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EXOGENOUS and ENDOGENOUS DANGER SIGNALS
in INFLAMMATORY BOWEL DISEASE

Shaival H. Davé, PhD
University of Pittsburgh, 2006

The human chronic inflammatory bowel diseases (IBD), Crohn’s disease (CD) and ulcerative
colitis (UC) are ostensibly disorders of innate immunity with an exaggerated inflammatory
response and loss of tolerance to the normal enteric microbial flora. In this project, we have
extensively characterized innate immune responses driven by Pathogen Associated Molecular
Pattern Molecules (PAMPs) and the more recently recognized Damage Associated Molecular
Pattern molecules (DAMPs). The prototype DAMP, a chromatin-associated protein, high
mobility group box 1 (HMGBI), is released during cellular necrosis and is secreted from
activated macrophages. Extracellularly, it binds the receptor for advanced glycation end
products (RAGE), as well as toll-like receptor (TLR) 2 and TLR4, important in the recognition
of PAMPs. PAMPs and DAMPs trigger inflammatory signaling pathways in neighboring cells
through activation of the transcription factor family, NF-«xB.

Much attention has been given to the central role played by PAMPs in the form of the
enteric bacterial flora in IBD pathogenesis. We hypothesize that DAMPs also play a pivotal role
in this process. Accordingly, we have determined the significance of DAMPs and PAMPs in the
mucosal inflammatory response in macrophages and in vivo in mouse models of IBD.

We first investigated expression of TLRs in the gut to determine cell types in the
intestinal epithelium that may respond to danger signals. TLR expression was most prominent

on intestinal epithelial enteroendocrine cells (EEC). Using a murine EEC line, multiple

il



functional consequences of TLR activation were demonstrated. Second, in IL-10 deficient (-/-)
mice with chronic Thl-mediated enterocolitis, we demonstrate a role for HMGBI1 in macrophage
activation and IBD. Lastly, we examined an in vivo therapy targeted at inhibiting the prominent
downstream effector of DAMP and PAMP signaling, NF-kB, in murine IBD. Inhibition of
activated NF-xB with a short cell permeable peptide inhibited chronic enterocolitis in IL-107"
mice.

In summary, this dissertation provides new insight into our understanding of intestinal
innate mucosal inflammatory responses. We demonstrate the relevance of TLRs on EECs and
the contribution of DAMP and PAMP signaling in disease. These results also provide proof of

concept for new therapeutic approaches in IBD.
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1.0 INTRODUCTION

The human chronic inflammatory bowel diseases (IBDs)', Crohn’s disease (CD) and ulcerative
colitis (UC), affect over one million Americans (1). The disease is characterized by chronic,
intermittent inflammation of the gastrointestinal tract often associated with diarrhea, bloody
stool, abdominal cramps, decrease in appetite, and weight loss. Distinguishing features between
CD and UC are based on the anatomic distribution of inflammation, the depth of inflammation,
and histological patterns of inflammation. UC is marked by a superficial inflammation in the
lamina propria causing epithelial cell damage affecting only the innermost layers of the colonic
wall. Inflammatory changes invariably start in the distal rectum and extend proximally through
the colon in a symmetric, continuous manner. In contrast, inflammation in CD can affect any
portion of the alimentary tract, from the mouth to the anus. Most frequently, the affected areas
are the terminal ileum and ascending colon. CD has a patchy and discontinuous distribution
throughout the gastrointestinal tract. It develops in a transmural fashion, affecting all layers of

the bowel wall (2, 3). Transmural inflammatory changes in CD lead to the important clinical

! Abbreviations used in this chapter: BLP, bacterial lipoprotein; CARD, Caspase recruitment domain; CD, Crohn’s
disease; DAMP, damage associated molecular pattern; EEC, enteroendocrine cell; ELAM-1, endothelial-leukocyte
adherence molecule 1; HMGBI1, high mobility group box 1; IBD, inflammatory bowel disease; IEC, intestinal
epithelial cell; IKK, IxB kinase; 7L-/ 07", IL-10-deficient; IRAK, IL-1R-associated kinase; LPMC, lamina propria
mononuclear cells; LPS, lipopolysaccharide; LRR, leucine rich repeat; MDP, muramyl dipeptide; NEMO, NF-xB
essential modulator; NOD2, Nucleotide oligomerization domain 2; PAMP, pathogen associated molecular pattern;
PGN, peptidoglycan; PRR, pattern recognition receptor; RA, receptor antagonist; RAGE, receptor of advanced
glycation end products; Th, T-helper; TIR, Toll/IL-1R; TLR, toll-like receptor; TNBS, 2,4,6-trinitrobenzene sulfonic
acid; TRAF6, TNF-receptor associated factor 6; UC, ulcerative colitis.



consequences of intestinal perforation, abscess, and fistula formation. Finally, although only
found in 10 to 25% of intestinal biopsies or surgical resections, the histological feature of
granuloma formation is pathopneumonic for CD (4).

There is currently no cure for IBD and existing therapies such as corticosteroids,
aminosalicylates, and immunomodulatory agents (e.g. azathioprine, 6-mercaptopurine, and
methotrexate) are of limited effectiveness, have the potential for side effects, and/or are designed
to non-specifically reduce intestinal inflammation. The frequent dosing schedules of these
agents which are invariably prescribed in combination regimen also lead to poor patient
compliance. As a result of the burden of their clinical symptoms and side effects of medications,
most patients with IBD have a significantly impaired quality of life (5, 6). Due to complications
of the disease (perforation, intestinal obstruction, colorectal cancer, failure of medical therapy),
need for surgical intervention occurs in a significant proportion of patients over their lifetime. In
fact, as many as 75% of people with CD and up to 40% of those with UC eventually require
surgery (7).

Increased understanding of specific immune pathways that directly modulate
inflammatory changes in IBD has led to the development of anti-TNF antibodies (infliximab) as
a Food and Drug Administration approved therapy in CD and UC (8, 9). Although a significant
therapeutic advance, these agents are effective in less than 40% of IBD patients. Moreover, there
is the potential for long-term side effects, high costs, and the need to deliver the drug on a
repeated maintenance basis by injection. Therefore, there are numerous unmet medical needs to
identify new targets that may provide safer and more effective means of therapeutic intervention

to successfully treat CD and UC.



1.1 PATHOGENESIS OF IBD

Although the etiologies of the human IBDs remain unknown, the pathogenesis of IBD is thought
to result from interactions between genetic factors, the environment, and the immune system
(10). Research has identified contributing factors that include a defect in the barrier mechanism
of the lining of intestinal epithelial cells (IECs) and a poorly regulated immune response against
the normal enteric microbial flora. These immunologic and barrier defects reflect a complex
genetic susceptibility in the human IBDs. A prevailing unifying hypothesis is that persistent
intestinal inflammation results from enhanced or aberrant immunologic responsiveness to the
normal microbial constituents of the gut lumen. The intestinal tract is in direct contact with an
external environment heavily inundated with bacteria. In fact, there are approximately ten-times
the number of microbes that normally colonize the intestines than there are cells in the human
body (11). An underlying and poorly understood feature of the mucosal immune system is the
ability to co-exist with this biomass of commensal microbiota. In the event of invading intestinal
pathogens, an appropriate immune response is generated to eradicate the foreign entities in part
through the production of inflammatory cytokines and the recruitment of inflammatory cells.
However, once a pathogen is eradicated, the inflammation is appropriately turned off, leading to
a state of “controlled inflammation” (Figure 1.1). In IBD, the prevailing hypothesis is that
intestinal inflammation results from an aberrant immune response in a genetically susceptible
individual to the normal microbial constituents of the gut lumen. What is observed is a failure to
downregulate the initial inflammatory response, leading to a chronic, ‘“uncontrolled

inflammation.”
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Figure 1.1: Controlled and uncontrolled inflammation in the intestine.

The intestines are normally in a controlled homeostatic state. The mucosal immune system is in a state of tolerance
to the numerous environmental antigens and innate immune stimuli present in the GI tract. In the event of an
environmental trigger, such as infection, the mucosal immune system responds with an appropriate inflammatory
response to eradicate foreign pathogens. Once inflammation has served its purpose, it is appropriately
downregulated restoring the “controlled inflammation” state. However, in a genetically susceptible individual with
an aberrant immune response, there is a failure to downregulate the initial inflammatory response. This leads to a
condition of chronic, “uncontrolled inflammation.” In this setting, secondary signals are produced and released,
perpetuating the inflammatory state.




1.1.1 Genetics of IBD

Epidemiological analyses demonstrating that different races and ethnicities have markedly
varying prevalence of IBD were the first studies to suggest a genetic predisposition. For
example, the incidence and prevalence of IBD is increased in North American and Northern
European countries (12). Furthermore, in the United States the rate of IBD is lower amongst
non-Caucasians. Compared to Caucasians, IBD is half as common in African Americans, while
being about ten-times lower in Asians and Hispanics (13). Within ethnic groups, Jews
(compared to non-Jewish Caucasians) in the United States have greater risk of developing IBD,
with Ashkenazi Jews having the highest risk (14, 15). Some of the strongest evidence for genetic
predisposition in IBD comes from twin studies where monozygotic twins have a far greater
incidence of disease concordance than dizygotic twins (16-18). Importantly, the incidence of
concordance amongst monozygotic twins for CD is approximately 50% and in UC it is
approximately 15%. However, the lack of 100% concordance in monozygotic twins
demonstrates that nongenetic factors, such as the environment, are involved in the pathogenesis
of CD and UC.

In landmark studies published simultaneously out of North America and Europe, human
genome wide scans identified the Nucleotide oligomerization domain 2/Caspase recruitment
domain 15 (NOD2/CARD15) gene as the first CD susceptibility gene (19, 20). NOD2 mutations
are found in 27% to 39% of the CD population compared to 14% to 16% of non-IBD controls,
and 12% to 14% of UC patients. Heterozygous carriers of NOD2 variants have a four-fold risk
of developing CD; however, homozygous or compound heterozygous carriers run a 40-fold risk

(12). Elucidation of the function of NOD2 has highlighted the importance of innate immunity in



the pathogenesis of CD. NOD2 is an intracellular pattern recognition receptor of the innate
immune system. Its expression has been described exclusively in three types of cells:
macrophages, dendritic cells, and the intestinal epithelial Paneth cell (further described in section
1.5.2). Other potential genetic loci for both CD and UC have been reported and are currently
being verified. Elucidation of these specific genetic abnormalities will greatly contribute to our
understanding of the pathogenesis of CD and UC, while better defining clinically important

subsets of patients.

1.1.2 Immune System Dysregulation

Alterations in the intestinal mucosal barrier and amplification of inflammation through the
activation of the innate and adaptive immune response are some of the inappropriate responses
involved in the pathogenesis of IBD. In an aberrant response to microbial antigens, T cells are
activated in CD and UC. As a result, there is increased expression of lymphocyte activation
antigens on the cell surface of intestinal lymphocytes of IBD patients (21).

IBD is associated with T cell activation. CD and UC have been distinguished by distinct
patterns of T-helper (Th) cell dysfunction. Lamina propria cells of patients with CD
overproduce cytokines typically associated with a Thl response, such as IL-12 and IFN-y (22,
23). In contrast, a Th2 response has been observed in UC patients, with increased production of
IL-5, although without the major Th2 cytokine IL-4 (23, 24). Recent data has demonstrated
marked overexpression of the Th2 cytokine IL-13 in UC as compared to CD, which is produced
by a novel NK-like T cell population (25). However, analyses on the production of
immunoregulatory cytokines in human IBD have been inconsistent. There exists tremendous

overlap between individual patients and the cytokines they are able to produce. Therefore,



distinguishing between CD and UC solely on the mere presence of Thl and Th2 cytokine
production is a vast oversimplification of a complicated disease. Additional research is needed
to determine whether these T cell pathways differentiate the immunopathogenesis of CD and
UC.

IL-12 has been identified to play an important role in Thl immune responses. 1L-12 is a
heterodimeric cytokine, comprised of the IL-12 p35 and IL-12 p40 subunits. It is produced by
macrophages in response to intracellular pathogens and bacterial products, such as
lipopolysaccharide (LPS). IL-12 provides an obligatory signal for the differentiation of Thl cells
and for the secretion of the Thl cytokine, IFN-y (26). IL-12 production and Thl cells are
required for cell-mediated immunity and host defense against intracellular microbes (27).
Notably, mice with a targeted disruption of the IL-12 p40 gene produce extremely low levels of
IFN-y. These deficient mice are unable to clear infections with intracellular organisms (28). The
importance of IL-12 in the generation of a Thl immune response during human infectious
diseases, including leprosy (29), tuberculosis (30), and acquired immunodeficiency syndrome
(31), has been well characterized. Although the induction of IL-12 by intracellular organisms is
necessary for a protective Thl immune response, overexpression of Thl cytokines and IL-12
may contribute to the development and perpetuation of chronic inflammatory and autoimmune
diseases (32), as observed in IBD.

Murine models provide strong evidence for the importance of Thl cytokine regulation
and IL-12 production in chronic intestinal inflammation. For example, IL-10-deficient (/L-107")
mice develop weight loss, anemia, and a chronic enterocolitis (33). When these mice are housed
under pathogen-free conditions, the enterocolitis is markedly attenuated. This observation

suggests that the inflammatory response is triggered by enteric microbes and/or microbial



products. Enterocolitis in /Z-70”" mice is likely perpetuated by chronic overexpression of Thl
cytokines, which is reversible, as exogenous IL-10 or antibodies to IL-12 transiently cures the
disease.  As intracellular bacteria and bacterial products induce IL-12 production by
macrophages and dendritic cells, mucosal expression of IL-12 perpetuates Thl responses with
resultant intestinal inflammation.

Direct evidence for the role of [L-12 in chronic mucosal inflammation has emerged from
murine models. Intrarectal administration of the haptenating reagent 2,4,6-trinitrobenzene
sulfonic acid (TNBS) induces a Thl-mediated colitis in BALB/c mice. Treatment with anti-IL-
12 antibodies results in striking clinical and histopathologic improvement in the disease (34).
llustrating the importance of intestinal bacteria in the induction of colonic inflammation,
mononuclear cells isolated from the intestines of mice with TNBS colitis proliferate when
exposed to bacterial sonicates derived from autologous intestine. Tolerance was restored to
autologous bacteria upon treatment with anti-IL-12 antibodies (35). Similarly, mice with
targeted disruption of the IL-2 gene develop colitis and autoimmunity that is abrogated when
they are raised in a germ-free environment. This colitis is Thl mediated, and significant levels
of IL-12 are detectable. ~Administration of anti-IL-12 antibody completely prevents the
development of colitis (36). These Thl-mediated mouse models of chronic intestinal
inflammation share several important histopathologic and immunologic features with the human
chronic IBD, CD. Increased production of Thl cytokines and increased IL-12 levels have been
detected in lamina propria mononuclear cells (LPMC) isolated from CD patients (22, 37).
Downregulation of mucosal Thl responses may be an important therapeutic strategy in CD. In
activated LPMC from CD patients treated with anti-TNF antibody, decreased IFN-y production

correlated with clinical and endoscopic improvement (38). Thus, an understanding of the



expression of IL-12 will provide insights into the pathogenesis of infectious and inflammatory
diseases. Furthermore, this may elucidate new approaches for altering immune responses
through manipulation of IL-12 production.

Other inflammatory cytokines have been shown to play integral roles in the pathogenesis
of IBD. TNF is a proinflammatory mediator secreted by mucosal macrophages and T cells.
Several studies have documented significant increases in TNF in the colonic mucosa of
individuals with CD and UC compared with normal controls and stool samples of patients with
active CD and UC (39-41). High concentrations of mucosal IL-2 and IL-2 receptors have also
been observed in both CD and UC (42). Moreover, patients with CD and UC have demonstrated
impaired activity of IL-1 receptor antagonist (RA). Decreased IL-1RA levels are associated with
unopposed IL-1 secretion. One study has documented decreased ratios of intestinal IL-1RA to
IL-1 to be characteristic of CD and UC, as the ratio in non-IBD inflamed mucosa was similar to
that in normal controls (43).

Cytokines, such as TNF and IL-1, appear to induce expression of vascular adhesion
molecules. Upregulation of these molecules can recruit leukocytes from the circulation to the
site of intestinal mucosal inflammation in CD and UC. It has been reported that there are
increased concentrations of endothelial-leukocyte adherence molecule 1 (ELAM-1) in the
inflamed mucosa of patients with these disorders (44). ELAM-1 was associated with active
inflammation and was found in similar concentrations in active CD and UC. This has lead to the
proposal that ELAM-1 is integrally important in sustaining and amplifying inflammation in IBD
(44).

Recent work has described important CD4+ regulatory T cell subsets in the intestinal

mucosa. They are believed to have a primary role in inhibiting inflammatory responses. For



example, T-regulatory-1 cells make large amounts of IL-10 and some IFN-y, while Th3 cells
produce TGF-f (45). Both IL-10 and TGF- are potent anti-inflammatory proteins. It has been
shown that TGF-f producing T cells likely mediate the phenomena of oral tolerance. This is a
state of immune unresponsiveness to intestinal luminal antigens. The significance of the T
regulatory subset to IBD is perhaps best represented by experiments where lymphocytes from
mice do not proliferate when stimulated with antigens from their own enteric flora, but
proliferate when stimulated with flora from other mice. Furthermore, mice with Thl-mediated
IBD lose this tolerance to their own enteric flora, demonstrating the importance of regulatory T
cell subsets in maintaining intestinal homeostasis (46). This importance is further demonstrated
in another mouse model of IBD, the C3H/HeJBir mice, where adoptive transfer of T regulatory
cells can inhibit pathogenic antigen specific T cells (47). Regulatory T cell populations are
identified by the expression of the transcription factor FoxP3, as well as their ability to directly
inhibit inflammatory T cell activation, proliferation, and cytokine production.

A new inflammatory T cell subset known as Th17 cells appear to be important in the
pathogenesis of numerous chronic inflammatory diseases including IBD (48, 49). Th17 cells are
induced by the IL-12 family member IL-23, sharing a common p40 subunit with IL-12, and
produced by macrophages and dendritic cells (48). They are characterized by expression of a
recently identified inflammatory cytokine IL-17. Studies have demonstrated the importance of
this cell type in mouse models of multiple sclerosis and rheumatoid arthritis. Additionally, this
is an important T cell subset in murine IBD and may directly mediate intestinal inflammation
that has been previously characterized as “Th1” (49). Therefore, cytokine profiles and
elucidation of T cell subsets will likely be useful to determine subgroups within CD and UC

rather than to distinguish one entity from the other.
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1.1.3 Infectious and Environmental Triggers of Mucosal Inflammation

In genetically predisposed individuals, ill-defined initiating events appear to trigger an
inappropriately sustained mucosal immune response. Research has suggested that environmental
factors contribute to disease. Potential triggers that have attracted the most attention are
commensal and pathogenic enteric microbes. Studies have revealed that the onset of disease has
been associated with foreign travel, enteric infections, and perinatal viral infections (10, 50). It
has been suggested that intestinal flora changes may be involved in the development or
promotion of inflammation. There have been reports that during active IBD, there is a
significant decrease in aerobic bacteria and Lactobacillus (1) and CD patients have been shown
to have increased fecal concentrations of as well as elevated serum antibodies against
Eubacteria, Peptostreptococcus, Coprococcus, and Bacteroides species (10). Though the
triggering infection or antigen is only one step in the initiation of IBD, many of the implicated
microbial triggers are not detectable even years after disease onset (10). This important
observation suggests to the presence of a second source of signals. This second source may
perhaps be responsible in perpetuating the inflammatory response and contributing to the chronic
nature of this disease.

The study of mouse models of IBD has clearly demonstrated the importance of the
bacterial flora in the initiation and perpetuation of IBD. For example, colitis prone mice do not
develop IBD if they are maintained in a germ-free environment. However, when these mice are
colonized with components of their normal enteric flora, they go on to develop IBD as before
(51, 52). Through these investigations, single bacterial strains have been isolated and identified
to induce colitis. However, the colitic strain of bacteria in a different animal host may have no

effect on the development of colitis (53-55). For example, when the bacterium Bacteroides
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vulgatus is added to a group of five bacteria isolated from CD patients, it induced colitis in HLA-
B27 transgenic rats (53). However, this same bacteria mixture did not induce disease in germ-
free derived IL-10”" mice (56). This implicates an association between specific bacteria and
disease location and severity (57). Furthermore, different commensal bacterial species can
selectively initiate immune-mediated intestinal inflammation with different kinetics and
anatomic distribution in the same host (58). These observations suggest that the loss of
immunologic tolerance to the normal intestinal microflora appears to be confined to specific

bacteria and to specific bacterial antigens.

Several observations have suggested a role for bacterial antigens in human IBD.
Antibiotic therapies that alter enteric bacterial flora in CD patients and have resulted in clinical
improvement (59). Administration of probiotic bacterial strains, which are normal constituents
of the enteric flora, have been shown to have anti-inflammatory effects in IBD (60-62). A small
study showed the importance of fecal stream and its components in the pathogenesis of CD.
They showed by reintroducing a diverted fecal stream into a non-diseased segment of bowel,
they can reactivate CD. This implicates the fecal stream and its contents as a source of antigens
to cause disease (63). By characterizing serological B cell and mucosal T cell responses, it has
been proposed that IBD patients specifically lose tolerance to their own bacterial populations.
One analysis demonstrated that in human LPMC, tolerance selectively exists to intestinal flora
from autologous but not heterologous intestines, and that this tolerance is broken in IBD patients
(64). Though the exact mechanisms of action are unclear, a few hypotheses have been proposed.
Several studies have investigated alteration of the bacterial flora with increased ratios of
probiotic to aerobic adherent bacteria (65, 66), direct effects on IEC permeability preventing

translocation of bacteria and bacterial products (66), and direct anti-inflammatory effects
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demonstrated by alterations in cytokine and growth factor production (67, 68). A recent study
has suggested that an enteric bacterial flagellin is a B cell and T cell antigen in murine IBD and
human CD (69). All together, the genetic composition of the host as well as specific microbial
determinants may influence the concomitant immune response and therefore the clinical

phenotype of disease observed.

1.2 MURINE MODELS OF IBD

Animal models of intestinal inflammation provide a useful tool for investigating IBD. Animal
models allow conduct of scientific investigations that could not be feasibly conducted in humans.
For example, animal models can be used to dissect specific mechanisms of disease pathogenesis
or to evaluate the ability of novel therapeutic approaches to prevent disease onset, or treat active
disease. Although available animal models certainly do not always recapitulate human disease,
preclinical data obtained from these models have justified the development of novel
immunomodulatory therapies in humans (70).

To recapitulate observations from human IBD, various murine models of IBD have been
developed and characterized (71). They have been broadly classified into four groups:
chemically-induced, genetic knock-outs, immunologic, and spontaneous. Most of these models
manifest Thl mediated intestinal inflammation, sharing several immunologic features with CD,
as increased production of Thl cytokines and IL-12 have been detected.

A wide variety of genetically altered rodents that harbor mutations in immune response
genes develop IBD. Most of the models described manifest Thl-mediated intestinal

inflammation. For example, 60-80% of mice deficient in the potent anti-inflammatory cytokine
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IL-10 develop weight loss, anemia, and a chronic enterocolitis at about 10 weeks of age (72). It
has been shown that these mice are prone to colitis only in the presence of the intestinal bacterial
flora. Mice that are housed germ-free or treated with antibiotics to eradicate their endogenous
flora spares them from the development of colitis, implicating a role for bacteria in the
pathogenesis of IBD (56, 73, 74). Enterocolitis in /L-/0”" mice is perpetuated by chronic
overexpression of Thl cytokines, which is reversible, as exogenous IL-10 transiently cures the
disease.

In a widely used acute model of colitis induced intrarectally by the haptenating reagent
TNBS, mice demonstrate a similar Thl response (71). In this model, colitis develops with
mucosal T cells losing tolerance to enteric bacterial antigen. This indicates colitis may be driven
by the bacterial antigens provided by the luminal flora (35, 71).

Animal models are useful tools for assessing the efficacy of compounds that could not be
feasibly carried out in humans. Furthermore, murine immunological reagents exist to further
dissect specific pathways. However, animal models do not always recapitulate human disease.
For example, drugs that have been proven to work in animal models, such as the potent anti-
inflammatory cytokine IL-10, do not necessarily translate to clear efficacy in human IBD trials

(75).

1.3 INTESTINAL EPITHELIAL CELLS

IECs make up a single cell layer of cells providing a physical and immunologic barrier against
the intestinal microbial flora and the lamina propria, the mucosal immune compartment. The

columnar epithelium is derived from stem cells in the basal crypts that differentiate into
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absorptive enterocytes, goblet cells, enteroendocrine cells (EECs), and Paneth cells. The
absorptive enterocytes makes up >95% of the entire epithelial population. Goblet cells secrete a
mucus coat which becomes a physical barrier to pathogens, as organism become trapped and are
passed in the stool. Paneth cells have been shown to have a role in inflammation by secreting
preformed antimicrobial peptides and defensins (76, 77). EECs are activated by neuronal
stimulation and discharge their secretions into the blood flowing through the capillary bed. This
allows for their stored peptides to appear immediately at the tissue-blood interface. Some of
these stored peptides have been shown to mediate leukocyte and monocyte recruitment (78, 79).
Although bacteria interact with EECs and T cells are located in close proximity to EECs (80, 81),
a direct immunologic function of EEC has not been described to date.

