expressed de-ubiquitinating cytoplasmic protein whose expression is induced
rapidly in macrophages upon TNF-dependent TLR stimulation and acts as an inhibitor of NF-
kB signaling and resultant gene expression of proinflammatory cytokines. Therefore, A20
functions as a negative feedback regulator of TLR-induced signals. A20-deficient mice develop
spontaneous multiorgan inflammation and cachexia, leading to premature death due to inability
to terminate proinflammatory responses through NF-«xB signaling [177,178]. Intestinal
inflammation in this model is characterized by increased activated T cells and granulocytes
with crypt abscess formation. Double-knockout models with TNF or TNF receptor 1, and
Ragl demonstrate similar phenotypes to the single A20 knockout, indicating the role of A20
in regulating TNF and T cell-independent signals [178]. However, the A20/MyD88 double-
knockout rescues the spontaneous multiorgan inflammation phenotype, demonstrating the
requirement for MyD88 in the development of spontaneous Thl-mediated inflammation
[179].

Though NF-kB is usually thought of as the inducer of innate proinflammatory gene expression,
as demonstrated in the models described previously, NF-kB can also mediate inhibitory signals.
Upregulation of the p50 subunit of NF-«B results in decreased TNF-a production [180]. H.
hepaticus-infected NF-kB p507-p65*/- mice develop severe colitis with increased Th1 cytokine
expression, indicating the protective role of p50 in the innate immune response [181].

T-bet (Thx21) is another transcription factor acting as a master regulator of Thl cytokine
signaling involved in both the innate and adaptive immune systems. Mice deficient in T-bet
are interestingly resistant to experimental encephalomyelitis, experimental colitis, and
Helicobacter felis-induced gastric cancer [182-185]. T-bet-deficient mice overproduce Th2
cytokines accompanying spontaneous airway inflammation [186], and T-bet-deficient NOD
mice are protected from diabetes [187].
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However, in Tbx21/Rag2 double-knockout mice, a dysregulated cytokine response to luminal
bacterial flora in the gut mucosa results in spontaneous colitis development from 4 weeks of
age [188,189]. The lack of adaptive immune cells in this model suggests that T-bet deficiency
in only the innate immune system is sufficient to create spontaneous and communicable
ulcerative colitis due to the development of a niche for a colitogenic microbial community.
Interestingly, this colitogenic microbial community, thought to consist mainly of anaerobic
bacteria, is also transmissible to offspring as well as to co-housed Rag2-deficient or wild-type
mice and is sufficient to induce colitis [189]. Notably, in celiac disease, upper-bowel lesions
are associated with a marked infiltration of the mucosa with Th1 cells secreting IFN-y and
expressing T-bet [190].

Finally, SOCS1 is a member of the STAT-induced STAT inhibitor family (SSI) containing an
SH2 domain that is expressed primarily in thymocytes and acts as a physiological regulator of
proinflammatory cytokines. Deficiency of SOCS1 leads to spontaneous inflammation and
lymphocyte-mediated perinatal lethality [191]. When SOCS1 expression is restored to only T
and B cells in SOCS1-deficient mice rescuing the perinatal lethality, the mice spontaneously
develop colitis at 3 months of age and colorectal carcinoma with p53 mutations by 6 months
of age, dependent on IFN-y and STAT1 hyperactivation [192]. SOCS1 has, therefore, been
implicated as an important regulator of the IFN-y and STATL1 signaling pathways in chronic
inflammation and associated carcinogenesis.

4.2.2.3 Other components of T cell activation and effector function: Other mouse models
with alterations in aspects of immunoregulation resulting in excessive effector T cell function
also recapitulate features of IBDs. Excessive TNF biosynthesis caused by dysregulated mRNA
processing through deletion of the AU-rich elements (ARE) leads to polyarthritis and chronic
intestinal inflammation localized to the terminal ileum [193]. Chronic intestinal inflammation
in this model is dependent on the presence of lymphocytes, TNFR1, and TNFRII, resulting in
the TNFAARE homozygous mice dying between 5-12 weeks of age. Similarly, transgenic mice
overexpressing CD40 ligand (CD40L), a member of the TNF family, providing signals for
naive T cell activation, develop multiorgan inflammation, including colitis, due to continuous
expression of proinflammatory cytokines and presence of activated T cells [194]. Transgenic
mice overexpressing IL-7, which is synthesized in intestinal epithelial cells and regulates
proliferation and differentiation of lymphocytes in the gut mucosa, develop ulcerative colitis-
like chronic intestinal inflammation at 4-12 weeks of age [195]. Overexpression of IL-7,
therefore, results in a strong pathogenic destructive T cell response against the luminal bacteria,
similar to what is seen in the serum of ulcerative colitis patients. Just as important are proteins
involved in cytoskeletal reorganization during T lymphocyte activation, such as the Wiskott-
Aldrich syndrome protein (WASP). WASP-deficient mice develop intestinal inflammation
characterized by lymphocytic and granulocytic infiltrates into the lamina propria by 4 months
of age [196].

