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ABSTRACT

Background: Intestinal inflammation elicited by environmental determinants including
dietary proteins and microbes is implicated in type 1 diabetes (T1D) pathogenesis. Also,
intrinsic pancreatic abnormalities could precede classic insulitis, contributing to TID.
Materials and Methods: Spontaneous rat T1D models were used for in situ analyses of gut
and pancreas to explore novel disease pathways using immunohistochemistry and detailed
morphometry, gene expression studies, and molecular screening analyses. Results: In BBdp
rats, feeding a cereal diet stimulated T1D under germ-free or specific pathogen-free (SPF)
conditions compared with a protective hydrolyzed casein (HC) diet. Cereal-induced T1D was
paralleled by increased gut T cell infiltration and Tgl-associated pro-inflammatory
transcription. HC-fed rats displayed an increased number of anti-inflammatory CD163" M2
macrophages compared with cereal-fed rats. Cereal-associated promotion of T1D in Lewis
diabetes-prone (LEW-DP) rats, a different rat model, similarly featured gut T cell infiltration
in conjunction with decreased immunoregulation. The Camp gene was induced in diet-
protected HC-fed BBdp rats. Camp encodes the cathelicidin antimicrobial peptide (CAMP),
a pleiotropic immunomodulatory host defence factor. Intestinal CAMP was enriched in
CD163" M2 macrophages and could represent a novel marker of these tolerogenic innate
immune cells. CAMP expression was also discovered in pancreatic lymph nodes (PLN) and
islets, indicating a novel role for this factor in target tissue homeostasis. There was a positive
correlation between pancreatic CAMP and total islet number. Also, islet-associated CAMP"
cells were increased in rats with islet inflammation, suggesting upregulation in parallel with
insulitis. Exogenous CAMP/LL-37 injections increased the abundance of T1D-protective
probiotic bacteria and promoted islet neogenesis in BBdp rats. A prospective partial

pancreatectomy (PPx) study was performed to obtain pre-diabetic pancreas biopsies from

ii



pre-insulitic BBdp rats. The number of endothelium-associated CD68" macrophages was
increased in pre-diabetic pancreata, indicating that perivascular inflammation was an early
lesion in the animals. In addition, pre-diabetic pancreata featured enhanced regenerative
Reg3a and Reg3b gene expression, indicating abnormal islet expansion preceding insulitis.
Conclusions: Small intestinal inflammation paired with deficits in local immunoregulation
parallels T1D development. CAMP represents a novel factor in T1D that could have several
pleiotropic functions including regulation of commensal microbes, intestinal homeostasis,
and pancreatic homeostasis. In addition, target tissue abnormalities precede insulitis and
T1D. This research focused on the integrative biology of T1D pathogenesis in spontaneous
rat models. This work provides a novel working model that incorporates key roles for gut
lumen antigens, intestinal immunity, and the role of islets and altered regenerative capacity

in T1D. This research could lead to new therapeutic opportunities for T1D treatment.
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CHAPTER 1. Introduction

CHAPTER 1. Introduction

Overview of thesis

The research focus was to investigate the role of environment on development of
spontaneous autoimmune type 1 diabetes (T1D) in rat models in vivo to gain a better
understanding of pathogenesis and identify novel therapeutic opportunities. In the present
Chapter, basic concepts relating to T1D are briefly reviewed, including clinical features,
genetic and epidemiological aspects, rodent models, environmental influence, and a
description of the prevailing model of T1D pathogenesis. Emphasis is placed on the role of
the gastrointestinal tract as a key organ integrating environmental signals and the immune
system, which could be key to understanding this complex chronic disease. Chapter 2 is a
description of the materials and methods used to perform the studies described in Chapters 3-
6. The roles of environment and intestinal inflammation in T1D development are
investigated in two different rat models: The influence of diet and microbes in diabetes-prone
BioBreeding (BBdp) rats is explored in Chapter 3 and the role of diet is investigated in
diabetes-prone Lewis rats in Chapter 4. In Chapter 5, a screening study in the intestine of
diet-protected BBdp rats forms the basis for identification and characterization of a host
defense factor (cathelicidin antimicrobial peptide) implicated in T1D protection. In Chapter
6, early pancreatic abnormalities are investigated in BBdp rats, which could represent novel

aspects of T1D pathogenesis. The work is summarized in Chapter 7.

Type 1 Diabetes
General introduction and clinical features: Type 1(A) diabetes (T1D) is a severe chronic
disease caused by loss of immune regulation and autoimmune destruction of insulin-

producing pancreatic beta (f)-cells (1-7). T1D is a complex polygenic disease, requiring
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interplay between host genetics and environment (8-11). Lifelong dependence on exogenous
insulin injections is necessary for survival, although this does not represent a cure.
Debilitating secondary complications can eventually arise, including renal failure, stroke,
blindness, heart disease, and amputation, all of which contribute to increased morbidity and

decreased life expectancy (12).

Genetic susceptibility: The human leukocyte antigen (HLA) region on chromosome 6, known
as IDDM1, is the most important locus, conferring 40-60% of genetic risk (4; 13). Only a
small percentage of individuals develop T1D despite a much larger percentage possessing
susceptible HLA haplotypes, indicating the presence of additional risk factors (2). More
recently, the traditional HLA risk genes have been less frequently associated with new cases,
implying an even greater role for environment than previously appreciated (14). Non-HLA-
associated susceptibility loci identified by genome-wide association studies (GWAS) account
for only a small proportion of disease heritability, with the most prevalent polymorphisms
accounting for less than 30% of heritable risk (15; 16). Such loci include the variable number
of tandem repeats in the promoter upstream of the insulin (/NS) gene on chromosome 11
(IDDM?2), as well as the immune-associated locus PTPN22 (LYP) on chromosome 1, CTLA4
(cytotoxic T lymphocyte associated-4; IDDM1I12), and IL2RA (CD25), although the
contribution of each locus is relatively low (7). Interestingly, approximately half of T1D-
associated risk genes encode products expressed in B-cells (17), suggesting intrinsic

involvement of the target tissue in establishing susceptibility to autoimmunity.
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Epidemiology: Over 5 million individuals worldwide have T1D (18). In Western countries,
T1D prevalence is ~0.4% (2) and incidence has been dramatically rising (5; 19), increasing
~3% per year among children and adolescents according to the International Diabetes
Federation (www.idf.org) (20). Lifetime risk in the general population has surpassed 1% in
North America and Europe (8; 20). In Europe, children between one and five years of age
represent the age demographic with the most rapidly increasing incidence (21). In 85% of
newly-diagnosed patients, there is no record of familial T1D (22; 23). Concordance rates
among monozygotic twins are substantially less than 100% (24; 25), even when discordant
twins are followed for up to 40 years after the initial twin develops T1D (13). In
monozygotic and dizygotic twins, concordance is approximately 30-50% (26) and 10% (7;
27), respectively. The differences in disease expression among twins are likely attributable to
a combination of non-germ-line encoded (somatic) variations and environmental influence
(13). Environmental factors could operate as triggers, accelerators, or inhibitors of B-cell
autoimmunity. Autoantibodies indicative of active islet autoimmunity are frequently detected
in young children that progress to T1D, suggesting a critical role for environment in
modulating disease at early stages of diabetogenesis (1; 7; 28). T1D prevention or therapy
will require an increased understanding of environmental disease modifiers and the
implementation of preventive strategies or combination therapies that modulate inflammation

and promote B-cell replenishment (21; 29).

Animal models of spontaneous T1D
Nonobese diabetic (NOD) mice: The NOD mouse has been available for over thirty years and
is currently the most widely used rodent model of T1D. As in humans, T1D in NOD mice

occurs spontaneously and is under polygenic control (30). Genetic susceptibility is conferred
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by several risk loci including MHC class II genes, namely the H2¢” haplotype (4). Unlike
humans, incidence is markedly increased in females (~80%) compared with males (~10-
30%) (2). Immunosuppression inhibits disease development and environmental factors such

as diet have an influence on incidence (31-33).

BioBreeding diabetes-prone (BBdp) rats: BBdp rats spontaneously develop a polygenic (34)
form of T1D equally in males and females that is characterized by a Ty1-biased destruction
of B-cells (35-38). Genetic risk is conferred by RT1" genes from the major histocompatibility
(MHC) complex (class II) (Iddm2) (39). In addition, a mutation on chromosome 4 (GimapJ5;
Iddm1) causes a pronounced T cell lymphopenia that is required for islet autoimmunity (4).
Islet inflammation (insulitis) becomes evident during adolescence (~30-50 d) and overt T1D
occurs thereafter (~60-150 d) (2). Metabolic outcomes of overt T1D in these animals include
hyperglycemia, weight loss, and reduced plasma insulin concentration (39), similar to human
disease. Ultimately, untreated BBdp rats succumb to T1D due to hyperglycemia and
ketoacidosis unless supplied with exogenous insulin (39). Immunosuppression inhibits
development of disease and environmental factors such as diet have a strong influence on

T1D incidence, consistent with NOD mice (2; 32; 38; 40; 41).

LEW.1AR1/Ztm-iddm (LEW-DP) rats: The LEW-DP rat provides an interesting alternative to
the traditional rodent models of spontancous T1D (38; 42). Consistent with BBdp rats,
susceptibility is conferred by RT1" genes of the MHC class II locus (38; 42), although it is
unclear yet whether this model is polygenic or oligogenic. Unlike the BBdp rat, there is no

pronounced lymphopenia and unlike the NOD mouse, there is no sex-bias with respect to
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incidence (42). Consistent with BBdp rats and NOD mice, insulitis in LEW-DP rats is

characterized by infiltration of macrophages and T cells leading to B-cell destruction (43).

T1D pathogenesis

Role of gastrointestinal tract. An emerging paradigm for the development of autoimmune
diseases, including T1D, involves three distinct components (10). The primary component is
genetic susceptibility of the host immune system, predisposed to abnormally respond to
environmental antigens encountered in the gut; the second component is the requirement for
the host to be exposed to the provocative environmental antigen; the third component is the
requirement of the provocative environmental antigen to translocate across the gut
epithelium and gain direct access to the underlying impaired host immune system (10). Gut-
originating inflammation could then disseminate, culminating in the activation of an adaptive
immune response with specificity for pancreatic B-cells. In BBdp rats, intestinal
inflammation is reflected by increased expression of Tyl cytokine IFN-y in the gut-draining
mesenteric lymph nodes (MLN) (36; 44), which are the body’s largest lymph nodes critical
for oral tolerance (45). An increased Thet/Gata3 mRNA transcription factor ratio, reflective
of Tyl bias, was also reported in the MLN of BBdp compared with BBc rats (36). Both
MLN and spleen of BBdp rats displayed a decreased percentage of T, compared with BBc
rats, indicating impaired adaptive immune regulation (36). This finding was consistent with
another report, in which BB-DP rats (Worcester strain) displayed a decreased percentage of
regulatory forkhead/winged-helix Box P3 (Foxp3)" T in MLN compared with control
(diabetes-resistant) BB-DR rats (46). Also, Foxp3" Ty from BB-DP rats were defective in

suppressing the proliferation of BB-DR effector T cells, indicating impaired regulatory
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function in the diabetes-prone strain (46). Thus, pro-inflammatory Ty1-biased MLN immune
activation occurs in parallel with decreased immune regulation in BBdp rats. It was also
demonstrated that adoptive transfer of MLN cells from young (3-week old) NOD mice into
NOD/scid recipients induced insulitis and T1D (47). A key question is whether immune
inflammation in MLN is also reflected at the small intestinal mucosa (e.g. epithelium and

lamina propria), where interaction with environmental antigens occurs upstream of MLN.

Small intestinal leakiness: The intestinal epithelium is a protective cellular layer that
separates the body’s tissues from the environmental contents of the gut lumen. In addition to
providing a structural barrier, the epithelium is a major controller of immunological and
nutritional homeostasis. Intestinal leakiness and gut barrier impairment are emerging as
important contributors to T1D (9; 10; 48; 49). Impaired gut barrier function preceding T1D
has been described in humans and impaired regulation of gut permeability could form the
physiological basis for disease susceptibility (50). BBdp rats display increased small
intestinal permeability that precedes onset of insulitis and overt T1D (51-53). Epithelial
apical tight junctions are complexes that regulate intestinal permeability in the small intestine
(54; 55). Zonulin/pre-haptoglobin2 (zonulin/pre-HP2) (56) is currently the only characterized
physiological modulator of tight junctions and impairment of this system is postulated to be a
key factor promoting chronic intestinal inflammation and autoimmunity (57). The natural
physiological role of zonulin/pre-HP2 is speculated to involve protection of the small
intestinal mucosa from excessive microbial colonization (10). In BBdp rats, abnormally
increased concentration of zonulin/pre-HP2 was observed in parallel with the progression of
insulitis (58). Treatment of BBdp rats with an inhibitor of the zonulin/pre-HP2 receptor (AT-

1001) prevented intestinal leakiness and inhibited T1D development (56; 58). Interestingly,
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increased serum concentration of zonulin/pre-HP2 has been reported in a subset of human
T1D patients and their first-degree relatives (59), consistent with gut leakiness contributing
to human T1D. We hypothesize that excessive translocation of environmental antigens in the
gut of diabetes-prone subjects occurs in parallel with stimulation of pro-inflammatory

intestinal immune responses that ultimately activate $-cell autoimmunity.