IECs form a physical barrier through tight junction formation. Tight junction proteins
maintain the integrity of the epithelial layer and function as an exclusion barrier for pathogens.
In IBD, the tight junctions may be altered resulting in a “leaky” epithelium, allowing for the
luminal contents to gain access into the lamina propria (82, 83). Regulating tight junction
protein function are many cytoprotective factors, including TGF-f, epidermal growth factor, and

trefoil peptides (84, 85).

1.4  IECS AND BACTERIA

Amongst the immunologic functions ascribed to absorptive enterocytes are cytokine production.
IECs are activated in response to a broad range of invasive pathogens such as Salmonella,
Shigella, Yersinia, and Listeria.  Studies have shown infection of human IECs with

enteroinvasive bacteria increases the expression and secretion of a number of proinflammatory
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cytokines and chemokines (86, 87). These include the chemokine family members IL-8 and
MCP-1 and inflammatory cytokines TNF and IL-1P. Secretion of these mediators results in
leukocyte and macrophage recruitment and activation. Therefore, activation of inflammatory
gene expression in an IEC is an important component and initiator of the innate immune
response against enteric pathogens.

However, not all interactions between IEC and bacteria result in an inflammatory
response. In fact, interactions between resident bacteria and IEC may profoundly affect IEC
gene expression, growth, and differentiation. For example, it has been shown that interaction of
resident bacteria with IECs induces gene expression that is required for normal intestinal
development and function (88). Also, interaction of certain bacteria with IECs inhibits specific
immune responses. It has been shown that the enteric nonpathogenic Sa/monella strain produce
an effector molecule that inhibits inflammation in IECs (89, 90). This indicates transient and
even resident bacterial species may contribute and/or alter the host’s inflammatory gene response
critical in chronic intestinal inflammation.

It has been hypothesized that specific microbes are directly involved in the pathogenesis
of IBD. Many specific organisms, including Mycobacteria, Listeria and measles virus, have
been proposed to directly contribute to the development of CD (10, 50). However, detecting
immune responses to these organism’s antigens have not been reproducible amongst groups.
Furthermore, the commensal enteric microbial flora represents an enormous complex ecosystem,
outnumbering our own body’s total cell population by nearly ten-fold (11). Therefore, many of
the microbes contained within this biomass have yet to be identified in IBD because some
microorganisms are not culturable in vifro and/or there may not be a suitable animal model of

infection to effectively study them. Perhaps large scale epidemiologic studies to detect particular
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environmental and/or commensal organisms may allow for identification of specific species
contributing to disease. If a single organism is to be found, this does not exclude the possibility,
even the likelihood that an infectious agent would only explain the presence of IBD in a subset

of genetically predisposed patients.

1.5 THE INNATE IMMUNE RESPONSE

In 1989, Dr. Charles Janeway put forward the concept of innate immunity, suggesting that host
cells have the ability to recognize foreign pathogens through an innate family of receptors (91).
Although the exact proteins were unknown at that time, a prediction was made that these
potential receptors would be surveyors of the environment and be quick to initiate an immune
response against specific repeating patterns found on foreign organisms. These pathogen
associated molecular pattern (PAMP) “danger signals” would quickly activate macrophages and
dendritic cells to alert the immune system. In 1994, Dr. Polly Matzinger proposed a new source
of danger signals, suggesting endogenous factors released from tissues undergoing destruction,
such as during necrotic cell death, can also alert the immune system (92). These endogenous
damage associated molecular pattern (DAMP) “danger signals” could alert the immune system
through direct activation of macrophages and dendritic cells, without the necessity of exposure to
foreign substances. The innate immune system functions to deliver a “danger signal” to the
adaptive immune system to alert it to the presence of bacteria, microbes, and even tissue damage

during inflammatory diseases.
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1.5.1 Toll-like Receptors

Receptors of the innate immune system that recognize conserved molecular patterns on microbes
are known as pattern recognition receptors (PRRs). One evolutionary conserved family of PRRs,
the toll-like receptors (TLRs), is a particularly important component of the innate immune
system (93). This collection of receptors is unique in that it is hardwired to recognize a
pathogen’s specific molecular pattern and elicit a swift immune response. TLRs are proteins
with an extracellular leucine rich repeat (LRR) domain, one transmembrane domain, and a
cytoplasmic Toll domain. The Toll domain has homology to the IL-1R and is sometimes
referred to as Toll/IL-1R (TIR) domain. The LRR domain affords the specificity for each TLR
to recognize various ligands. PRRs recognize a conserved set of molecular structures expressed
on diverse organisms. Hence, the innate immune system has evolved receptors that can
recognize essential and unique features of microbial structure. A few PAMP-TLR recognition
pairs include bacterial lipoprotein (BLP)-TLR1/2 (94), gram-positive peptidoglycan (PGN)-
TLR2/6 (95, 96), gram-negative LPS-TLR4 (97), and flagellin-TLRS5 (98). A critical co-receptor
of the TLR4 signaling complex is MD2, a novel secreted protein which binds to the extracellular
domain of TLR4 and is required for LPS recognition (99). TLRs are able to send a signal
through an evolutionary conserved transduction pathway through its Toll domain (Figure 1.2).
Signaling intermediates of the MyD88-dependpent pathway includes the adaptor molecule
MyD8S, IL-1R-associated kinase (IRAK), and TNF-receptor associated factor 6 (TRAF6) (93,
100). This culminates in the activation of the MAPK (ERK, p38, and JNK) and NF-kB (see
section 1.5.4) pathways leading to the production of cytokines, chemokines, and adhesion

molecules (101-103).
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Figure 1.2: The Toll-like Receptor and NF-kB pathways in the innate immune response.
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Bacterial recognition by IECs is mediated in part through TLRs. [In vitro studies have
shown IEC lines express TLRs which can be enhanced in the setting of inflammatory cues (104,
105). Nonetheless, the expression of TLRs on intestinal epithelia from normal or IBD subjects
remains contentious and is not fully reconciled between groups. Previous studies have
demonstrated TLR2 and TLR4 on IECs were “barely detectable” in human tissue sections (106).
Upregulation of TLR4 in CD and UC, and downregulation of TLR3 in CD but not UC was also
described (106). Conversely, another group reported that TLR2 and TLR4 were not expressed in
IEC, specifically enterocytes, from normal or inflamed human intestine, and that TLR expression
was exclusively confined to lamina propria macrophages from inflamed tissue sections (107).
Likewise, there are controversial reports about TLR4 function in human absorptive enterocyte
cell lines, with one group reporting LPS responsiveness (108), and another suggesting LPS
resistance due to the absence of the co-receptor MD2 (104). Also, a functional role for TLRS
has been suggested from IEC line models (109). Therefore, it is of interest and potential clinical
relevance to determine the role of TLRs in IEC innate immune responses. Furthermore, it has
been suggested in TLR2-, TLR4-, and MyD88-deficient mice that the intestinal TLR pathway
may function to recognize enteric commensals and orchestrate a protective response during
intestinal injury and inflammation (110). However, no specific cell type was implicated in this

study, leaving open the possibility of newly described functions to existing cell types.

1.5.2 NOD2/CARDI15

Human genome wide scans have identified the NOD2/CARDI5 gene as the first CD

susceptibility gene (19, 20). The NOD2 gene encodes for an intracellular protein expressed in
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the cytoplasm of monocytes, dendritic cells (111) and intestinal epithelial Paneth cells (112,
113). NOD2 is comprised of an N-terminal CARD, a central nucleotide binding domain, and a
C-terminal LRR. The LRR is required for activation of an inflammatory process in response to
the bacterial peptidoglycan component, muramyl dipeptide (MDP) (114). Following recognition
of MDP, oligomerization of NOD2 leads to the recruitment of the CARD containing protein
RICK/RIP2 (for RIP-like interacting CLARP kinase/receptor interacting protein-2) and
subsequent activation of NF-xB (2, 111).

Initial characterization of CD-associated NOD2 mutations suggested that these mutations
were associated with loss of function. In other words, cells containing mutant NOD2
demonstrated diminished MDP-induced NF-«xB activation (20). This finding has recently been
confirmed in human mononuclear cells from CD patients (115). However, studies from NOD2
deficient and mutant mice provide conflicting results. One study suggests that NOD2 deficient
mice are defective in MDP-induced NF-kB activation (116). However, a second study suggests
that NOD?2 is a negative regulator of TLR2 mediated responses in macrophages (117). NOD2
signaling inhibited TLR2 activation of NF-kxB. NOD2 mutations led to an exaggerated NF-xB
response through TLR2, which resulted in the expression and secretion of IL-12. This may lead
to defective killing of intracellular bacteria by macrophages and dendritic cells with persistent
innate and adaptive immune responses stimulated through other pathways (117). In another
study, transgenic mice expressing the most common NOD2 insertion mutation in CD were
generated. These mutant mice demonstrated increased NF-kB activation in response to MDP
(118). Although the functional effects of NOD2 mutations on NF-kB activation in CD is still
controversial, the experimental evidence suggests that a hallmark of IBD is activated NF-«kB, and

specific targeting of this pathway is an important therapeutic approach.
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1.5.3 Danger Signals: PAMPs and DAMPs

TLRs were originally described to detect constitutive and conserved products of microbial
metabolism, termed PAMPs (93). Collectively, these are prototype “exogenous danger signals”
for the immune system, as they originate from outside of the body. PAMPs have come to the
forefront of attention as critical environmental factors in initiating and driving chronic
inflammation in IBD. Examples of these molecules are the TLR ligands LPS, BLP, and
flagellin. PAMPs make ideal targets for innate immune recognition and stimulation for three
reasons (93). First, PAMPs are produced only by microbes and not by host cells. Second, they
are invariant between microorganisms of a given class. Third, PAMPs are essential for microbial
survival, where mutations or loss are either lethal or greatly reduces adaptive fitness for the
microbe.

Research in IBD has long focused on the inflammatory response generated by the enteric
flora, the so called “exogenous danger signals.” However, IBD still can be present even in the
absence of the initiating microbial source (10). This suggests that another signal may arise and
be responsible for maintaining the inflammatory state. DAMPs have come to the forefront of
attention as critical “endogenous danger signals” in perpetuating inflammation (92, 119). Works
in other disease states mediated by cytokines are identifying signals secreted by our own cells
after the presence of danger and/or tissue damage. Heat-shock proteins, high mobility group box
1 (HMGBI1), S100 proteins, and uric acid, to name a few, are prototypic members of the DAMP
family (119-121).

HMGBI, originally described as a non-histone, chromatin-associated nuclear protein, has
emerged as a critical endogenous danger signal produced by host cells (122, 123). It is released

during cellular necrosis and is secreted from activated cells (124-126). HMGBI functions as a
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diffusible signal of unprogrammed cell death, triggering inflammatory signaling pathways in
neighboring cells (127). The first described receptor for HMGB1 was the receptor of advanced
glycation end products (RAGE) (128). In addition, recent studies have demonstrated that
HMGBI also utilizes PRRs of the innate immune system, TLR2 and TLR4 (129, 130). These
pathways can lead to activation of NF-xB and the production of potent proinflammatory signals,
producing TNF, IL-1, IL-6, and IL-8 (127), and alter gut permeability, a defining feature of
chronic IBD (131). Potential relevance of HMGBI1 in IBD was suggested in studies performed
by our colleagues in models of acute inflammation. These findings suggest HMGBI, and other
DAMPs, may provide a second wave of inflammatory signals in the stressed intestinal
epithelium and further perpetuate and sustain the inflammatory response through the release of
more Thl mediators. DAMPs, such as HMGBI1, may play an important and virtually unexplored

role in IBD.

1.5.4 NF-xB

Transcription factors are downstream targets of signal transduction pathways that bind to
genomic DNA in the promoters of genes. Many families of transcription factors have been
identified to play essential roles in acute and chronic inflammation through the regulation of
expression of multiple inflammatory mediators. In the inflammatory response, the best
characterized family of transcription factors is NF-kB. It is considered to be a “master switch”
for inflammatory gene expression (101, 102).

In unstimulated cells, NF-xB proteins are localized in the cytoplasm through their
association with inhibitory proteins known as IkB proteins. IkB proteins bind to NF-xB and

mask their nuclear localization signals. Proinflammatory cytokines such as TNF and IL-1p,
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PAMPs such as LPS, and DAMPs such as HMGB1 induce phosphorylation and ubiquitination of
IkB proteins, targeting them for degradation by the proteosome. The phosphorylation of IxB
proteins is a key step in the regulation of NF-kB. Phosphorylation is mediated by a specific [kB
kinase (IKK) complex whose activity is induced by activators of NF-kB (102). IKK is made up
of two catalytic subunits, IKKa and IKKp, and a regulatory subunit named “NF-«B essential
modulator” (NEMO; also named IKKy) (132). Activation of the IKK complex in response to
proinflammatory mediators depends critically on the presence of the NEMO subunit of the IKK
complex, as NEMO deficient cells lack detectable NF-kB binding activity in response to TNF,
IL-1B, and LPS (133).

Activation of IKK leads to the release of bound NF-kB, which translocates to the nucleus.
There, NF-kB can bind to NF-kxB DNA binding sites on enhancer elements of target genes and
induce transcription of inflammatory mediators. NF-kB plays an essential role in the
inflammatory response through the regulation of genes encoding proinflammatory cytokines (IL-
1B, TNF, IL-12), chemokines (IL-8, MIP-1a, MCP-1), and adhesion molecules (ICAM-1,
VCAM-1, E-selectin) (101-103).

Activation of NF-kB has been shown to be important in many chronic inflammatory
diseases such as asthma, rheumatoid arthritis, and IBD (103). The critical role of NF-kB in
chronic intestinal inflammation is best illustrated by non-specific as well as selective blockade of
NF-kB activation in animal models of IBD (134-137). The first studies demonstrating the
activation of NF-kB in chronic intestinal inflammation were performed in the TNBS mouse
model of induced colitis. Increased NF-kB DNA binding activity in nuclear extracts from
lamina propria macrophages of mice with TNBS colitis have been described. The activated NF-

kB complexes consisted of the p65 and p50 subunits. As NF-kB p65, but not p5S0, mediates
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transcriptional activation of inflammatory genes, this study next tested the effects of a specific
p65 antisense phosphorothioate oligonucleotide. A p65 antisense oligonucleotide specifically
and dose-dependently downregulated p65 mRNA and protein, which was accompanied by
reduced secretion of IL-1, IL-6, and TNF by LPS-stimulated lamina propria macrophages from
mice with TNBS colitis.  Strikingly, in vivo administration of p65 antisense abrogated
established TNBS induced colitis following a single intravenous injection. Moreover, local
administration of p65 antisense oligonucleotides into the colon of mice with TNBS colitis
successfully treated established colitis (134, 135). Recently, local administration of antisense
p65 oligonucleotides blocked intestinal inflammation as well as fibrosis in the TNBS model
(137). In spontaneously occurring colitis in IL-10" mice, increased NF-kB DNA binding
activity and increased p65 protein expression were found in lamina propria macrophages. Again,
the essential role of p65 in maintaining chronic intestinal inflammation was demonstrated by
successful treatment of established colitis in these mice with p65 antisense oligonucleotides.
Treated mice showed a reduction in macroscopic and histological signs of colitis (135).

Based on animal models, it is not surprising that activated NF-kB is found in human
intestinal inflammation and IBD. A significant increase in p65 protein in lamina propria
macrophages and epithelial cells from CD patients was correlated with increased production of
the inflammatory cytokines IL-1B, IL-6, and TNF (138). In vitro treatment of lamina propria
macrophages from CD patients with p65 antisense oligonucleotides was more effective in down-
regulating cytokine production than treatment with S5-aminosalicylates or glucocorticoids,
suggesting a key role for NF-kB p65 in inflammatory cytokine expression in CD (138).
Subsequently, higher levels of NF-kB p65 were demonstrated in nuclear extracts of lamina

propria biopsy specimens from CD patients compared to normal controls or patients with UC. In

25



this study, increased nuclear p65 from CD patients was attributed to activation and nuclear
translocation of NF-«kB as total levels of NF-kB p65 from whole cell extracts did not differ
between controls and IBD patients. Importantly, increased DNA binding activity of NF-xB was
demonstrated in nuclear extracts from biopsy specimens as well as isolated LPMC from CD and
UC patients which confirmed the activation of NF-kB in IBD. Furthermore, NF-kB p65 was
identified as part of the DNA binding complex (139). Activated NF-kB has been reported in
macrophages and epithelial cells from inflamed mucosa of patients with IBD in situ using a
specific p65 antibody that exclusively detects the activated form of NF-xB (140). The number of
cells positively stained for activated p65 correlated with the degree of mucosal inflammation.
No significant differences were found between sections of inflamed mucosa from patients with
CD, UC, or diverticulitis (140). This study indicated that activation of NF-kB is not specific for
the pathophysiology of IBD: NF-kB activation could represent an important step in mucosal
inflammation regardless of the etiology. Therefore, downregulation of NF-«kB activity emerges
as a potential key event in the control of chronic intestinal inflammation in humans and strategies

to inhibit NF-kB activity more specifically are desirable.

1.6 STATEMENT OF THE PROBLEM

In this dissertation we utilized descriptive, functional, and genetic approaches to determine the
significance of exogenous and endogenous danger signals in the pathogenesis of IBD. Under
normal conditions, the IECs remain in a quiescent, suppressed state and are unable to mount an
immune response to the intestinal microflora. However, upon the presence of invasive

pathogenic bacteria, IECs upregulate TLRs, induce proinflammatory gene expression, secrete
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cytokines, and recruit inflammatory cells to the site of injury. If these responses persist, the
normal suppressive state of the IECs may be altered, resulting in the activation of innate
responses to the normal intestinal microflora. It is in this chronic inflammatory setting that
signals are released by activated and necrotic cells. This second source of signals may
perpetuate the mucosal inflammatory response, leading to IBD.

We first attempted to better understand the TLR expression in the intestinal epithelium to
determine cell types that may respond to danger signals. We found that the expression of TLRs
was confined to epithelial cells expressing serotonin. This suggests a role for EECs and, perhaps
their stored neuropeptides, in the innate immune response. We tested the hypothesis that an EEC
line is capable of responding to PAMPs. This was assayed by looking at bacterial activation of
the MAPK and NF-kB pathways and at release of neuropeptides in this specific cell type.

Although much attention has been given to the central role played by PAMPs in the form
of the enteric bacterial flora in IBD pathogenesis, little is known about DAMPs in IBD. We
looked at the role of HMGBI as a putative endogenous danger signal in macrophage activation
and IBD. We hypothesize that HMGBI plays a pivotal and necessary role in the disease process,
previously underappreciated in much of the pathobiology of the gut. Studies targeting HMGBI
have been shown to ameliorate end organ damage when used to treat acute inflammation. We
investigated the use of ethyl pyruvate, which has been demonstrated to inhibit HMGBI1. We
predict that ethyl pyruvate will improve Thl-mediated murine enterocolitis through mechanisms
that include inhibition of HMGBI1 secretion and/or function.

Lastly, we looked at the signaling pathway associated with DAMP and PAMP activation
in the stressed gut. The two sources of danger signals are recognized by the common TLR

family signaling pathway. This culminates in the activation of an important and prominent
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downstream effector of DAMP and PAMP signaling, NF-kB. We hypothesized that inhibiting
activated NF-kB with a short cell permeable peptide will inhibit chronic enterocolitis in /L-107"
mice, leading to significant histologic improvement.

Through these experiments, we have gained new insights into the pathogenesis of IBD.
We now understand that EECs express TLRs and have begun to look at the role of an
endogenous danger signal, HMGB1. New therapeutic interventions uncovered during the course
of this project provide a beginning to discern whether these intestinal inflammatory responses are

relevant targets in human IBD.
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2.0 ENTEROENDOCRINE CELLS EXPRESS FUNCTIONAL TOLL-

LIKE RECEPTORS

2.1 ABSTRACT

Intestinal epithelial cells (IECs) provide a physical and immunologic barrier against the enteric
microbial flora. Toll-like receptors (TLRs), through interaction with conserved microbial
patterns, activate inflammatory gene expression in cells of the innate immune system. Previous
studies of expression and function of TLRs in IECs report varying results. Therefore, TLR
expression was characterized in human and murine intestinal sections, and TLR function tested
in an [EC line. TLRI1, TLR2, TLR4 are co-expressed on a subpopulation of human and murine
IECs that reside predominantly in the intestinal crypt and belong to the enteroendocrine lineage.
Enteroendocrine cell (EEC) lines demonstrate a similar expression pattern of TLRs as primary
cells. A murine EEC line, STC-1, was activated with specific TLR ligands: lipopolysaccharide
(LPS) or synthetic bacterial lipoprotein. In STC-1 cells stimulated with bacterial ligands, NF-xB
and MAP kinase activation is demonstrated. Furthermore, expression of TNF and MIP-2 are
induced. Additionally, bacterial ligands induce expression of the anti-inflammatory gene TGF-p.
LPS triggers a calcium flux in STC-1 cells, resulting in a rapid increase in cholecystokinin
secretion. Finally, conditioned media from STC-1 cells inhibit the production of NO and IL-12

p40 by activated macrophages. In conclusion, human and murine IECs that express TLRs
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belong to the enteroendocrine lineage. Using a murine EEC model, a broad range of functional
effects of TLR activation is demonstrated. This study suggests a potential role for EECs in

innate immune responses.

2.2 INTRODUCTION

Host defense against microorganisms relies on both innate and adaptive immune responses. The
molecular components of innate immunity are evolutionarily conserved over an extraordinary
spectrum of life forms, from plants to mammals (141). Receptors of the innate immune system
are known as pattern recognition receptors (PRRs)*. PRRs identify and bind to a conserved set
of molecular structures expressed on diverse organisms. Hence, the innate immune system has
evolved receptors that can recognize essential and unique features of microbial structure, such as
lipopolysaccharide (LPS), teichoic acids, mannans, and double stranded RNA (93, 142). One
evolutionarily conserved family of PRRs, the toll-like receptors (TLRs), is a particularly
important component of the innate immune response. TLRs are transmembrane molecules
composed of multiple extracellular leucine rich repeats, a single transmembrane domain, and an
intracellular signaling domain. The signaling domain has been termed Toll/IL-1 receptor (TIR)
related because conserved motifs are present in the IL-1 receptor family. Furthermore, TLRs and
IL-1 receptors activate the transcription factor NF-kB and inflammatory gene expression through

an evolutionarily conserved signal transduction pathway (141).

2 Abbreviations used in this chapter: BBS, bombesin; BM, bone marrow; CCK, cholecystokinin; CD, Crohn’s
disease; DAB, diamino-benzidine; DSS, dextran sodium sulfate; EEC, enteroendocrine cell; FITC, fluorescein
isothiocyanate; HSP, heat shock protein; IBD, inflammatory bowel disease; IEC, intestinal epithelial cell; LPS,
lipopolysaccharide; NO, nitric oxide; PRR, pattern recognition receptor; sBLP, synthetic bacterial lipoprotein; TIR,
Toll/IL-1 receptor; TLR, toll-like receptor; UC, ulcerative colitis; VIP, vasointestinal protein.
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Intestinal epithelial cells (IECs) serve as a physical and immunologic interface with the
microbial flora that colonize and traverse the intestinal lumen. Amongst the immunologic
functions ascribed to IECs are cytokine production upon intracellular infection with pathogenic
intestinal bacteria (86, 87, 143). This implicates IECs as important participants in innate
immune responses of the intestinal mucosa. However, the mechanisms involved in bacterial-
epithelial interactions are unknown. Therefore, it is of great interest and potential clinical
relevance to determine the role of TLRs in IEC innate immune responses. In human tissue
sections TLR2 and TLR4 were “barely detectable” on IECs from human tissue sections (106).
Upregulation of TLR4 in the inflammatory bowel diseases (IBDs), Crohn’s disease (CD) and
ulcerative colitis (UC), and downregulation of TLR3 in CD but not UC was also described (106).
Conversely, another group reported that TLR2 and TLR4 were not expressed in IEC from
normal or inflamed human intestine, and in fact TLR expression was confined to lamina propria
macrophages from inflamed tissue sections (107). Likewise, there are controversial reports
about TLR4 function in human IEC lines, with some reporting LPS responsiveness (108, 144),
while others suggest LPS resistance due to the absence of TLR4 and/or the co-receptor MD2
(104, 105, 145), and a third report hypothesizing tolerance to TLR signaling in IECs due to
induction of the inhibitory signaling molecule Tollip (144). A functional role for TLRS has been
suggested and one report describes hyporesponsiveness of TLR2 in IEC lines (108, 109, 146).
Therefore, the nature of intestinal epithelial TLR expression and function remains unclear.

Recently, TLRs were demonstrated to have a counterintuitive role in regulating mucosal
inflammation and maintaining homeostasis. In an acute inducible model of IBD, TLR2-, TLR4-,
and MyD88-deficient mice challenged with dextran sodium sulfate (DSS) developed severe

colitis and decreased survival compared to wild-type mice (110). Additionally, antibiotic-
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treatment to deplete the intestinal flora decreased expression of cytoprotective proteins (110).
Together, these findings suggested that intestinal TLRs may function to recognize enteric
commensals and orchestrate a protective response during intestinal injury and inflammation.
However, while demonstrating the biological significance of TLR in murine intestine, this study
does not specify what cell type expresses TLRs that are responsible for such biological effects.