In addition to proteins mediating excessive T cell effector function, deficiency in cathepsin D,
a lysosomal aspartic proteinase, results in atrophy of the ileal mucosa causing intestinal
necroses, anorexia, fulminant loss of T and B cells in the thymus and spleen, and death within
26 days [197]. Normal function of cathepsin D is thus necessary for limited proteolysis of cell
growth regulators and genes involved in tissue homeostasis.

4.2.3 Antioxidant/Stress response—Effective activation of stress responses in intestinal
epithelial cells against metabolic byproducts of the luminal bacteria, even with intact epithelial
barriers and immune systems, are essential in gut homeostasis and prevention of chronic
inflammation. Glutathione peroxidases (GPX) are antioxidant enzymes, reducing hydrogen
peroxide by glutathione oxidation. Double-knockouts of Gpx1 and Gpx2 result in ileocolitis
between 2-7 weeks of age and dysplasia and adenocarcinoma commonly in the terminal ileum
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after 4 months of age [198]. In addition to Gpx deficiencies, deficiency of the transcription
factor XBP1 in intestinal epithelial cells, involved in the ER stress-response pathway, as well
as in development and maintenance of secretory cells, results in spontaneous enteritis and
Paneth-cell apoptosis [71]. Intestinal inflammation can, therefore, emanate solely from
aberrations in Xbp1 of intestinal epithelial cells due to exaggerated responses against luminal
bacterial antigens and instigation of proinflammatory cytokines.

4.3 Adoptive transfer models of colitis

Selective transfer of immune cell types into immunodeficient mice (RAG-1 knockout,
RAG-2 knockout, and SCID mice) specifically allows testing sufficiency of the transferred cell
type to induce intestinal inflammation in an immunodeficient host. The use of these types of
models has elucidated the predominant role of pathogenic T cells and T cell-mediated colitis
in mucosal inflammation.

4.3.1 Pathogenic CD4™* T cell transfer—Adoptive transfer of naive CD4*CD45RB " T
helper cells into immunodeficient SCID or Rag deficient mice is the model used most
commonly for induction of adoptive-transfer colitis, which takes about 5-10 weeks [199,
200]. The clinical presentation of adoptive transfer-induced colitis is similar in most variants,
including diarrhea, weight loss, and wasting, and involves the entire colon. Crypt abscesses,
mononuclear cell infiltrates, hyperplasia of the epithelium and ulcerations are also common.
Th1 effector cells mediate disease progression because T cells from recipient mice produce
IFN-y and administration of antibodies against TNF-a, IL-12 and IFN-y, but not IL-4, prevents
disease development [200,201]. The transfer of naive T cells in inducing colitis development
is dependent on these Thl responses to antigens of the luminal bacteria because mice treated
with antibiotics or harboring a reduced microbiota have ameliorated disease [202]. Therefore,
after transfer, the naive T cells react to antigens of the luminal bacteria and expand rapidly in
the lymph nodes and colonic mucosa, becoming oligoclonal, pathogenic Thl-effector cells due
to the absence of regulatory T cells.

The protective role of regulatory T cells has also been demonstrated with this model, with
cotransfer of the CD4*CD45RB!°" memory T-helper cells protecting against colitis induction.
More specifically, the CD25"FoxP3* regulatory T cells within the CD4*CD45RB!oW
population, which produces the anti-inflammatory cytokines 1L-10 and TGF-p1, is responsible
for the abrogation of colitis [203]. In addition to CD4*CD45BM9" transfer, L-selectin has also
been used as a marker for selection (CD4*CD62L™) for pathogenic T cells (which also
demonstrate CD45RBN9N expression), giving rise to a chronic bowel inflammation similar to
that of CD4*CD45RBM 9" adoptive transfer, ameliorated by blocking the IL-6 receptor pathway
[184,204].

In an infectious model of adoptive transfer, transfer of SheLAg-specific (soluble antigen found
in H. hepaticus lysates) CD4* T cell clones into H. hepaticus-infected RAG™~ mice induces
colitis characterized by cecal and colonic inflammation with epithelial hyperplasia 7-8 weeks
after transfer, whereas uninfected recipients do not develop colitis [205]. Therefore, pathogenic
T cells responding to a single bacterial antigen can drive colitis [205,206].

4.3.2 CD3eTg26 model—Transgenic mice with overexpression of human CD3e develop
abnormalities in the thymus that leads to arrest of T and natural killer cell development and
altered architecture of thymic stromal cells [207]. Transfer of wild-type bone marrow depleted
of T cells into this transgenic model leads to Th1-mediated colonic inflammation and wasting
similar to ulcerative colitis within 5-8 weeks that is characterized by TNF-a, IFN-y, and IL-12
secretion by activated CD4™ T cells derived from the thymus [207]. T cells arising from aberrant
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thymic selection due to altered thymic microenvironments are, therefore, able to induce severe
colitis.

4.3.3 Transfer of hsp60-specific CD8 T cells—Adoptive transfer of a heat-shock protein
(HSP) 60-specific CD8 T cell clone into T cell receptor (TCR)-B-deficient mice, which are
immunodeficient, induces severe small-intestinal inflammation. Intestinal pathology is driven
by autoimmune hsp60 CD8 T cells that react to cellular hsp60 through presentation on MHC
class I and leads to excessive TNF-a production [208].