Small intestinal inflammation: The small intestine could play a major immunological role in
T1D pathogenesis. A constitutive histological enteropathy, featuring small intestinal villus
reduction and crypt hyperplasia, is present in BBdp rats; the enteropathy precedes T1D and is
absent from control BBc rats (44). A similar form of enteropathy has been described in NOD
mice (60). In a seminal study, Turley et al. demonstrated that ovalbumin (OVA)-specific T
cells proliferated in pancreatic lymph nodes (PLN) upon oral administration of OVA protein
(61). This experiment directly demonstrated a functional immunological link between oral
antigen exposure and immune activation in PLN (61). Treatment of NOD mice with dextran
sodium sulphate (DSS), a chemical agent that damages the intestinal mucosa, stimulated T
cell proliferation in both MLN and PLN; in addition, DSS exposure promoted insulitis (61).
PLN are a critical source of B-cell-reactive immune cells, as their surgical removal at 3
weeks (weaning) in NOD mice inhibited insulitis and T1D (62). Furthermore, adoptive
transfer of NOD-derived PLN cells induces T1D in NOD/scid mice (47). Colonic infection
of NOD mice with the enteric bacterium Citrobacter rodentium, a pathogen that disrupts the
epithelial barrier, accelerated insulitis and T1D (63), consistent with results from Turley et
al. using DSS (61). The chronically inflamed gut possibly represents the primary source of

activated P-cell-specific autoreactive immune cells (2). Consistent with this notion, gut-
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originating T cells expressing the gut-homing integrin osf3; have been described as a
population of early-infiltrating immune cells in the pancreata of young NOD mice (64; 65).
The mucosal vascular addressin cell adhesion molecule 1 (MAdCAM-1), the ligand for a.f3;
integrin, has likewise been shown to be induced on islet vasculature of NOD mice (66).
Treatment of NOD mice with antibodies directed against either integrin 37 or MAdCAM-1
inhibited T1D (67). Thus, a large body of evidence supports the involvement of small

intestinal immune responses and T1D development.

Environmental modulation of gut immunity and T1D

Dietary influence on TID in animal models: When exposed to innocuous dietary factors in
the gut, the mucosal immune system remains locally and systemically non-responsive via a
process known as “oral tolerance”, which is essential for both mucosal and systemic immune
homeostasis (45). Breakdown of this intricate regulatory network can result in loss of
intestinal homeostasis and development of chronic inflammatory syndromes, including
allergy and autoimmunity (45). Induction of oral tolerance is achieved by various anti-
inflammatory immune cell types (T, tolerogenic DC, and anti-inflammatory M2
macrophages) and involves distinct processes in the inductive sites of the gut immune
system, such as the MLN, as well as the effector sites, comprised of epithelium and lamina
propria (45). In BBdp rats, weaning onto a cereal diet promotes T1D compared with low-
antigen diets (41). Feeding BBdp rats a protective hydrolyzed casein (HC) diet improved
intestinal barrier integrity, as demonstrated by decreased permeability and lower
concentration of circulating zonulin/pre-HP2 (52). Also, early oral exposure of neonatal

BBdp rats to dietary antigens from a cereal-based diet decreased expression of Tyl cytokine
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IFN-y in the gut, likely a reflection of oral tolerance induction (68). Interestingly, MLN-
derived Tyl cells from BBdp rats proliferated in vitro upon exposure to wheat peptides; also,
protective HC feeding decreased the number of IFN-y" T cells in MLN, indicating dietary
modulation of gut inflammation (36). In the NOD mouse, cereal feeding promoted T1D
compared with low-antigen diets, such as gluten-free or modified gluten-free formulas (31;
32; 69). Consistent with these reports, avoidance of wheat exposure entirely, weaning onto a
wheat protein-free diet, and delayed exposure to wheat also afforded protection (70; 71). In
spontaneous animal models, diabetes-modifying diets potentially modulate T1D by
beneficial alteration of a combination of intestinal parameters, such as barrier integrity,
inflammatory status, and microbiota composition. The proximal jejunum is the primary site
of protein digestion and absorption in the gastrointestinal tract (72). Protein hydrolysis in the
jejunum by the combined enzymatic actions of pepsin and trypsin as well as brush border
peptidase mostly results in short peptides and free amino acids, which are subsequently
internalized by enterocytes using active transport mechanisms (72). Because proteins
ultimately drive the activation of adaptive immunity, the jejunum is a key segment of the
gastrointestinal tract for exploration of dietary modification of T1D, as this is the location

where ingested proteins are most likely to interact with the mucosal immune system.

Dietary influence on TID in humans: The most intensely investigated dietary factors
implicated in human T1D pathogenesis include breastfeeding duration, cow milk protein
consumption in early life, and exposure to cereal proteins in early life (2; 73). Infant
exposure to complex dietary proteins has been linked to increased T1D risk (74; 75). Early

feeding of cow milk proteins has been associated with enhanced T1D risk in rodent models
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and humans (2; 76). The controversial relationship between cow milk proteins in infant
formulas and T1D development is currently being evaluated in an intervention trial called the
“Trial to Reduce IDDM in the Genetically at Risk” (TRIGR) (2). The TRIGR trial represents
the largest study of dietary intervention for primary prevention of T1D (2). Weaning onto an
HC-based formula (Nutramigen) compared with a cow milk formula decreased signs of [3-
cell autoimmunity in children (77; 78). Increased risk for islet autoimmunity in susceptible

infants has also been associated with the timing of cereal protein introduction (79; 80).

Early childhood illnesses, diet, and subsequent presence of islet autoimmunity were
investigated in the “Diabetes Autoimmunity Study in the Young” (DAISY), which is a large
prospective study comprising control children and genetically at-risk children with at least
one first degree relative with T1D (81). Dietary intake of cereals (wheat or barley) during the
first 3 months of life (early) or after 7 months (late) was linked to increased risk of islet
autoimmunity (81). Also, a significant interaction between the occurrence of gastrointestinal
infections and later development of islet autoimmunity was dependent on timing of exposure
to cereals (81). Only among infants exposed to cereals either at early or late time points were
gastrointestinal illnesses significantly associated with increased islet autoimmunity at a later
time point (81). Thus, gastrointestinal illnesses, which importantly occurred secondary to
cereal exposure, were associated with promotion of islet autoimmunity in at-risk infants with
impaired immune systems. A human study by our group found that in vitro wheat peptide
challenge of peripheral blood mononuclear cells (PBMCs) from a large subset of TID
patients stimulated proliferation and a mixed pro-inflammatory cytokine response

characterized by production of IFN-y, TNF-a, IL-17A, and IL-6 (82). However, blockade of
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HLA-DR inhibited activation and pro-inflammatory cytokine secretion in peripheral T cells
from patients exposed to wheat proteins, demonstrating that the dietary effect was T1D-

specific (82).

There is overlapping genetic risk between T1D and celiac disease, a gluten-sensitive
enteropathy; the HLA-DQ2 haplotype, which is present in the majority of patients with celiac
disease, occurs in approximately 40% of patients with T1D (2). Prevalence of celiac disease
is higher in patients with T1D (~1-8%) compared with the general population (<1%) (2; 83).
These figures suggest that some aspects of T1D could be shared with celiac disease, with
abnormal immune processing of cereal proteins in the gastrointestinal tract potentially
playing an important common role in pathogenesis of both syndromes. However, the study
by our group demonstrated that abnormal T cell proliferation to wheat peptides was
associated with the T1D risk gene HLA-DR4 but was unrelated to the major celiac disease
risk gene HLA-DQ?2 (82). Our group previously reported the case of a highly wheat-sensitive
patient with both T1D and celiac disease who exhibited strong antibody reactivity to a wheat
storage globulin (subsequently renamed Glo-3A) with increased CD3" T cell proliferation
upon exposure to wheat gluten (84). The patient’s PBMCs produced a high amount of IFN-y
in response to Glo-3A exposure (84). Taken together, the studies demonstrate induction of
Tyl-biased inflammation in a subset of cereal-exposed humans with T1D. Thus, examining
dietary modulation of gut immunity could provide new insights into T1D pathogenesis as the

first encounter of cereal antigens is with the immune system in the gastrointestinal tract.

Microbial influence on gut immunity and T1D: In humans, there are approximately 10-fold

more bacterial cells compared with host mammalian cells, containing a metagenome 100-
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fold larger than the human genome (85; 86). Despite the large numbers of microbes residing
in the mammalian gut, hosts normally co-exist in a mutualistic association with commensal
bacteria, without induction of pro-inflammatory immune responses characteristic of
infection. Similar to oral tolerance to food antigens, the gut-associated mucosal immune
system remains locally hyporesponsive to commensal microbes in a process termed
“mucosally-induced tolerance” (45). A key point is that immune tolerance to commensal
microbes is different from oral tolerance to food antigens, in that hyporesponsiveness to
microbes does not extend systemically beyond the mucosal microenvironment (45). Thus,
the influence of diet on tolerogenic aspects of the immune system is potentially more
extensive than microbial influence. Microbial association with T1D in BBdp rats has been
established. In a study by Roesch et al., BB-DP and BB-DR fecal samples were compared
and an increased abundance of Lactobacillus and Bifidobacterium species was detected in the
resistant strain (87). When a particular probiotic strain, Lactobacillus johnsonii N6.2, was
administered colonically to BB-DP rats, T1D was inhibited in association with decreased
small intestinal /fng expression (88). In a retrospective study, BBdp rats that progressed to
T1D displayed an increased fecal proportion of bacterial species from the Bacteroides genus
(Bacteroidetes phylum) compared with rats that remained asymptomatic (89). When
antibiotics were administered to BBdp rats fed a cereal diet, T1D development was inhibited
(89). More intriguingly, combining antibiotics with an HC diet completely suppressed T1D
(89), demonstrating that microbes and diet jointly interact with the immune system,
underscoring the important concept of intestinal “antigenic load” as a TI1D risk factor.
Consistent with animal models, microbes have also been associated with T1D in humans.
Bacteroidetes (phylum), Bacteroidaceae (family), and Bacteroides (genus) were more

abundant in autoantibody-positive subjects compared with those that were autoantibody-
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negative (90). Bacteria from the Bacteroides genus have been previously associated with
T1D in both BBdp rats and humans (89; 91). Association of gut bacteria with T1D is
consistent with gastrointestinal involvement in pathogenesis (58; 90; 92). Bacteria could

influence T1D via modulation of intestinal immune status.

Regulatory immune cell subsets implicated in T1D modulation

A deficit in immune regulation in the gastrointestinal tract could enable gut inflammation
and underlie susceptibility to environmental induction of T1D. Regulatory T cells (Ty,) and
M2 macrophages are both immune populations with anti-inflammatory properties that could
modulate intestinal inflammation and decrease T1D risk. Neither population has been

investigated in the jejunum of diabetes-prone rats. These populations are briefly described:

Regulatory T cells: Foxp3™ Ty play a central lifelong role in preventing autoimmunity in
rodents and humans (1; 93; 94). Foxp3 is a cell lineage-determining master transcription
factor governing Ty, differentiation and function (93). Foxp3" T, suppress the proliferation
and function of various immune cells, including effector CD4" and CDS8" T cells, B cells,
DC, macrophages, and natural killer cells (95). Mice with a loss-of-function mutation or
deficient in the Foxp3 gene develop lethal autoimmunity (94). In humans, mutations in the
FOXP3 gene result in the “Immunodysregulation, Polyendocrinopathy, Enteropathy, X-
linked (IPEX)” syndrome, featuring intestinal inflammation and islet autoimmunity (96).
Abnormalities in Foxp3" T have been reported in T1D patients (97-100) and adoptive
transfer experiments have demonstrated that Ty, can suppress T1D in BBdp rats (38; 101).

However, other anti-inflammatory immune cells with tolerogenic properties also contribute

13
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to immune homeostasis, including some innate immune populations such as M2

macrophages (102; 103).