In this study, abundant expression of multiple TLRs is demonstrated on human and
murine IECs that reside primarily in the crypt and belong to the enteroendocrine lineage. To
study possible functional consequences of TLR expression and activation, the enteroendocrine
cell (EEC) line STC-1 was utilized as a model system. STC-1 cells stimulated with bacterial
ligands, LPS and synthetic bacterial lipoprotein (sBLP), demonstrate activation of NF-kB and
MAPK signaling pathways, resulting in production of MIP-2 and TNF. Furthermore, bacterial
ligands induce expression of the anti-inflammatory gene TGF-f. LPS triggers a calcium flux in
STC-1 cells, leading to increased secretion of cholecystokinin (CCK). To implicate a role for
EECs in mucosal immune responses, conditioned media from STC-1 cells inhibit the production
of nitric oxide (NO) and IL-12 p40 by activated macrophages. This study suggests a potential
role for EECs in innate immune responses, and that EEC-bacterial interactions help maintain

mucosal immune homeostasis.

23 MATERIALS AND METHODS

Cell lines and reagents. The murine EEC line STC-1 (Mark Babayatsky, The Mount Sinai
Medical School, NY) was maintained in DMEM with 4.5 g/l glucose and L-glutamine

supplemented with 10% FBS (Gemini), 1% penicillin/streptomycin (Cellgro) and kept in a
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humidified incubator at 37°C, 5% CO,. Human embryonic kidney HEK293T, human intestinal
epithelial Caco-2, and the human enteroendocrine Colo320DM and BON cell lines grown in
subconfluent monolayers in DMEM with 4.5 g/l glucose and L-glutamine supplemented with
10% FBS were utilized to assess TLR expression as indicated in the Results. rTGF-B1 was
purchased from R&D Systems. The synthetic bacterial lipoprotein (sSBLP) Pam;Cys-SKKKK
was purchased from EMC Microcollections (Tuebingen, Germany). Lipopolysaccharide (LPS)
from Salmonella enteritidis was purchased from Sigma and was repurified to eliminate TLR2

contaminating ligands by modified phenol extraction as previously described (147).

Expression plasmids. A multimerized NF-kB DNA binding element luciferase reporter was
obtained from Dr. Adrian Ting (The Mount Sinai School of Medicine, NY). A heat shock
protein (HSP) promoter-B-galactosidase reporter plasmid was used to normalize for transfection

efficiency as previously reported (148).

Murine macrophages. Bone marrow (BM) from femurs of C57BL/6 mice were flushed with
washing medium (RPMI1640 with 1% Pen/Strep), passed through a 70 uM nylon cell strainer
into a 50 ml conical tube, and spun down at 1500 rpm for 5 minutes. RBCs were lysed using
sterile-filtered 0.8% ammonium chloride, washed twice with washing medium, and resuspended
in complete medium (washing medium with 10% FBS). BM cells were seeded in complete
medium in a 150 mm dish and differentiated using recombinant murine GM-CSF (20 ng/ml)
(R&D Systems). At day three, another 25 ml fresh culture medium containing GM-CSF was
added to the culture plates. At day seven, the cells, representing the BM-derived macrophage

population, were harvested. For peritoneal macrophages, 3 ml of 3% thioglycollate was injected
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intraperitoneally into C57BL/6 mice. Five days later mice were euthanized and adherent cells

isolated from peritoneal exudate fluid were utilized in experiments.

Transient gene expression assays and cell activation. STC-1 cells were plated in 6-well
plates. Once 50-80% confluent, cells were transiently transfected using the Superfect (Qiagen)
reagent following the manufacturer’s protocol. Cells were transfected with the reporter genes
NF-«B-luciferase (0.6 ng) and HSP-B-galactosidase (0.5 pg) in 1.1 ml. Following transfection,
cells were activated with bacterial ligands. Eight hours after activation, cells were lysed in
reporter lysis buffer and luciferase activity was measured with a luciferase assay system
(Promega) using a Turner Designs Luminometer TD20/20. Transfection efficiency was assessed
by pB-galactosidase activity in the same cell lysates. The ratio of the two parameters

(luciferase/B-galactosidase) was used for data presentation as previously reported (148).

MAP kinase (MAPK) activation. Cells were stimulated for times indicated in Figure 2.6.
Cells were harvested and lysed as described previously (149). Whole cell lysates were
immunoblotted for phosphorylated ERK1/2 MAPK and total ERK2 MAPK using specific

polyclonal antibodies (Santa Cruz).

Immunohistochemistry. Paraffin-embedded tissue sections of histologically normal human
colon and ileum derived from surgical resections of patients with colon cancer were
deparaffinized and microwaved in antigen unmasking solution (Vector Laboratories) for 15
minutes. If cryosections were used, slides were fixed in 10% formalin. Intestinal sections were

procured from the Department of Pathology, The Mount Sinai Medical Center, deidentified of
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any patient data, as part of an IRB approved tissue bank. C57BL/6 murine colonic sections were
fixed in 2% paraformaldehyde and incubated overnight in 30% sucrose prior to cryosectioning.

For diamino-benzidine (DAB) staining, slides were placed in 0.3% H,O,-methanol for 10
minutes to block endogenous peroxidase activity. Slides were preincubated with PBS containing
5% serum of the same allotype as the secondary antibody. Isotype-matched purified
immunoglobulin or primary antibody was applied. Slides were washed in PBS and incubated
with a secondary antibody against the Fc-fragment of the primary antibody. Depending on the
immunohistochemistry technique, secondary antibodies were labeled with a fluorescent marker
(Alexa-488, Cy3, fluorescein isothiocyanate or FITC, and Texas Red), biotin, or alkaline
phosphatase. ~ After incubation with biotin-labeled antibodies, horseradish peroxidase-
streptavidin was applied to the slides followed by DAB solution (ImmunoCruz Staining System,
Santa Cruz Biotechnologies). If alkaline phosphatase labeled antibody was used, slides were
incubated with levamisole solution (Vector Laboratories) to block human alkaline phosphatase,
and the slides were stained using the Red Alkaline Phosphatase Substrate Kit I (Vector
Laboratories).

Antibody binding to antigen was neutralized by pre-absorption with specific blocking
peptides. Anti-TLR1 and anti-TLR2 antibodies were pre-incubated with a five-fold excess of
corresponding blocking peptides (Santa Cruz Biotechnologies) overnight at 4° C. Following, the
antibody-peptide solution was applied to the slides.

Nuclei were counterstained with Harris Modified Hematoxylin (Fisher) or with Hoescht
stain. Slides were dehydrated and mounted using Vectashield mounting medium with DAPI
(Vector Laboratories), Gelvatol for fluorescent dyes, or Immu-mount (Shandon, Pittsburgh, PA)

for DAB and Red dyes.
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Slides were visualized with a microscope configured for fluorescence imaging (Olympus
BX60 or Olympus Provis), fitted with a cooled CCD color camera and frame grabber (Optronix
or Magnifier) or confocal laser scanning microscope (Leica TCP-SP), and analyzed using
Metamorph (Molecular Devices, Corp., Sunnyvale, CA).

Antibodies and their working concentrations. Anti-human TLR1, TLRI-biotinylated, TLR2,

TLR4, and TLR6 antibodies (goat polyclonal, Santa Cruz Biotechnologies) were used at
concentrations between 2-5 pg/ml, anti-human TLR4 and anti-TLR4/MD2 antibody (rabbit
polyclonal, eBioscience) were used at a concentration of 5 pg/ml.  All anti-human TLR
antibodies used (except TLR1) were cross-reactive against mouse TLRs. Anti-serotonin
antibody (NCL-SEROTp, rabbit polyclonal, Novocastra, UK or rabbit polyclonal, Calbiochem)
was diluted 1:200 or 1:500, respectively. Anti-multi-cytokeratin 4/5/6/8/10/13/18 antibody
(NCL-C11, mouse monoclonal, Novocastra) antibody was diluted 1:10. Biotinylated secondary

antibodies were obtained from Santa Cruz Biotechnologies.

RT-PCR, nitrite determination, and ELISA. Cells were harvested by TRIzol (Invitrogen) and
total RNA was isolated as the manufacturer’s protocol. For TLR mRNA detection, RNA
samples were treated by DNasel (Ambion). For reverse transcription, a SuperScript
Preamplification System (Invitrogen) was used. PCR amplification was performed with Taq
polymerase (Promega). Primer design and specific conditions are described in Table 1. All
sequences were designed based on cDNA sequences obtained from GenBank database. For
ELISA, STC-1 supernatants were removed and assayed for the presence of TNF (BD
Pharmingen), MIP-2, and TGF-p (R & D Systems) following the manufacturer’s protocol. The

stable nitric oxide (NO) metabolite, nitrite, was measured using the Griess reagent as previously
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described (150). Values were measured using a plate reader and SOFTMax Pro v4.0 software

(Molecular Devices).

Table 2-1. Primers used for RT-PCR on murine genes.

Annealing  Cycle Product

Gene Forward Primer Reverse Primer
T(°C) Number  Size (bp)

TLR1 ccgaatctcttcggcacgtt taacttgggacgggcacagc 58 38 501
TLR2 atggtgacctccgagegtgt gagcctcggaatgecagett 60 36 571
TLR4 ggcatggcatggcttacacc  attctcccaagatcaaccgatgg 58 38 500
TLR6 tgctcccagttgctcacttge gggcacaccatgtggatgaa 60 36 559
MD2 ttctgcaactcctccgatgecaa tccctcgaaagagaatggtattgatg 58 36 300

TNF  ccaggcggtgectatgtete agcaaatcggctgacggtgt 60 32 407
MIP-2  gtgctgeactggtectgctg ggcttcagggtcaaggcaaa 58 36 221
TGF-B  cteccactceegtggettct gctetgeacgggacagceaat 58 38 427
B-actin cctaaggccaaccgtgaaaag tcttcatggtgctaggageca 56 21 646

CCK Enzyme Immunoassay (EIA). STC-1 cells were pretreated for 30 minutes in the
presence or absence of 20 puM BAPTA-AM (Calbiochem) and then stimulated for 10, 30, 60, or
180 minutes with media, LPS, sBLP, or with bombesin (AnaSpec, San Jose, CA). Supernatants
were centrifuged to remove cellular debris and analyzed for CCK by EIA following the

manufacturer’s protocol (Phoenix Pharmaceutical, Belmont, CA).

Calcium Imaging. STC-1 cells in 6-well plates were loaded in Ca®’-/Mg*'-free PBS

Invitrogen) containing 10% FBS and 5 uM fura-2AM (Molecular Probes) diluted from a 1
g g B
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mM/DMSO stock for 15-20 min at 37°C. Following loading, cells were thoroughly rinsed with
10% FBS/PBS. For fluorescence recording, we used a BX61WI Olympus Optical (Tokyo,
Japan) microscope, a CCD camera (Hamamatsu, Shizouka, Japan) and a Lambda-LS xenon arc
lamp light source (Sutter, Novato, CA). Cells were imaged at room temperature using Compix
Inc. imaging systems and SimplePCI software (Compix Inc., Cranberry, PA) at excitation
wavelengths of 340/380 nm at a rate of 1 frame/3 sec before and during application of 10 pg/ml

LPS.

Statistical Analysis. Statistical significance between groups was assessed by two-tailed

Student’s ¢ test. A p-value equal or less than 0.05 was considered to be statistically significant.

2.4  RESULTS

A human crypt intestinal epithelial cell co-expresses TLR1, TLR2 and TLR4. Functional
TLR2, TLR3, TLR4, and TLRS gene products are expressed in IEC lines, but the distribution of
TLRs in primary human IECs is more controversial. Therefore, the expression of TLR1 through
TLRS was determined in human intestinal epithelium by immunohistochemistry using intestinal
specimens derived from surgical resections. Specific polyclonal antibodies to human TLRI,
TLR2, TLR3, TLR4, and TLRS5 were utilized in these studies. A crypt cell demonstrating strong
immunoreactivity for the combination of TLR1 (Figure 2.1A), TLR2 (Figure 2.1B) and TLR4
(Figure 2.1C) was identified in uninflamed ileum (n =5 of 5 specimens, Figure 2.1B) and colon

(n =9 of 9 specimens, Figure 2.1A, C). TLR expressing cells are almost exclusively located in
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TLR2 + peptide

Figure 2.1: TLR1, 2, and 4 are co-expressed by a human IEC that mainly resides in the crypts.

Paraffin-embedded tissue sections of histologically normal human colon (n = 9 of 9 specimens) and ileum (n = 5 of
5 specimens) were immunostained with specific antibodies as detailed in the methods (A-C). (A) Colon; anti-TLR1
(FITC). (B) lleum; anti-TLR2 (DAB). (C) Colon; anti-TLR4 (Red Alkaline Phosphatase Substrate). (D) Double
staining of colon with anti-TLR1, Texas Red (left) and anti-TLR2, FITC (right) antibodies and a superimposed
image of both (middle). A single epithelial cell located in a crypt is visualized by confocal microscopy.
Preincubation of anti-TLR2 antibody with its corresponding blocking peptide abrogates immunoreactivity (E, F).
Anti-TLR2 antibody was pre-incubated with a five-fold excess of corresponding blocking peptide. Following
neutralization, the antibody/peptide solution was applied to the slides. (E) Colon stained with goat anti-TLR2
antibody (FITC). (F) A serial section of the same specimen stained with anti-TLR2 antibody preincubated with
TLR2 blocking peptide (FITC).
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the crypts (2-5 cells per crypt). Co-localization of TLR1 with TLR2 (Figure 2.1D) and TLR1
and TLR4 (data not shown) immunoreactivity is demonstrated by fluorescent double-labeling.
No immunoreactivity is observed with an antibody to TLR3 or TLRS in IEC or in the lamina
propria (data not shown). TLRI1-, TLR2-, and TLR4-staining IECs are observed in experiments
performed on paraffin-embedded sections (Figure 2.1, 2.2) following antigen recovery and on
frozen sections (data not shown). Immunoreactivity for TLR1, TLR2 and TLR4 is specific, as
staining is not detected with species- and isotype-matched control primary antibodies (data not
shown). Importantly, TLR1 (data not shown) and TLR2 (Figure 2.1E-F) immunoreactivity is
abrogated by pre-incubating the respective antibody with specific blocking peptides. As a final
specificity control, antibodies for TLR1, TLR2, and TLR4 detect their respective human receptor
expressed in transfected HEK293T cells by immunohistochemistry, but do not cross-react with
other TLR family members (data not shown).

In the lamina propria of intestinal tissue sections, TLR immunoreactivity of cells
morphologically consistent with macrophages is present. However the intensity of staining is
much lower than the crypt epithelial cell (Figure 2.1, 2.2). No other cells in the epithelium or

lamina propria stain with anti-TLR1, 2, 3, 4 or 5 antibodies (Figure 2.1, 2.2, and data not shown).

TLR expression in intestinal epithelial cells co-localizes with the enteroendocrine marker
serotonin. To further morphologically characterize IECs that express TLRs, co-staining
experiments were performed with TLR antibodies and a monoclonal antibody to an epithelial
cell marker, multi-cytokeratin. Co-localization of TLR2 immunoreactivity with NCL-CI1

confirms that these cells are in fact IECs (Figure 2.2A-C). The IECs expressing TLRs are
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multicytokeratin serotonin

Figure 2.2: TLR-immunoreactive cells in human intestinal specimens express an EEC marker, serotonin.

(A-C) Double-staining of colon with (A) anti-multicytokeratin, FITC, an intestinal epithelial cell marker, and (B)
anti-TLR2, Texas Red antibodies. (C) A superimposed image of (A) and (B). TLR-immunoreactive cells in human
intestinal specimens produce serotonin. (D-F) Double staining of colon with (D) anti-serotonin, FITC, an
enteroendocrine cell (EEC) marker and (E) anti-TLR1, Texas Red antibodies. (F) A superimposed image of (D) and
(E). The IECs expressing TLRs have features reminiscent of the EEC lineage, including pyramidal shape with a

large basolateral surface, an apically displaced nucleus, and a granular appearance. A representative image is
shown.
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serotonin

Figure 2.3: TLR-immunoreactive cells in murine colonic specimens express an EEC marker serotonin.

(A-C) Double-staining of murine colonic sections with (A) anti-TLR2 (Alexa-488 secondary) and (B) anti-serotonin
(Cy3 secondary), an enteroendocrine cell (EEC) marker. (C) A superimposed image of (A) and (B) with nuclei
depicted in white and actin in blue. (D-F) Double-staining of murine colonic section with (D) anti-TLR6 (Alexa-
488 secondary) and (E) anti-serotonin (Cy3 secondary). (F) A superimposed image of (D) and (E) with nuclei
depicted in white and actin in blue.
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morphologically different from conventional absorptive epithelial, goblet, and Paneth cells.
They have features reminiscent of the enteroendocrine lineage, including a pyramidal shape with
a large basolateral surface, an apically displaced nucleus, and a granular appearance. To
determine whether the IECs immunoreactive for TLR1, TLR2, and TLR4 are EECs,
immunohistochemistry was performed with a polyclonal antibody to serotonin. Serotonin
expression is detected in uninflamed human ileal and colonic sections, and serotonin
immunoreactivity co-localizes with TLR1 staining (Figure 2.2D-F) and TLR2 (data not shown).
Identical immunostaining patterns were observed in murine colonic sections using anti-TLR
antibodies cross-reactive to murine TLR2 (Figure 2.3A-C), TLR6 (Figure 2.3D-F), and TLR4
(data not shown) that co-localize with serotonin immunoreactivity. Thus, an IEC that expresses
a combination of TLRs represents a highly differentiated population and belongs to the
enteroendocrine lineage. The characterization and distribution of these TLR-expressing
epithelial cells suggests that they represent a novel population of IECs with a potential role in

innate immune responses in the intestinal mucosa.

Enteroendocrine cell lines express TLRs. To begin to determine functional consequences of
TLR expression by EECs, the presence of TLRs in intestinal derived EEC lines was determined.
The murine EEC line STC-1 (151) expresses mRNA transcripts for TLR1, 2, 4, 6, and the TLR4
co-receptor MD2 (Figure 2.4A). The RAW264.7 murine macrophage cell line was used as a
positive control for TLR expression. Compared to RAW264.7, STC-1 cells express qualitatively
lower levels of TLR mRNA. Two human EEC lines, Colo320DM and BON, demonstrate

identical expression patterns (data not shown). Furthermore, STC-1 cells express TLR2 (Figure
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Figure 2.4: The murine enteroendocrine cell line STC-1 expresses TLRs.

(A) Expression of TLR and MD2 mRNA were analyzed by PCR of reverse transcribed total RNA isolated from
STC-1 cells. RNA isolated from RAW264.7 macrophage cells were used as a positive control. STC-1 cells were
stained (FITC-secondary) with (B) control IgG, (C) anti-TLR2, (D) anti-TLR4/MD2 complex, and (E) anti-TLR6
antibodies. Experiments were repeated three times and a representative result is displayed.
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2.4C), TLR4/MD2 complex (Figure 2.4D), and TLR6 (Figure 2.4E) protein. Thus, the STC-1

EEC line expresses the same repertoire of TLRs observed in primary human and murine EECs.

TLR ligands activate NF-kB and MAPK pathways in STC-1 cells. Activation of the NF-xB
family of transcription factors is a central downstream signaling event in TLR-mediated cellular
activation, and regulates gene expression in many cell types. To determine whether TLR
expression on EECs is functional, STC-1 cells were transiently transfected with a NF-xB
luciferase reporter plasmid and stimulated with the TLR4 ligand LPS or the TLR1/TLR2 ligand
sBLP. STC-1 cells demonstrate a dose-dependent transcriptional activation of the NF-xB
reporter to TLR ligands (Figure 2.5). The activation of MAPK is another important signaling
event in TLR-mediated responses. Accordingly, STC-1 cells were stimulated with LPS or sBLP
to assess MAPK activation. Phosphorylation of ERK1/2 MAPK was detected as early as 2
minutes (Figure 2.6). These experimental results support the presence of an intact intracellular
signal transduction pathway downstream of TLRs, leading to NF-kxB and MAPK activation in

EECs.

TLR ligands induce cytokine and chemokine expression in STC-1 cells. Absorptive
enterocytes participate in innate immune responses through the elaboration of cytokines such as
TNF and chemokines like IL-8 when activated by pathogenic bacteria through TLRs. Whether
EECs are programmed for similar responses is unknown. STC-1 cells were stimulated with LPS
or sSBLP. MIP-2 (the murine homologue of human IL-8) and TNF expression was evaluated by

RT-PCR (Figure 2.7). The ligands induced rapid accumulation of MIP-2 mRNA, detected after
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Figure 2.5: The TLR1/2 (sBLP) and TLR4 (LPS) ligands activate NF-kB in the murine STC-1 EEC line.

NF-«xB activation was assessed by transient transfection of a plasmid with a multimerized NF-xB DNA binding
element luciferase reporter. STC-1 cells were stimulated for eight hours with a dose titration of (A) sBLP or (B)
LPS. Results are expressed as relative light units normalized to B-galactosidase activity from a co-transfected HSP
promoter-B-galactosidase plasmid to correct for transfection efficiency. Fold induction of NF-kB luciferase is
compared to values in unstimulated cells (=1) for each group. Each result represents the mean + standard deviation
of three to five experiments. *, p<0.05; **, p<0.005 compared to unstimulated cells for each group.
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Figure 2.6: sSBLP and LPS activate the ERK MAPK pathway in STC-1 cells.

MAPK activation was assessed in cells stimulated with LPS or sBLP (10 pg/ml) for 0, 2, 5, 10, or 30 minutes.
Whole cell extracts were isolated as described in the materials and methods section. Western blots were probed for
MAPK activation via phospho-ERK1/2 and total ERK2 to determine equal loading. Experiments were repeated
three times and a representative result is displayed.
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Figure 2.7: TLR ligands induce TNF and MIP-2 mRNA expression in STC-1 cells.

STC-1 cells were stimulated with 10 pg/ml of LPS or sBLP for 0-4 hours. Cells were harvested via TRIzol. Total
RNA was isolated, digested with DNasel, and subsequently reverse-transcribed into cDNA. TNF, MIP-2, and (-
actin PCR primer sequences are described in the methods section. Experiments were repeated three times and a
representative result is displayed.
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2 hours with maximal expression after 4 hours of stimulation. Kinetics for TNF mRNA
induction show maximal levels between 2 and 4 hours and slowly returning to baseline levels at
the end of 8 hours for each TLR ligand (data not shown). Likewise, LPS and sBLP induce
concentration dependent secretion of MIP-2 (Figure 2.8A-B) and TNF (Figure 2.8C-D) protein

that remain elevated after 96 hours (data not shown).

LPS induces TGF-p in STC-1. IECs also secrete factors that inhibit immune responses and
may serve to maintain mucosal homeostasis in vivo. TGF-B is a regulatory cytokine
constitutively expressed in freshly isolated IECs, with increased mRNA expression detected
towards the base of the crypts (152). The relevant source among primary IECs remains to be
determined, although TGF-f protein is produced in both the small intestine and colon (153). In
addition to inhibiting T and B cell proliferation and macrophage activation (154), TGF-B is
involved in oral tolerance (155) and is pertinent in the pathogenesis of IBD (156). In
unstimulated STC-1 cells, basal expression of TGF-f mRNA is detected (Figure 2.9A). Upon
stimulation with LPS, maximal expression is induced at 4 hours. Supernatants were also
analyzed for TGF- protein over 72 hours. An increase in spontaneous secretion of TGF-f in
unstimulated samples is observed from 24 to 72 hours. Additionally, a dose-dependent increase
of TGF-B protein over the baseline amounts is detected in LPS-activated STC-1 cells (Figure
2.9B). Expression of pro- and anti-inflammatory molecules by an EEC line suggests that TLRs

expressed on EECs may contribute to innate immune responses and mucosal homeostasis.

LPS induces calcium flux in STC-1 cells. One of the identifying characteristics of EECs is the
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Figure 2.8: TLR ligands induce TNF and MIP-2 protein expression in STC-1 cells.

STC-1 cells were stimulated with increasing amounts of (A, C) LPS or (B, D) sBLP for 48 hours. ELISA was
performed on cell free supernatants for (A, B) TNF and (C, D) MIP-2. Experiments were performed in triplicate
and results represent the mean + standard deviation. *, p<0.05; ** p<0.01, and ***  p<0.001 compared to
unstimulated cells for each group.
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presence of preformed storage vesicles that contain numerous bioactive compounds with
hormonal and neurotransmitter properties. Calcium fluxes are associated with fusion events of
storage vesicles (157, 158) and have been previously described in EECs stimulated with fatty
acids (159, 160). To determine whether bacterial ligands cause calcium flux in STC-1 cells, cells
were loaded with Fura-2 and challenged with LPS (Figure 2.10). STC-1 cells were rested for
baseline readings. After introducing LPS, there was an increase in the 340:380 ratio indicating
an increase in intracellular calcium. Levels remained elevated out to 15 minutes. As controls,
RAW264.7 macrophages and Caco-2 cells, which express functional TLR4, did not demonstrate
calcium flux (data not shown) in the presence of LPS. We speculate that increased intracellular
calcium following TLR ligation leads to degranulation of EEC vesicles, suggesting a specialized

function for TLR signaling in this cell type.