4.4 Spontaneous mouse models of colitis

Several strains of mice without any induced genetic alterations or disruptions spontaneously
develop various forms of intestinal inflammation, mimicking the complex, multifactorial
aspects of human IBDs. The SAMP1/YitFc substrain develops spontaneous transmural
intestinal inflammation localized to the distal small intestine similar to Crohn's disease [209,
210]. Both Thl and Th2 pathways mediate disease progression, and increased epithelial
permeability precedes onset of inflammation. Alterations in frequency and location of
epithelial cells, such as Paneth and goblet cells, are also characteristic of SAMP1/Y itFc mice,
which may play a role in initiation of intestinal inflammation. Similar susceptibility genes as
to Crohn's disease patients such as PPAR-y have been identified, making this model worthy
of further investigation [210].

The C3H/HeJBir substrain is LPS unresponsive due to a lack of TLR-4 and spontaneously
develops Thl-mediated transmural colitis of the cecum and proximal colon mucosa at 3-4
weeks of age, which resolves at 3 months of age [211]. Pathogenesis of colitis involves hyper-
reactive CD4 T cells and B cells against antigens derived from luminal bacteria due to defects
in the innate response to TLR ligands. Antibodies produced against bacterial proteins have
been studied to determine immunodominant antigens such as flagellins, which are able to
activate effector cells [212].

4.5 The role of luminal bacteriain mouse models of IBDs

The critical role of luminal bacteria in the pathogenesis of IBDs in mouse models has been
demonstrated by amelioration or ablation of disease development either in germ-free mice,
restricted flora mice, or in mice treated with antibiotics [167,213-215]. Although a few models
remain to be tested in a germ-free/reduced bacterial flora state or with antibiotic treatment,
almost every model has demonstrated direct dependence on the luminal bacteria for
pathogenesis. Exposure to enteric bacterial antigens and the consequential activation of
lymphocytes represents a common mechanism in mouse models of IBDs, whether the defect
lies in epithelial barrier function, in immune dysregulation, or in stress response. Exceptions
to dependence on the presence of luminal bacteria are demonstrated by the TGF-pB1-deficient
mice and the adoptive transfer model of hsp60-specific CD8 T cells into TCR-B-deficient mice,
in which intestinal inflammation develops despite the lack of enteric bacteria. TGF-p1-
deficient mice develop multiorgan inflammation, most severely in the heart and lungs, due to
abnormal innate responses arising from antigens not only from the luminal bacteria [216]. The
adoptive transfer of primed hsp60-reactive CD8 T cells results in autoimmune reactions
specifically against cellular hsp60 proteins, causing pathology of the small intestine with
mechanisms distinct from other models and independent of bacterial antigens.

4.6 Mouse models of celiac disease

As described previously, celiac disease is genetically dependent on the presence of susceptible
HLA haplotypes and exposure to gluten peptides. Humanized HLA-DQ8 transgenic mice have
been created mimicking the human 57 polymorphism to study the anti-gluten T cell response
and ability to recruit crossreactive TCR repertoires [217,218] Sensitization with the native
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gluten peptides induced a TCR repertoire with a stronger response to the deamidated gluten
peptides [218]. Others have found these mice have increased intestinal permeability and
numbers of intestinal epithelial lymphocytes after gliadin sensitization and gliadin oral gavage
[219]. However, the role in disease onset or progression is not possible to determine in this
model because they do not develop enteropathy. Humanized HLA-DR3-DQ2 transgenic mice
lacking murine MHC class Il genes and also transgenic for human CD4 have also been created
and used to study HLA-DQ?2 restricted T cells after immunization with a-gliadin peptides
[220]. Even after exposure to different forms of dietary gluten peptides, mice developed only
low-penetrance enteropathy and intestinal inflammation, demonstrating the presence of
additional factors to pathogenesis of celiac disease in this humanized mouse model.

4.7 Mouse models of sporadic and hereditary forms of colorectal cancer

Aside from inflammation-mediated colorectal cancer, as studied by IBD and celiac disease
models, several forms of sporadic colorectal cancer are driven by heritable genetic alterations.
Itis important to note that inflammation still plays an important role, as demonstrated by dense
lymphocytic infiltrates in the polyps and tumors. In addition, COX-2 specific NSAIDs have
demonstrated efficacy in treatment of benign polyps in familial adenomatous polyposis (FAP)
patients, who are prone to sporadic colorectal cancer [221]. The multiple intestinal neoplasia
(ApcMin/+) mouse contains a mutation in the Apc gene, which is homologous to adenomatous
polyposis coli (APC) in humans, used to model FAP and sporadic colorectal carcinogenesis
[222]. Defects in APC, a tumor suppressor gene, are responsible for both FAP and promotion
of sporadic colorectal cancer. The Min/*~ mice can spontaneously develop many polyps
throughout the small intestine and tumors in the colon. Several studies utilizing NSAIDs have
demonstrated success in prevention of colorectal tumors in ApcMin mice [223], whereas others
have not shown efficacy in treatment of established polyposis with NSAIDs [224].