M?2 macrophages: Resident macrophages in the gastrointestinal tract are required for
maintaining tolerance towards commensal microbes and dietary factors (104). Specifically,
M2 macrophages are a subset that play a critical role in maintaining intestinal homeostasis by
promoting a tolerogenic immune phenotype (105; 106). The macrophage designations ‘M1’
and ‘M2’ are associated with Ty1- and Ty2-biased immune phenotypes characterized by the
hallmark cytokines IFN-y and IL-4, respectively (107). “Classically activated” Ml
macrophages are associated with an activated pro-inflammatory immune phenotype,
characterized by increased IL-12 production, NO production, as well as high antigen-
presenting and co-stimulatory capacity (108). Conversely, “alternatively activated” M2
macrophages are associated with maintenance of an anti-inflammatory state, growth, tissue
repair, vascularization, phagocytosis, apoptotic debris removal, and wound healing (108).
CD163 is a surface scavenger receptor and marker of mature tissue resident M2 macrophages
(109). CD163 is considered a marker of M2c macrophages (110-112), a subset of anti-
inflammatory M2 macrophages specifically implicated in regulation of wound healing, tissue
repair, and immunomodulation (113). The strongest functional evidence of tolerogenic M2
macrophage capacity to inhibit T1D was reported in a recent study by Parsa et al. (102).
Adoptive transfer of M2 macrophages into NOD mice inhibited T1D, demonstrating the

strong immunomodulatory capacity of these cells (102).
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Islet homeostasis in T1D pathogenesis

B-cells represent the primary targets of islet autoimmunity and therefore play a central role in
T1D pathogenesis (1). During TID development, there is a gradual decline in B-cell mass
(114; 115); when patients are diagnosed, up to 80% of B-cell mass has been lost (43), mainly
by apoptosis (116). Islet infiltration by macrophages and T cells and subsequent immune cell
interaction with B-cells, either through direct contact or secretion of pro-inflammatory
mediators, contribute to islet destruction (117). IFN-y promotes [-cell apoptosis,

underscoring the importance of Ty1-biased immune responses in T1D (43).

Restoring endogenous insulin secretion and achieving insulin independence is a
primary goal of T1D research. As the decrease in B-cell mass is a gradual destructive
process, there is likely an opportunity to target residual cells for expansion (118). In NOD
mice, feeding a protective diet lacking wheat proteins was associated with increased
pancreatic expression of the //4 gene, suggesting a benefit of pancreatic Ty2-biased immune
responses (70). Diet could play a role in modulating islet homeostasis. In an intervention trial
involving islet autoantibody-positive first-degree relatives of patients with T1D, six months
of gluten avoidance resulted in a significant increase in the first-phase insulin response,
suggesting a beneficial effect of a gluten-free diet on B-cell function (119). The benefit of
gluten avoidance from the previous study could be associated with induction of anti-
inflammatory immune pathways, suggesting the potential for a window for recovery of B-cell
function in patients with signs of islet autoimmunity. Consistent with this concept, enhanced
C-peptide concentration and temporary insulin independence was achieved in many newly-

diagnosed T1D patients following bone marrow transplantation (120). Thus, dietary or
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immune interventions, even post-diagnosis, have the potential to afford at least temporary
benefit, by limiting pro-inflammatory immune responses and increasing the function of

residual B-cells.

The usually low rates of B-cell proliferation in postnatal rodents can be stimulated to
increase when inflammation is present. For example, B-cell proliferation was observed to
gradually increase in NOD mice throughout T1D progression (121). In contrast, proliferation
was not modified in immunodeficient NOD (NOD/scid) mice that lacked islet inflammation
(121), suggesting involvement of pro-inflammatory immune factors in stimulating [-cell
expansion. The process of islet repair in the face of chronic islet autoimmune attack could
serve to amplify B-cell autoimmunity by providing new targets and epitopes for pathogenic
effector immune cells (115). Interestingly, Sreenan et al. reported enhancement of P-cell
proliferation in parallel with decreased B-cell mass preceding T1D (122). Similarly, our
group reported enhanced islet expansion processes in the pancreata of young BBdp rats
compared with BBc rats that preceded insulitis (123). Thus, excessive islet expansion in
young diabetes-prone rodents could be an important target tissue abnormality preceding

classic insulitis that promotes T1D development.

Summary

T1D potentially develops by different pathways in a heterogeneous fashion, with progression
in any particular individual dependent on a multitude of intersecting genetic factors and
environmental exposures (2). However, defective intestinal homeostasis involving a non-

exclusive combination of impaired barrier function, regulatory/pro-inflammatory immune
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imbalance, and altered microbiota could be a fundamental feature of T1D pathogenesis. In
parallel, intrinsic abnormalities in the target pancreas could also contribute to T1D. Thus,
gut-originating inflammation could culminate in the activation of an adaptive immune
response with specificity for pancreatic B-cells. Targeting of gut immunity and islet

homeostasis, for example by dietary modification, could be effective in preventing or treating

T1D.
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RESEARCH OVERVIEW

Hypotheses
(i) Environmental factors that influence TID incidence in diabetes-prone rats function in
part by modifying small intestinal inflammation; (ii) Target tissue abnormalities precede

development of classic insulitis in the pancreata of diabetes-prone rats.

Research Questions

1. Is environmental alteration of TID by diet and microbes reflected by modification of the
immune infiltrate in the jejunum of BBdp rats? [Chapter 3]

2. Is dietary alteration of TID reflected by modification of the immune infiltrate in the
jejunum of LEW-DP rats? [ Chapter 4]

3. Can diet-modifiable immune factors be identified in the small intestine of BBdp rats fed
diabetes-modifying diets using gene expression screening? [Chapter 5]

4. Are there early target tissue abnormalities that can be identified in the pancreata of BBdp

rats using a prospective partial pancreatectomy strategy? [Chapter 6]
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CHAPTER 2. Materials and Methods

Ethics approval
The Animal Care Committees at the University of Ottawa/OHRI and Health Canada
approved the studies. Animals were maintained according to the Canadian Council on

Animal Care guidelines.

Animal studies - Housing and diets

BBdp rats (SPF condition): BBdp rats were maintained at the OHRI Animal Facility (Loeb
building) or at the Animal Resources Division of Health Canada (Ottawa, Canada). Animals
were kept in protected laminar flow cages under SPF conditions. The colony was antibody-
free with respect to Sendai virus, pneumonia virus of mice, rat corona
virus/sialodacryoadenitis virus, Kilham rat virus, Toolan's (H-1) virus, reovirus type 3,
Mycoplasma  pulmonis, lymphocytic choriomeningitis virus, mouse polio virus,
Encephalitozoon cuniculi, Hanta virus, CAR bacillus, and rat parvovirus. At 23 d, rats were
weaned onto either an HC-based AIN93G diet or cereal-based diets, either an NTP-2000 diet
(Ziegler Bros, Gardners, USA) or a Teklad Global 18% Protein Rodent Diet (Harlan

Laboratories, Montreal, Canada).

BBdp rats (Germ-free condition): Germ-free BBdp rats were derived from SPF-housed BBdp
rats by caesarean section. Term SPF BBdp mothers were anaesthetized and hysterectomies
were performed. Germ-free BBdp pups were nursed by germ-free Sprague Dawley foster
mothers (IFFA-CREDO, Lyon, France; distributed by Charles River, Montreal, Canada).

Sterile germ-free environments were maintained using plastic shoebox cages with isolator
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caps inside closed isolator hoods kept under positive pressure and equipped with fans
circulating HEPA-filtered air; also, sterile wood bedding and sterile irradiated water were
used (Charles River, Wilmington, USA). Animals were fed either an irradiated AIN93G HC
diet sterilized with gamma irradiation ranging from 34.5 kGy to 46.6 kGy at MDS Nordion
(Montreal, Canada) and stored at 4° C or an irradiated cereal-based C.R. Rodent 18% diet
(PMI Nutrition International, Brentwood, USA), which was vacuum packed in 5 pound bags
(Zeigler Bros, Gardners, USA); the companies guarantee that the diets were free of bacteria.
Virus-free status of germ-free BBdp rats was confirmed by enzyme-linked immunosorbent
assay (ELISA) for antibodies against several viruses. Fresh fecal pellets from the isolation
chambers were tested for the presence of live bacteria in germ-free BBdp rats. Denaturing
gradient gel electrophoresis was performed to confirm sterile status (124; 125). Bacterial
DNA was isolated from fecal samples using the QIAamp DNA Stool Mini kit (Qiagen,
Mississauga, Canada). Genes encoding bacterial 16S ribosomal RNA were amplified using
the universal primers F27 and R1492, as previously described (126). Examination of samples
from germ-free BBdp rats did not reveal the presence of 16S rRNA genes, confirming the

absence of bacteria.

Lewis rats: Diabetes-prone LEW.1AR1-iddm (LEW-DP) and control LEW.1AR1 (LEW-C)
rats were obtained from Dr. S. Lenzen at the Institute for Laboratory Animal Science at the
Hannover Medical School (Hannover, Germany). Rats were maintained at the Ottawa

Hospital Research Institute. At 23 d, rats were weaned onto either a cereal-based diet (Teklad

Global 18% Protein rodent diet; Harlan, Montreal, Canada) or an HC-based AIN93G diet.

20



CHAPTER 2. Materials and Methods

Monitoring of diabetic status

Rats were weaned at 23 d and provided free access to either cereal-based diets or an HC diet.
Beginning at 55 d, rats were tested twice weekly for glucosuria. Rats with glucosuria were
fasted overnight, and blood glucose was measured the next morning using a glucometer. T1D
was diagnosed when fasting blood glucose was > 11.1 mM; rats were monitored for T1D
until at least 134 d. Within 48 hours of T1D diagnosis, or in rats remaining asymptomatic
(134-149 d for BBdp; 100 d for LEW-DP), rats were anaesthetized using 2.5% halothane (or
4% 1soflurane) in oxygen, weighed, and exsanguinated from the abdominal aorta. Jejunal
tissue was cut open longitudinally, rinsed with PBS, rolled up, and fixed in Bouin’s fixative
(immunohistochemistry) or snap-frozen in liquid nitrogen (gene expression). Following
fixation for 24 hours, tissues were transferred to a 75% ethanol solution, dehydrated, and

embedded in paraffin for histological studies.

Injections of CAMP/LL-37 in young BBdp rats

BBdp rats were treated with cathelicidin antimicrobial peptide (CAMP)/LL-37 (AnaSpec,
Fremont, USA) to study its pleiotropic effects on intestinal microbes, pancreas, and immune
parameters. At 23 d, animals were weaned onto a cereal-based diet (Teklad Global 18%
Protein Rodent Diet, Harlan Laboratories, Montreal, Canada). At 24 d, BBdp and BBc rats
were injected (i.p.) daily for one week with either CAMP/LL-37 (1 mg/kg; n=10/group) or
saline (n=10/group) (total 40 animals). Fecal samples were obtained following the treatment
course, flash frozen in liquid nitrogen, and stored at -80° C. DNA was extracted from the
fecal samples and subjected to high-throughput metagenomic analyses (Dr. A. Stintzi,
University of Ottawa, Ottawa, Canada). At 30 d, BBdp rats were killed; jejunum, pancreas,

PLN, spleen, and liver were harvested.
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Partial pancreatectomy (PPx) studies

We performed a unique pancreatic biopsy study using BBdp rats to explore target tissue
features present in the pancreata of susceptible animals during the period preceding insulitis.
At 23 d, BBdp rats were weaned onto a cereal-based diet (Teklad Global 18% Protein Rodent
Diet, Harlan Laboratories, Montreal, Canada). Pancreas samples from pre-insulitic BBdp rats
were obtained upon 30% partial pancreatectomy (PPx) at 30 days of age. The first cohort of
BBdp rats underwent PPx (~30% pancreas) and the excised tissue was placed in Universal
Molecular Fixative (UMFIX) for immunohistochemistry experiments. The second cohort
underwent PPx and tissue was used for RNA isolation for gene expression studies. Details
about the pancreatic RNA isolation protocol appear later in this Chapter. Sham operations
were also performed but the pancreas was left intact. In total, #=26 animals had PPx surgery
and n=23 had a sham surgery. Note: [ isolated the RNA and performed a subset of sham
operations while Dr. G.-S. Wang performed all PPx surgeries and most sham surgeries. At
150 d (endpoint), all pancreatectomized rats had either turned diabetic or remained
asymptomatic and corresponding 30 d samples (tissue or RNA) were retrospectively

classified as either “pre-diabetic” or “resistant”.