LPS induces rapid secretion of CCK from STC-1 cells. We next addressed whether TLR
activation may induce degranulation of EEC vesicles and secretion of neurohormones. STC-1
cells were stimulated with LPS, sBLP, and bombesin (BBS), as a positive control, and
supernatants assayed for serotonin and CCK (Figure 2.11). Serotonin levels were relatively
unchanged during stimulation of up to 24 hours (data not shown). However, CCK levels
increased with LPS, with maximal release after 30 minutes (Figure 2.11A, white bars). CCK
release was dependent on calcium as preincubation with a calcium chelator, BAPTA-AM,

significantly reduced CCK release (Figure 2.11A, black bars).

STC-1 conditioned media inhibits LPS-activated macrophages. Neurohormones produced by
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Figure 2.9: LPS induces TGF-p expression in STC-1 cells.

(A) STC-1 cells were grown in 1% FBS and stimulated with 10 pg/ml of LPS for 0-6 hours. Total RNA was
isolated and reverse-transcribed. TGF-B and B-actin primer sequences were described in the methods section.
Experiments were repeated three times and a representative result is displayed. (B) STC-1 cells were stimulated
with 0.1-10 pg/ml of LPS for 24, 48, or 72 hours. ELISA was performed on the supernatants for total TGF-f
according to the manufacturer’s protocols. Experiments were performed in triplicate and results represent the mean
+ standard deviation. *, p<0.05 compared to unstimulated cells for each time group.
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Figure 2.10: LPS induces a rapid calcium flux in STC-1 cells.

STC-1 cells were loaded with Fura-2 and incubated in DMEM with 10% FBS. Cells were initially stabilized
(“baseline”). Cells were then subsequently treated with 10 pg/ml LPS (“addition of LPS”) causing an increase in the
internal calcium concentration. Experiments were performed in triplicate, and a representative result is shown.

EECs and other cells, such as somatostatin, vasointestinal peptide (VIP), and CCK have been
demonstrated to inhibit immune responses (78, 79, 161-163). Resident lamina propria
macrophages are notably deficient in the expression of innate immune receptors and therefore do
not produce proinflammatory cytokines when stimulated by bacterial ligands (164). Therefore,
we explored the possibility that EEC may be involved in the downregulation of innate immune
responses in macrophages. Conditioned media obtained from 4 day STC-1 cultures was
transferred on to RAW264.7 cells which were then stimulated with LPS for 24 hours. EEC
supernatants inhibit NO production in LPS-stimulated RAW264.7 cells (Figure 2.12A). This
inhibitory activity is concentration dependent, as incremental inhibition of NO is demonstrated
with 20% to 100% conditioned media (data not shown). In contrast, 4 day conditioned media

from the IEC line Caco-2 and HEK293T cells did not inhibit NO production in LPS activated
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Figure 2.11: LPS induces secretion of CCK in STC-1 cells.

Cells were pretreated in the presence (black bars) or absence (white bars) of the calcium chelator BAPTA-AM (20
uM) 30 minutes prior to being stimulated for 10, 30, 60, and 180 minutes with (A) 10 pg/ml LPS, (B) 10 pg/ml
sBLP, or (C) 10 nM Bombesin (BBS). EIA was performed on cell free supernatants for CCK. Experiments were
performed in duplicate. Due to the variation of the baseline production of CCK, results were normalized to controls
(unstimulated) and presented as percentage of control values. The average baseline production was 1.84+0.6 ng/ml
CCK. *, p<0.05.
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RAW264.7 cells. Cell viability was assayed by trypan blue exclusion, which was >90% in each
condition. Furthermore, STC-1 conditioned media inhibits NO production and IL-12 p40 protein
expression in LPS-activated murine peritoneal (Figure 2.12B-C) and BM-derived macrophages

(Figure 2.12D-E).

2.5  DISCUSSION

In this study, we show that a subset of human and murine IECs co-expresses TLRs and belongs
to the enteroendocrine lineage. Using an EEC model, a broad range of functional effects of TLR
activation is demonstrated, including NF-xB and MAPK activation, calcium fluxes and CCK
secretion, and pro- and anti-inflammatory gene expression. Taken together, this study proposes a
novel role for EECs as participants in mucosal innate immune responses and raises the
hypothesis that EEC-bacterial interactions help maintain intestinal immune homeostasis.

Reports of TLR expression on normal healthy IECs have been controversial (104-109,
144-146). Previous immunohistochemical analyses of TLR expression in human intestinal
mucosa revealed different results from our study. These discrepant results may have several
explanations. First, different antibodies were used in these studies. Therefore, we performed
numerous controls to demonstrate the specificity of our immunohistochemical analysis (Figures
2.1, 2.2, and Results). Secondly, our staining for TLR2 and TLR4 may have been more
sensitive, enabling detection of TLR2 and TLR4 expressing IECs that were not noted in the
previous studies. Another report first described the immunohistochemical expression of TLR4

on a murine IEC line and on isolated murine intestinal crypt epithelium (165). In this well
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Figure 2.12: STC-1 conditioned media inhibits LPS-stimulated IL-12 p40 and NO production in
macrophages.

Four day conditioned media from STC-1 cells was added to (A) RAW264.7 or (B, C) murine peritoneal
macrophages or (D, E) murine BM-derived macrophages. Four day conditioned media (cm) from the IEC line
Caco-2 and epithelial cell line HEK293T were used as controls (A). Macrophages were subsequently stimulated
with 1 pg/ml of LPS for 24 hours (A, B, D) or 48 hours (C, E). Experiments were performed in triplicate and results
represent the mean + standard deviation. **, p<0.01, compared to media control for each group.
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controlled analysis, staining of the crypt appeared to be diffuse, suggesting that cells of the
enteroendocrine lineage as well as other IEC types in the mouse may express TLR4 (166). Our
study does not exclude the possibility that TLRs are expressed on other IEC type in lower
quantities. However, there may also be species specific differences in TLR expression.
Furthermore, this analysis was limited to the first five members of the TLR family. It is certainly
possible that EECs and other IECs express other TLR family members.

In the current study, a specific crypt epithelial cell morphologically different from
conventional absorptive epithelium co-expresses TLRs and is identified as a serotonin-positive
EEC (Figure 2.2 and 2.3). EECs represent less than 1% of terminally differentiated cells in the
intestinal mucosa. The intestinal epithelium harbors at least 15 types of EECs that have been
characterized based on morphological criteria, the nature of their principal secretory product,
specific marker molecules, and their ability to express certain transgenes (167-169). Serotonin
expressing cells represent the largest population, can be detected throughout the whole intestine,
and can be located in the crypt as well as along the villus (167, 170, 171). Therefore, TLR-
expressing IECs likely represent a distinct subpopulation of EECs.

Immune function associated with EECs is largely unknown. However, bacterial
interactions with EECs have been described: Cholera toxin - a secretory enterotoxin produced by
Vibrio cholerae - evokes intestinal fluid secretion via binding to its receptor GM1 ganglioside on
EECs, followed by serotonin release and activation of the enteric nervous system (81, 172).
Furthermore, the EEC product CCK has been described to be elevated in an acute upper
gastrointestinal infection with Giardia and prevents bacterial translocation (173, 174). There
have been few reports directly implicating the EEC in immune responses. One study described a

close proximity between EECs and T lymphocytes in non-human primate gut mucosa (80),
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indirectly suggesting a functional interaction. Additionally, colitis prone T cell receptor-a
deficient mice were demonstrated to have a decrease in number of colonic EECs compared to
age and strain matched controls (175), suggesting that EECs may possess homeostatic function.

EECs are activated by nervous stimulation and discharge their secretions into the blood
flowing through the villus capillary bed. This allows for stored peptides and secreted proteins to
appear immediately at the tissue-blood interface, where it may exert an effect on leukocyte and
monocyte recruitment. If this is the case, it suggests a role for EECs as highly specialized “life-
guards” of the intestinal mucosa with the capacity for early recognition of bacterial invasion with
consequent recruitment of protective mechanisms mediated by the enteric immune and nervous
systems. Here, we report that TLR activation in an EEC line is associated with a rapid calcium
flux. It has been shown that exocytosis of secretory granules requires membrane fusion, a
calcium dependent process (157, 158). We further show that CCK, an EEC product, was
released in response to TLR signaling, perhaps through activation of the MAPK signaling
pathway (176). Although mobilization of intracellular calcium is not a well described
downstream event of TLR activation, degranulation of secretory products in response to TLR
signaling has been previously described in mast cells (177). We speculate that this may be a
specific adaptation of EECs with consequent release of enteric neurohormones from secretory
vesicles in response to TLR activation.

Various neuropeptides expressed and released by EECs have been shown to inhibit
immune responses. For example, somatostatin inhibits bacteria-induced IL-8 in IECs (78), CCK
inhibits LPS-mediated responses (162, 163), and VIP and pituitary adenylate cyclase-activating
polypeptide (PACAP) also inhibit macrophage activation (79, 161). To date, we have not

identified the bioactive component that inhibits macrophage activation in STC-1 conditioned

57



media. In preliminary analyses, we have tested several described EEC products to determine
whether they may mediate this inhibitory activity. Incubation of RAW264.7 cells and BM-
derived macrophages with serotonin, somatostatin, or CCK does not inhibit NO or IL-12 p40
expression (data not shown). We were interested in the observation that TGF-p is upregulated in
LPS-activated STC-1 cells given its well-described immunoregulatory functions (154, 155) and
its role in wound healing (178). TGF-f inhibits NO in bone-marrow derived macrophages and
IL-12 p40 expression in peritoneal macrophages (Figure 2.13). Therefore, TGF- may partially
but not fully mediate the inhibitory effect of STC-1 conditioned media.

A recent pivotal report further examines the importance of TLRs in the intestines. Mice
deficient in TLR2, TLR4, or the signaling molecule MyD88 demonstrated increased severity of
DSS induced colitis and decreased survival as compared to control mice (110), demonstrating
that engagement of TLRs through recognition of ligands on commensal bacteria plays a
beneficial role in intestinal homeostasis. This study is consistent with hypotheses raised by our
findings: EECs express TLRs and actively produce factors, such as TGF-B, which may
contribute to intestinal homeostasis and protection from epithelial damage. Constitutive
expression of TLRs suggests that EECs may actively recognize bacteria even under normal
physiologic circumstances and contribute to the normal immunosuppressive state in the intestine.

Another possible consequence of TLR ligation in EECs is the production of the
neutrophil attractant human IL-8 or murine MIP-2, used in our study as a read-out in an EEC line
model system. The intestinal epithelium, through production of chemotactic factors, initiates the
recruitment of immune cells to the lamina propria and sites of infection. Consequently, reduced
numbers of neutrophils are observed in the lamina propria of TLR4- and MyD88-deficient mice

treated with DSS (179).
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Figure 2.13: TGF-p inhibits LPS-stimulated IL-12 p40 and NO production in macrophages.

(A) BM-derived or (B) peritoneal macrophages were incubated with (black bars) or without (white bars) 5 ng/ml
rthTGF-B1 prior to stimulation with 1 pg/ml LPS. Supernatants were assayed for (A) NO and (B) IL-12 p40.
Experiments were performed in triplicate and results represent the mean + standard deviation. *, p<0.05; ***,

p<0.001, compared to media control for each group.
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That TLR-expressing IECs belong to the enteroendocrine lineage raises intriguing
hypotheses about how bacterial interactions regulate physiologic and pathologic inflammation.
Multiple effects of TLR activation were demonstrated in a murine EEC line, but another caveat
to this study is that there may be functional differences in TLR activation between mice and
humans. However, the striking similarity in immunostaining patterns in EEC observed between
species may suggest a conserved functional role. To fully understand the functional
consequences of TLR expression on EECs will necessitate much more investigation, combining

cell line and descriptive data with mouse models of mucosal immunity and inflammation.

60



3.0 ETHYL PYRUVATE AMELIORATES ACUTE AND CHRONIC

MURINE COLITIS

3.1 ABSTRACT

Ethyl pyruvate has been shown to inhibit secretion of high mobility group box 1 (HMGBI) and
other proinflammatory cytokines by macrophages and improve survival in models of
endotoxemia and hemorrhagic shock. We reasoned that ethyl pyruvate may be protective in
colitis, where pathogenesis also depends on activation of similar inflammatory pathways. In this
study, we investigated the immunomodulatory effects of systemically and locally delivered ethyl
pyruvate in murine models of colitis. In IL-10-deficient (/L-1 0”") mice with chronic colitis, ethyl
pyruvate administered intraperitoneally resulted in weight gain, amelioration of histologic colitis,
and reduced spontaneous intestinal inflammatory cytokine production compared to vehicle-
treated controls. Fecal HMGBI1 levels were decreased in ethyl pyruvate-treated mice.
Furthermore, ethyl pyruvate induced the anti-inflammatory enzyme heme oxygenase-1 (HO-1) in
intestinal tissue. In TNBS-induced acute colitis, mice administered ethyl pyruvate intrarectally
demonstrated weight gain, amelioration of histologic colitis, and a reduction in spontaneous
intestinal inflammatory cytokine production. Mechanistically, anti-inflammatory effects of ethyl
pyruvate on innate immune responses were studied in murine macrophages. In macrophages,

ethyl pyruvate decreased expression of IL-12 p40 and nitric oxide (NO) production, but did not

61



affect IL-10 and TNF levels. Ethyl pyruvate incubation did not inhibit nuclear translocation of
NF-«B family members, but resulted in attenuated NF-kB binding. Additionally, ethyl pyruvate
induced HO-1 mRNA and protein expression, and HO-1 promoter activation in macrophages. In
conclusion, ethyl pyruvate demonstrates pleiotropic anti-inflammatory effects and ameliorates
murine colitis following systemic and local delivery. Therefore, ethyl pyruvate may have

therapeutic potential in the treatment of inflammatory bowel disease.

3.2 INTRODUCTION

Pyruvate, the end product of glycolysis and a key intermediary of aerobic and anaerobic
metabolism, has been demonstrated to function in cells as an endogenous antioxidant and free
radical scavenger (180). It is protective in numerous in vitro and in vivo models of oxidant-
mediated cellular or organ system injury. Pyruvate, which normally is present in cells at
millimolar concentrations, can reduce hydrogen peroxide nonenzymatically, and specifically
reduce levels of hydroxyl radicals. However, because of the poor stability of pyruvate in
solution (181), ethyl pyruvate, a simple aliphatic ester derivative (180), was formulated in a
calcium- and potassium-containing balanced salt solution as a stable antioxidant for therapeutic
interventions.

Ethyl pyruvate administration has been shown to be therapeutic in ameliorating intestinal,
renal, or hepatic injury in animal models of mesenteric ischemia and reperfusion, hemorrhagic
shock, endotoxemia, and polymicrobial bacterial sepsis (182-185). In many of these models of
acute inflammation and in cell culture systems, ethyl pyruvate demonstrated pleiotropic anti-

inflammatory effects, including downregulation of key proinflammatory genes such as inducible
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nitric oxide synthase (iNOS)’>, TNF, cyclooxygenase-2, and IL-6; and protection against
inflammation-induced intestinal epithelial barrier dysfunction (183, 185-187). Importantly,
many of the anti-inflammatory effects of ethyl pyruvate in models of acute inflammation may be
related to inhibition of a soluble signal of cell stress and damage, high mobility group box 1
protein (HMGB1) (184).

Collectively, these results support the concept that ethyl pyruvate may have a role as a
therapeutic agent in acute and chronic inflammatory disease. In particular, an agent that inhibits
proinflammatory cytokines and augments intestinal epithelial barrier function may be an
attractive therapeutic candidate in the human inflammatory bowel diseases (IBDs), Crohn’s
disease (CD) and ulcerative colitis (UC). Although the etiologies of the IBDs are unclear,
chronic gut inflammation may result from inappropriate and excessive inflammatory responses
(1, 2, 10, 188, 189), including an overabundance of proinflammatory cytokines such as IL-1j,
IL-6, IL-12, TNF, and IFN-y (22, 51, 134, 135, 138, 139), and the overproduction of reactive
oxygen species (ROS) (190-193). Furthermore, abnormal innate immune responses to enteric
microbes are involved in the pathogenesis of IBD. For example, IL-10-deficient (IL-107") mice
develop spontaneous chronic colitis and T-helper-1 (Thl) polarized immunity that is dependent
on the presence of the gut flora (56, 72-74, 194). Finally, defects in intestinal epithelial barrier
function may predispose to innate immune activation in IBD (52). Therefore, therapeutic
strategies that dampen excessive innate immune activation and cytokine production, and restore

intestinal barrier integrity may ameliorate IBD.

3 Abbreviations used in this chapter: ARE, antioxidant response element; BM, bone marrow; CD, Crohn’s disease;
DAMP, damage associated molecular pattern; EMSA, electrophoretic mobility shift assay; HMGBI, high mobility
group box 1; HO, heme oxygenase; IBD, inflammatory bowel disease; IEC, intestinal epithelial cell; /L-1 0", IL-10-
deficient; iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide; NO, nitric oxide; PPAR-y, peroxisome
proliferator-activated receptor y; RAGE, receptor for advanced glycation end products; ROS, reactive oxygen
species; Thl, T-helper-1; TNBS, 2,4,6-trinitrobenzene sulfonic acid; UC, ulcerative colitis.
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Accordingly, we reasoned that ethyl pyruvate may be protective in IBD, because the
pathogenesis of sepsis, shock, and ischemia reperfusion, like IBD, depends on activation of
inflammatory mediators (both cytokines and ROS) and subsequent release of endogenous danger
signals, such as HMGBI1. Here we show that local and systemic ethyl pyruvate administration in
acute and chronic murine colitis models ameliorated disease. Ethyl pyruvate inhibited IL-12 p40
and nitric oxide (NO) levels in lipopolysaccharide (LPS)-stimulated macrophages. Furthermore,
the anti-inflammatory effects of ethyl pyruvate are pleiotropic, and we also demonstrate that
ethyl pyruvate decreased NF-kB DNA binding, inhibited HMGBI1 secretion, and induced the

anti-inflammatory protein heme oxygenase-1 (HO-1).

33 MATERIALS AND METHODS

Mice. Male C57BL/6 (10-12 weeks old) and female BALB/c (12-13 weeks old) mice were
obtained from The Jackson Laboratory. An IL-I 0" colony (breeder pairs from The Jackson
Laboratory) was maintained in accordance with guidelines from the American Association for
Laboratory Animal Care and Research Protocols and was approved by the Institutional Animal

Care and Use Committee at the University of Pittsburgh School of Medicine.

Ethyl pyruvate treatment in IL-10"" mice. 10-week old male and female /L-70"" mice were
grouped randomly and treated with either lactated Ringer’s solution alone (vehicle) or 40 mg/kg
ethyl pyruvate (Acros Organics) in sterile lactated Ringer’s solution. Treatment was
administered in a total volume of 500 pl intraperitoneally every other day for two weeks. Weight

changes were monitored every other day and compared to pretreatment values. At the end of the
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study period, animals were euthanized using excess CO, inhalation and intestinal tissue was

harvested (as described below).

Ethyl pyruvate treatment in TNBS-induced colitis. To induce colitis, 2.5 mg 2.4,6-
trinitrobenzene sulfonic acid, (TNBS, Sigma) in 50% ethanol (to break the intestinal epithelial
barrier) was administered for studies of acute TNBS colitis. Fasted BALB/c mice were lightly
anesthetized with isoflurane and then administered the haptenating agent TNBS intrarectally via
a PE20 polyethylene tubing catheter (BD) equipped with a 1 ml syringe. The lubricated catheter
tip was carefully inserted into the colon and advanced such that the tip was located 4 cm
proximal to the anus, at which time the TNBS was administered in a total volume of 100 pl. To
ensure distribution of the haptenating agent within the entire colon, mice were held in a vertical
position for 30 seconds after the intrarectal injection. Mice were then grouped randomly and
treated with either lactated Ringer’s solution alone (vehicle) or 40 mg/kg ethyl pyruvate
dissolved in sterile lactated Ringer’s solution. Vehicle or ethyl pyruvate was delivered at 4
hours, 2 days, and 4 days after the administration of TNBS. Weight changes were monitored
daily and compared to pretreatment values. At the end of five days, animals were euthanized

using excess CO, inhalation and intestinal tissue was harvested (as described below).

Intestinal tissue explant cultures. Colons were isolated from individual mice, cut open
longitudinally, and feces were collected for ELISA (described below). Intestinal tissue was
washed with PBS to remove residual fecal content. Intestinal sections were cut in half
longitudinally, and one half was shaken at 250 rpm at room temperature for 30 min in

RPMI1640 supplemented with 1% antibiotic/antimycotic. Tissue fragments (0.05 g dry weight)
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were cut into small pieces and incubated in 1 ml RPMI1640 supplemented with 1%
antibiotic/antimycotic and 10% FBS. Supernatants were collected after 24 hours, assayed for

spontaneous cytokine production via ELISA, and normalized to dry gut weight.

Grading of histologic changes. Removed colonic tissue was fixed in 10% buffered formalin
and embedded in paraffin. 5 pm thick sections were stained with hematoxylin and eosin. Colitis
scores were determined for each high-powered field (100x magnification) viewed by a
pathologist (Dr. Antonia R. Sepulveda, University of Pittsburgh) blinded to the treatment groups.
For IL-10"" mice, colitis scores were graded from 0 to 4 using a modified scoring criteria
reported by Berg et al. (33). For the TNBS colitis model, the degree of inflammation was graded
from 0 to 3 (0, no signs of inflammation; 1, mucosal neutrophils or increased mucosal
lymphocytes present; 2, mucosal and submucosal or transmural neutrophils or increased
lymphocytes present; 3, mucosal regenerative features with crypt distortion and increased crypt
proliferation or ulcers or erosions). Scores were presented as the average sum of ten fields using

a composite scoring system.

Fecal samples for HMGB1 and RAGE ELISA. Fecal samples were removed from
longitudinally cut large intestines of sacrificed mice. Samples were extracted in PBS by
vigorous shaking followed by rotation at 4°C for 48 hours, cleared at high speed, and analyzed
for HMGB1 and RAGE concentration by specific sandwich ELISAs. For the HMGB1 ELISA,
the capture antibody was a mouse anti-HMGB1 monoclonal (R&D Systems) and the detection
antibody was a polyclonal affinity purified anti-HMGB1 generated in rabbits (from Dr. Michael

T. Lotze, University of Pittsburgh, epitope used for immunization: aa 166-181
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KPDAAKKGVVKAEKSC) and a F(ab'), donkey anti-rabbit HRP (Jackson Immunoresearch).
A standard curve was generated using a recombinant full-length HMGBI1. For the RAGE
ELISA (each component from R&D Systems), the capture antibody was a rat anti-mouse RAGE
monoclonal and the detection antibody was a biotinylated goat anti-mouse RAGE polyclonal
along with a streptavidin-HRP reagent. A standard curve was generated using a recombinant
murine RAGE/Fc chimera. Following the addition of a chromogenic substrate, reactions were
stopped with sulfuric acid and absorbance was read at A=450nm. Values were normalized to
total protein concentration determined by the Bradford assay (Coomassie Protein Assay Kit,

Pierce).

Immunohistochemistry. Colonic tissue sections were fixed in 2% paraformaldehyde in PBS
and then incubated in 30% sucrose in PBS at 4°C overnight. Samples were snap-frozen in
isopentane and cut into 6 um-thick frozen sections and placed on microscope slides. Sections
were washed in 0.5% bovine serum albumin (BSA) in PBS (wash buffer) three times to remove
sucrose and then blocked with 2% BSA in PBS for 45 minutes. Sections were stained with
rabbit anti-HMGB1 (BD Pharmingen), rabbit anti-RAGE (gift from Dr. Tim Oury, University of
Pittsburgh) (195), or rabbit anti-HO-1 (StressGen) polyclonal antibodies at a 1:500 dilution in
wash buffer for 1 hour at room temperature. Samples were washed three times with wash buffer,
and then incubated for 1 hour at room temperature with secondary antibody (1:500 dilution of
goat anti-rabbit Alexa 488; Molecular Probes), rhodamine phalloidin (1:500 dilution; Molecular
Probes) to visualize F-actin, and Draq5 (Biostatus Limited, Leicestershire, United Kingdom) to
visualize nuclei. Rabbit nonimmune serum or secondary antibody alone was used as controls

and nonspecific immunostaining was not observed (data not shown). Slides were washed three
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times with wash buffer, three times with PBS, and then coverslipped with Gelvatol (23 g
polyvinyl alcohol 2000, 50 ml glycerol, 0.1% sodium azide, 100 ml PBS). Slides were viewed

on an Olympus Flouview 1000 confocal microscope (Olympus America, Melville, NY).

Murine macrophages. Bone marrow (BM) from femurs of C57BL/6 mice were flushed with
washing medium (RPMI1640 with 1% Pen/Strep), passed through a 70 uM nylon cell strainer
into a 50 ml conical tube, and spun down at 1500 rpm for 5 minutes. RBCs were lysed using
sterile-filtered 0.8% ammonium chloride, washed twice with washing medium, and resuspended
in complete medium (washing medium with 10% FBS). BM cells were seeded in complete
medium in a 150 mm dish and differentiated using recombinant murine GM-CSF (20 ng/ml)
(R&D Systems). At day three, another 25 ml fresh culture medium containing GM-CSF was
added to the culture plates. At day seven, the cells, representing the BM-derived macrophage
population, were harvested. Cells were seeded at 4x10° cells/well for RNA, 2x10° cells/well for
ELISA, or 25x10° cells/plate for nuclear extracts, pretreated with ethyl pyruvate dissolved in
media, and subsequently stimulated with 100 ng/ml extracted LPS (147) for the times indicated

in the figure legends.