5. Proposed Mechanisms of Intestinal Inflammation and Associated Cancers

5.1 Pathogenesis of inflammatory bowel diseases

Animal models of intestinal inflammation mimicking IBDs have allowed for examination of
multiple aspects of acute and chronic inflammation and its progression to dysplasia and cancer,
as well as the evaluation of novel therapeutic regimens. From these studies, it is generally
accepted that strong immune responses driven by pathogenic effector CD4* T cells against the
commensal luminal bacteria are due to multiple defects resulting in immune-mediated tissue
damage. These defects encompass innate immunity, regulation of cytokines and their
downstream signal transducers, the epithelial barrier and pattern recognition receptors, and
stress responses to byproducts of the microbiota. The importance of T cells and their interaction
with dendritic cells in mediating intestinal inflammation have also been revealed. However,
most models are exaggerated by the fact that they represent either complete genetic deficiencies
or overexpression in one or two of these aspects, which may not involve an intact immune
system. Thus, humans, most of whom have intact immune systems, may require a combination
of genetic alterations involved in multiple pathways along with exposure to environmental
factors for pathogenesis of chronic intestinal inflammation.

In both ulcerative colitis and in Crohn's disease patients, an increase in Foxp3*CD4*CD25*
regulatory T cells is seen in the lamina propria compared to healthy controls, indicating that
the lack of this regulatory cell type itself is not responsible for chronic intestinal inflammation
[225]. The regulatory T cells that are present, however, may have intrinsically impaired
immunosuppressive function, or the tissue environment may be resistant to
immunosuppression. IL-10 has been implicated as a critical cytokine mediating the
immunosuppressive effects of both innate immune cells and T cells in many mouse models of
colitis. 1L-10 is produced locally by the regulatory T cells themselves and also by other cell
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types such as innate immune cells, epithelial cells, and other T cell subsets that may differentiate
to become IL-10-producing cells. IL-10 is thought to mediate these immunosuppressive effects
via activation of negative feedback loops, such as the SOCS proteins, which inhibit IL-6 and
other proinflammatory cytokines [226]. In addition, alterations in T cell responsiveness to
TGF-B, which maintains expression of Foxp3 in CD4*CD25™ cells, may also contribute to
human IBDs because patients have demonstrated high levels of SMAD7, a negative regulator
of TGF-B signaling [227]. Impaired regulatory function in IBD patients is also demonstrated
by reduced numbers of a lamina propria CD8" T cell subset responding to epithelial-derived
antigens, such as gp180, and exerting regulatory function [228]. Interestingly, IBD patients
have an abnormally increased appearance of Vé1-positive TCRyd T cells in the peripheral
blood, which predominantly should only reside within the intestinal intraepithelial lymphocyte
population in healthy humans. These cells contribute to oral tolerance or prevent exaggerated
immune responses to food and bacterial antigens present in the microflora, exerting a protective
role in colitis [229].

In addition to negative regulation of effector T cells and regulatory cell populations in the
lamina propria and intestinal intraepithelial lymphocytes, negative regulation of TLR signaling
through NOD2 in intestinal dendritic cells is required to prevent production of proinflammatory
cytokines and effector T cell responses against the luminal bacteria. Dendritic cells are
conditioned by factors released by intestinal epithelial cells, and they constitutively migrate to
the mesenteric lymph nodes, which may drive the development of both local and systemic
regulatory T cell responses suppressing intestinal inflammation [226]. Defects in both adaptive
and innate immune reactions involving signals for differentiation of T cell subsets by dendritic
cells and macrophages and their reaction to the luminal bacteria, therefore, play an important
role in pathogenesis of IBDs.

In addition, the role of commensal enteric bacteria in IBDs as constant antigenic stimulants for
pathogenic T-cell responses with subsequent chronic tissue damage is also affirmed by several
lines of clinical evidence. IBDs are localized to intestinal segments with the highest microbial
density [230,231]; fecal stream diversion can treat Crohn's disease, whereas restoration of fecal
flow results in reoccurrence [232]; and antibiotics have been used to treat Crohn's disease/
ileocolitis, whereas probiotics can prevent relapse of ulcerative colitis [233,234]. It has also
been observed that microbial composition and metabolic activity are altered in Crohn's disease
and ulcerative colitis [235-238]. Mucosal association of bacteria is increased in IBD patients,
demonstrating enhanced mucosal invasion in active Crohn's disease [239,240]. Polymorphisms
in bacterial pattern recognition receptors and intracellular microbial processing are also
associated with increased susceptibility to Crohn's disease [241]. Enteric and fungal antigens
elicit T cell and serologic responses in both Crohn's disease and ulcerative colitis [242], further
underlying the role of enteric bacteria in IBD pathogenesis.