Insulin concentration in the serum

Serum insulin was evaluated by ELISA using rat insulin 96-well microplate ELISA kit
(catalog number 10-1250-01; Mercodia, Uppsala, Sweden). The kit is based on a direct
sandwich technique, which uses two monoclonal antibodies recognizing distinct rat insulin
epitopes. During the reaction, insulin proteins bind to separate plate-bound antibodies as well
as peroxidase-conjugated antibodies, both directed against insulin. Detection of bound

conjugated antibody was achieved by adding tetramethylbenzidine as the substrate. A
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standard calibration curve was generated using kit components for determination of insulin
concentration in the BBdp rat serum samples. Optical density readings were obtained at 450

nm using a Multiskan Ascent v1.24 (ThermoFisher Scientific, Inc., Waltham, USA).

Immunohistochemistry of intestinal immune markers using DAB

Jejunum sections were stained using hematoxylin and eosin (H&E) (Pathology Department,
University of Ottawa, Ottawa, Canada) and were used for intestinal histological scoring.
Eosinophils were labeled using Chromotrope 2R (127). For immunohistochemistry of
immune markers, sections were deparaffinized using CitriSolv solution (ThermoFisher
Scientific, Inc., Waltham, USA) and rehydrated in ethanol solutions (100%, 95%, 70%
ethanol) and water. Antigen retrieval was performed using heat, pressure, and chemical
treatment (see Table 2.1) in a decloaking chamber (BioCare Medical, Concord, USA).
Endogenous tissue peroxidases were inhibited using a solution of 3% H,O, prepared in
methanol. Next, sections were incubated with either Universal Blocking Solution (DAKO
Canada, Inc., Burlington, Canada) or 5% bovine serum albumin (BSA) buffer (5 g BSA per

100 mL 0.01M PBS; pH=7.6) for 30 minutes for blocking of non-specific binding sites.

Primary antibodies for immunohistochemistry using DAB

The following primary antibodies were used for labeling (see Table 2.1 for additional
technical details). Goat anti-CCL11 (eotaxin-1) (R&D Systems, Minneapolis, USA)
polyclonal antibody was applied at a dilution of 1:150. Rabbit anti-CD3 (Abcam, Toronto,
Canada) polyclonal antibody at 1:400. Mouse anti-CD8a (BD Biosciences, Mississauga,
Canada) polyclonal antibody at 1:10. Rat anti-Foxp3 (eBioscience, San Diego, USA)

monoclonal antibody at 1:100. Goat anti-CD163 (Santa Cruz Biotechnology, Santa Cruz,
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USA) polyclonal antibody at 1:100. Mouse anti-CD68 (AbD Serotec, Raleigh, USA)
monoclonal antibody at 1:50. Goat anti-CD83 (Santa Cruz Biotechnology, Santa Cruz, USA)
polyclonal antibody at 1:200. Rabbit anti-cathelicidin (Abcam, Toronto, Canada) polyclonal
antibody at 1:3000. Mouse anti-p16™** (Abcam, Toronto, Canada) monoclonal antibody at
1:4000. Mouse anti-PCNA (DAKO Canada, Inc., Burlington, Canada) monoclonal antibody
at 1:200. Primary antibody incubations were performed at room temperature. Corresponding
biotinylated secondary antibodies (DAKO Canada, Inc., Burlington, Canada) were applied
for 30 minutes at room temperature followed by incubation with a solution of streptavidin-
conjugated horseradish peroxidase (DAKO Canada, Inc., Burlington, Canada) for 30 minutes
at room temperature. For reaction visualization, 0.06% 3,3’-diaminobenzidine (DAB; Sigma-
Aldrich Canada, Oakville, Canada) and 0.03% H,O, were applied as substrates for colour
development. Counterstaining of nuclei was performed using hematoxylin (Electron

Microscopy Sciences, Hattfield, USA).

24



CHAPTER 2. Materials and Methods

Table 2.1. Primary antibodies and retrieval conditions for staining using DAB protocol

Primary antibody Company and Antibody isotype | Antigen retrieval &
catalog number antibody dilution
CD3 Abcam; Rabbit polyclonal Boiling 0.1M citric
ADb5690 IgG acid pH=6.0 (30
min); 1:400
CD8a BD Pharmingen; Mouse monoclonal Boiling 0.1M citric
BD550298 IgG acid pH=6.0 (10
min); 1:10
Foxp3 (FIK-16s) eBioscience; Rat monoclonal IgG Boiling 1 mM
14-5773-82 EDTA pH=8.0 (30
min); 1:100
CD163 (G-17) Santa Cruz Goat polyclonal IgG | Boiling 0.1M citric
Biotechnology; acid pH=6.0 (10
sc-18795 min); 1:100
CD68 AbD Serotec; Mouse monoclonal Jejunum: Boiling
MCA341GA IgG 0.1M citric acid
pH=6.0 (10 min);
1:50; Pancreas:
Boiling 0.1M citric
acid pH=6.0 (4 min);
1:400
Cathelicidin/CAMP Abcam; ab74946 Rabbit polyclonal Boiling 0.1 M
IgG citric acid
pH=6.0 (10 min);
1:3000
ple™ke Abcam; ab54210 Mouse Boiling 1 mM
monoclonal IgG EDTA pH=9.0 (4
min); 1:4000
PCNA (PC10) DAKO; M0879 Mouse Boiling 0.1 M citric

monoclonal IgG

acid pH=6.0 (4 min);
1:200

Microscopy and imaging of small intestinal tissue

Light microscopy was performed using an Axioplan2 light microscope (Zeiss Canada,
Mississauga, Canada) and image capturing for morphometric analyses was performed using a
CCD color camera (QImaging, Surrey, Canada). Northern Eclipse morphometry software
(Empix Imaging, Mississauga, Canada) was used for measurements of tissue area and
quantification of cells labeled by immunohistochemistry. Using coded slides, stained cells in
the jejunum were quantified on a minimum of 10 fields per tissue section from images
captured at 200x magnification. The ScanScope CS eSlide capture device and ImageScope

software (Aperio, Vista, USA) were also used for some analyses.
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Evaluation of small intestinal histological enteropathy

Histology in the jejunum was evaluated using an adaptation of the Marsh classification scale
(128) used for clinical evaluation for small intestinal histopathology associated with celiac
disease. The five following parameters were scored: 1. Goblet cell homeostasis (normal: 0,
abnormal: 1); 2. Villus morphology (normal: 0, decreased height: 1, flattened: 2); 3. Crypt
morphology (normal: 0, increased height: 1); 4. Immune cell infiltration (normal: 0,
infiltration in lamina propria: 1, infiltration in lamina propria + submucosa: 2, infiltration in
lamina propria, submucosa, and muscularis propria: 3); 5. Muscularis thickness (normal: 0,
mild thickening: 1, severe thickening: 2). Total histological scores were determined, which

ranged from 0 (normal histology) to 9 (severe enteropathy).

Immune cell morphometry

For quantification of immune cells in the gut epithelium of the jejunum, average epithelial
cell width was determined in adult rats; 800 nuclei were counted and villus length measured
in 24 villi for estimation of the average width of a single rat epithelial cell, which was 7.5
pm. The number of epithelial cells in the villus was determined by dividing the total length
of the analyzed villus segment by the width of a single epithelial cell (7.5 um). For
determination of CD3" and CD8a." IEL densities as well as epithelium-associated CD163"
cells, only straight elongated villus segments were analysed; crypts were excluded from all
measurements. CD3" IEL, CD8a" IEL, and epithelium-associated CD163" cells were
expressed as the number of cells per 100 villus epithelial cells, as performed for clinical
evaluation of celiac disease (128). For measurement of cells in the lamina propria, CD3"

cells (LPL), CD8a." cells (LPL), Foxp3™ cells, CD163" cells, and CD68" cells were counted
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manually and expressed as the cell number per mm” jejunum area, which excluded the
submucosa and muscularis propria; Foxp3™ cells were also expressed as a percentage of

CD3" LPL.

Immunofluorescence and confocal microscopy

Immunofluorescence was performed using a Zeiss LSM 510 Meta laser scanning confocal
microscope (Zeiss Canada, Mississauga, Canada). Guinea-pig anti-insulin (A0564; DAKO
Canada, Inc., Burlington, Canada) polyclonal antibody was used. For information about the
other antibodies used for immunofluorescence, see Table 2.1. Secondary antibodies
conjugated to the following fluorophores were used: Alexa488, FITC, Cy3, and Cy5
(Jackson ImmunoResearch, West Grove, USA). For some stainings, biotinylated secondary
antibodies (DAKO Canada, Inc., Burlington, Canada) were applied followed by streptavidin-
conjugated Cy3 (Jackson ImmunoResearch, West Grove, USA). Hoechst (Sigma-Aldrich
Canada, Oakville, Canada) was used for nuclear staining. See Table 2.2 for detailed
description of antibodies and retrieval conditions used for immunofluorescence stainings.

LSM files were processed using ZEN 2009 software (Zeiss Canada, Mississauga, Canada).

27



CHAPTER 2. Materials and Methods

Table 2.2. Primary antibodies and retrieval conditions for immunofluorescence

Primary antibodies and

dilution

Secondary
antibodies/fluorophores and
dilution

Antigen retrieval

CAMP (1:200);
CD163 (ED2)(1:10);
CD14 (1:50)
(Jejunum)

CAMP: Donkey anti-rabbit-
Cy3 (1:300);

CD14: Donkey anti-goat
Alexa488 (1:200);
CD163 (ED2): Rabbit anti-
mouse-Cy5 (1:200)

Enzyme treatment (0.05%
trypsin pH=7.6, 10 min)

CAMP (1:300);
CD68 (1:10)
(Jejunum, PLN, and
pancreas)

CAMP: Goat anti-rabbit
(DAKO/EO432; 1:300) +
streptavidin-Cy3 (1:300)
CD68: Donkey anti-mouse
Alexad88 (1:200)

Boiling 0.1 M
citric acid
pH=6.0 (10 min)

CAMP (1:200);
CD14 (1:50)
(PLN)

CAMP: Donkey anti-rabbit-
Cy3 (1:300);
CD14: Donkey anti-goat
Alexa488 (1:200)

Boiling 0.1 M
citric acid
pH=6.0 (10 min)

CAMP (1:300);
CD163 (G-17)(1:30)
(PLN)

CAMP: Donkey anti-rabbit-
Alexa488 (1:200);
CD163 (G-17): Rabbit anti-
goat (DAKO/E0466; 1:600)
+ streptavidin-Cy3 (1:300)

Boiling 0.1 M
citric acid
pH=6.0 (10 min)

CAMP (1:200);
INSULIN (1:50)

CAMP: Donkey anti-rabbit-
Cy3 (1:300);
INSULIN: Donkey anti-
guinea pig-FITC (1:200)

Boiling 0.1 M
citric acid
pH=6.0 (10 min)

CAMP (1:200);
CD68 (1:10);
INSULIN (1:50)

CAMP: Donkey anti-rabbit-
Cy3 (1:300);

CD68: Rabbit anti-mouse-
Cy5 (1:200);
INSULIN: Donkey anti-
guinea pig-FITC (1:200)

Boiling 0.1 M
citric acid
pH=6.0 (10 min)

p16™%* (1:32,000);
INSULIN (1:50)

p16™%#: Rabbit anti-mouse
(DAKO/EO354; 1:300) +

streptavidin-Cy3 (1:1200);
INSULIN: Donkey anti-
guinea pig-FITC (1:200)

Boiling 1 mM EDTA
pH=9.0 (4 min)

RNA isolation

For standard gene expression experiments (TagMan Gene Expression Assays): Total RNA
was isolated from frozen jejunum samples using TRIzol reagent (Invitrogen, Life
Technologies, Burlington, Canada). Briefly, TRIzol reagent was added to frozen jejunum (1

mL per 50-100 mg sample); tissue represented ~10% of the TRIzol reaction mixture volume.

28



CHAPTER 2. Materials and Methods

Homogenization: Tissue was disrupted at room temperature for 15 seconds by mechanical
homogenization using an electric handheld homogenizer. Phase separation: Homogenized
samples were incubated at room temperature for 5 minutes to enable full dissociation
between nucleic acids and proteins. Chloroform was added (200 puL per 1 mL initial TRIzol)
and tubes were briefly vortexed and shaken vigorously for 15 seconds; samples were
incubated for 3 minutes at room temperature. Next, samples were centrifuged at 12,000 x g at
4° C for 15 minutes using an Eppendorf 5417R centrifuge (Eppendorf Canada, Mississauga,
Canada). The upper colorless aqueous phase containing the RNA was carefully removed (~1
mL) and transferred to a new tube; the lower red phenol-chloroform phase and white
interphase layer were discarded. RNA precipitation: Isopropanol (500 ul per 1 mL initial
TRIzol) was added to the aqueous phase and samples were incubated for 10 minutes at room
temperature. Samples were centrifuged at 12,000 x g at 4° C for 10 minutes. RNA washing:
Supernatant was removed from the RNA pellet, which was washed using 1 mL ethanol (75%
in DEPC-H,0), briefly vortexed, and centrifuged at 7,500 x g at 4° C for 5 minutes; the
supernatant was discarded. The RNA pellet was air dried for 5 minutes and resuspended in
200 pL nuclease-free H,O. RNA concentration was determined using an Ultrospec 3000
spectrophotometer (Pharmacia Biotech/GE Healthcare, Uppsala, Sweden). Samples were

stored at -80°C.