RNA isolation and real time RT-PCR. Total RNA was isolated using the TRIzol reagent
(Invitrogen). cDNA was derived from 1.5 pg total RNA by RT using Superscript II (Invitrogen).
Real-time RT-PCR was performed using specific primers for IL-12 p40, HO-1, and GAPDH, as
described previously (196). Quantitation of mRNA was expressed as relative fold increase in

transcript level with respect to unstimulated cells.
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Cytokine ELISAs and NO Assay. Murine IL-12 p40, TNF, and IL-10 immunoassay kits were
used according to the manufacturer’s instructions (BD Pharmingen). The stable NO metabolite,
nitrite, was measured using the Griess reagent as previously described (150). Values were

measured using a plate reader and SOFTMax Pro v4.8 software (Molecular Devices).

Nuclear extracts and DNA binding assay (EMSA). Nuclear extracts were isolated from
stimulated BM macrophages using the NE/PER Reagents by following the manufacturer’s
protocol (Pierce). Protein concentration was determined using the Bradford assay. The
electrophoretic mobility shift assay (EMSA) was performed on nuclear extracts using a NF-kB
DNA binding element probe, as previously described (197). Briefly, 200 ng of double-stranded
oligonucleotidle =~ NF-xB DNA  probes (murine Igk NF-xB consensus 5" -
CAGAGGGGACTTTCCGAGA - 3’ or the NF-kB element of the murine IL-12 p40 promoter -
141 to -107) were labeled with [a->*P]dGTP and [0->*P]dCTP by Klenow enzyme and purified
with Quick Spin columns (Sephadex G-50, Roche). Probes were incubated with 5 pg of nuclear
extracts on ice for 30 min prior to electrophoresis. For supershift assays, 5 pg nuclear extract
was incubated with 2 pg of anti-p65, anti-c-Rel, or anti-p5S0 polyclonal antibodies (Santa Cruz
Biotechnology, Inc.) for 45 min at RT prior to addition of the **P labeled probe. Gels were

electrophoresed for 150 min at 150 V.

Western blotting. Western blot analyses were performed on nuclear extracts as described

previously (149). Anti-p65, anti-c-Rel, anti-p50, and anti-Nrf2 were obtained from Santa Cruz

Biotechnology, Inc., anti-HO-1 was from StressGen, and anti-actin was from Sigma.
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Luciferase assay. HEK293 cells stably transfected with a multimerized NF-kB DNA binding
element-luciferase reporter were seeded at 2x10° cells/well. Cells were pretreated for one hour
with ethyl pyruvate dissolved in media and activated for two hours with 10 ng/ml recombinant
human TNF (R&D Systems). RAW264.7 cells were seeded at 2.5x10° cells/well and transfected
with a HSP promoter-p-galactosidase reporter (148) and either pHO15luc, a luciferase reporter
construct under the control of a 15 kb mouse HO-1 promoter fragment, or pHO15lucAEl, a
luciferase reporter lacking the E1 enhancer (kindly provided by Dr. Jawed Alam, LSU Medical
Center, New Orleans, LA). Cells were pretreated for one hour with ethyl pyruvate dissolved in
media, and stimulated for 36 hours with 1000 ng/ml LPS. The cells were lysed in reporter lysis
buffer and luciferase activity was measured with a luciferase assay system (Promega) using a
Turner Designs Luminometer TD20/20. In RAW264.7 cells, transfection efficiency was
assessed by B-galactosidase activity in the same cell lysates. The ratio of the two parameters

(luciferase/B-galactosidase) was used for data presentation as previously reported (148).

Statistical Analysis. Statistical significance between groups was assessed by two-tailed

Student’s ¢ test. A p-value equal or less than 0.05 was considered to be statistically significant.

3.4 RESULTS

Systemic ethyl pyruvate treatment ameliorates colitis in 7/L-10"" mice. Ethyl pyruvate is an
experimental therapeutic that can rescue animals from various pathologic conditions mediated by

inflammatory cytokines. We first sought to determine whether systemic administration of ethyl
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Figure 3.1: Systemic ethyl pyruvate administration ameliorates colitis in /L-10"" mice.

10-week old IL-10"" mice were treated intraperitoneally for two weeks every other day with (white, n=11) or without
(gray, n=13) 40 mg/kg ethyl pyruvate (EP) in lactated Ringer’s solution. (A) Ethyl pyruvate-treated mice
demonstrated an overall increase in body weight versus the vehicle-treated group. (B-C) Representative
photographs of a colon from an ethyl pyruvate-treated mouse demonstrated increased length, decreased tissue
thickening, and formed stool pellets compared to a vehicle-treated mouse. (D-E) Colitis scores were significantly
lower in the ethyl pyruvate-treated mice. Histologic improvement in colitis is presented as (D) the average colitis
score sum of five fields and (E) percent of histologic fields that demonstrate scores of 0 (no inflammation), 1-2
(mild inflammation), or 3-4 (severe inflammation). (F) Intestinal explants from vehicle- or ethyl pyruvate-treated
mice were cultured for 24 hours for measurement of spontaneous IL-12 p40 secretion by ELISA. Values were
normalized to weight of intestinal explant.
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pyruvate could ameliorate chronic colitis in /L-/0”" mice. 10-week old IL-10" mice were
grouped randomly and treated with either lactated Ringer’s solution alone (vehicle, n=13) or 40
mg/kg ethyl pyruvate (n=11) dissolved in lactated Ringer’s solution. Treatment was
administered in a total volume of 500 pl intraperitoneally every other day for two weeks. Ethyl
pyruvate-treated mice demonstrated an overall increase in body weight compared to initial body
weight versus the vehicle treatment group (2.2% weight increase vs. 2.2% weight decrease,
p<0.01; Figure 3.1A). On gross inspection of the intestines, colons from ethyl pyruvate-treated
mice demonstrated increased lengths, decreased tissue thickening, and formed stool pellets
compared to vehicle-treated mice (Figure 3.1B-C).

Histologic severity of the colitis was determined by a pathologist blinded to treatment
intervention. Assessment of histologic scores in JL-10”" mice is compromised by incomplete
penetrance and a segmental, patchy pattern of colitis. Therefore, we depict colitis scores in two
different ways. First, results are presented as the averaged sum total of five fields over the length
of the colon (33). Ethyl pyruvate treatment demonstrated about a 50% improvement in
histological scores when compared to the vehicle control group (Figure 3.1D). Second, the
scores are presented as the percentage of fields that demonstrate no histological inflammation
(colitis score of 0), mild to moderate inflammatory changes (colitis score of 1 and 2), and severe
inflammation (colitis score of 3 and 4). This method provides a better representation of the
spectrum of disease encountered over the entire length of the colon. Compared to the vehicle
group, ethyl pyruvate-treated mice had significantly more fields demonstrating no evidence of
histologic inflammation, and consequently, fewer fields with inflammatory changes (Figure

3.1E).
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We next asked if ethyl pyruvate treatment in vivo alters mucosal inflammatory cytokine
production. Spontaneous IL-12 p40 and TNF levels were measured in supernatants from colonic
mucosal tissue. Intestinal explants from ethyl pyruvate-treated mice secreted significantly less
IL-12 p40 compared to vehicle controls (Figure 3.1F), whereas TNF was not significantly

decreased (data not shown).

Fecal HMGBI1 levels are increased in IL-10”" mice and decrease with ethyl pyruvate
treatment. In a model of sepsis, ethyl pyruvate treatment improved survival, and reduced
circulating levels of HMGB1 (184). HMGBI1 was undetectable in the sera of wild-type or IL-10
” mice by specific ELISA (data not shown). Recent data demonstrate HMGBI is secreted in an
apical direction in stimulated intestinal epithelial cells (IECs) (125). We, therefore, investigated
the effect of ethyl pyruvate on HMGBI levels within the intestinal lumen. Feces was collected
at the time of sacrifice and assayed for levels of HMGBI1 (normalized to total protein). /L-/ 0"
mice with active colitis (n=11, colitis score 5.2) demonstrated approximately a five-fold higher
level of fecal HMGB1 (51.9+6.2 ng/mg total protein) compared to wild-type controls (n=5,
colitis score 0.0, 7.24+6.0 ng/mg total protein) (Figure 3.2A). Ethyl pyruvate treatment strongly
reduced the levels of HMGBI1 (Figure 3.2B). This finding suggests that ethyl pyruvate
mechanistically may decrease fecal HMGBI levels, and that fecal HMGB1 may be a marker of

disease activity in IBD.

Ethyl pyruvate modifies intestinal RAGE and HMGBI1 expression. To corroborate the above

result and to further investigate mechanisms through which ethyl pyruvate inhibits intestinal
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Figure 3.2: Fecal HMGBI1 levels are increased in 7L-1 0" mice and decrease with ethyl pyruvate treatment.

(A) Fecal HMGBI is increased in IL-10”" mice. Colonic stool samples of IL-10”" mice (n=11, colitis score 5.2,
black bars) and wild-type strain matched controls (n=5, colitis score 0.0, white bars) were collected in PBS, filtered,
and analyzed for HMGBI concentration by specific ELISA (mean = SD). Values were normalized to total fecal
protein. (B) Ethyl pyruvate (EP) treatment decreases fecal HMGBI levels in IL-10”" mice. HMGBI levels were
analyzed from vehicle- (n=4) or ethyl pyruvate- (n=4) treated mice as described in Figure 3.1. Values were
normalized to total protein.
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inflammation, the distribution of HMGB1 and one of its receptors, the receptor for advanced
glycation end products (RAGE) was determined by immunohistochemistry in wild-type, IL-10"
mice, and IL-10"" mice treated with ethyl pyruvate. In IL-10” mice, HMGB] immunostaining
was markedly upregulated in the colonic epithelium, with nuclear and cytoplasmic staining
evident compared to wild-type mice where nuclear staining predominated (Figure 3.3A-B). In
ethyl pyruvate-treated IL-1 0”" mice, compared to vehicle-treated controls, IEC immunostaining
for HMGBI is predominantly nuclear (Figure 3.3C-D). Therefore, ethyl pyruvate may prevent
cytoplasmic redistribution and secretion of HMGBI.

We next analyzed intestinal RAGE expression by immunohistochemistry. In wild-type
mice, RAGE staining appears to be diffuse in the epithelium, with prominent staining on the
luminally-oriented microvillus border that co-localized with actin (Figure 3.4A). In [IL-1 0"
mice, there is notable downregulation of RAGE expression in the epithelium (Figure 3.4B-C).
However, there are individual epithelial cells that strongly stain for RAGE, and RAGE
immunoreactivity is detected within the lamina propria. In JL-/0”" mice treated with ethyl
pyruvate, RAGE staining appears similar to wild-type intestine (Figure 3.4D). As RAGE
expression has not been previously described in the intestine, protein expression was confirmed
in fecal samples by a specific ELISA. Similar to our immunohistochemical analysis, there
appears to be an inverse correlation with the development of IBD as RAGE is detectable in fecal
samples from wild-type mice, but is undetectable in /L-/0"" mice with active colitis (Figure 3.5).
Possibly due to low levels of detection (5-10 pg/ml RAGE) and the sensitivity of the ELISA,

fecal RAGE levels did not significantly increase in /L-107" mice treated with ethyl pyruvate.
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IL-10"- + EP

Figure 3.3: Increased HMGBI1 nuclear staining pattern in IL-10" mice treated with ethyl pyruvate.

Immunofluorescence demonstrates an increase in nuclear and cytoplasmic distribution of HMGBI in the colonic
epithelium of IL-70”" mice. In ethyl pyruvate (EP)-treated IL-/0"" mice, compared to vehicle-treated controls, IEC
immunostaining for HMGBI is predominantly nuclear. Paraformaldehyde-fixed colons of (A) wild-type C57BL/6,
(B) IL-10"" mice, (C) IL-10"" mice treated with vehicle, or (D) IL-10" mice treated with ethyl pyruvate were stained
for actin (red), HMGBI (green), and/or Dragq5-nuclear stain (blue) and viewed by confocal microscopy. Staining
controls did not show nonspecific binding. Each image is a representative result from at least five different mice.
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Figure 3.4: Ethyl pyruvate modifies intestinal RAGE expression.

Immunofluorescence demonstrates a downregulation of RAGE expression in the colonic epithelium of /Z-/0" mice
compared to wild-type controls. In ethyl pyruvate (EP)-treated IL-/0"" mice, RAGE staining appears similar to
wild-type tissue. Paraformaldehyde-fixed colons of (A) wild-type C57BL/6, (B) IL-10"" mice, (C) IL-10"" mice
treated with vehicle, or (D) JL-10”" mice treated with ethyl pyruvate were stained for actin (red) and RAGE (green)
and viewed by confocal microscopy. Colocalization between actin and RAGE is represented by a yellow color
observed at the luminally-oriented microvillus border. Staining controls did not show nonspecific binding. Each
image is a representative result from at least five different mice.
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Figure 3.5: RAGE is detectable in fecal samples from wild-type mice, but is undetectable in IL-10"" mice with
active colitis.

Fecal extracts isolated from wild-type (n=5), IL-/0"" mice treated with vehicle (n=4), or IL-10"" mice treated with
ethyl pyruvate (EP, n=4) was analyzed for RAGE via a specific ELISA as described in the materials and methods
section. Levels were normalized to total fecal protein. Each result represents the mean + standard deviation.

To summarize, in /L-10"" mice treated with ethyl pyruvate, histological improvement
correlated with decreased mucosal IL-12 p40 expression. Furthermore, abundant quantities of
HMGBI are detected in feces, and upregulated HMGBI1 expression is demonstrated in the
intestinal mucosa of IL-/0"" mice. With ethyl pyruvate treatment, downregulation of HMGBI
expression in the intestine with decreased cytoplasmic to nuclear ratios is demonstrated.

Upregulation of apical epithelial RAGE expression correlates with histological improvement.
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Ethyl pyruvate induces HO-1 expression in the intestinal epithelium. Heme oxygenase (HO)
catalyzes the first and rate-limiting step in the degradation of heme to yield equimolar quantities
of biliverdin, carbon monoxide, and iron (198). Three isoforms of HO exist; HO-1 is highly
inducible while HO-2 and HO-3 are constitutively expressed (199). HO-1, besides its role in
heme degradation, also plays a vital function in maintaining cellular homeostasis and has
emerged as a key anti-inflammatory pathway (200-202). We have recently demonstrated that
specific induction of HO-1 ameliorates colitis in /L-/ 0”" mice (196). Therefore HO-1 expression
was assessed in colonic sections of /L-/0”" mice. An increase in HO-1 expression throughout the
epithelial crypt-villus axis was observed in ethyl pyruvate-treated mice compared to vehicle-

treated controls (Figure 3.6A-B).

Local delivery of ethyl pyruvate ameliorates TNBS-induced colitis. In /L-/ 0" mice,
systemically administered ethyl pyruvate by the intraperitoneal route improved chronic mucosal
inflammation. To determine whether ethyl pyruvate may function mechanistically through direct
mucosal effects, we next asked if local delivery of ethyl pyruvate influences the course of acute
colitis following intrarectal administration of the hapten 2,4,6-trinitrobenzene sulfonic acid
(TNBS) to BALB/c mice. Mice were grouped randomly and treated with either lactated Ringer’s
solution alone (vehicle, n=9) or 40 mg/kg ethyl pyruvate (n=13) in sterile lactated Ringer’s
solution by intrarectal administration. Vehicle or ethyl pyruvate was delivered at 4 hours, 2
days, and 4 days after the administration of TNBS. Weight changes were monitored daily and
compared to pretreatment values. Mice treated intrarectally with ethyl pyruvate demonstrated an

increase in body weight compared to vehicle-treated mice (8.5% weight increase vs. 6.1% weight
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Figure 3.6: Ethyl pyruvate induces intestinal HO-1 in IL-10"" mice.

Immunofluorescence with a specific HO-1 antibody demonstrates an increase in intestinal HO-1 staining in the
colonic epithelium of ethyl pyruvate (EP)-treated IL-/0”" mice. Paraformaldehyde-fixed colons of (A) vehicle- or
(B) 40 mg/kg ethyl pyruvate-treated IL-/0”" mice were stained for actin (red) and HO-1 (green) and viewed by
confocal microscopy. Staining controls did not demonstrate nonspecific binding. Each image is a representative
result from at least five different mice.
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loss, p<0.05; Figure 3.7A). Gross inspection of the intestines showed increased colonic length,
less tissue thickening, and increased stool pellets in ethyl pyruvate-treated mice (Figure 3.7B-C).
Severity of colitis was graded using a modified scoring system by a pathologist blinded to
treatment intervention and presented as the average sum of ten fields. Ethyl pyruvate treatment
compared to vehicle demonstrated a significant improvement in histological scores (Figure
3.7D). Lastly, spontaneous inflammatory cytokine production in supernatants from colonic
mucosal explants was assayed. Local ethyl pyruvate administration significantly reduced TNF

production compared to vehicle controls (Figure 3.7E).

Ethyl pyruvate inhibits IL-12 p40 and NO production in LPS-stimulated murine
macrophages. To further determine molecular mechanisms through which ethyl pyruvate
inhibits innate immune responses, cytokine expression in ethyl pyruvate-treated murine
macrophages was next determined. Bone marrow (BM)-derived macrophages preincubated with
ethyl pyruvate for 1 hour prior to stimulation with LPS demonstrated a significant inhibition of
IL-12 p40 mRNA (Figure 3.8A) and protein production (Figure 3.8B), without affecting cell
viability (>95% by Trypan blue exclusion, data not shown). Also, NO levels (nitrite by the
Griess reagent) were inhibited by ethyl pyruvate (Figure 3.8C). Ethyl pyruvate did not affect the
production of TNF or IL-10 from LPS-stimulated macrophages (Figure 3.8D-E). To begin to
determine how ethyl pyruvate regulates cytokine expression, activation of important downstream
signal transduction pathways involved in proinflammatory cytokine gene expression, the MAP
kinases, were assessed. Ethyl pyruvate did not inhibit LPS-stimulated activation of MAP kinases

p38, INK, or ERK (data not shown). Furthermore, the transcription factor, interferon regulatory
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Figure 3.7: Local ethyl pyruvate administration ameliorates TNBS-induced colitis.

Colitis was induced in fasting female BALB/c mice by intrarectal delivery of TNBS. Administration of lactated
Ringer’s solution with (white circles, n=13) or without (gray circles, n=9) 40 mg/kg ethyl pyruvate (EP) was given
locally (intrarectally) at 4 hours, 2 days, and 4 days after TNBS and sacrificed on day 5. (A) Ethyl pyruvate-treated
mice demonstrated an overall increase in body weight compared to initial body weight versus the vehicle-treated
(B-C) Representative photographs of colons from ethyl pyruvate-treated mice demonstrated increased
lengths, decreased tissue thickening, and formed stool pellets compared to vehicle-treated mice. (D) Colitis scores
were significantly lower in the ethyl pyruvate-treated mice. Histologic improvement in colitis is presented as the
average sum of ten fields using a composite scoring system. (E) Intestinal explants from vehicle- or ethyl pyruvate-
treated mice were cultured for 24 hours for measurement of spontaneous TNF secretion by ELISA. Values were

group.

normalized to weight of intestinal explant.
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Figure 3.8: Ethyl pyruvate inhibits LPS-induced IL-12 p40 and NO production in murine macrophages.

BM-derived murine macrophages were incubated with 10 mM ethyl pyruvate (EP) for 1 hour prior to activation with
100 ng/ml LPS. (A) Cells were harvested at 4 hours for mRNA and real time RT-PCR assay for IL-12 p40 was
performed using the housekeeping gene GAPDH as an internal control.
duplicate and repeated three times (mean + standard deviation).
vehicle/media samples (=1). (B-E) Supernatants were harvested at 24 hours and assayed for (B) IL-12 p40, (C) NO,
(D) TNF, and (E) IL-10. Experiments were performed in duplicate and repeated three times. A representative result

Real time
Fold induction

RT-PCR was performed in
is compared to values in

is shown (mean + standard deviation). **, p<0.01 compared to LPS-stimulated samples without ethyl pyruvate.
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factor 8 (IRF-8), which is involved in IL-12 p40 and iNOS transcription (148, 203), is not

inhibited by ethyl pyruvate (data not shown).

Ethyl pyruvate inhibits NF-kB DNA binding, but does not inhibit nuclear translocation of
NF-kB. Activation of the NF-xB family of transcription factors has been shown to be important
for inflammatory gene expression in many chronic inflammatory diseases such as asthma,
rheumatoid arthritis, and IBD (103). In unstimulated cells, NF-kB proteins are localized in the
cytoplasm through their association with members of a family of inhibitory proteins known as
IkB proteins. Proinflammatory cytokines such as TNF and IL-1, and bacterial products such as
LPS induce phosphorylation of IkB proteins. Phosphorylated IxB proteins are then ubiquitinated
and degraded by the proteosome, releasing bound NF-kB which translocates to the nucleus,
binds to NF-kB DNA binding sites on enhancer elements of target genes, and induces
transcription (101-103). Ethyl pyruvate has been previously described to inhibit NF-xB (187),
and accordingly, NF-kB activation was determined in a cell line model. Ethyl pyruvate
effectively abrogates TNF-induced NF-«xB activity in a dose dependent manner in the HEK293
cell line stably transfected with a multimerized NF-kB DNA binding element that drives
expression for a luciferase reporter gene (Figure 3.9).

To determine how ethyl pyruvate inhibits NF-xB activity, nuclear fractions from LPS-
activated and unstimulated BM-derived macrophages were obtained. By Western immunoblot,
stimulation of cells with LPS resulted in an increased nuclear expression of NF-xB family
members p65 and c-Rel compared to extracts from unstimulated cells. Ethyl pyruvate

pretreatment of cells did not inhibit nuclear NF-xB expression (Figure 3.10).
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Figure 3.9: TNF-induced NF-kB activation is inhibited by ethyl pyruvate.

HEK293 cells stably transfected with a multimerized NF-xB DNA binding element-luciferase reporter were
preincubated for 1 hour with an increasing dose of ethyl pyruvate. Cells were subsequently stimulated for 2 hours
with 10 ng/ml rthTNF. Cells were harvested and lysates were analyzed for luciferase activity. Results are expressed
as relative light units per second (RLU/s). Experiments were performed in triplicate and repeated three times. A
representative result is shown (mean + standard deviation). *, p<0.05; **, p<0.01; *** p<0.001 compared to TNF-
stimulated samples without ethyl pyruvate.
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Figure 3.10: Nuclear translocation of NF-kB is not inhibited by ethyl pyruvate.

BM-derived murine macrophages were incubated with 10 mM ethyl pyruvate (EP) for 1 hour before stimulation
with 100 ng/ml LPS for 4 hours. Nuclear extracts were isolated as described in the materials and methods section.
NF-«B protein expression of p65 and c-Rel in nuclear extracts were determined by Western blot. Actin was used as
loading control. This result is representative of three independent experiments.
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Figure 3.11: Ethyl pyruvate decreases NF-kxB DNA binding.

BM-derived murine macrophages were incubated with 10 mM ethyl pyruvate (EP) for 1 hour before stimulation
with 100 ng/ml LPS for 4 hours. Nuclear extracts were isolated as described in the materials and methods section.
Nuclear extracts were incubated with either (A) a murine Igk NF-xB consensus DNA binding element probe or (B)
the NF-kB DNA binding element of the IL-12 p40 promoter radiolabeled probe. This result is representative of
three independent experiments.

To investigate NF-kB protein-DNA interactions in murine macrophages, electrophoretic
mobility shift assays (EMSAs) were performed with a DNA probe containing the murine
immunoglobulin kappa NF-kB consensus sequence (Figure 3.11A) or the NF-xB element of the
murine IL-12 p40 promoter (Figure 3.11B). Specific protein-DNA complexes were observed in

unactivated-cell extracts and were enhanced in extracts from LPS-activated cells. Extracts from
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cells treated with ethyl pyruvate showed significantly less DNA binding. Supershift experiments
with antibodies against the p50 or c-Rel proteins demonstrated the presence of these NF-«B
family members in the DNA binding complex suggesting that ethyl pyruvate treatment may
target DNA binding of p50 containing homodimers and/or heterodimers in murine macrophages
(data not shown).

As ethyl pyruvate attenuates NF-kB DNA binding without inhibiting nuclear
translocation of NF-kB family members in activated cells, ethyl pyruvate may induce a nuclear
protein that restricts NF-kxB DNA binding. Recently, peroxisome proliferator-activated receptor
v (PPAR-y), a regulator of the inflammatory response, has been shown to complex with NF-kB
RelA and shuttle it out of the nucleus (204, 205). However, ethyl pyruvate did not affect nuclear

PPAR-y expression in unstimulated or LPS-activated macrophages (data not shown).