5.1.1 Specific mechanisms of pathogenesis in ulcerative colitis—Ulcerative colitis
is characterized generally as a Th2 cytokine-mediated disease involving IL-5 and 1L-13
producing T or NKT cells, although other Th1 cytokines, such as TNF-a. also play important
roles. Pathological manifestations are similarly modeled through experimental colitis either by
being induced chemically or by spontaneous immune colitis in several genetic models.
Importantly, IL-10 secreting Lactococcus lactis can ameliorate DSS-induced intestinal
pathology [228], demonstrating once again the importance of IL-10 in controlling intestinal
inflammation. Although histopathological features are indeed similar to ulcerative colitis
involving focal ulcerations only involving the mucosa of the colon, neutrophil infiltration, and
crypt abscess formation, this model exaggerates the transient epithelial breaches that may
actually occur in patients. In parallel to Th2-cell activation, epithelial cells can present bacterial
antigens directly to natural killer cells that then produce IL-13, contributing to epithelial cell
apoptosis and increased epithelial permeability [244]. Sustainment of inflammation through
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release of proinflammatory cytokines such as TNF-a contribute to the actions of 1L-13, further
enhancing permeability and leakage of bacterial antigens. Alterations in the number and
activity of sulfate-reducing bacteria, as well as an increase in hydrogen sulfide levels in the
feces of ulcerative colitis patients, may contribute to impaired short-chain fatty acid
metabolism and epithelial cell starvation [245], further enhancing epithelial permeability.

5.1.2 Specific mechanisms of pathogenesis in Crohn's disease—Multiple studies
have demonstrated an exaggerated CD4 Th1/17-type response in the gut of Crohn's disease
patients characterized by polarized expression of IL-12, IFN-y, IL-2, IL-17, IL-21 and TNF-a.
[246,247]. Most Thl-mediated colitis mouse models exemplify similar Th1 cytokine patterns
and also display similar histological features such as transmural inflammation spanning the
small intestine in humans. Macrophages and dendritic cells activated by luminal bacteria that
have penetrated the epithelial barrier secrete proinflammatory cytokines, recruiting CD4 T
cells that differentiate into pathogenic Th1/17 effector cells, producing IFN-y and TNF-a and
further Th17 differentiation. Variants of IL23R, encoding the receptor that further drives
proliferation and clonal expansion of Th17 cells when activated, are found in Crohn's disease
patients. Differentiated Th1 effector cells from patients are also resistant to apoptosis and have
increased cell cycling. These inappropriate and excessive immune responses lead to increased
concentrations of cytokines, damaging free radicals, lipid mediators, and overexpression of
matrix metalloproteinases in fibroblasts, which ultimately results in tissue damage
characterized by ulceration and fistulae.

NOD?2 mutations in Crohn's disease patients cause exacerbated proinflammatory responses due
to uncontrolled signaling through TLR and impaired I1L-10 production and associated
regulatory responses in intestinal dendritic cells. Other genes associated with Crohn's disease
include OCTN, which is expressed in epithelial cells, macrophages, and T cells, impairing the
ability of cells to pump xenobiotics and amino acids across the cell membrane; and guanylate
kinase DLG5, which impairs epithelial polarity. These genes may be important in epithelial-
barrier function, potentially leading to bacterial-product exposure [136,248].

5.2 Mechanisms underlying celiac disease

As described previously, celiac disease arises in genetically susceptible individuals due to an
excessive cell-mediated immune response to gluten and gluten-derived peptides that are
presented preferentially by HLA-DQ2 or -8 due to their affinity for negatively charged residues
to activate T cells. The resultant inflammation is restricted to the mucosa of the upper small
intestine involving an increase in the density of intraepithelial TCRys lymphocytes and
transformation of the mucosal structure to a flat mucosa with short or absent villi. This
uncontrolled activation and expansion of these lymphocytes is due to epithelial cell secretion
of IL-15, which upregulates natural killer receptors on intraepithelial lymphocytes and lowers
the TCR activation threshold, leading to their activation and acquisition of natural-killer-like
activity [71]. In addition to the epithelial cells, macrophages also secrete IL-15, suggesting T
cell independent innate immune activation. The activated intraepithelial lymphocytes damage
the epithelium by cytolysis through recognition and engagement with epithelial NKG2D
ligands such as major histocompatibility complex class I chain-related gene (MICA), which is
also upregulated in response to 1L-15 [78].

5.3 Similarities of celiac disease with IBDs

The production of proinflammatory cytokines is increased by increased epithelial permeability
and resultant activation of innate immune cells and T cells due to the influx of luminal bacterial
antigens in the case of IBDs or exposure to gluten peptides in the case of celiac disease. The
result is resistance to apoptosis and a deficient response to regulatory cells and
immunosuppressive cytokines, which in turn leads to a vicious cycle of tissue destruction and

Mutat Res. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Westbrook et al.

Page 20

chronic inflammation. Both celiac disease and IBDs have overlapping variants of genes such
as those involved in intestinal permeability, including DLG5, and enhanced immunological
sensitivity to antigens, such as proinflammatory genes including IL18RAP [249]. In addition,
a recent study has found that the risk of developing IBD is tenfold higher in celiac disease
patients compared to the general population, supporting shared genetic factors [249,250].