Reverse transcription

For synthesis of complementary DNA (cDNA), isolated RNA (2 pg) was reverse transcribed
in a final reaction mixture volume of 40 puL containing Invitrogen reagents (Invitrogen, Life
Technologies, Burlington, Canada). The mixture consisted of 1X First Strand Buffer, 0.01 M

dithiothreitol (DTT), 0.5 mM dNTP, 25 pg/mL Oligo(dT),s as template primer, 2 U/uL
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RNaseOUT recombinant ribonuclease inhibitor, and 10 U/uL (M-MLV) reverse
transcriptase. The reverse transcription reaction was carried out at 42° C for 90 minutes, 94°
C for 5 minutes, and 4° C for 10 minutes. Thermocycling was done using an Eppendorf

Mastercycler (Eppendorf Canada, Mississauga, Canada). Samples were stored at -20° C.

Real-time polymerase chain reaction (PCR) using TagMan Gene Expression Assays

Real-time PCR was performed using TagMan Gene Expression Assays (Applied Biosystems,
Life Technologies, Burlington, Canada) and experiments were carried out using the ABI
Prism 7000 Sequence Detection System (Applied Biosystems, Life Technologies,
Burlington, Canada). The thermal profile was as follows: Stage 1. 50° C for 2 minutes (1
cycle); Stage 2. 95° C for 10 minutes (1 cycle); Stage 3. 95° C for 15 seconds followed by 60°
C for 1 minute (40 cycles). The reaction mixture contained 1X TagMan Universal PCR
Master Mix, 1X TagMan Gene Expression Assay Mix consisting of primers and probes for
the gene-of-interest and endogenous housekeeping control gene B-actin (Actb) (see Table
2.3); 6075 ng of template cDNA was used in a final volume of 21 pL per replicate. The
reaction mixture contained fluorogenic oligonucleotide probes containing FAM- and VIC-
conjugated reporter dyes to enable simultancous detection of genes-of-interest and the
endogenous housekeeping control gene, respectively. For reagent testing, standard curves
were performed for the gene-of-interest and housekeeping control gene in singleplex (one
assay/reaction; one primer pair and probe set) and multiplex (two assays/reaction; two primer
pairs and probe sets) to verify that reaction performance and amplification efficiencies were
equivalent. For sample analysis, multiplex PCR reactions were performed in triplicate on a
96-well plate containing triplicates of cDNA calibrator sample and control containing no

template.
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The comparative Ct method (AACt) was used for quantitative analysis. The Cr value
was defined as the cycle number at which the detected fluorescence meets the threshold
value set above background fluorescence. ACr corresponded to the difference between the
raw Cr values of the target gene and endogenous control. The ACr value was obtained by
subtracting the Ct value of B-actin from the gene-of-interest and the triplicate ACy values
were averaged for each unknown sample; the ACt value was obtained for unknown samples
and the calibration sample, which was jejunum tissue from an age-matched cereal-fed Wistar
Furth (WF) rat. The ACy value of the WF calibration sample was subtracted from each
unknown BBdp ACr value to obtain the AACr value; the AACr value corresponded to the
difference between the ACr value between the BBdp sample and WF calibration sample.
Expression of the gene-of-interest was normalized to expression of the Acth housekeeping
gene; results were expressed as relative fold-change amounts (2*“") standardized to the
calibrator WF rat sample. For graphical presentation in Chapter 3 figures, the average fold
change values from the Germ-free/HC group were normalized to 1 and averages from other

groups were adjusted by the same factor.
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Table 2.3. Gene expression analyses in jejunum of BBdp rats

Gene symbol Corresponding protein NCBI reference Applied Biosystems
sequence TaqMan Gene
Expression Assay
catalog number
Foxp3 Forkhead box P3 (Foxp3) NM 001108250.1 Rn01525092 ml
Ctla4 Cytotoxic T lymphocyte- NM 031674.1 Rn00581545 ml
associated protein 4
(CTLA-4)
Cdi63 CD163 NM 001107887.1 Rn01492519 ml
Itgae Integrin, alpha E NM 031768.1 Rn04224678 ul
(CD103)
1110 Interleukin 10 (IL-10) NM 012854.2 Rn00563409 ml
Tefbl Transforming growth NM 021578.2 Rn00572010_m1
factor beta 1 (TGF-B1)
14 Interleukin 4 (IL-4) NM 201270.1 Rn01456866 ml
Ifng Interferon gamma (IFN-y) NM_138880.2 Rn00594078 ml
115 Interleukin 15 (IL-15) NM 013129.2 Rn00689964 ml
1l17a Interleukin 17A (IL-17A) NM 001106897.1 Rn01757168 ml
1123 Interleukin 23, subunit NM 130410.2 Rn00590334 g1
p19 (IL-23)

Camp Cathelicidin NM 001100724.1 Rn01446022 gl

Actb Actin, beta (3-actin) NM 031144.2 4352340E

RNA isolation and cDNA synthesis for intestinal studies using PCR arrays

Total RNA was isolated from whole jejunum using the Nucleospin RNA II RNA Isolation
Kit (Macherey-Nagel, Duren, Germany). Following extraction, RNA sample quality and
quantity were evaluated using a 6000 Nano LabChip on an Agilent 2100 Bioanalyzer
(Agilent Technologies, Mississauga, Canada). For PCR array studies, the RT? First Strand
Kit (Qiagen/SABiosciences, Mississauga, Canada) was used to convert 1 ug of RNA into
cDNA. The cDNA was combined with RT> qPCR Master Mix and aliquoted onto 96-well

PCR array plates (Qiagen/SABiosciences, Mississauga, Canada).

Pancreatic RNA isolation for PPx-based prospective gene expression screening
The original plan for prospective pancreas gene expression studies (see Chapter 6) was to

use RNA from islets isolated by laser capture microdissection. However, testing of RNA
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quality from pancreas fixed using the intended fixative (Universal Molecular Fixative;
UMFIX, Sakura Finetek, Torrance, USA) revealed a high degree of degradation. The
UMFIX-associated degradation was pancreas-specific, as other tissues such as liver or gut
(not shown) did not display extensive degradation. It was concluded that pancreatic RNA
could not be adequately preserved upon fixation using UMFIX or other fixatives including
Bouin’s, formalin, and RCL-2. Thus, the decision was made to perform partial
pancreatectomy with another cohort of BBdp rats and to isolate RNA using a different
strategy. As an alternative, the entire pancreas biopsy was homogenized at the time of
surgery followed by immediate flash freezing in liquid nitrogen; additional steps in the RNA
isolation protocol were subsequently performed. This approach provided good quality RNA
and enabled analysis of whole pancreas gene expression (Appendix A.l). Thus, the
following steps were performed to obtain pancreatic RNA upon PPx: Sterile 15 mL tubes
were labeled and filled with appropriate volumes of RA1 lysis buffer (Nucleospin RNA L
kit; Macherey-Nagel, Duren, Germany) and -mercaptoethanol; the tubes were then placed
into a bucket of crushed ice for cooling prior to receiving the pancreatectomized tissue. Upon
surgical removal of the pancreatectomized sample, the tissue was immediately placed into
the pre-cooled 15 mL tube containing a mixture of reducing agent -mercaptoethanol and
RA1 lysis buffer. Without delay, the sample-solution mixture was mechanically
homogenized for 12-15 seconds using a Polytron PT-2100 homogenizer (Kinematica,
Bohemia, USA). After homogenization, the tube was sealed and the freshly homogenized
lysate mixture was flash-frozen and stored in liquid nitrogen. All 14 samples were
sequentially procured and processed in this fashion. The tubes containing the homogenized
lysates remained submerged in liquid nitrogen until being thawed for continuation of the

RNA isolation process as outlined by manufacturer’s instructions (Macherey-Nagel, Duren,
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Germany). The centrifuge temperature was maintained at 4°C during the RNA isolation
process. Upon elution in nuclease-free H,O, RNA was aliquoted for quantification and
quality assessment with additional amounts aliquoted for downstream applications; samples
were stored at -80°C. RNA samples were evaluated using a 6000 Nano LabChip on an
Agilent 2100 Bioanalyzer (Agilent Technologies, Mississauga, Canada); evaluation
performed at OHRI Stemcore laboratories (OHRI, Ottawa, Canada). At 150 d (endpoint), all
pancreatectomized rats had either turned diabetic or remained asymptomatic and were

accordingly categorized retrospectively as either “pre-diabetic” or “resistant”.

PCR Arrays in jejunum and pancreas

Real-time PCR reactions were performed using a cocktail containing RT* Real-Time SYBR
Green/ROX qPCR Master Mix (Qiagen/SABiosciences, Mississauga, Canada), nuclease-free
water, and cDNA. In total, eight RT> Profiler PCR Arrays (PARN-052A,
Qiagen/SABiosciences, Mississauga, Canada) for “Innate and Adaptive Immune Responses”
(Chapter 5) were used to evaluate gene expression in intestinal tissue from four biological
replicates per dietary group (4 HC-fed and 4 cereal-fed rats). These PCR arrays contained
primers for 84 immune genes, including cytokines, chemokines, Ty-associated factors,
pattern recognition receptors, and host defense factors. An ABI Prism 7000 Sequence
Detection System (Applied Biosystems, Life Technologies, Burlington, Canada) was used
for the analyses. The thermal profile was as follows: Stage 1. 95° C for 10 minutes (1 cycle);
Stage 2. 95° C for 15 seconds followed by 60° C for 1 minute (40 cycles); Stage 3
(dissociation). 95° C for 15 seconds followed by 60° C for 20 seconds and 95° C for 15

seconds (1 cycle). Baseline and threshold values were set manually according to the
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manufacturer’s instructions. Genes with Ct values over 35 were considered undetectable. Ct
values for genes-of-interest were normalized with the average Ct values of five housekeeping
genes: Ribosomal protein, large, P1 (Rplpl), hypoxanthine phosphoribosyltransferase 1
(Hprtl), ribosomal protein L13a (Rpll3a), lactate dehydrogenase A (Ldha), and B-actin

2724 comparing the effects of low-antigen HC

(Actb). Results are shown as fold-change (
feeding with cereal feeding. In Chapter 6, the RT* Profiler PCR arrays used were entitled
“Rat Inflammatory Response and Autoimmunity” (PARN-077A, Qiagen/SABiosciences,
Mississauga, Canada), for comparing the effects of pre-diabetic BBdp pancreata with

diabetes-resistant BBdp pancreata. RT” Profiler PCR Array Data Analysis software

(http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php) was used to analyze the data

and generate volcano plots and scatter plots.

Microarrays

Microarrays (GeneChip Rat Gene 1.0 ST Arrays, Affymetrix, Santa Clara, USA) were used
to compare gene expression in prospective 30 d pre-diabetic and resistant BBdp rat
pancreata. These microarrays provide extensive coverage of the rat transcriptome (median 22
probes/gene), with over 24,000 genes (Affymetrix). For the experiment, two pooled RNA
preparations were used (n=7/group). Two 5 ul preparations of pooled RNA (100 ng/uL) were
submitted for microarray analysis at OHRI Stemcore laboratories (OHRI, Ottawa, Canada).
A. Noel (Scott lab) generated the gene list by processing the CEL files using AltAnalyze

software (129) (http://www.altanalyze.org; Gladstone Institutes, UCSF).
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Cell culture

The rat insulinoma INS-1E cell line (130; 131) was used for the study of B-cells in vitro.

Cells were grown at 5% C0,/95% air at 37° C. Cells were passaged weekly following trypsin

treatment (0.5% Trypsin-EDTA, Gibco, Life Technologies, Burlington, Canada).

Experiments were performed between passages 52 and 64.