Ethyl pyruvate induces HO-1 mRNA, protein, and transcriptional activity. Ethyl pyruvate
induces the anti-inflammatory gene HO-1 in vivo. Accordingly, mechanisms of induction of
HO-1 by ethyl pyruvate were determined in murine macrophages. Ethyl pyruvate alone and
ethyl pyruvate plus LPS induced HO-1 mRNA and protein in BM-derived macrophages (Figure
3.12A-B). Next, transcriptional activation of the HO-1 gene by ethyl pyruvate was studied in the
murine macrophage RAW264.7 cell line transfected with pHO15luc, a luciferase reporter under
the control of a 15 kb murine HO-1 promoter fragment (Figure 3.12C) (206). Ethyl pyruvate
alone and ethyl pyruvate plus LPS augmented HO-1 promoter activity by about three-fold. A
previously identified enhancer region, E1, contains an antioxidant response element (ARE)

important for HO-1 induction (207, 208). To implicate a role of the E1 enhancer, a mutant
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Figure 3.12: Ethyl pyruvate induces HO-1 mRNA, protein, and transcriptional activity.

BM-derived murine macrophages were incubated with 10 mM ethyl pyruvate (EP) for 1 hour prior to activation with
100 ng/ml LPS. (A) Cells were harvested at 4 hours for mRNA and real time RT-PCR assay for HO-1 was
performed using the housekeeping gene GAPDH as an internal control. Real time RT-PCR was performed in
duplicate and repeated three times (mean # standard deviation). Fold induction is compared to values in
vehicle/media samples (=1). (B) Cells were harvested at 4 hours for nuclear extracts. Western blots were performed
for HO-1 and Nrf2 protein. RAW264.7 cells were transiently transfected with the (C) wild-type pHO15luc or (D)
pHO15lucAE1 mutant reporter. Results are expressed as relative light units normalized to B-galactosidase activity
from a co-transfected HSP promoter-f3-galactosidase plasmid to correct for transfection efficiency. Fold induction
of the reporter is compared to values in unstimulated cells (=1) for each group. Each result represents the mean +
standard deviation of an experiment performed in triplicate. *, p<0.05; **, p<0.01 compared to unstimulated
samples.
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promoter construct lacking the E1 enhancer site (pHOlucAE1) was transfected into RAW264.7
cells. The mutant promoter was only minimally responsive to ethyl pyruvate compared to the
wild-type construct (Figure 3.12D). Recent evidence suggests that antioxidants, such as ethyl
pyruvate, activate the ARE via a Keapl/Nrf2-dependent pathway (209). By Western
immunoblot, ethyl pyruvate increased levels of the Nrf2 transcription factor in the nucleus,

correlating with increased expression of HO-1 (Figure 3.12B).

3.5  DISCUSSION

In the present study, we have demonstrated that ethyl pyruvate ameliorates colitis in the acute
model of TNBS-induced colitis, and in the chronic /L-1 0" IBD model. Moreover, we show that
local administration (intrarectal) of ethyl pyruvate is effective in the TNBS model suggesting
that ethyl pyruvate can exert its immunomodulatory effects directly in the gastrointestinal
mucosa. In vivo and in cells, ethyl pyruvate appears to have pleiotropic anti-inflammatory
effects which include downregulation of proinflammatory cytokine expression and NF-«xB
activation, inhibition of HMGBI1 expression and/or secretion, and upregulation of anti-
inflammatory pathways mediated by HO-1.

We demonstrate anti-inflammatory effects of ethyl pyruvate in two different mouse
models of IBD using two different routes of administration. Intrarectal administration of the
haptenating agent TNBS results in an induced model of colitis that has immunologic similarities
to human CD: In genetically predisposed mouse strains, TNBS has been described to result in
Thl-mediated inflammation (71). However, for short term studies as performed in this analysis,

it is more accurate to describe this model as an acute intestinal injury. Nevertheless, this model

&9



provides several advantages for testing local administration of ethyl pyruvate by the intrarectal
route, compared to a chronic model like /Z-/0”" mice. First, there is 100% penetrance of colitis
in the BALB/c mouse strain. Furthermore, the distribution of colonic injury will parallel the
distribution of locally applied therapy as TNBS and vehicle/ethyl pyruvate are both given
intrarectally. This model is well validated for such therapeutic trials. Finally, given that ethyl
pyruvate has been shown to augment altered intestinal barrier function, local delivery of ethyl
pyruvate in TNBS colitis is an ideal model to study this notion in vivo as altered barrier function
has been well described (35, 135-137). Ultimately, the TNBS and /L-1 0" models will both be
useful to address specific mechanistic questions about ethyl pyruvate, including durability of
clinical responses, alterations in immune cell phenotype and function, and alterations in barrier
function following systemic and local administration.

As a lipophilic agent, ethyl pyruvate can be contemplated as a therapeutic modality that
may be mucosally active, i.e. can be delivered directly to the gastrointestinal tract by the oral or
intrarectal route. It is likely to be safe as ethyl pyruvate is a common additive in beverages and
confectionary products and its safety profile has been studied in animals (210, 211). Moreover,
ethyl pyruvate has entered phase II clinical trials in high-risk patients undergoing cardiac surgery
and cardiopulmonary bypass, having successfully demonstrated safety during phase I (Critical
Therapeutics, Inc., Lexington, MA) (212). Interestingly, there is a report that enteric bacteria of
the Enterobacter species can metabolize endogenous ethyl pyruvate (213), leading to the
hypothesis, akin to other bacterial metabolites with putative anti-inflammatory properties like
butyric acid, that ethyl pyruvate may have a physiologic role in maintaining mucosal
homeostasis. Accordingly, ethyl pyruvate was tested in preclinical IBD models as both a

systemic and a local agent. An advantage of a locally administered therapy is selective inhibition
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of intestinal as opposed to systemic immune responses. However, it is also possible that local
effects of therapeutic interventions may exert global mucosal immunologic effects. This may be
achieved through the specific alteration and trafficking of specific mucosal cell populations.
Furthermore, it has been shown that animals pretreated or transiently-treated with ethyl pyruvate
demonstrated durable protection against inflammation induced intestinal epithelial barrier
dysfunction (~6 hours) (185). It is plausible that ethyl pyruvate may exert durable immunologic
effects in IBD following local or systemic administration through alterations in immune cell
populations or phenotypes. These studies are currently being investigated.

Specific inflammatory mediators are secreted by host cells during inflammation and
cellular stress and necrosis, termed damage associated molecular pattern (DAMP) danger signals
(92, 119, 120). DAMPs subsequently trigger an inflammatory response in neighboring cells,
signifying the presence of danger and/or tissue damage. HMGBI, originally described as a non-
histone, chromatin-associated nuclear protein, has emerged as a critical DAMP, or “endogenous
danger signal” produced by host cells (122, 123). HMGBI induces inflammatory mediators
(127) and has been implicated in cytokine-induced pathologies, such as endotoxemia and
polymicrobial bacterial sepsis, ischemia and reperfusion, acute lung injury, and arthritis (184,
214-217). HMGBI is actively secreted by immunostimulated macrophages, natural killer cells,
and enterocytes and released by necrotic, but not apoptotic, cells (124-126, 218, 219). In cell
line models, HMGBI also alters intestinal epithelial cell permeability (131). Moreover, in septic
mice, ethyl pyruvate treatment demonstrated a significant decrease in HMGBI1 levels that
correlated with improved mortality (184). In IL-10”" mice, we show increased fecal levels of
HMGBI (Figure 3.2A), suggesting apical secretion of HMGB1 from IECs and/or IEC necrosis

as a consequence of chronic inflammation. Treatment with ethyl pyruvate decreased fecal levels
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of HMGBI1 (Figure 3.2B), which correlated with disease activity. Similar to HMGBI, the S100
family of proteins has been characterized as putative DAMPs and may have diagnostic and
pathogenic implication in human IBD. An increase in serum levels of SI00A12 (en-RAGE) was
described in patients with active CD and UC. This was correlated with expression of SI00A12
in inflamed intestinal tissue from IBD patients, but not healthy controls (220). Furthermore,
S100A8/A9 (calprotectin), a calcium binding protein contained in the cytoplasm of neutrophils,
macrophages, and epithelial cells, is a marker of inflammation and is increased in the serum and
stool of several chronic inflammatory disorders, including IBD (221). Calprotectin is also
detectable in feces, and this has been used as a non-invasive marker of disease activity and has a
positive predictive value for inflammatory gastrointestinal conditions (222). Likewise, HMGBI
may have pathogenic significance and diagnostically may serve as a marker of disease activity.
Immunohistochemistry and fecal ELISA for HMGBI1 in ethyl pyruvate-treated and vehicle-
treated mice suggest that ethyl pyruvate may mechanistically function in part to prevent HMGB1
release/secretion as has been previously demonstrated (184).

The first described receptor for HMGB1 was RAGE (128). Recent studies have
demonstrated that HMGBI also utilizes pattern recognition receptors of the innate immune
system, TLR2 and TLR4 (129, 130). As recognition of enteric microbes by the innate immune
system is an underlying defect in human IBD, our present findings further suggest that HMGB1
may also have a direct involvement in mucosal inflammation. Given the prominent apical
location of RAGE immunostaining, it is interesting to speculate that IEC RAGE may be
produced in a secreted form, soluble RAGE (SRAGE). The detection of RAGE in fecal samples
by ELISA could represent a secreted SRAGE isoform, and/or it may represent membrane RAGE

expressed on sloughed epithelial cells. As HMGBI is secreted apically into the gastrointestinal
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lumen by IECs and its receptor RAGE has an apical location, it is possible that HMGB1-RAGE
interactions on the apical surface of epithelia modulate immune responses in the gut. RAGE is
promiscuous for other S100 family members and DAMPs, and therefore is an attractive target for
therapeutic intervention in IBD. A small study has demonstrated amelioration of colitis by
sRAGE administration in /L-10”" mice (223). Furthermore, a recent study demonstrated that a
specific antibody that recognizes carboxylated glycans on RAGE attenuates murine colitis in an
adoptive T cell transfer model (224). This study demonstrated expression of carboxylated
glycans on human colonic endothelium and lamina propria macrophages. Although IEC
immunostaining was not described, carboxylated glycans are only expressed on a subpopulation
of RAGE molecules and modify additional proteins. These results, taken as a whole, support an
important immunoregulatory role for the HMGB1/S100/RAGE axis in IBD.

NF-«kB proteins have been implicated as key functional activators for IL-12 p40 and NO
(225, 226). We observed substantial inhibition of the NF-kB DNA binding by ethyl pyruvate.
Therefore, it is not surprising that ethyl pyruvate is able to inhibit target genes, such as IL-12 p40
and NO (Figure 3.8). It is of interest that ethyl pyruvate inhibits NF-kB DNA binding activity
but not nuclear translocation. Although mechanisms for these phenomena are not clear, we show
that it is not a result of induction of the nuclear inhibitor of NF-kB, PPAR-y (204, 205). We
speculate that NF-kB regulation by ethyl pyruvate may be related to its antioxidant properties.
This is supported by evidence that antioxidants impair NF-kB p50 DNA binding as pS0 DNA
binding can be rescued by the addition of the reducing agent, DTT (227). This suggests that
redox-sensitive amino acids are important for NF-kB DNA binding. Cysteine 62 in the DNA-
binding domain of NF-kB p50 has been shown to be sensitive to antioxidants and ROS,

presumably resulting in a protein conformational change and the decreased ability to bind DNA
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(228, 229). There is one report suggesting that ethyl pyruvate specifically targets NF-xB p65
(187).

The importance of the anti-inflammatory HO-1 pathway in mucosal inflammation has
recently been demonstrated (196). Using pharmacologic inducers of HO-1, hemin and cobalt
protoporphryin, amelioration of colitis was demonstrated in /L-/0”" mice. Hemin has been
shown to induce HO-1 through the transcription factor Nrf2 (230, 231). This transcription factor
is also important in antioxidant driven HO-1 expression mediated through the E1 enhancer site
that contains the ARE and the Nrf2 binding site (207-209, 232). Therefore, we speculate that
ethyl pyruvate induces HO-1 promoter activity, mRNA and protein in cells (Figure 3.12) and in
vivo (Figure 3.6) through mechanisms involving its antioxidant properties (180). This is likely
accomplished through increased translocation of the redox-sensitive transcription factor Nrf2.

In conclusion, ethyl pyruvate, a simple aliphatic ester derivative of pyruvate,
demonstrated notable anti-inflammatory effects in vivo in acute and chronic murine colitis.
Local intrarectal administration as well as intraperitoneal administration was associated with
downregulation of mucosal inflammation. Ethyl pyruvate appears to have pleiotropic anti-
inflammatory effects, including modulating HMGBI secretion/release and/or receptor activation,
attenuating NF-xB DNA binding, and inducing HO-1. As ethyl pyruvate is currently under
investigation in a phase II trial for cardiac disease, it will be of clinical interest to further

investigate a therapeutic role for ethyl pyruvate in the human IBDs.
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4.0 AMELIORATION OF CHRONIC MURINE COLITIS BY PEPTIDE
MEDIATED TRANSDUCTION OF THE IKB KINASE (IKK) INHIBITOR

NEMO BINDING DOMAIN (NBD) PEPTIDE

4.1 ABSTRACT

The NF-kB family of transcription factors is a central regulator of chronic inflammation. The
phosphorylation of kB proteins by the IkB kinase (IKK) complex (IKKa, IKKf, and NF-xB
essential modulator, or NEMO) is a key step in NF-kB activation. Peptides corresponding to
IKK’s NEMO binding domain (NBD) blocks NF-«B activation without inhibiting basal NF-xB
activity. In this report, we determined the effects of the IKK inhibitor peptide (NBD) in a model
of murine colitis, the IL-10-deficient (IL-/0"") mouse. Utilizing a novel cationic peptide
transduction domain (PTD) consisting of eight lysine residues (8K), we were able to transduce
the NBD peptide into cells and tissues. In a NF-kB reporter system, 8K-NBD dose-dependently
inhibits TNF-induced NF-kB activation. Furthermore, 8K-NBD inhibited nuclear translocation
of NF-kB family members. In vivo, IL-10”" mice treated systemically with 8K-NBD demonstrate
amelioration of colitis and a reduction in spontaneous intestinal IL-12 p40 and TNF production.
These results demonstrate that inhibitors of IKK, in particular a PTD-NBD peptide, may be

therapeutic in the treatment of inflammatory bowel disease.
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4.2 INTRODUCTION

The NF-kB family of transcription factors is considered to be a “master switch” for inflammatory
gene expression (101, 102). NF-«xB represents a group of structurally related proteins that
includes five members in mammals: p65, c-Rel, Rel-B, p50, and p52. In unstimulated cells, NF-
kB proteins are localized in the cytoplasm through their association with members of a family of
inhibitory proteins known as IkB proteins. IxB proteins bind to NF-kxB and mask their nuclear
localization signals. Proinflammatory cytokines such as TNF and IL-1, and bacterial products
such as lipopolysaccharide (LPS)* induce phosphorylation of IkB proteins at specific N-terminal
serine residues. Phosphorylated IkB proteins are then ubiquitinated and degraded by the
proteosome, releasing bound NF-kB which translocates to the nucleus, binds to NF-kB DNA
binding sites on enhancer elements of target genes, and induces transcription. NF-«kB plays an
essential role in the inflammatory response through the regulation of genes encoding
proinflammatory cytokines (IL-1B, TNF, IL-12), chemokines (IL-8, MIP-la, MCP-1), and
adhesion molecules (ICAM-1, VCAM, E-selectin). Cytokines that are stimulated by NF-xB
such as IL-1p and TNF, can also directly activate the NF-kB pathway, thus establishing an auto-
regulatory loop that may be essential in the perpetuation of chronic inflammation (103).
Activation of NF-kB has been shown to be important in many chronic inflammatory
diseases such as asthma, rheumatoid arthritis, and inflammatory bowel disease (IBD) (103). The

critical role of NF-kB in chronic intestinal inflammation is best illustrated by numerous reports

*Abbreviations used in this chapter: 6CF, 6-carboxyfluorescein; BM, bone marrow; CARD, caspase recruitment
domain; CD, Crohn’s disease; CIA, collagen induced arthritis; EAE, experimental allergic encephalomyelitis; IBD,
inflammatory bowel disease; IEC, intestinal epithelial cell; IKK, IxB kinase; IL-107", IL-10-deficient; LPS,
lipopolysaccharide; MDP, muramyl dipeptide; mNBD, mutant NBD; NBD, NEMO binding domain; NEMO, NF-«B
essential modulator; NOD2, Nucleotide oligomerization domain 2; PTD, protein transduction domain; TLR, toll-like
receptor; TNBS, 2,4,6-trinitrobenzene sulfonic acid; UC, ulcerative colitis.

96



of non-specific as well as selective blockade of NF-kB activation demonstrating therapeutic
efficacy in animal models of IBD (134, 135, 137). Furthermore, activated NF-xB is found in the
human IBDs, Crohn’s disease (CD) and ulcerative colitis (UC). A significant increase in p65
protein in lamina propria macrophages and epithelial cells from CD patients was correlated with
increased production of the inflammatory cytokines IL-1p, IL-6, and TNF (138-140). Many of
the standard agents used to treat human IBD, including sulfasalazine, 5-aminosalicylates, and
corticosteroids, have been postulated to exert some of their anti-inflammatory effects through
NF-«B inhibition (103, 233-236). Thus, downregulation of NF-kB activity emerges as a
potential key event in the control of chronic intestinal inflammation in humans.

The phosphorylation of IkB proteins is a key step in the regulation of NF-kB.
Phosphorylation is mediated by a specific IkB kinase (IKK) complex. IKK is made up of two
catalytic subunits, IKKa and IKKpP, and a regulatory subunit named “NF-kB essential
modulator” (NEMO; also named IKKYy) (132). An N-terminal region of NEMO associates with
a hexapeptide sequence within the C-terminus of both IKKa and IKKp, named the NEMO
binding domain (NBD). Activation of the IKK complex in response to proinflammatory
mediators depends critically on the presence of the NEMO subunit of the IKK complex, as
NEMO-deficient cells lack detectable NF-kB binding activity in response to TNF, IL-1B, and
LPS (133). Because of the importance of the IKK complex in inflammation, the identification of
selective IKK inhibitors as potential therapeutic agents is of considerable interest. A short
peptide spanning the NBD disrupted the association of NEMO with IKKs in vitro and blocked
TNF induced NF-kB activation in vivo. Notably, the NBD peptide did not affect basal activity of
the IKK, important for cell viability, but only suppressed the induction of activity in response to

proinflammatory cytokines (237). Recent studies have shown that continuous administration of
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the NBD peptide effectively ameliorates inflammatory responses in animal models of
inflammation (238).

Protein transduction domains (PTDs) have been shown to deliver a wide variety of
therapeutic agents into cells including peptides, proteins, nucleic acids, antibodies and small
drugs. The first protein reported with transductional properties was the HIV transactivator
protein, TAT in which the 11 amino acid PTD was identified by virtue of its cationic content
(239). Recently, PTDs have been characterized that mediate efficient and rapid receptor-
independent internalization of peptide-protein conjugates (240). These cationic transduction
peptides transduce a wide variety of cells similar to the HIV TAT, mediating highly efficient
transduction in vitro and in vivo (241, 242). Screening of a panel of cationic peptides has
demonstrated that peptides of 8 or 10 lysines are highly efficient transduction domains, working
as or more effectively than other cationic PTDs for delivery of peptides and proteins to numerous
cell types, including mucosal cells and antigen presenting cells (241).

Although immunological research in IBD has focused on the central role of adaptive
immunity, in particular the T cell, a convergence of recent findings suggests that innate
immunity to enteric microbes may ultimately direct the adaptive immune response. Key
participants in innate immunity are macrophages and dendritic cells. These cells recognize
microbial products through pattern recognition receptors and elaborate proinflammatory
cytokines that recruit other inflammatory cells and activate T cell responses (243). Of the
proinflammatory genes that are induced in macrophages and dendritic cells by the microbial
environment, NF-kB dependent genes such as IL-12 p40 play a central role in mucosal
inflammation and bridging innate and adaptive immune responses. Accordingly, we postulated

that a novel cell permeable peptide IKK inhibitor, NBD, (8K-NBD) may efficiently target
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macrophages and dendritic cells, and therefore may represent a novel therapeutic approach in
chronic murine colitis in IL-10-deficient (L-10”") mice. In this report, we show 8K-NBD dose-
dependently inhibits TNF-induced NF-«B activation and translocation in cells and ameliorates

chronic colitis in vivo.

4.3 MATERIALS AND METHODS

Peptides. Peptides 8K-NBD (acetyl- KKKKKKKKGGTALDWSWLQTE-amide), inactive
mutant, 8K-mNBD (acetyl-KKKKKKKKGGTALDASALQTE-amide), random-NBD
(ARPLEHGSDKAT-GGTALDWSWLQTE), 8K-biotin (KKKKKKKK-biotin), and random
peptide-biotin (ARPLEHGSDKAT-biotin) were synthesized by the peptide synthesis facility at
the University of Pittsburgh. The random-NBD and 8K-NBD peptides were made fluorescent
using an N-terminal conjugated 6-carboxyfluorescein (6CF, Molecular Probes). Peptides were
purified and characterized by reversed-phase high performance liquid chromatography and mass

spectrometry.

Murine macrophages. The murine macrophage cell line, RAW264.7, was maintained in
DMEM/10% FBS/1% Pen/Strep. Primary bone marrow (BM) murine macrophages were
isolated from femurs of C57BL/6 mice. BM were flushed with washing medium (RPMI1640
with 1% Pen/Strep), passed through a 70 uM nylon cell strainer into a 50 ml conical tube, and
spun down at 1500 rpm for 5 minutes. RBCs were lysed using sterile-filtered 0.8% ammonium
chloride, washed twice with washing medium, and resuspended in complete medium (washing

medium with 10% FBS). BM cells were seeded in complete medium in a 150 mm dish and
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differentiated using recombinant murine GM-CSF (20 ng/ml) (R&D Systems). At day three,
another 25 ml fresh culture medium containing GM-CSF was added to the culture plates. At day
seven, the cells, representing the BM-derived macrophage population, were harvested for

experiments.

NF-kB Luciferase assay. The HEK293 cells stably transfected with a multimerized NF-xB
DNA binding element-luciferase reporter (DMEM/10% FBS/1% Pen/Strep) were pretreated for
one hour with 8K-NBD dissolved in OptiMEM media (Invitrogen) and activated for two hours
with 10 ng/ml TNF (R&D Systems). The cells were lysed in reporter lysis buffer and luciferase
activity was measured with a luciferase assay system (Promega) using a Turner Designs

Luminometer TD20/20.

Nuclear extracts and Western blotting. HEK293 cells were pretreated for one hour with
media, 8K-NBD, or 8K-mNBD dissolved in OptiMEM media (Invitrogen) and activated for 15
minutes with 10 ng/ml TNF (R&D Systems). Nuclear extracts from treated HEK293 cells were
isolated following manufacturer’s protocol (NE/PER Reagents, Pierce). Protein concentration
was determined using the Bradford assay (Pierce). Western blot analyses were performed on
nuclear extracts as described previously (149). Anti-p65 and anti-c-Rel antibodies were obtained
from Santa Cruz Biotechnology, Inc., and anti-PARP and anti-phospho-p65 (p-p65) antibodies

were obtained from Cell Signaling.

Mice. Male C57BL/6 (10-12 weeks old) and female BALB/c (12-13 weeks old) mice were

obtained from The Jackson Laboratory. An IL-1 0" colony (breeder pairs from The Jackson
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Laboratory) was maintained in accordance with guidelines from the American Association for
Laboratory Animal Care and Research Protocols and was approved by the Institutional Animal

Care and Use Committee at the University of Pittsburgh School of Medicine.

In vivo PTD transduction. C57BL/6 or BALB/c mice were grouped randomly and treated
either intraperitoneally or intrarectally with biotinylated peptides (random or 8K) linked to
streptavidin-Cy3.  After 30 minutes of treatment, organs were harvested, fixed in 2%
paraformaldehyde, and then incubated in 30% sucrose in PBS at 4°C overnight. Samples were
snap-frozen in isopentane and cut into 6 um-thick frozen sections and placed on microscope

slides.

Immunohistochemistry. After transduced macrophages or cut tissue sections were placed on
coverslips, slides were blocked in BSA and stained for nuclei with either Draq5 (Biostatus
Limited, Leicestershire, United Kingdom) or Propidium lodide (PI, Molecular Probes), for 30
min. Phalloidin was used to visualize F-actin (Molecular Probes). After extensive washing,
slides were mounted and viewed on an Olympus Flouview 1000 confocal microscope (Olympus

America, Melville, NY).

In vivo NBD peptide treatment. 10-week old /L-10"" mice were grouped randomly and treated
with either mutant (10 mg/kg) or wild-type (2 or 10 mg/kg) NBD peptide linked to 8K.
Treatment was administered in PBS in a total volume of 500 pl intraperitoneally for 10 out of 14
days. At the end of the study period, animals were euthanized using excess CO, inhalation and

intestinal tissue was harvested.
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Intestinal tissue explant cultures. Colons were isolated from individual mice, cut open
longitudinally, and cleaned of fecal matter. The intestinal tissue was washed with PBS to
remove residual fecal content. Intestinal sections were cut in half longitudinally, and one half
was shaken at 250 rpm at room temperature for 30 min in RPMI 1640 supplemented with 1%
antibiotic/antimycotic. Tissue fragments (0.05 g dry weight) were incubated in 1 ml RPMI
supplemented with 1% antibiotic/antimycotic and 10% FBS. Supernatants were collected after
24 hours, assayed for spontaneous cytokine production via ELISAs, and normalized to dry gut

weight.