5.4 The inflammation to dysplasia sequence followed by cancer

Chronic intestinal inflammation-associated colorectal carcinogenesis is thought to occur via a
stepwise progression beginning with epithelial hyperplasia, leading to various grades of
dysplasia, adenoma, and then to adenocarcinoma (Figure 1). Once a tumor is initiated,
immunosuppression of anti-tumor immunity, promotion of angiogenesis, and chronically
stimulated cell proliferation promotes tumorigenesis during chronic inflammation. Anergy of
effector T cells and their conversion to regulatory cells by dendritic cells through contact with
indoleamine 2,3 dioxygenase (IDO) released by tumor cells, and COX-2-dependent
upregulation of IDO in tolerogenic antigen presenting cells, contributes to suppression of
potential anti-tumor responses [74]. Prior to tumorigenesis, an accumulation of genetic
alterations consisting of aneuploidy and microsatellite instability drives transformation early
on from regenerating epithelia to adenocarcinoma, which are frequently detected in dysplastic
and cancerous colon tissue from ulcerative colitis patients [230]. Genetic instability is,
therefore, an early event. We have shown recently that systemic genotoxicity in the form of
DNA strand breaks is also an early event in chemical and genetic models of chronic intestinal
inflammation (Figure 2 [251,252]). Genotoxicity as well as genetic instability in general is also
associated with accelerated telomere shortening in colonocytes of ulcerative colitis patients,
and this worsens with progression to adenocarcinoma [253].

The accumulation of DNA damage and the resulting genetic alterations over time may arise
from multiple sources during chronic intestinal inflammation. Inflammation characterized by
large amounts of TNF-a and other proinflammatory mediators are capable of inducing chronic
mucosal damage themselves or via upregulation of matrix metalloproteinases. Activated innate
immune cells release reactive oxygen and nitrogen species during oxidative burst, mediating
oxidative and nitrative base damage as well as DNA single- and double-strand breaks.
Cytokines released also upregulate inducible nitric oxide synthase (iNOS) in macrophages and
epithelial cells, resulting in increased local production of nitric oxide. IBD patients have
increased expression of NOS-2 and COX-2 in inflamed mucosa, contributing to further
perpetuation of inflammation-associated oxidative stress, which remains elevated throughout
carcinogenesis [30]. Other reactive metabolites, such as lipid peroxidation intermediates, are
also capable of causing DNA base transitions such as G to A mutations and C to T transitions
through deamination reactions, accounting for about 80% of mutations seen in the P53 gene
of ulcerative colitis-associated neoplasms [245]. DNA damage in the setting of quickly
proliferating and regenerating epithelial cells can then cause fixation of mutations as described
previously. Patients with intestinal inflammation harboring polymorphisms resulting from
germline mutations or somatic gene mutations in various immune response genes, antioxidant
and stress response genes, and DNA repair genes may further accumulate DNA damage and
mutations, accelerating progression to dysplasia, adenoma, and to cancer.

In addition to direct DNA damage-mediated mutations and DNA transitions, hypermethylation
of promoter regions of genes can cause gene silencing, as seen in the cyclin-dependent kinase
inhibitor P16 in inflamed intestinal tissue, as well as, in adjacent normal epithelia and in
cancerous tissue [245]. Microsatellite instability (MSI), commonly observed in IBDs, is also
thought to be induced by hypermethylation of the DNA mismatch repair genes, MutL
homologue 1 (hMLHZ1), MutS homologue 2 (hMSH2), and MutS homologue 6 (hMSHS).
Epigentic alterations such as CpG methylation appear to increase in density from inflamed
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tissue to dysplasia and carcinoma, which has been proposed to be partially caused by premature
aging and rapid turnover of cells during chronic inflammation [254]. Celiac disease-associated
small-bowel adenocarcinoma, usually affecting the jejunum, is also associated with
hypermethylation-induced high-frequency MSI and loss of hMLH1 and hMSH2, indicating
defective mismatch repair [255]. Interestingly, high frequency MSI associates with better
survival in sporadic and hereditary colorectal cancer, gastric, pancreatic, and small-bowel
adenocarcinomas. High frequency MSI tumors have fewer mutations of the APC and P53
genes, and more frequent mutations of the p-catenin (CTNNB1) and transforming growth factor
B receptor type Il genes. Intense lymphocytic infiltrates are also characteristic to these tumors,
perhaps contributing to yielding a survival advantage [256].

In ulcerative colitis, tumor suppressor gene mutation and loss of heterozygosity of P53 precedes
dysplasia and occurs before aneuploidy along with hypermethylation of P16, whereas
activating mutations in KRAS and loss of function of APC occurs late in the carcinoma
sequence. In Crohn's-associated small-intestinal adenocarcinoma largely affecting the ileum,
mutation frequencies in APC are much lower, and nuclear localization of B-catenin is less
frequent compared to colorectal adenocarcinoma, which is morphologically similar [241].
However, decreased E-cadherin expression, hypermethylation-induced MSI, P53
overexpression, and decreased expression of P16 and P21 early in the development of
adenocarcinoma are characteristics observed also in colorectal adenocarcinoma specimens
[257-260]. Because cancerous tissues are examined more commonly than normal tissue, further
mechanistic insight is needed to elucidate the sequence of genetic alterations in the
development of small-bowel adenocarcinoma, although existing data suggest an adenoma-
carcinoma sequence similar to colorectal cancer, given an estimated one third of solitary small-
bowel adenomas transform into invasive adenocarcinoma [261].