Culture media for rat insulinoma INS-1E cells:

=  RPMI-1640 medium (Invitrogen, Life Technologies, Burlington, Canada)

= 5% Fetal Bovine Serum (Sigma-Aldrich Canada, Oakville, Canada)

= 100 IU/mL penicillin, 100 ug/mL streptomycin (Pen Strep, Gibco, Life Technologies,
Burlington, Canada)

= 1 mM sodium pyruvate (Gibco, Life Technologies, Burlington, Canada)

= 50 uM B-mercaptoethanol

Statistics

For survival analysis, the log rank test was performed. Comparisons among groups were

made using Student’s #-test or one-way ANOVA with least significant difference (LSD) post-

hoc test for determination of significance of differences among multiple means. Data are

presented as means =+ standard deviation (SD). For correlation analyses, R coefficients were

obtained using Pearson’s correlation; p-values obtained by linear regression. P-values < 0.05

were considered statistically significant. Statistical analyses were performed using Statistica

v6.0 (Statsoft, Inc., Tulsa, USA) and GraphPad Prism v4.02 (GraphPad Software, Inc., La

Jolla, USA).
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CHAPTER 3. Gut immune infiltrate parallels environmental modification of
autoimmune diabetes

ABSTRACT

Background: Microbes and diet were separated to study the effect of these ubiquitous
influences on gut inflammation and T1D development.

Methods: BBdp rats were housed under specific pathogen-free (SPF) or germ-free
conditions and weaned onto cereal-based diets or a hydrolyzed casein (HC) diet. Immune cell
distribution and immune-associated gene expression were analyzed in jejunum by
immunohistochemistry, morphometry, and RT-qPCR.

Results: Cereal-fed rats displayed increased T1D incidence compared with HC-fed
counterparts under both SPF conditions (65% vs. 29%) and germ-free conditions (53% vs.
7%). Microbes also promoted T1D, but only in the absence of cereal antigens (29% vs. 7%).
In the jejunum of SPF-housed rats, cereal feeding increased CD3" and CDS8a” T cell
infiltration. HC diet-protected rats had increased anti-inflammatory CD163" M2
macrophages compared with cereal-fed rats. Cereal feeding increased the Ifng/ll4 cytokine
mRNA ratio, reflective of enhanced Tyl transcriptional bias in association with decreased
Cd163 gene expression. When microbes were the main antigens and promoted T1D, T cell
infiltration was increased whereas the proportion of Foxp3"™ T, was decreased; Ifirg
transcription was also upregulated.

Summary: The phenotype of the immune infiltrate in the BBdp jejunum reflected
environment-associated T1D. Cereal promoted T1D under standard and sterile conditions in
conjunction with pro-inflammatory immune activation in parallel with deficits in anti-

inflammatory immune cells.
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INTRODUCTION

A spectrum of environmental determinants, such as wheat proteins, bacteria, and viruses has
been implicated in T1D pathogenesis (3; 5; 132). Cereal-fed rodents develop increased T1D
compared with animals fed a low-antigen HC diet or gluten-free formula (60; 133; 134). The
mechanism by which diet modulates T1D in diabetes-prone animals is not completely
understood but could involve the gastrointestinal tract, a major environment-exposed organ
critical for immune homeostasis (135). Accumulating evidence suggests the gut is
structurally and immunologically abnormal in a subset of individuals susceptible to T1D (2;
49; 51; 58; 60; 136-138). Our group previously reported that the MLN of BBdp rats were
characterized by increased expression of the Tyl cytokine, [FN-y (36). A picture is emerging
of an interplay between defective intestinal barrier function, environmental exposures, and
altered gut immune homeostasis forming the basis of T1D pathogenesis (9-11; 139). The
small intestinal immune compartment could represent a primary site where chronic
inflammation originates, leading to activation of B-cell autoimmunity. Using NOD mice,
Turley et al. demonstrated that oral antigen feeding or small intestinal damage resulted in
immune cell activation in PLN and insulitis, respectively (61), reinforcing the strong
functional association between small intestinal and pancreatic inflammation. Consistent with
this concept, a constitutive celiac-like enteropathy is a common feature of BBdp rats and
precedes T1D (44); a similar intestinal phenotype has also been described in NOD mice (60).
The enteropathy in BBdp rats is partly manifested by increased small intestinal permeability,
which precedes T1D (51; 58). Because stimulation of tight junction closure in the small
intestine of BBdp rats prevented T1D (58), it is clear that the gut plays a major role in
pathogenesis. In patients, signs of enteropathy and increased intestinal permeability have

been observed prior to clinical onset of T1D (50) and ultra-structural mucosal abnormalities
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have also been reported (140). The small intestinal immune microenvironment, comprising
the epithelium and lamina propria, likely represents a major site where environment
influences the immune system. In susceptible subjects, chronic inflammation in the small
intestine could activate immune cells capable of targeting pancreatic B-cells (2). In support of
this view, gut-originating T cells bearing the gut-homing integrin ouf3; were found to
infiltrate the pancreata of young NOD mice (64; 65). Exposure to cereal antigens in the
context of intestinal immune impairment on a diabetes-prone genetic background could
stimulate gut immune activation and promote T1D (81). A previous study by our group
found that a subset of patients with T1D displayed enhanced peripheral T cell proliferation
and a mixed pro-inflammatory cytokine secretion pattern upon in vitro challenge with wheat
peptides (82). A major obstacle in understanding the role of diet and gut inflammation in
T1D pathogenesis is that the intestinal immune response elicited by dietary antigens occurs
in parallel with immune defenses required for homeostasis with commensal microbes and
prevention of infection by pathogens. In the present study, the effects of diet and microbes
were parsed to analyze their influence on T1D development and gut immune infiltration in
BBdp rats. By evaluating these two major environmental factors and examining immune
aspects of the jejunal interface in situ, the present study afforded new perspectives on T1D
and its association with small intestinal inflammation. Several of the results in this Chapter

were reported in Patrick ef al., Diabetes 2013 (103).
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RESEARCH OVERVIEW

Rationale

Mild enteropathy is a constitutive feature of BBdp rats compared with BBc rats. Diet is a
major environmental modifier of T1D in BBdp rats. Microbes are major environmental
factors also present in the gut along with dietary antigens. Diet and microbes have not been

separated to determine their influence on intestinal immune homeostasis and T1D.

Hypotheses

(i) Diet and microbes are ubiquitous environmental factors that both influence spontaneous
T1D development in BBdp rats; (ii) modification of the gut immune infiltrate parallels
environmental alteration of T1D, with disease promotion associated with a pro-inflammatory

phenotype in the context of impaired immune regulation.

Research Questions

1. Is the promotion of TID by feeding of cereal-based diets associated with a pro-
inflammatory gut immune phenotype in SPF and germ-free BBdp rats compared with HC
feeding?

2. Is microbial exposure required for TID development and if so, is microbe-associated
modification of T1D reflected by alteration of the gut immune infiltrate in BBdp rats?

3. Are deficits in small intestinal anti-inflammatory immune cells present in BBdp rats

exposed to diabetes-promoting environmental factors?
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RESULTS

Effect of diet and microbes on T1D incidence in BBdp rats

At 23 d, BBdp rats that were either SPF-housed or germ-free were fed either standard cereal
diets or a low-antigen HC diet and T1D incidence was determined. Consistent with previous
findings from our group (132; 133), BBdp rats housed under SPF conditions had a
significantly lower T1D incidence when fed an HC diet (29%) compared with a cereal diet
(65%) (Fig. 3.1A). In the absence of microbes, dietary modification of T1D incidence was
maintained: Germ-free BBdp rats fed an HC diet had a significantly lower T1D incidence
(7%) compared with cereal-fed animals (53%). Microbial exposure also had diabetes-
promoting capacity in BBdp rats. Among rats fed an HC diet, those exposed to microbes had
significantly increased T1D incidence (29%) compared with germ-free rats (7%). Overall,
environmental antigenic load in the gut lumen had a major effect on T1D development; high-
antigen SPF/Cereal rats had the highest incidence whereas low-antigen Germ-free/HC rats
were nearly all protected. Thus, diet and microbes both influenced T1D with cereal antigens

providing the strongest diabetes-promoting stimulus.

Effect of diet and microbes on serum insulin

The influence of diet and microbes on fasting circulating insulin concentration in BBdp rats
was evaluated in 130 d animals from Fig. 3.1A that remained asymptomatic. The highest
fasting serum insulin concentration was observed in Germ-free/HC rats whereas the smallest
concentration was in SPF/Cereal rats (Fig. 3.1B), groups that respectively represented low
and high extremes of T1D incidence. A trend of increased serum insulin was observed in

HC-fed rats compared with cereal-fed but statistical significance was not reached.
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Effect of diet and microbes on jejunum histology

Histological celiac-like enteropathy was previously described in BBdp rats compared with
BBc rats (44). Therefore, gut histology was analyzed in the jejunum of BBdp rats to
determine whether diet or microbes altered enteropathy. Histological scores were obtained
using a modified Marsh classification scale, which is used for clinical evaluation of celiac
histopathology (128). No significant differences in histological score were observed (Fig.
3.1C). There were sporadic regions with pronounced inflammatory foci only observed in
germ-free rats. These inflamed areas were localized to jejunal crypts, submucosal regions,
and inner muscularis propria; the inflammation consisted of mixed immune infiltrates
featuring enrichment of eosinophils, macrophages and DC (Fig. 3.1D). In healthy
individuals, the small intestinal mucosa, comprising the epithelium and lamina propria, is
populated in part by T cells and macrophages (128). In the following experiments, these
populations were quantified by detailed morphometry to evaluate the effect of environmental
alteration on cell distribution in the jejunum.

Note: Unless specified, the following experiments (Figs. 3.2-3.8) were performed using

animals from Fig. 3.1A4 that remained asymptomatic until 130 d.

Effect of diet and microbes on CD3" T cell distribution

Total T cells were evaluated on the basis of CD3" expression and quantified according to
localization in either epithelium (intra-epithelial lymphocytes; IEL) or lamina propria
(lamina propria lymphocytes; LPL) (Fig. 3.2A). In the jejunum, LPL are typically described
as being CD4", making them distinct from IEL, which are distinguished by enrichment of

CDS8 and the integrin a7 (CD103) (128; 141; 142).
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FIGURE 3.1

>
w

100
2 Germ-free / HC |= |
o A A — 4n
g 5 o |e )
a DoD  SPF / HC & |& ) T-
= 3
5 p—
2% @™ Germ-free / Cereal § 5 )
= o SPF/Cereal @ |
n 25 =
© g 14
@
=2 MH—————————————— @ n=7 =6
0 0 @ 1w 150 n oy y
SPF HC SPF Cereal GF HC GF Cereal
Age (days)
8-
.
3£ &
7] g 1T
w
S s
°g
B8 2
I
n=8 n=7

SPF HC SPF Cereal GF HC GF Cereal

43



CHAPTER 3. Gut immune infiltrate parallels environmental modification of autoimmune diabetes

Figure 3.1. Effect of diet and microbes on T1D and small intestinal histology in BBdp
rats

Animals were housed under standard SPF or germ-free conditions, weaned onto standard
cereal-based diets or a low-antigen HC diet, and T1D incidence was determined. SPF/Cereal
rats (n=48), SPF/HC rats (n=48), Germ-free/Cereal (n=17), Germ-free/HC (n=27). (A)
Kaplan-Meier survival graph indicating the percentage of BBdp rats that remained free of
T1D until ~150 d. P-values determined using the log-rank test. (B) Concentration of fasting
serum insulin in 130 d asymptomatic BBdp rats housed in the presence or absence of
microbes and fed diabetes-modifying diets; cereal diet (filled bars), HC diet (open bars).
n=6-7 rats/group. (C) Small intestinal histological features were evaluated in the jejunum.
Histological scores of BBdp rats exposed to distinct environmental conditions. Histological
scores were determined on the basis of villus length, crypt length, immune cell infiltration,
and goblet cell number using a modified Marsh scale (see Chapter 2 - Materials and
Methods). n=7-8 rats/group. Data represent mean + SD. (D) Sporadic immune infiltration of
crypts and submucosal regions observed in germ-free animals. Mixed immune infiltrates
were observed, which were enriched in macrophages (left panels), Chromotrope 2R " cells
(eosinophils) (upper right panel), and DC (lower right panel). Note: Figure modified and
reprinted from material published in C. Patrick et al., Diabetes 2013 (103), with permission
from the American Diabetes Association. Copyright © 2010 American Diabetes Association.
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The numbers of both CD3" IEL and CD3" LPL were largest in high-antigen SPF/Cereal rats
and smallest in low-antigen Germ-free/HC rats (Figs. 3.2B-C), conditions that reflected high
and low extremes of T1D incidence, respectively (Fig. 3.1A). Under SPF conditions, the
number of CD3" IEL was significantly larger in cereal-fed rats compared with HC-fed rats
(Fig. 3.2B). Consistent with this finding, the number of CD3" LPL was also significantly
increased in cereal-fed compared with HC-fed rats under SPF conditions (Fig. 3.2C).
Microbial status also influenced CD3" T cell distribution. Rats exposed to microbes had
significantly increased numbers of CD3" IEL and CD3" LPL compared with germ-free rats,
among both HC-fed and cereal-fed animals. Animals derived and maintained under germ-
free conditions have been reported to display immune abnormalities, including a general
decrease in T cell numbers (143; 144). Overall, exposure to cereal antigens and/or microbes

stimulated increased T cell infiltration in the jejunum of BBdp rats.