Histology. Colons were isolated from individual mice, cut open longitudinally, and cleaned of
fecal matter. Intestinal sections were cut in half longitudinally, and one half was fixed in 10%
buffered formalin and embedded in paraffin. 5 pm thick sections were stained with hematoxylin
and eosin. Colitis scores (0-4) were determined by a staff pathologist using the criteria reported
by Berg et al. (33). At least 20 separate microscopic fields (10x) were evaluated for each mouse
by a pathologist (Dr. Antonia R. Sepulveda, University of Pittsburgh) blinded to the treatment

groups.

Cytokine ELISAs. Murine IL-12 p40 and TNF immunoassay kits were used according to the

manufacturer’s instructions (BD Pharmingen). Values were measured using a plate reader and

the SOFTMax Pro v4.8 software (Molecular Devices).

102



Statistical Analysis. Statistical significance between groups was assessed by two-tailed

Student’s ¢ test. A p-value equal or less than 0.05 was considered to be statistically significant.

4.4  RESULTS

Transduction of SK-PTD peptide into macrophages. As previously reported (241), a panel of
cationic protein transduction domains were screened for the ability to efficiently transduce a
variety of cell types. Eight to 10 amino acid polylysine tracts efficiently transduce a wide array
of cell lines and primary cells, including islet B-cells, synovial cells, polarized airway epithelial
cells, tumor cells, and dendritic cells (241). Dendritic cells and macrophages are particularly
important cell types in mucosal innate immune responses and the IBDs. Accordingly, we
postulated that the 8K PTD linked to the NBD peptide may efficiently target macrophages and
dendritic cells, and therefore may represent a novel therapeutic approach in chronic murine
colitis.

To assess transduction of the 8K PTD specifically into macrophages, murine BM-derived
macrophages were incubated with biotinylated 8K PTD linked to streptavidin-Cy3 and the
murine macrophage cell line RAW264.7 was incubated with 8K PTD conjugated to the
fluorescent label 6-carboxyfluorescein (6CF). Murine macrophages were efficiently transduced
with the 8K PTD (>90% of cells demonstrate fluorescence) compared to a negative control
peptide containing a random peptide sequence in place of the PTD (Figure 4.1). This result

demonstrates that macrophages are efficiently transduced with the 8K-PTD.
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random peptide 8K-PTD

B 6CF merge

Figure 4.1: 8K efficiently transduces murine macrophages.

8K-NBD-6CF ran-NBD-6CF

(A) Biotinylated random (ran) peptide linked to streptavidin-Cy3 or 8K PTD linked to streptavidin-Cy3 were added
to BM-derived macrophages. (B) The fluorescently labeled random peptide-NBD-6CF or 8K-NBD-6CF were
added to RAW264.7 macrophages. Following incubation for 1 hour, cells were fixed, stained for nuclei (Drag5 in
A, PI in B), and placed on a microscope slide. Localization of peptide was visualized by a confocal microscope
system. Results were repeated three times and representative images are shown.
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8K-NBD inhibits TNF-stimulated NF-kB activation and nuclear translocation in cells.
Next, 8K-NBD peptide was preincubated with HEK293 cells expressing a stably transfected
multimerized NF-xB DNA binding element-luciferase reporter gene. Cells were subsequently
stimulated with TNF. Pretreatment with 8K-NBD demonstrated a dose-dependent inhibition in
TNF-stimulated NF-kB activity (Figure 4.2A). Moreover, 8K-NBD pretreatment without TNF
stimulation did not alter basal levels of NF-kB activity, indicating that the peptide specifically
targets activated NF-kB. Nuclear translocation of NF-kB family members in activated cells was
next assessed. By Western immunoblot analysis on nuclear extracts, decreased nuclear
quantities of the NF-kB family members p65 (and its phosphorylated form, p-p65), c-Rel, and

p50 (Figure 4.2B) are demonstrated in SK-NBD pretreated TNF-activated HEK293 cells.

Transduction of 8K-PTD in vive. 8K PTD efficiently transduces cells and inhibits NF-xB
activity. We next investigated whether 8K PTD transduces cells in vivo in mice. Mice were
administered biotinylated peptides (random sequence or 8K PTD) linked to streptavidin-Cy3
either intraperitoneally or intrarectally. /n vivo uptake of peptide is observed as early as 30
minutes after administration. Intraperitoneal administration of 8K PTD revealed uptake in the
spleen (Figure 4.3A-B) and mesenteric lymph nodes (Figure 4.3C-D). Intrarectal administration
of 8K PTD revealed uptake in colonic tissue (Figure 4.3E-F). These results demonstrate
important intestinal immune compartments could be targeted by 8K peptide-mediated

transduction in vivo.
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Figure 4.2: TNF-induced NF-kB activation is inhibited by 8K-NBD transduction in cells.

(A) HEK293 cells stably transfected with a multimerized NF-xB DNA binding element-luciferase reporter were
preincubated for 1 hour with an increasing dose of 8K-NBD peptide in media. Cells were subsequently stimulated
for 2 hours with 10 ng/ml thTNF. Cells were harvested and lysates were analyzed for luciferase activity. Results
are expressed as fold induction of luciferase compared to unstimulated + 0 uM peptide lysates (=1). Experiments
were performed in triplicate and repeated three times. A representative result is shown (mean =+ standard deviation).
* p<0.05; ** p<0.01; *** p<0.001 compared to unstimulated sample. (B) Nuclear extracts of HEK293 cells
stimulated with or without 10 ng/ml rhTNF in the presence of media, 8K-mNBD, or 8K-NBD were isolated and run
out for Western blotting. Blots were probed with p-p65, p65, and c-Rel. Blots were probed with PARP to assess
equal loading. Experiments were repeated three times and a representative blot is shown.
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ran-biotin-SA-Cy3 ' 8K-bi'otin-SA-Cy3

ran-biotin-SA-Cy3

ran-biotin-SA-Cy3 8K-biotin-SA,—Cy3

Figure 4.3: In vivo transduction of the 8K PTD.

Biotinylated (A, C, E) random (ran) peptide linked to streptavidin (SA)-Cy3 or (B, D, F) the 8K PTD linked to
streptavidin  (SA)-Cy3 were injected (A-D) intraperitoneally or (E-F) intrarectally for 30 minutes.
Paraformaldehyde-fixed (A and B) spleens, (C and D) mesenteric lymph nodes (MLN), and (E and F) colons were
stained for actin (green) and nuclei (blue, Draq5) and viewed by confocal microscopy. Inset represents the three-
color image for each sample. To specifically visualize the location of the peptide (Cy3, red), the signal from the red
channel was given a false white color, while the other channels were turned off. This is represented in the larger
black and white image. Background threshold levels were adjusted to random peptide samples for each organ.
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8K-NBD treatment ameliorates colitis in JL-10" mice. As a next step, we tested the
hypothesis that the 8K-NBD may ameliorate active chronic colitis in vivo in IL-10"" mice. IL-10
" mice were treated from 10 to 12 weeks of age with either 8K-NBD at 2 or 10 mg/kg or 8K-
mutant NBD (mNBD) at 10 mg/kg by intraperitoneal injection for 10 of 14 days. Gross
inspection of the intestines revealed increased colonic lengths, decreased colonic wall
thickening, and formed fecal pellets in the 8K-NBD treatment groups (Figure 4.4B-C) compared
to the 8K-mNBD controls (Figure 4.4A). Histologic severity of colitis was graded over the
entire length of the colon for each mouse by a single pathologist blinded to treatment groups.
Due to the incomplete penetrance and the segmental, patchy pattern of colitis in /Z-/0"" mice,
colitis scores are depicted in two different ways. First, composite scores are represented using a
modified standard scoring system described by Berg et al. (33) (Figure 4.5A). Mice treated with
8K-NBD at 2 mg/kg and 10 mg/kg demonstrated a 50% improvement in histological scores
compared to the control treated group (mNBD). Second, the scores are presented as the
percentage of fields that demonstrate no histological inflammation (colitis score of 0), mild to
moderate inflammatory changes (colitis score of 1 and 2), and severe inflammation (colitis score
of 3 and 4). This method provides a better representation of the spectrum of disease encountered
over the entire length of the colon. This depiction of histological differences between treatment
subgroups best exemplifies the magnitude of changes during therapeutic intervention trials as
well as the patchy nature of colitis, similar to that often seen in human CD. Compared to the 8K-
mNBD group (Figure 4.5B, black bars), 2 mg/kg and 10 mg/kg 8K-NBD treated mice (Figure
4.5B, gray and white bars, respectively) displayed more fields demonstrating no evidence of

histologic inflammation and concomitantly fewer fields with inflammatory changes.
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Figure 4.4: Improvement in gross colonic appearance in 8K-NBD-treated mice.

Representative photographs of colons from the control group (A) 10 mg/kg 8K-mNBD and treatment groups (B) 2
mg/kg 8K-NBD and (C) 10 mg/kg 8K-NBD. Colons from mice treated with 8K-NBD peptide demonstrated
increased length, decreased tissue thickening, and formed stool pellets compared to the control group.
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Figure 4.5: 8K-NBD treatment ameliorates histologic colitis.
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Colitis Scores

Colons were isolated from individual mice (colors: black, 10 mg/kg mNBD; gray, 2 mg/kg NBD; white, 10mg/kg
NBD), cleaned, fixed in formalin, and embedded in paraffin. Sections were stained with hematoxylin and eosin and
colitis scores were determined using a modified scoring system (0-4) as described in the materials and methods
section. At least 20 separate microscopic fields (10x) were evaluated for each mouse by a pathologist blinded to the
treatment groups. Colitis scores were significantly lower in the 8K-NBD-treated mice. Histologic improvement in
colitis is presented as (A) a composite score (the average colitis score sum of five fields) and (B) percent of
histologic fields that demonstrate scores of 0 (no inflammation), 1-2 (mild inflammation), or 3-4 (severe

inflammation).
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Lastly, we investigated the effect of 8K-NBD treatment on mucosal inflammatory
cytokine production in JL-7/0”" mice. The spontanecous release of the NF-kB regulated
proinflammatory cytokines IL-12 p40 (Figure 4.6A) and TNF (Figure 4.6B) were determined in
cell free supernatants from colonic mucosal tissue explants. Explants of 8K-NBD-treated mice
secreted significantly less IL-12 p40 and TNF compared to 8K-mNBD-treated control mice.
This observation correlates with histological findings, suggesting that specific targeting of the

IKK complex with cell permeable NBD peptides may be effective in treating chronic IBD.

4.5  DISCUSSION

In the present study, we investigated the systemic delivery of NBD, an IKK inhibitor peptide,
employing a novel PTD, 8K. This peptide efficiently transduces cells including macrophages in
culture, and transduces intestinal lymphoid tissue following intraperitoneal and intrarectal
administration in vivo. In cells, 8K-NBD inhibits TNF-induced NF-«B transcriptional activity
and nuclear translocation. Moreover, we demonstrate that 8K-NBD ameliorates chronic colitis
in IL-10”" mice, and histological improvement correlated with the reduction in levels of the
mucosal inflammatory cytokines IL-12 p40 and TNF.

The critical role of NF-xB in chronic intestinal inflammation is perhaps best illustrated by
non-specific as well as selective blockade of NF-«kB activation in animal models of IBD (134,
135, 137). The first studies demonstrating activation of NF-kB in chronic intestinal
inflammation were performed in the 2,4,6-trinitrobenzene sulfonic acid (TNBS) mouse model of

induced colitis. Increased NF-kB DNA binding activity nuclear extracts from lamina propria
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Figure 4.6: 8K-NBD inhibits NF-kB-dependent cytokine production in intestinal explants.

Colons were isolated from individual mice (colors: black, 10 mg/kg mNBD; gray, 2 mg/kg NBD; white, 10mg/kg
NBD), cleaned, and processed for intestinal tissue explant cultures, as described in the materials and methods
section. Tissue fragments (0.05 g dry weight) were incubated in 1 ml RPMI supplemented with 1%
antibiotic/antimycotic and 10% FBS. Supernatants were collected after 24 hours and spontaneous secretion of (A)
IL-12 p40 and (B) TNF were measured by ELISA. Values were normalized to dry weight of the intestinal explant.
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macrophages of mice with TNBS colitis was described. A p65 antisense phosphorothioate
oligonucleotide specifically and dose-dependently downregulated of p65 mRNA and protein,
which was accompanied by reduced secretion of IL-1, IL-6, and TNF by LPS-stimulated lamina
propria macrophages from mice with TNBS colitis. Strikingly, in vivo administration of p65
antisense abrogated established TNBS induced colitis following a single intravenous injection.
Moreover, local administration of p65 antisense oligonucleotides into the colon of mice with
TNBS colitis successfully treated established colitis (134, 135). Recently, local administration
of antisense p65 oligonucleotides blocked intestinal inflammation as well as fibrosis in the
TNBS model (137). In spontaneously occurring colitis in /L-1/ 0”" mice, increased NF-xB DNA
binding activity and increased p65 protein expression were found in lamina propria
macrophages. Again, the essential role of p65 in maintaining chronic intestinal inflammation
was demonstrated by successful treatment of established colitis in these mice with p65 antisense
oligonucleotides (135).

Based on animal model results, it is not surprising that activated NF-kB is found in
human IBD. A significant increase in p65 protein in lamina propria macrophages and epithelial
cells from CD patients was correlated with increased production of the inflammatory cytokines
IL-1B, IL-6, and TNF (138). In vitro treatment of lamina propria macrophages from CD patients
with p65 antisense oligonucleotides was more effective in down-regulating cytokine production
than treatment with 5-aminosalicylates or glucocorticoids, suggesting a key role for NF-kB p65
in inflammatory cytokine expression in CD (138). Subsequently, higher levels of NF-kB p65
were demonstrated in nuclear extracts of lamina propria biopsy specimens from CD patients
compared to normal controls or patients with UC. In this study, increased nuclear p65 from CD

patients was attributed to activation and nuclear translocation of NF-xB as total levels of NF-kB
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p65 from whole cell extracts did not differ between controls and IBD patients. Importantly,
increased DNA binding activity of NF-kB was demonstrated in nuclear extracts from biopsy
specimens as well as isolated lamina propria mononuclear cells from CD as well as UC patients
which confirmed the activation of NF-kB in IBD (139). Activated NF-kB has been reported in
macrophages and epithelial cells from inflamed mucosa of patients with IBD in situ using a
specific p65 antibody that exclusively detects the activated form of NF-xB (140). No significant
differences were found between sections of inflamed mucosa from patients with CD, UC, or
diverticulitis (140). This study indicated that activation of NF-xB is not necessarily specific for
the pathophysiology of IBD: NF-kB activation could represent an important step in mucosal
inflammation regardless of the etiology.

Because of the importance of the IKK complex in inflammation, the identification of
selective IKK inhibitors as potential therapeutic agents is of considerable interest. A concern
about the use inhibitors that completely suppress IKK activity (such as inhibitors that block the
catalytic activity of IKK) is that they may also inhibit the ability of basally active NF-«xB to act
as a physiologic survival factor, thereby raising the possibility of toxicity. Activation of the IKK
complex in response to proinflammatory mediators depends critically on the presence of the
NEMO subunit of the IKK complex. For example, NEMO-deficient cells lack detectable NF-«kB
binding activity in response to TNF, IL-1f8, and LPS (133). Furthermore, recent studies have
shown that continuous administration of the NBD peptide effectively ameliorates inflammatory
responses in animal models of inflammation without overt side effects or liver or kidney toxicity
(238, 244).

Additionally, specific inhibition of IKK activity by NBD peptides has other theoretic

advantages. In mouse models of chronic inflammation, including collagen induced arthritis
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(CIA) (244, 245) and experimental allergic encephalomyelitis (EAE) (246), in vivo treatment
with NBD peptides blocked disease activity, proinflammatory cytokine expression, and homing
of cells to inflammatory sites due to inhibition of expression of cellular adhesion molecules. In
EAE, clinical recovery was correlated with a durable alteration of the T cell phenotype, as NBD
treated mice demonstrated Th2 cytokine production rather than disease-associated Thl cytokine
production (246). Furthermore, mice treated systemically with an NBD peptide for five days
after induction of CIA maintained clinical and histological improvement for nearly three weeks
following termination of peptide administration (244). Therefore, the therapeutic effect of the
NBD peptide in disease models may far outlast the pharmacokinetic properties of this short-lived
protein. Thus, selective IKK inhibition by NBD peptides may be an effective therapeutic
intervention in chronic inflammatory diseases such as IBD, may lead to durable alterations in
immune responses that correlate with durable clinical efficacy, and may minimize potential
toxicity concerns associated as basal NF-kB activity remains intact as does the alternative
pathway of NF-kB activation necessary for B cell development and lymphoid organogenesis
(247-249). Future studies in IBD models will be necessary to characterize changes in immune
cell populations and durability of clinical responses with the 8K-NBD.

When contemplating strategies to inhibit NF-xB in IBD, it will be critical to dissect
protective from detrimental properties of NF-kB activation in mucosal immunity and mucosal
inflammation. Although increased activation of NF-kB is implicated in the pathogenesis of
numerous chronic disorders, studies have elucidated NF-xB activation pathways that may
actually be protective and serve to maintain homeostasis in the intestine (110, 250). For
example, the toll-like receptor (TLR) family recognizes extracellular microbial constituents

resulting in the downstream activation of NF-kB. TLR-deficient mice or signaling intermediate

115



knock-outs, such as MyD88, demonstrate a decrease in survival compared to wild-type mice
when colitis is induced with dextran sodium sulfate (110, 250). In these mice, intestinal
epithelial proliferation was shown to be markedly decreased in TLR- or MyDg88-deficient
animals. This study suggested that TLRs, potentially expressed on intestinal epithelial cells
(IECs), may recognize signals afforded by the luminal bacteria and provide a protective response
manifested by normal epithelial barrier function and mediated through NF-«B activation.
Furthermore, the description of mutations in the Nucleotide oligomerization domain 2/Caspase
recruitment domain 15 (NOD2/CARD15) gene conferring susceptibility to human CD provides
further evidence for a potential protective role for NF-kB activation in IBD (19, 20).
NOD2/CARDI1S is expressed in the cytoplasm of cell types including macrophages, dendritic
cells, and intestinal epithelial Paneth cells. The C-terminal leucine rich repeat is required for
signaling in response to the bacterial cell wall product muramyl dipeptide (MDP). Following
exposure to MDP, oligomerization of NOD2/CARDI15 leads to the recruitment of the CARD
containing protein RICK/RIP2 (for RIP-like interacting CLARP kinase/receptor interacting
protein-2). RICK then interacts with NEMO to activate the IKK complex (2). Functional
characterization of CD-associated NOD2 mutations in cell lines and human mononuclear cells
from CD patients show that these mutations were associated with loss of function, i.e. cells
containing mutant NOD2 demonstrated diminished MDP-induced NF-kB activation (111, 115).
Although the notion that decreased NF-«B activation through NOD2/CARD1S5 signaling leads to
IBD is still controversial, recent work suggested a possible mechanism. NOD2 expression and
NF-kB activation in intestinal epithelial Paneth cells likely mediate innate immune responses
against enteric microbes. The impaired capacity of CD associated NOD2 mutations in the

epithelium to sense luminal bacteria and to secrete antimicrobial peptides such as a-defensins
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into the gut lumen may result in increased susceptibility to certain gut microbes (251). In
summary, several lines of evidence suggest that NF-kB inhibition, particularly in the intestinal
epithelium, may lead to abrogation of mucosal protective effects.

Conversely, the preponderance of evidence already discussed suggests that inhibiting NF-
kB in lamina propria macrophages and dendritic cells may be of therapeutic benefit in IBD. A
recent study demonstrated that the development of colitis in /L-/0"" mice is completely
dependent on TLR signaling pathways (252). In JL-10"" x MyD88" mice, colitis is abrogated
and intestinal IL-12 p40 levels are markedly decreased. Furthermore, bone marrow chimera
experiments reveal that bone marrow derived cells are responsible for recognition of commensal
microbial signals and mucosal innate immune activation (252).

Taken as a whole, the spectrum of NF-xB biology in the gut is complex. Our results and
many others suggest that inhibition of activated NF-kB in mucosal macrophages and dendritic
cells may ameliorate innate immune responses that underlie chronic IBD; however, NF-kB may
play a protective role in the epithelium. Thus, in contemplating new therapeutic strategies such
as 8K-NBD, many interrelated factors may be important for ultimate success, including
inhibition of activated versus basal NF-kB, targeting specific cell types (macrophages versus gut
epithelium), and route of delivery (systemic versus local).

This study supports the proof of concept that selective inhibition of activated NF-kB by
8K-NBD is an effective strategy for suppressing intestinal inflammatory responses. Compared
to other NF-«kB inhibitors tested in chronic inflammatory diseases, 8K-NBD has the theoretic
advantages of inhibiting activation of NF-xB, a hallmark of chronic inflammation while not
inhibiting basal NF-kB activity which may be involved in fundamental cellular processes, thus

correlating with toxicity. Future studies in IBD models will investigate immunologic
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pharmacodynamic properties of this peptide, durability of clinical responses, as well as compare
systemic versus local administration. Our results suggest that 8K-NBD peptide may represent a

novel therapeutic approach in IBD.
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5.0 DISCUSSION

5.1 GENERAL DISCUSSION

Inflammatory bowel disease (IBD)’ is a complex process that involves the interplay of genetic,
immune, and environmental contributions (10). The prevailing hypothesis driving current
research is that the onset of IBD is thought to be dependent on an aberrant immune response in a
genetically susceptible individual against the normal intestinal flora. As a result, new targets
associated with this disease involved in innate immune responses against microbes, such as TNF,
have been identified. However, even the most aggressive and rational therapeutic interventions
are effective in a minority of patients and are associated with short and long term toxicities.
These observed failures substantiate the heterogeneity of this disease only amongst human
patients. Significant unmet medical needs in patients with IBD have opened the door for new
areas of research in patients with this debilitating disease. As precise immune mechanisms are
described, they have provided new directed therapeutic approaches and expanded the

understanding of IBD pathogenesis.

5 Abbreviations used in this chapter: CCK, cholecystokinin, DAMP, damaged associated molecular pattern; DSS,
dextran sodium sulfate; EEC, enteroendocrine cell; HMGBI, high mobility group box 1; IBD, inflammatory bowel
disease; IEC, intestinal epithelial cell; IKK, IkB kinsase; /L-1 07", IL-10-deficient; LPS, lipopolysaccharide; MRP,
multidrug resistance protein; NBD, NEMO binding domain; NEMO, NF-kB essential modulator; NOD2, Nucleotide
oligomerization domain 2; PAMP, pathogen associated molecular pattern, PTD, protein transduction domain;
RAGE, receptor of advanced glycation end products, (RAGE); sRAGE, soluble RAGE; TLR, toll-like receptor;
TNBS, 2.,4,6-trinitrobenzene sulfonic acid.
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The underlying hypothesis of our research is damaged associated molecular patterns
(DAMPs) and pathogen associated molecular patterns (PAMPs) drive the inflammatory process
contributing to IBD. To address this hypothesis, attention was focused on DAMP and PAMP
signaling pathways in mucosal and innate immune activation. This dissertation provides further
evidence of the importance of DAMPs and PAMPs in the mucosal inflammatory response in
macrophages and in vivo in mouse models of IBD. We first have identified an intestinal
epithelial cell (IEC) population, namely the enteroendocrine lineage, which strongly express toll-
like receptors (TLRs) that may recognize danger signals. We suggest functional consequences of
TLR activation in enteroendocrine cells (EECs), including production of inflammatory
mediators, growth factors, and the neuropeptide cholecystokinin (CCK). Next, we demonstrate a
role for high mobility group box 1 (HMGBI), a prototype endogenous danger signal, in
macrophage activation and IBD. We show treatment with a small organic molecule, ethyl
pyruvate, decreases levels of HMGB1 while improving murine colitis. These results suggest that
DAMPs may also contribute to IBD by providing a second source of danger signals. Lastly, we
show that targeting common DAMP and PAMP signaling effector molecules, the NF-xB family
of transcription factors, results in amelioration of chronic murine colitis. In the following
sections we will expand on these findings and speculate about future directions and implications

of these studies.

5.2 IMMUNOLOGICAL FUNCTION OF ENTEROENDOCRINE CELLS

Current studies in IBD are reliant on the use of IEC lines to recapitulate in vivo expression and

function, and attempt to reconcile in vivo findings. This is necessitated by the fact that primary
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IEC cultures have not been established despite decades of effort, and even short term culture is
fraught with difficulty, as detached intestinal epithelium are in an immediate state of
programmed cell death (253). These obstacles prevent effective short term investigation in ex
vivo cultures for cellular and/or immune responses in IECs. Most of the immortalized IEC lines
are derived from tumors and have been selected over time to grow on plastic. Thus, when one
interprets data derived from IEC lines, one must ask the question: how similar are these cell lines
to actual intestinal cells? Until an accepted methodology is developed and substantiated to allow
isolated cells to remain alive for extended periods of time, experiments will out of necessity rely
on cell lines.