5.5 The role of intestinal inflammation in extraintestinal cancers

Chronic intestinal inflammation also associates with extraintestinal cancers, such as various
types of intestinal and non-intestinal lymphomas, and other solid cancers such as rectal and
hepatobiliary carcinoma [262]. For example, in celiac disease-associated T cell lymphoma, the
large involvement of intraepithelial lymphocytes in the pathogenesis of celiac disease leads to
their aberrant clonal expansion and activation, favoring the development of enteropathy-
associated T cell lymphoma. Intraepithelial lymphocytes that have acquired a natural Killer
phenotype and lowered their TCR activation threshold renders them to become autoreactive
and susceptible to malignant transformation [24].

Systemic circulation of cytokines and inflammatory mediators as well as distribution of
bacterial components through the mesenteric lymph nodes and peripheral circulation may
contribute to extraintestinal manifestations of IBDs and celiac disease. Systemic genotoxicity
resulting from chronic intestinal inflammation to circulating lymphocytes and erythroblasts,
which correlates to disease activity and an activated immune response, may mediate genetic
alterations and further promote the immune response, leading to malignant transformation of
not only lymphoid tissues but also potentially distant tissues [252]. Evidence for inflammatory
activation and hyper-responsiveness in chronic intestinal inflammation in distant immune cells
such as in the lymph nodes or in the peripheral circulation may also contribute factors necessary
for tumorigenesis. Additional extraintestinal manifestations such as autoimmune diseases,
including arthritis, skin diseases, uveitis, and hepatic inflammation, are thought to arise from
excessive proliferation of anaerobic bacteria in the small intestine, indicating the role of
circulating endogenous bacterial components in the pathogenesis [215]. A persistently
activated immune response to stimuli such as bacterial components, food components, or other
antigens is, therefore, capable of eliciting a systemic response, including persistent DNA
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damage and immune dysregulation, potentially contributing to extraintestinal manifestations
such as lymphomas (summarized in Figure 1).

6. Conclusion

Although the correlation between chronic inflammation and cancer has been recognized for
over a century, mechanisms involved in the pathogenesis of chronic inflammation itself, as
well as the sequence of events thought to be involved in the progression to cancer, are still
actively being investigated. Numerous studies have been and will continue to be carried out
targeting components of the inflammatory response and its associated effects in an effort to
abrogate inflammation-associated carcinogenesis.

Inflammatory bowel diseases such as ulcerative colitis and Crohn's disease associate with
colorectal cancer as well as small-intestinal adenocarcinoma development, whereas celiac
disease associates with small-bowel adenocarcinoma development. In addition to cancer
arising from the site of inflammation, these diseases also associate with extraintestinal
manifestations, including lymphomas, hepatobiliary and rectal cancer, as well as other
autoimmune diseases. Chronic intestinal inflammation is characterized by dysfunction of
multiple pathways, including the innate and regulatory functions of the immune response,
epithelial-barrier function, signal transduction, and stress response/DNA repair in response to
persistent antigens deriving from the luminal bacteria or food peptides, such as gluten. The
heterogeneous involvement of multiple genes and the diverse types of polymorphisms observed
in patients has made this group of diseases complex to model and study. Nevertheless, genetic
aspects thought to be involved in pathogenesis as well as through genetic linkage analyses of
patients have been translated into overexpression or knockouts in mice. This had led to
improved understanding of the intricate involvement of multiple pathways in the pathogenesis
of chronic intestinal inflammation. Importantly, the role of luminal bacteria in pathogenesis of
disease has been highlighted by the amelioration or complete inhibition of disease development
in mice treated with antibiotics or reared under germ-free conditions. These pivotal findings
have led to an increased awareness of the role of the luminal bacteria as a potentially modifiable
risk factor for individualized interventions. New initiatives, such as the NIH-funded human
microbiome project, can be expected to increase our knowledge beyond the complex ecosystem
of the gut and towards a deeper understanding of the intricate relationship between the
microflora and host. In doing so, novel prevention and treatment options may be introduced.

Although this review has focused on mouse models of intestinal inflammation-mediated
cancers, useful insights have been acquired from chemical as well as some transgenic models
in the rat. Chemically induced IBDs and associated colorectal cancer development via AOM
or DMH injections followed by DSS and DNBS/TNBS/ethanol administration have been
recapitulated in multiple rat strains. In addition, PhIP administered in the food of rats is able
to induce preneoplastic lesions in the colon; however, these have not been found to have an
inflammatory component [263]. Other rat models, including Pirc rats, which carry a knockout
allele of Apc modeling FAP patients, are phenotypically more similar to humans than the
ApcMin mouse model of sporadic or heritable colorectal cancer [264]. Further details and
various other models in the rat are reviewed elsewhere [265,266].