Effect of diet and microbes on CDS8a" T cell distribution

The distribution of CD8a" cells in the epithelium and lamina propria was also evaluated
(Fig. 3.2D). The numbers of CD8a" IEL and CD8a" LPL were greatest in high-antigen
SPF/Cereal rats. Under SPF conditions, rats fed a cereal diet had significantly increased
numbers of both CD8a." IEL (Fig. 3.2E) and CD8o." LPL (Fig. 3.2F) compared with HC-fed
rats. Microbial status also influenced CD8a." T cell distribution. The numbers of both CD8o."
IEL and CD8o" LPL were increased in SPF/Cereal rats compared with Germ-free/Cereal
counterparts. No significant microbial effect on CD8c." IEL was observed among HC-fed
rats, as HC-fed SPF-housed rats displayed very low numbers of these cells. However, there

was a trend of increased CD8o.” LPL in SPF/HC rats compared with Germ-free/HC rats.
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FIGURE 3.2
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Figure 3.2. Effect of diet and microbes on T cell distribution

Small intestinal CD3" T cell infiltration was evaluated in the jejunum of 130 d asymptomatic
BBdp rats housed in the presence or absence of microbes and fed diabetes-modifying diets;
cereal diet (filled bars), HC diet (open bars). (A) Representative image displaying
immunostaining of CD3 in jejunum of cereal-fed BBdp rat; bar=20 um. CD3" IEL and LPL
are indicated by orange and black arrows, respectively. Inset shows digital magnification of
boxed region. Effect of environment on (B) density of CD3" IEL and (C) number of CD3"
LPL. (D) Representative image displaying immunostaining of CD8a in jejunum of cereal-
fed BBdp rat; bar=20 um. CD8a." IEL and LPL are indicated by orange and black arrows,
respectively. Inset shows digital magnification of boxed region. Effect of environment on (E)
density of CD8a." IEL and (F) number of CD8c." LPL. n=5-15 rats/group. Data represent
mean = SD. P-values obtained using ANOVA followed by LSD post-hoc test. Note: Figure
modified and reprinted from material published in C. Patrick et al., Diabetes 2013 (103),
with permission from the American Diabetes Association. Copyright © 2010 American
Diabetes Association.
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Overall, the distribution of CD3" and CD8a." cells in the jejunum was similarly modified by
environmental alteration. The combination of microbes and cereal exposure was associated
with the largest numbers of gut-infiltrating CD3" and CD8o." T cells. Conversely, low-
antigen combinations of germ-free housing and/or HC feeding resulted in the inhibition of
jejunal T cell infiltration. There were significant positive correlations between CD3" and
CD8a." IEL and LPL (data not shown), indicating that environmental alteration of T cell

infiltration patterns was coordinated among the T cell subsets.

Effect of diet and microbes on regulatory Foxp3"™ T cell distribution

Expression of the master transcription factor Foxp3 specifies a major subset of anti-
inflammatory CD4"CD25" regulatory T cells (Foxp3" Tre), Which prevent autoimmunity and
inhibit chronic inflammation (145). Nuclear staining of Foxp3 was performed and labeled
cells were localized exclusively to the Ilamina propria (Fig. 3.3A). Double
immunofluorescence staining confirmed nuclear Foxp3 co-localization with CD3 cell surface
expression in a subset of LPL (not shown). The largest number of Foxp3" cells was present
in low-antigen Germ-free/HC rats (Fig. 3.3B). However, no significant diet- or microbe-
associated differences in Foxp3" cells were observed. Because total CD3" cell number in the
lamina propria displayed significant differences associated with diet and microbial status
(Fig. 3.2C), T, were also quantified in relation to CD3" LPL as reported by our group and
others (103; 146; 147). Using this normalization approach, diet had a significant effect under
germ-free conditions, with cereal-fed rats displaying a lower Foxp3" LPL/CD3" LPL Ty
ratio compared with HC-fed rats (Fig. 3.3C). However, diet did not modify the distribution

of Foxp3" T in standard SPF housing conditions. Microbial status had a significant effect
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on the proportion of Foxp3" T, Among HC-fed rats, a significantly increased Foxp3"
LPL/CD3" LPL T, ratio was observed in germ-free rats compared with SPF-housed rats.
Overall, significant negative correlations were observed among the proportion of Foxp3" Tieg
and the numbers of both CD3" IEL (Fig. 3.3D) and CD3" LPL (Fig. 3.3E), indicating T,

inhibition of total T cell infiltration.

Distribution of CD3" LPL and Foxp3" Tyeq in control BBc rats, asymptomatic BBdp rats and
overt diabetic BBdp rats

To expand the analysis of Ty in the BBdp jejunum, CD3" LPL and Foxp3" LPL were
quantified in control (diabetes-resistant) BBc rats, asymptomatic BBdp rats, and overt
diabetic BBdp rats. Animals in this analysis were all SPF-housed and cereal-fed. The number
of CD3" LPL was significantly increased in BBc rats compared with both asymptomatic
BBdp rats and overt diabetic BBdp rats, consistent with the presence of lymphopenia in these
animals (Appendix A.2A). The number of Foxp3™ T, in overt diabetic BBdp rats
(normalized to mucosal area) was significantly increased compared with asymptomatic BBdp
rats (Appendix A.2B). The Foxp3" LPL/CD3" LPL T\ ratio was significantly increased in
overt diabetic BBdp rats compared with either BBc rats or asymptomatic BBdp rats and was
similar between BBc and asymptomatic BBdp rats (Appendix A.2C). Thus, a small
intestinal deficit in Foxp3™ T was not a feature distinguishing asymptomatic BBdp rats
from BBc rats. Taken together with the lack of dietary modification of Foxp3” cellsin SPF-
housed rats (Figs. 3.3B-C), we concluded that a deficit in adaptive immune regulation was
not a feature of the gut immune infiltrate that reflected conditions associated with T1D

promotion.
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Figure 3.3. Effect of diet and microbes on regulatory Foxp3™ T cell distribution

The distribution of regulatory Foxp3™ T cells was evaluated in the jejunum of 130 d
asymptomatic BBdp rats housed in the presence or absence of microbes and fed diabetes-
modifying diets; cereal diet (filled bars), HC diet (open bars). (A) Representative image
displaying nuclear expression of Foxp3 in jejunum of cereal-fed BBdp rat; bar=20 pum.
Arrows indicate labeled cells; inset shows digital magnification of boxed region. Effect of
environment on (B) number of Foxp3" LPL/mm” mucosal area and (C) the proportion of
Foxp3" cells normalized to the number of CD3" LPL (Foxp3'/CD3" ratio). n=5-7 rats/group.
Data represent mean + SD. P-values obtained using ANOVA followed by LSD post-hoc test.
(D) Negative correlation between the proportion of Foxp3™ cells and the density of CD3" IEL
in jejunum of 130 d asymptomatic BBdp rats. (E) Negative correlation between the
proportion of Foxp3" cells and the number of CD3" LPL. n=22-24. Correlation coefficients
obtained using Pearson’s correlation; p-values obtained by linear regression analysis. Note:
Figure modified and reprinted from material published in C. Patrick et al., Diabetes 2013
(103), with permission from the American Diabetes Association. Copyright © 2010
American Diabetes Association.
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Effect of diet and microbes on macrophages

CD163 is a surface scavenger receptor present on tissue-resident M2 macrophages, which
display anti-inflammatory properties (111; 112; 148; 149). Labeling of CD163" cells in the
jejunum revealed distribution in the lamina propria as well as a smaller subset in close
association with the gut epithelium (Fig. 3.4A). Epithelium-associated CD163" cells often
displayed elongated pseudopodia that extended across the apical portion of enterocytes
directly exposed to the gut lumen. Under SPF conditions, the number of CD163" cells was
significantly increased in BBdp rats fed a protective HC diet compared with a cereal diet
(Fig. 3.4B). In the absence of microbes, no dietary alteration of CD163" cells was observed.
Microbial exposure resulted in a significantly increased number of CD163" cells, but only
among rats fed a low-antigen HC diet. Analysis of a different macrophage marker, CD68,
was also performed to quantify macrophages (Appendix A.3A). The number of CD68" cells
was not modified by either diet or microbial status (Appendix A.3B). CD68 is often
considered a pan-macrophage marker encompassing the pro-inflammatory M1 subset. Cells
expressing CD163 outnumbered CD68" cells. Thus, CD68 did not label all macrophages.
Thus, environmental alteration of macrophage frequency was restricted to the anti-

inflammatory M2 subset.

Effect of diet and microbes on expression of M2 macrophage-associated genes

Expression of genes encoding factors associated with anti-inflammatory CD163" M2
macrophages, Cd163 (CD163) and Hmox! (heme oxygenase-1; HO-1), respectively, was
evaluated. The lowest expression of Cd/63 was observed in high-antigen SPF/Cereal-fed rats
(Fig. 3.4C). Among SPF-housed rats, HC feeding resulted in significantly increased Cd163

expression compared with cereal feeding, consistent with morphometric quantification of
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CD163" cells (Fig. 3.4B). Expression of Hmox! was highest in rats from the low-antigen
Germ-free/HC group (Fig. 3.4D). Among HC-fed animals, the presence of microbes
significantly decreased Hmox1 expression. Among cereal-fed rats, expression of Hmox1 was
similar in SPF-housed and germ-free rats. Overall, M2-associated gene expression was
upregulated in two diabetes-protective environmental conditions, with induction of Cd/63
transcription in HC-fed diet-protected rats compared with cereal-fed rats (SPF housing) and

induction of Hmox! in Germ-free/HC rats compared with SPF/HC rats.

Associations between CD163" macrophages and other immune cells in the BBdp jejunum

As observed for Foxp3" T, larger numbers of CD163" macrophages were associated with
fewer infiltrating T cells; significant negative correlations were observed among the number
of CD163" cells and the numbers of both CD3" IEL (Fig. 3.5A) and CD3" LPL (Fig. 3.5B)
among SPF-housed rats. Similarly, a significant negative correlation was observed between

the number of CD163" cells and the density of CD8a" IEL (Fig. 3.5C); no significant

association was observed with CD8o.” LPL (Fig. 3.5D).

Effect of diet and microbes on expression of immunomodulatory cytokine genes

Expression of /110 (IL-10) was smallest in low-antigen Germ-free/HC rats (Fig. 3.6A).
Animals housed under SPF conditions displayed increased expression of ///0 compared with
germ-free rats, which was significant among HC-fed rats. There were no significant dietary

differences in 7/10 expression in either SPF-housed or germ-free rats.
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FIGURE 3.4
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Figure 3.4. Effect of diet and microbes on M2 macrophages and M2-associated gene
expression

M2 macrophages were analyzed in the jejunum of 130 d asymptomatic BBdp rats housed in
the presence or absence of microbes and fed diabetes-modifying diets; cereal diet (filled
bars), HC diet (open bars). (A) Representative image displaying CD163 immunostaining in
jejunum of cereal-fed BBdp rat; bar=20 um. Arrows indicate labeled cells; inset shows
digital magnification of boxed region. (B) Number of CD163" cells in small intestine of
BBdp rats. Jejunal mRNA expression of anti-inflammatory M2-associated innate immune
genes was evaluated. Gene expression of (C) Cd163 and (D) Hmox!I in BBdp rat jejunum.
n=5-8 rats/group. Data represent mean + SD. P-values obtained using ANOVA followed by
LSD post-hoc test. Note: Figure modified and reprinted from material published in C. Patrick
et al., Diabetes 2013 (103), with permission from the American Diabetes Association.
Copyright © 2010 American Diabetes Association.
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FIGURE 3.5
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Figure 3.5. Association between CD163" M2 macrophages and total infiltrating T cells
Negative correlations between the number of CD163" cells and (A) the density of CD3" IEL
and (B) the number of CD3" LPL (SPF condition). (C) Negative correlation between the
number of CD163" cells and the density of CD8o" IEL (SPF condition); (D) lack of
significant association between CD163" cells and CD8a.” LPL (SPF condition). n=11-14.
Correlation coefficients obtained using Pearson’s correlation; p-values obtained by linear
regression analysis.
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SPF-housed BBdp rats displayed increased expression of Tgfbl (TGF-B1) compared with
germ-free rats, which was significant among HC-fed rats (Fig. 3.6B). Consistent with 7/10,
no significant diet-associated differences in 7gfbl expression were observed. Cereal feeding
induced 7/4 (IL-4) expression compared with HC feeding under germ-free conditions (Fig.
3.6C). The transcription pattern of 7gfbl was consistent with ///(0) data and expression of

these cytokines was positively correlated (data not shown).