The expression of TLRs have been described on IECs, albeit at low levels (104, 105, 145,
146). Having low expression of TLRs may be important due to the inability of IECs to
discriminate pathogenic bacteria from commensal bacteria based on PAMPs alone. The location
of TLR expression on cells may also play an important role in microbial recognition. TLRS,
which recognizes flagellin, appears basolateral, while other TLRs are apical (109). The
importance of this separation is that luminal bacteria are located apically; basolateral localization
of bacteria would signify a breach of the epithelial barrier, thus appropriately mandating innate
immune recognition. Likewise, other TLRs such as TLRY have an intracellular location in IECs,
perhaps in the endoplasmic reticulum where it may encounter CpG DNA from invading
intracellular pathogens (254, 255). In the setting of chronic inflammation, as in IBD, TLR
expression is upregulated, perhaps for the purpose of responding to various danger signals from
host cells and the pathogenic and, commensal bacteria (105, 106, 256).

Studies in the literature investigating intestinal TLR expression have presented discrepant

findings. Thus, our results demonstrating EECs express TLRs offers another as of yet
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undescribed view of innate immune responses in the intestine. Numerous studies have
phenotypically characterized EECs based on their anatomic location and the neuropeptides they
express. However, there have not been studies describing immunological functions for EECs.
Here, we have demonstrated that TLR expression on IECs in human and mouse is confined to an
EEC population. We accordingly looked at an EEC line to recapitulate the observed in vivo TLR
staining pattern and to postulate a function for TLR activation on this cell type.

TLR activation does not necessarily lead to inflammation. It is becoming increasingly
evident that intestinal homeostatic functions may be regulated through TLR activation.
Molecular analysis of commensal-host interactions showed induction of a complex pattern of
gene expression (257). The results of this study revealed that commensal bacteria modulates
expression of genes involved in several important intestinal functions, including nutrient
absorption, xenobiotic metabolism, angiogenesis, postnatal intestinal maturation, and mucosal
barrier strengthening. This last observation was confirmed using IEC lines stimulated with
bacterial PAMPs. Stimulation resulted in apical recruitment and fortification of the tight
junctional protein ZO-1, while increasing transepithelial electrical resistance (258). This result
may explain previous observations that certain probiotic strains increased barrier function in
vitro (66) and ameliorated murine colitis (65, 67). However, there are some TLR interactions
that may have a negative result on the intestinal function. In mice with necrotizing enterocolitis,
TLR4 engagement inhibited migration of IECs across a wound during healing and repair (259).
Therefore, TLR signaling may aid in certain aspects of barrier functions and can be deleterious in
others.

Furthermore, TLR function has been related to protection from intestinal epithelial injury

and maintenance of homeostasis. Oral administration of dextran sodium sulfate (DSS) to induce
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acute colitis, results in a transient epithelial injury. However, DSS administered to TLR2-,
TLR4-, or MyD88-deficient mice, demonstrated a decrease in survival compared to wild-type
mice (110). Moreover, administration of broad spectrum antibiotics to deplete the resident
microflora resulted in wild-type mice having an increased disease index when challenged with
DSS, similar to that of knock-out mice. At the cellular level, intestinal epithelial proliferation
was shown to be markedly decreased in knock-out animals. This suggested that TLRs recognize
signals afforded by the luminal bacteria, providing a protective response manifested in normal
epithelial barrier function and healing of the gut.

If TLR signaling is beneficial to the gut, specifically what role might the EEC play? EEC
products, such as CCK, are important in aiding in digestion (260). CCK in particular is the
principal stimulus to contract the gallbladder to release bile for emulsification of fats and activate
the pancreas to produce digestive enzymes to breakdown macromolecules. CCK has also been
shown to increase contractions of the intestines and allows for quicker intestinal emptying to
expedite the transit of foods in the gut. Furthermore, injection of CCK into the brain induces
satiety in laboratory animals, suggesting a function in food intake.

In view of these physiologic roles, it might make immunologic sense that this hormone
may participate in an indirect innate immune response. In the setting of an intestinal infection,
the goal would be to remove the infectious agent as quickly as possible. Increased production of
CCK might accomplish this by accelerating the transit time of intestinal contents to expunge
pathogens. Additionally, increased CCK may communicate to the brain a satiety signal, which
may prevent further entry of pathogens that are contributing to the infection in the

gastrointestinal tract.
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To explicate an immunological role for CCK (and other EEC products), future
experiments will investigate expression and function of TLRs in mice. For instance, mice
depleted of their enteric flora (raised germ-free and/or antibiotic-treated) could be compared to
specific pathogen-free mice and resting CCK levels determined. Based on our results, we
hypothesize that resting levels of CCK should be decreased in germ-free mice since tonic
stimulation of enteric flora is absent. If bacteria were reintroduced or TLR ligands were injected
into the intestinal lumen, we would expect a transient rise in blood CCK levels. This has been
suggested through one reported case of acute upper gastrointestinal infection, where plasma
CCK concentrations were elevated in the setting of Giardia infection (174). This would support
a role for CCK in the innate immune response in an attempt to expel foreign pathogens from the
gut.

A genetic knockout strategy would be an attractive approach to study TLR function in
EECs. Global gene deletion of TLRs or the signaling intermediate MyD88 has already been
described in the context of an inducible model of acute colitis (110). Their results demonstrate
TLRs may recognize enteric commensals and orchestrate a protective response, which may be
important in intestinal homeostasis. However, in this study they did not link the expression of
TLRs to a specific cell type responsible for the observed biological effects. Therefore, it would
be interesting to examine the role of TLRs specifically in EECs. However, specific ablation of
EEC populations in vivo has been challenging. For example, knocking out EECs through global
deletion of the transcription factor Mathl (required for intestinal stem cell differentiation into
EECs) results in death shortly after birth (261). To overcome deleterious developmental
consequences, the use of cell-specific deletions, which can be implemented in adult life, will be

of investigational benefit. Taking advantage of the specific transgenes expressed within EECs
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(167-169), one could design transient knock-out approaches by using the Cre/loxP recombination
system to target specific EECs. For example, a mouse line could be engineered in which specific
TLR genes were flanked by loxP sites. Cell-specific gene knockout can then be achieved by
breeding these animals with a line of mice carrying a tetracycline-sensitive enteroendocrine CCK
promoter-enhancer, specifically driven by the BETA?2 transcription factor (262) driving the Cre
gene. The usage of the tetracycline system ensures temporal activation of the system to allow for
proper development of tissue and cells before TLR expression is targeted. Taken together, this
approach is specific for knocking out TLRs in CCK-expressing EECs and, ideally, a similar
strategy could be used to target other neuropeptide expressing EECs (serotonin, somatostatin,
etc.). By using an inducible model of colitis, either 2,4,6-trinitrobenzene sulfonic acid (TNBS)
or DSS, or crossing these mice onto genetically susceptible strains, such as IL-10-deficient (/L-
107), one can effectively determine the role of TLRs on EECs in the setting of IBD.

Our study raises the possibility that EEC-bacteria interactions through TLRs may in fact
maintain intestinal immune homeostasis mediated through CCK. Chronic stimulation through
this pathway may yield overabundant cytokine production overwhelming the beneficial effects of
CCK and TGF-B. Nevertheless, it is safe to say that the understanding of the EEC in the innate
immune response is still early and further investigations will be necessary before we understand

its role in disease.

5.3 TARGETING ENDOGENOUS DANGER SIGNALS

The complexities of the commensal enteric microbial flora notwithstanding, studies have

attempted to implicate specific microbes as initiators of disease in IBD. Attention has been
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given to Mycobacteria, Listeria, and measles virus. However, immune responses to these
microbes have been variable and not reproducible. Moreover, these and other inciting microbes
were no longer present during the chronic stages of disease (10), suggesting the presence of
another signal that must perpetuate the inflammatory process of IBD.

Several endogenous molecules (DAMPs), such as HMGBI, heat shock proteins, and uric
acid, have the ability to initiate inflammatory responses by interacting with signaling receptors.
They represent families of proteins that reside intranuclear and/or possess intracellular functions
that can also act extracellularly as an immunostimulant on their release from necrotic cells.
These proteins can be released during infection or tissue damage, and can activate receptor-
expressing cells ready for host defense and/or tissue repair.

HMGBI1 was originally described as a nuclear, non-histone DNA-binding protein that
functions as a structural co-factor critical for proper transcriptional regulation in cells. The
physiological role associated with HMGBI1 is primarily in the nucleus where it binds to the
minor groove of linear DNA and is able to bend it into a helical structure (263). After binding to
DNA, HMGBI can also interact with and recruit various transcription factors, including p53,
homeobox-containing proteins, recombination activating gene 1/2 proteins, and steroid hormone
receptors. The nuclear functions of HMGBI are critical for survival as HMGB1-deficient mice
are born alive, but die within 24 hours due to hypoglycemia (264). Therefore, in a non-immune
situation, this DAMP protein has an important role within cells to promote health and
homeostasis.

HMGBI can reach the extracellular environment in one of two ways (119). First, it is
released passively as a soluble molecule from dying, necrotic cells, functioning as a diffusible

signal of unprogrammed cell death. Second, HMGBI1 is actively secreted following

126



hyperacetylation of lysine residues from inflammatory cells. Both situations result in signaling
tissue injury and initiating the inflammatory response and/or repair. In contrast, apoptotic cells
retain HMGBI in their nuclei and do not activate the inflammatory response (265). This
suggests that apoptotic cells modify their chromatin and/or HMGBI1 so that HMGBI1 binds
irreversibly to it. Furthermore, it has been described that apoptotic bodies can inhibit
proinflammatory cytokine production (266-268). Therefore, the context and nature of HMGBI
may play a role in health and disease. Perhaps this partly explains the observations of necrotic
death resulting in a destructive inflammatory process, while cells that have undergone apoptosis
results in a role to modulate the immune response.

Current research has begun to look at mechanisms involved in the release of DAMPs,
including HMGBI1 (269). The phosphorylation status of serine-14 on histone H2B has been
implicated in keeping HMGB1 on chromatin during apoptosis. Furthermore, treating cells with a
histone deacetylase inhibitor, such as trichostatin A, inhibits HMGBI1 binding to apoptotic
chromatin, resulting in apoptotic cells becoming inflammatory. This observation suggests that
although hyperacetylation of HMGB1 may be important in its secretion during necrosis, simple
hypoacetylation of histone proteins is not sufficient to keep HMGBI1 onto chromatin. Thus,
characterizing HMGBI isoforms and their relative contribution to infectious and inflammatory
disorders has become an important goal. It is reported that HMGBI purified from calf thymus
exists in several distinct isoforms, including at least 10 acetylated species which may contain
different degrees of ADP ribosylation, glycosylation, phosphorylation, and methylation (270). It
is becoming apparent that each of these may contribute differently in the final biological and

inflammatory activity of HMGB1. Future molecular characterization of isolated HMGB1 will
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reveal the state of modifications important for differentiating nonstimulatory versus pathologic
and/or inflammatory processes.

HMGBI secretion appears to follow an alternative secretory pathway where it is loaded
into secretory lysosomes for eventual exocytosis (271). The secretion was inhibited by
pharmacologic blockade of the adenosine 5'-triphosphate (ATP)-binding cassette transporter-1, a
member of the multidrug resistance protein (MRP) family (272). In support of this, preliminary
experiments involving peritoneal macrophages from MrpI”" mice have suggested suboptimal
HMGBI secretion (269). Further analysis from this preliminary work has suggested that
glutathionylation, a modification required for the transport of several drugs by MRPI, is
important and necessary for HMGBI secretion. Understanding the complete modifications of
HMGBI1 and the process of its secretion during inflammation will certainly identify new
molecular targets for therapeutic intervention.

As HMGBI has received attention as an important DAMP protein, there is an increased
interest in understanding its signaling pathways. Receptor of advanced glycation end products
(RAGE) has been identified to recognize extracellular HMGB1 (273). Ligand binding to the
receptor has been shown to activate numerous intracellular signaling molecules. Studies have
shown recruitment of p21™, p44/p42 MAP kinase, p38 and SAPK/JNK, cdc42/rac, and the
JAK/STAT pathways. In certain settings, RAGE activation appears to result in chronic
activation of NF-xB and increase reactive oxygen species through NADPH oxidase (273). In
animal models, deletion of RAGE protects about 80% of mice from sepsis caused by cecal
ligation and puncture compared to 20% of wild-type controls (274). Protection was reversed
when cells were reconstituted with RAGE. The RAGE signaling pathway is also quite diverse,

especially in different cell types. For example, it has been shown that HMGBI1-RAGE
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interaction can cause axonal sprouting associated with neuronal development (275, 276),
whereas HMGB1-RAGE interaction on macrophages results in immune activation (130). The
HMGBI signaling network represents a complex system where consequences of environment,
ligand, and cell type need to be integrated to properly assess the context in which to respond and
contribute to health and disease.

As mentioned, DAMPs also can be recognized by the TLR family and can activate the
inflammatory transcription factor NF-xB. HMGBI is no different, and has been shown to signal
through TLR2 and TLR4 (130). Recent work has found that recognition of HMGB1 by TLRs is
more complex than first appreciated. Data suggest that there is differential usage of TLR2 and
TLR4 in HMGBI signaling in primary cells and established cells lines (129). Using human
whole blood and macrophages, neutralizing antibodies against TLR4 but not TLR2 dose-
dependently inhibited HMGB1 stimulation. This was also confirmed using TLR4- and TLR2-
deficient murine macrophages, where only TLR4-deficient cells did not respond to HMGBI.
However, the human embryonic kidney 293 cell line overexpressing TLR2 demonstrated
HMGBI responsiveness as opposed to TLR4 transfected cells. Findings such as these clearly
invite a more thorough analysis of the intestinal epithelia to determine the recognition of
HMGBI by specific TLR members. Although the families of receptors engaged by PAMPs and
DAMPs overlap, further experiments will clarify biologically important differences involved in
the recruitment of specific signaling molecules. Microarray and proteomic analyses represent
potential experimental approaches directed at revealing differences between PAMP- and DAMP-
stimulated cells.

Although HMGBI1 has been depicted as an inflammatory molecule, there is emerging

work describing a beneficial role of HMGBI1 as a mediator of tissue regeneration (269). As
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described above, HMGBI is an inducer of neuronal growth (275, 276). In nerve crush injuries,
the RAGE-HMGBI axis is important in nerve regeneration (277). It has also been reported that
HMGBI1 can induce myocardial regeneration after infarction (278). Injection of exogenous
HMGBI into mouse hearts after ischemic damage resulted in the formation of new myocytes.
These observations suggest that the context in which HMGBI presents itself to cells, may drive
the final gene program. This point seems to be particularly relevant to the intestine. Akin to the
previous discussion of TLR biology in the gut, it is intriguing to speculate that HMGBI1 may
have beneficial or deleterious effects in mucosal immunity depending on context.

One of the emerging aspects of HMGBI1 biology is that it may act as a cofactor for
several TLR ligands to activate specific TLR functions. It is being postulated that HMGB1 may
act as a carrier molecule to deliver various PAMPs to or into cells for intracellular pathways,
such as through the Nucleotide oligomerization domain 2 (NOD?2) protein. This idea has
emerged due in part to the following observations (269). E. coli-derived HMGB1 (rHMGB1)
has been shown to induce inflammatory cytokine production. On the other hand, groups are
beginning to show that thymus-derived HMGB1 does not induce cytokines. The ability of
rHMGBI to induce cytokines was implicated to its bacterial nucleic acid content. If this foreign
entity was removed by benzonase, a RNA/DNA endonuclease, cytokine production was
diminished. To demonstrate biological activity with thymus-derived HMGBI1, incubation with
TLR2, TLR4, TLR7, and TLRY ligands resulted in a synergistic activation compared to TLR
ligands alone. It was also shown that rtHMGBI1 treated with Triton X-114 (Tx-HMGBI), a
detergent to remove hydrophobic/lipophilic contaminants, no longer was able to stimulate
cytokines. However, cells treated with very low concentrations of lipopolysaccharide (LPS)

along with Tx-HMGBI strongly induced cytokine secretion. This was shown to be more than
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that induced by low levels of LPS or Tx-HMGBI1 alone. These observations suggest that
HMGBI lacks a direct proinflammatory effect, but can prime cells to augment the response by
delivering distinct PAMPs. In the context of health and disease, HMGBI1 might have different
biological effects depending on whether it is part of a complex with bacterial products. Perhaps
if HMGBI is released in the presence of TLR ligands, such as in the intestinal lumen or setting
of microbial sepsis, it may promote inflammation. On the other hand, if HMGBI is released in
an environment lacking TLR ligands, such as in the myocardium or neuron, it may lead to tissue
repair and healing.

Because genetic knock-out animals of HMGBI are not viable, using directed biological
therapy is of clinical interest to investigate the role of HMGBI in the context of IBD. Several of
the following experimental approaches targeting HMGBI1 have been successfully carried out in
other disease models, but have not been extensively described in murine models of colitis. The
first is the use of monoclonal and/or polyclonal antibodies against HMGB1. Second, two
important functional domains in the HMGBI molecule have been identified: the
proinflammatory B-box and the anti-inflammatory A-box. In biochemical studies, the A-box
domain has been shown to bind to and inhibit the activity of the B-box domain, preventing
inflammatory responses. Theoretically, administering A-box could bind to the B-box domain of
HMGBI to nullify its inflammatory effects. Lastly, HMGBI1 delivers an inflammatory signal
through its membrane bound receptor, RAGE, and can be blocked by competing with a soluble
receptor. The soluble form of RAGE, sRAGE, lacks the intracellular signaling domain,
preventing a signal from being transduced. All three approaches, though different, are similar in

that it provides the immune system a break in the perpetuating nature of the inflammation caused
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by HMGB1. Moreover, these therapies will further the investigations involved with HMGBI1
and IBD.

Therapeutic use of HMGBI1 antibody, A-box, sSRAGE, or ethyl pyruvate administration
will require further assessment of mucosal cell functions. First, cell phenotypes and cell
trafficking populations will need to be analyzed. Will treatment alter the immune cell
populations in the gut? Do we see a shift in T cell phenotype so that inflammatory cells are
decreased through increased apoptosis or does a different cell population traffic to the mesenteric
lymph nodes, such as T regulatory cells? Furthermore, the durability of immune response
changes will need to be analyzed to assess if the treatment provides short term or long term
changes locally and/or systemically. FACS analysis will be a strong tool to assist in answering
these questions and will provide insight into immunologic differences between various treatment

regimens.

5.4 THE STRESSED GUT AND NF-KB

The stressed gut is able to recognize inflammatory signals generated by DAMPs and PAMPs
through TLRs and RAGE. Cells integrate these signals into an inflammatory response through
the activation and translocation of NF-kB. Many of the inflammatory cytokines elevated in IBD
are regulated through NF-kB activation. Therefore, this family of transcription factors would
seem to be an ideal therapeutic target.

Strategies to inhibit NF-kB message, protein, and DNA binding activity have proven to
be effective in colitis. It is also important to keep in mind that another important function of NF-

kB is that it has an anti-apoptotic role. Therefore, once again, we are elucidating and
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manipulating a pathway that may have beneficial and deleterious effects depending on context.
As an obvious concern, therapeutic strategies targeting NF-kB should be cautiously monitored in
IBD models: Inhibition of inflammatory cytokines and/or apoptosis of inflammatory cell
populations as a result of NF-«xB inhibition are desired outcomes, however, accelerated apoptosis
of IECs may compromise barrier function and exacerbate mucosal inflammation. Further studies
to compare systemic versus local delivery of NEMO binding domain (NBD) peptides may help
clarify these opposing possibilities.

Furthermore, creation of an inhibitor which can differentiate between NF-kB members
important for cell survival and those important for the immune response would be the ideal
therapeutic approach with the most benefit and lowest risk. The NBD peptide is an attractive
candidate to accomplish this discrimination by selectively inhibiting the activated form of the
IkB kinase (IKK) complex and not the basal pathway. As we show in chapter 4, by
administering NBD into cells and tissues using the 8K protein transduction domain (PTD), we
were able to inhibit TNF-stimulated NF-kB activation in vitro and improve colitis in vivo.

Though this preliminary study identified an optimal dosing window via the
intraperitoneal route and suggested the effectiveness for 8K-NBD, many questions remain to be
answered. First, what are the effects of delivering this peptide locally? As IBD is a local
inflammatory response of the intestines, the ideal administration route would be locally
administered by mouth. This would be important to minimize potential toxicity as well as to
increase patient compliance and quality of life. Second, what is the durability of clinical and
histological response after the therapy is discontinued? Do we see benefits of the NBD peptide
extending beyond the treatment period? That is, do pharmacodynamic effects outlast its

pharmacokinetic properties, similar to what has been observed in the collagen induced arthritis
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model (244)? Lastly, do we see specific alterations and trafficking of mucosal cell populations?
Durable changes in T cell phenotype and function were observed in murine experimental allergic
encephalomyelitis as NBD treatment induced Th2 cytokine production (246). These important
mechanistic questions need to be addressed; however the data provided here establishes the use

of the 8K-NBD as a potential therapeutic compound in IBD.

5.5 CONCLUSIONS

The human IBDs are disorders of innate immunity with an exaggerated inflammatory response
and loss of tolerance to the normal microbial constituents of the gut lumen. Much of the work in
IBD pathogenesis has focused on the external environmental factors, such as PAMPs from
enteric bacteria, in the initiation and perpetuation of chronic mucosal inflammation. Our studies
depicted in this dissertation aimed to broaden the scope of initiating factors as we hypothesize
that PAMPs and DAMPs, alone or in combination, orchestrate inflammation through activation
of innate immune responses in IBD.

The findings from this dissertation are summarized in Figure 5.1. Briefly, our studies
reveal basal TLR expression in normal healthy human and murine intestinal tissue (Figure 5.1A).
We show that the enteroendocrine lineage is the prominent cell population which strongly
expresses TLRs (chapter 2) in the intestine. In the normal state of “controlled inflammation,”
there does not appear to be highly detectable levels of TLRs on neighboring IECs [chapter 2 and
Ref. (106)]. Therefore, in health, the EECs may be the main cell type in the gut to express and

respond to the PAMPs present in the enteric microflora. Conversely, intestinal macrophages
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Figure 5.1: Schematic depicting role of the intestinal epithelia in health and disease.

(A) During physiologic events of “controlled inflammation” the enteroendocrine (EEC) lineage is the prominent cell
population which strongly expresses TLRs. EECs can secrete inflammatory mediators, as well as produce
regulatory factors, which contributes towards an immunosuppressive state. (B) During IBD, cytokines such as IFN-
v and TNF upregulate expression of TLRs on neighboring IECs. Additionally, there is an increase in the amount of
DAMPs released from cells dying of necrosis and cells activated by inflammatory mediators and/or PAMPs
(macrophages, M®). The increase in DAMPs, perhaps directly or by binding to the PAMPs in the intestines,
activates inflammatory pathways through TLRs on EECs, IECs, and resident macrophages in the gut mucosa. This
further activates the innate immune response and tips the balance towards a state of inflammation.
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(M®) and IECs also must respond to PAMPs and recognize invasive pathogens, such as
Salmonella, Shigella, Yersinia, and Listeria. Lamina propria macrophages are located in the gut
mucosa and provide a link to the adaptive immune response. These macrophages, however, have
been shown to have low TLR expression levels rendering them unresponsive to many danger
signals (279). In the setting of an invasive bacterial infection, IECs express and secrete a number
of proinflammatory cytokines and chemokines (86, 87). Intestinal macrophages and IEC may
recognize pathogens by expression of TLRs and other pattern recognition receptors (prominently
NOD family members) intracellularly or in the case of IECs basolaterally. Nonetheless, we
show that the EECs can secrete inflammatory mediators in response to bacterial ligands.
However, this is counterbalanced by the production of regulatory factors, namely the anti-
inflammatory growth factor TGF-B, and neuropeptides, CCK (162, 163, 279). EECs may
therefore establish an immunosuppressive state in the intestine.

During chronic IBD (Figure 5.1B), there is an increase of inflammatory mediators in the
intestinal milieu, including IFN-y and TNF. These proinflammatory factors have been shown to
upregulate innate immune pathways, specifically TLR and NOD2 expression in IECs (105, 106,
256, 280). This effectively increases the total pool of TLRs on the IECs making them more
available to recognize danger signals and activate the innate immune response, through the major
inflammatory transcription factor NF-kB. Concomitantly, there is an increase in the amount of
DAMPs released from cells activated by inflammatory mediators and/or PAMPs and cells dying
of necrosis. We show that in our murine model of IBD there are significantly elevated levels of
HMGBI in the stool (chapter 3). The increase in DAMP signaling, perhaps directly or by
binding to PAMPs in the intestines, through TLRs on EECs, IECs, and the resident macrophages

in the gut mucosa may amplify the inflammatory process. Damaged cells release more DAMPs
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and inflammatory mediators. This second wave of danger signals perpetuates inflammation
through the activation of innate immune responses, leading to an overt immunologic response
and to the pathogenesis of IBD. Taken together, increased TLR expression and release of
DAMPs activates the innate immune response and NF-kB (chapter 4), and tips the balance
towards a state of inflammation.

Our work provides the first steps towards implicating PAMPs and DAMPs in IBD. We
demonstrate that TLRs are expressed on EECs and can activate immune responses. We also
show that levels of HMGBI, a putative DAMP, are elevated in a murine model of colitis. By
targeting HMGB1 or the NF-«kB pathway of the stressed gut, we demonstrate significant
improvements in a murine model of colitis. Future studies will build upon these results, dissect

molecular pathways, and provide a stronger insight into the pathogenesis of IBD.
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