Mechanisms involved in the progression to dysplasia and cancer of the intestinal tract also have
been studied extensively in several of the reviewed mouse models and through patient biopsies,
illuminating the role of accumulation of genetic and epigenetic alterations in several tumor-
suppressor genes, cell-cycle regulator genes, and DNA repair genes thought to be caused by
an overload of DNA damage beginning early on in the sequence of inflammation to dysplasia.
Continuous involvement of the inflammatory response after malignant transformation,
including promotion of angiogenesis and sustainment and growth of the tumor, also has been
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confirmed. However, mechanisms involved in cancers developing outside the direct site of
inflammation still remain to be explored, although systemic genotoxicity and a dysregulated
immune response may play important roles in the development of such genetic alterations and
microenvironments necessary for carcinogenesis. Additional studies in suitable models will be
necessary for elucidation of these mechanisms, as well as for the validation of therapeutic
agents targeting specific aspects of the sequence of inflammation to cancer.
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Figure 1.

Mechanisms of intestinal inflammation-mediated carcinogenesis. Persistent antigenic
stimulation in the intestinal tract through a permeabilized epithelial barrier results in chronic
inflammation. Dysfunctions of the epithelial barrier itself, the innate and adaptive immune
responses, DNA repair and stress responses, as well as related downstream signaling pathways
can result in transcriptional changes promoting malignant transformation of the tissue, as well
as extraintestinal manifestations.
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Figure 2.

Systemic genotoxicity of intestinal inflammation (Adapted from [251]). Tissue atrophy from
persistent inflammation results in genotoxicity to surface epithelial cells as well as to
infiltrating leukocytes. Damaged resident leukocytes may then migrate into the peripheral
circulation through the lymph nodes, or circulating activated effector cells may cause
genotoxicity to proximal circulating leukocytes through oxidative burst.
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Table 1

Chemically-induced models of intestinal inflammation.
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Model Description Reference

DSS Direct epithelial toxicity leading to acute and chronic colonic inflammation [100,101]

TNBS/DNBS in ethanol  Delayed type hypersensitivity immune response to hapten bound to proteins, inducing both acute and [123,127]
chronic inflammation, similar to Crohn's disease

Oxazolone in ethanol Haptenizing agent inducing a Th2 type experimental colitis similar to ulcerative colitis [132]

DNCB in acetic acid Intrarectal administration leading to epithelial injury, and acute and chronic inflammation [102]

Carrageenan

Degraded carrageenan leads to mucosal inflammation of the cecum within a week

[103],[104]
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Genetic models of intestinal inflammation.

Epihelial Barrier Function

DN N-cadherin

Keratin 8

O-glycan

MDR1a

TLR4 or TLR2

MyD88

Tir8

Muc2

Nod2

IKK-y (NEMO)/IKKap in IECs
IKK-B in IECs

Trefoil factor

Nhe3 (Slc9a3-deficient mice)
Octn2
Immunoregulation

T cell regulation
Tofpl

DN TGF-BR2in T cells
TGF-BR2/Rag2 with H. hepaticus infection
Smad3

IL-2

IL-2Ra

IL-2/2M

IL-10
IL-10R2/TGF-pR2
IL-10/Leptin
IL-10/iNOS

CRF2-4

B cell regulation

TCR

TCRa

TCRa/IFNy
TCRo/STAT6
TCRB/p53

MHCII

Signal Transducing
Stat3 in myeloid cells
Stat6

Stat4 Tg

Gai2
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Ref.

[137]
[138]
[107]
[141]
[145]
[145] [146]
[119]
[139]
[144]
[148]
[149]
[140]
[142]
[143]

[150]
[151]
[154]
[152]
[155]
[156]
[157]
[158,159]
[161]
[162]
[163]
[160]

[164]
[164]
[165]
[166]
[167,168]
[164]

[169,170,171]
[172]
[173]
[112]
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Epihelial Barrier Function
A20

A20/MyD88

A20/Ragl

A20/TNF

A20/TNFR1

NF-kB p557/p65*-
Thx21/Rag2
Socs-1

Others
TNFAARE
CD40L Tg

IL-7 Tg

WASP
Cathepsin D
Stress Response
Gpx1/Gpx2
Xbplin IECs

Ref.
[177,178]
[179]
[178]
[178]
[178]
[154]
[188,189]
[191,192]

[193]
[194]
[195]
[196]
[197]

[198]
[71]

All models are KO unless indicated; DN: dominant negative, IECs: intestinal epithelial cells, Tg: transgenic
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Table 3

Adoptive transfer models of intestinal inflammation
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Model Description Reference
CD4*CD45RBN Colonic inflammation mediated by pathogenic Th1 effector cells reacting to commensal microflora  [199]
CD4*CD62LN Similar pathogenesis to CD4*CD45RB" model using L-selectin as marker for pathogenic T cells ~ [204]
SheLAg specific CD4* T cells  Transfer of SheLAg specific CD4* T cells into H. hepaticus infected RAG™" mice causes colitis [205]
due to a single bacterial antigen
CD3¢Tg26 Transfer of wildtype bone marrow into transgenic mice with a high copy number of human [207]
CD3c¢ results in Th1 mediated colonic inflammation
Hsp60-specific CD8* T cells Autoimmune intestinal pathology caused by reaction to cellular Hsp60 [208]
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