Effect of diet and microbes on expression of pro-inflammatory cytokine genes

Expression of Ifng (IFN-y) was lowest in rats from the low-antigen Germ-free/HC group
compared with all other groups (Fig. 3.7A), demonstrating inhibition of pro-inflammatory
Tyl transcription in the absence of diabetes-promoting environmental antigens. Under germ-
free conditions, significantly increased Ifng expression was observed in cereal-fed rats
compared with HC-fed rats. Also, SPF-housed animals displayed significantly increased Ifng
expression compared with germ-free rats among those fed an HC diet. Interestingly, no
microbial difference was observed among cereal-fed rats, indicating that cereal antigens were
sufficient for induction of /fng gene expression in the jejunum. Cereal and microbes both
induced Ifng transcription when either was the principal source of environmental antigens.
Expression of 7/15 (IL-15) was significantly increased in cereal-fed rats compared with HC-
fed animals in the absence of microbes (Fig. 3.7B). Expression of ///5 was also increased
under germ-free conditions compared with SPF conditions among rats fed a cereal-based
diet; no microbe-associated difference was observed among HC-fed rats. No significant diet-
or microbe-associated changes in ///7a (IL-17A) expression were observed (Fig. 3.7C).

Expression of another Tyl7-associated cytokine gene, //23 (IL-23), was increased in SPF
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conditions compared with germ-free conditions among rats fed an HC diet; no other

significant environmental differences were observed (Fig. 3.7D).

Effect of diet and microbes on jejunal Ty gene expression bias

Cytokine gene expression ratios were determined for evaluation of the effect of
environmental exposures on Ty transcriptional bias in the BBdp jejunum. Cytokine gene
expression ratios were determined for Tyl-associated Ifng expression in relation to counter-
regulatory Ty2- and Tye-associated cytokines: Ifng/ll4, Ifng/Tgfbl, and Ifng/Il10. The
Tul/Tu2 transcription ratio of Ifng/ll4 was highest in high-antigen SPF/Cereal rats and
lowest in low-antigen Germ-free/HC rats (Fig. 3.8A), reflecting high and low extremes of
T1D incidence, respectively. Among SPF-housed animals, cereal feeding was associated
with a significantly increased Ifng/ll4 expression ratio, indicating Tyl transcriptional bias
compared with HC feeding. Among cereal-fed rats, microbe exposure promoted an increased
Ifng/ll4 expression ratio compared with the germ-free condition; no significant microbe-
associated difference was observed among HC-fed rats. The ratio of Ifng/ll10 was
significantly increased in cereal-fed rats compared with HC-fed under germ-free conditions
(Fig. 3.8B). Similarly, the expression ratio of Ifing/Tgfbl was significantly increased in
cereal-fed rats compared with HC-fed rats in the absence of microbes (Fig. 3.8C). There
were trends of increased cereal-associated [fng/Il17a expression under both SPF conditions
and germ-free conditions but the differences were not statistically significant (Fig. 3.8D).
Overall, in the presence or absence of microbes, expression of Ifng predominated over
expression of counter-regulatory Ty2- and Tre-associated cytokine genes in animals fed

cereal diets, suggesting Ty transcriptional bias relative to HC-fed counterparts.
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FIGURE 3.6
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Figure 3.6. Effect of diet and microbes on expression of immunomodulatory cytokine
genes

Small intestinal mRNA expression of immunomodulatory Ty2- or Ty~ associated cytokines
1110, Tgfbl, and 114 was evaluated in the jejunum of 130 d asymptomatic BBdp rats housed
in the presence or absence of microbes and fed diabetes-modifying diets; cereal diet (filled
bars), HC diet (open bars). Gene expression of (A) /10, (B) Tgfbl, and (C) 1l/4. n=5-7/group.
Data represent mean + SD. Fold change values are presented relative to the low-antigen
Germ-free/HC group. P-values obtained using ANOVA followed by LSD post-hoc test.
Note: Figure modified and reprinted from material published in C. Patrick et al., Diabetes
2013 (103), with permission from the American Diabetes Association. Copyright © 2010
American Diabetes Association.

61



CHAPTER 3. Gut immune infiltrate parallels environmental modification of autoimmune diabetes

FIGURE 3.7

Ifng mRNA (fold change)

H117a mRNA (fold change)

12

p=0.02

p=0.03

n=7 n=6

SPFHC SPF Cereal GFHC GF Cereal

SPFHC SPFCereal GFHC GF Cereal

1115 mRNA (fold change)

1123 mRNA (fold change)

p=0.02

p=0.004

n=7 n=6

SPFHC SPFCereal GFHC GF Cereal

p=0.01

n=7 n=6

SPFHC SPF Cereal GFHC GF Cereal

62



CHAPTER 3. Gut immune infiltrate parallels environmental modification of autoimmune diabetes

Figure 3.7. Effect of diet and microbes on expression of pro-inflammatory cytokine
genes

Small intestinal mRNA expression of pro-inflammatory Tyl-associated cytokines, /fing and
1115, was evaluated in the jejunum of 130 d asymptomatic BBdp rats housed in the presence
or absence of microbes and fed diabetes-modifying diets; cereal diet (filled bars), HC diet
(open bars). Gene expression of (A) Ifng, (B) 1115, (C) 1l17a, and (D) 1123. n=5-7/group.
Data represent mean + SD. Fold change values are presented relative to the low-antigen
Germ-free/HC group. P-values obtained using ANOVA followed by LSD post-hoc test.
Note: Figure modified and reprinted from material published in C. Patrick et al., Diabetes
2013 (103), with permission from the American Diabetes Association. Copyright © 2010
American Diabetes Association.
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Figure 3.8. Effect of diet and microbes on jejunal Ty gene expression profile

Small intestinal mRNA expression ratios of major hallmark cytokines, as a reflection of Ty
transcriptional bias, were determined in the jejunum of 130 d asymptomatic BBdp rats
housed in the presence or absence of microbes and fed diabetes-modifying diets; cereal diet
(filled bars), HC diet (open bars). (A) Tul/Tu2 cytokine gene expression ratio of Ifng/Il4 in
BBdp rat jejunum. Tyl/T., cytokine gene expression ratios of (B) Ifng/ll10 and (C)
Ifng/Tefbl. (D) Tyul/Tyl7 cytokine expression ratio of Ifng/lll7a. n=5-7/group. Data
represent mean £ SD. Fold change values are presented relative to the low-antigen Germ-
free/HC group. P-values obtained using ANOVA followed by LSD post-hoc test. Note:
Figure modified and reprinted from material published in C. Patrick et al., Diabetes 2013
(103), with permission from the American Diabetes Association. Copyright © 2010
American Diabetes Association.
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SUMMARY

The role of environment in T1D pathogenesis is controversial. In the present study, diet and
microbes were separated to investigate their effect on T1D development in BBdp rats.
Exposure to cereal antigens provided the largest diabetes-promoting stimulus, either in the
presence or absence of microbes. Microbes modestly promoted T1D, but only in the absence
of cereal antigens. Characterization of the small intestinal immune infiltrate was the primary
focus of the study, in order to determine what immune features were related to environmental
conditions that influenced T1D development. Overall, promotion of T1D by either cereal or
microbes was associated with increased jejunal T cell infiltration and Tyl transcriptional bias
in conjunction with deficits in anti-inflammatory immune cells. Thus, small intestinal

inflammation parallels T1D development in BBdp rats.

DISCUSSION

The diabetes-modulating potential of two major sources of ubiquitous external influences,
diet and microbes, was studied in BBdp rats, with emphasis on the small intestine, an organ
that integrates environment and the immune system. Unlike previous studies, the effects of
diet and microbes were explored in isolation and in combination. In the presence of
microbes, cereal feeding promoted increased T1D compared with HC feeding, consistent
with previous work from our group and others (2; 41; 51; 52; 150). The results are also
consistent with studies of NOD mice fed diets lacking wheat proteins (60; 69; 151). In the
absence of microbes, cereal was also diabetes-promoting whereas HC feeding afforded near-
complete protection. Thus, dietary modification of T1D was observed under both standard
and sterile housing conditions, with exposure to cereal antigens sufficient for strong T1D

induction without the requirement for live microbes or viruses. Development of spontaneous
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T1D in germ-free BB-DP rats was previously reported by Rossini et al. in an older study
(152); the present data confirm that finding and further reveal that dietary modification of
T1D is maintained in the absence of microbes. Microbe-associated promotion of TID was
only observed in rats fed a low-antigen HC diet lacking diabetes-promoting cereal antigens.
Thus, diet and microbes jointly modulated T1D pathogenesis in BBdp rats, with cereal
representing the predominant environmental inducer. These results are consistent with a
growing body of evidence supporting an association between cereal exposure and T1D.
Prospective studies in children at risk for T1D revealed that introduction of gliadin-
containing cereals was associated with increased risk of islet autoimmunity (79-81; 153). The
mechanism by which cereal antigens stimulate T1D is not completely understood but could
involve inflammation in the gastrointestinal tract (2). In the present study, promotion of T1D
was associated with T cell infiltration in the small intestine. Under SPF conditions in the
presence of microbiota, there were striking increases in the numbers of infiltrating CD3" and
CD8o." IEL and LPL in the jejunum of rats fed a cereal diet compared with an HC diet.
Hanninen et al. reported that T cells originating in the intestinal mucosa were among the
earliest lymphocytes to infiltrate pancreatic islets during T1D development in NOD mice

(65).

Many clues to cereal-associated promotion of T1D can be obtained from our
understanding of celiac disease, in which enteropathy and autoimmunity develop as a result
of dietary gluten ingestion (154). As observed in celiac disease, it is likely that the major
consequence of cereal protein exposure in diabetes-prone subjects is gut immune activation.
Unlike many common food proteins, gluten proteins from grains such as wheat, barley, and

rye are resistant to extensive proteolysis from digestive enzymes (154). In celiac-susceptible
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subjects with HLA-DQ2/DQ8 haplotypes, which are also associated with T1D risk,
accumulation of intact wheat-derived proteins can induce a pro-inflammatory immune

response causing gut damage (154; 155).

Graham et al. previously reported that BBdp rats displayed an increased number of
IEL compared with BBc rats (44). In the present study, cereal feeding stimulated IEL
infiltration in the BBdp rat jejunum. Although microbes also promoted T cell infiltration
compared with germ-free conditions, cereal feeding exacerbated T cell infiltration in the
presence of microbes (Fig. 3.2). In a study by Maurano et al., feeding NOD mice a gluten-
free diet inhibited T1D development in association with decreased IEL infiltration in the
jejunum, consistent with the present findings in BBdp rats (60). In addition, jejunal tissue
from cereal-fed NOD mice displayed increased Tyl-biased Ifng gene expression compared
with mice fed either a gluten-free diet (60) or ProSobee (156), also consistent with the
present data. A low-grade enteropathy was also described in the colon of young cereal-fed
NOD mice, which did not develop in mice fed a ProSobee diet (157). Taken together, these
findings indicate that cereal feeding promotes T1D in two different rodent models, which is
paralleled by jejunal T cell infiltration in conjunction with pro-inflammatory Tyl-biased

gene expression.

Consistent with rodent data, signs of immunological activation characterized by Tyl
inflammation have been reported in the small intestine of humans with T1D (137).
Westerholm-Ormio ef al. reported that jejunum biopsies of patients with T1D were infiltrated

by increased numbers of IFN-y" cells compared with non-diabetic control subjects (137).
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Similarly, Savilahti et al. observed increased numbers of lamina propria oup; T cells and
strong HLA class II expression in jejunum biopsies from children with TID compared with
non-diabetic controls, which the authors attributed to enhanced Tyl activation (138). Cereal
exposure can exacerbate inflammation in the small intestine of patients with T1D. For
example, Auricchio et al. reported that small intestinal biopsies from children with T1D
cultured with gliadin displayed increased CD3" IEL and activated lamina propria CD25"
cells compared with biopsy samples from control subjects (158). These data indicate that
inflammation is present in the jejunum of patients with T1D and suggest that the small
intestine of these patients is immunologically more responsive to cereal antigens. Thus, the
already-impaired gastrointestinal tract of diabetes-prone subjects becomes inflamed by cereal
exposure in rodent models and some patients, suggesting that gut inflammation may parallel

or precede T1D development.

IEL infiltration is potentially a sensitive biomarker of cereal-associated inflammation
in T1D-susceptible subjects. Patients with other diseases involving the gastrointestinal tract,
including celiac disease, Crohn’s disease, and ulcerative colitis feature increased IEL
infiltration associated with tissue damage and gut leakiness (159-161). Increased IEL density
is among the earliest markers of celiac histopathology and represents one of the most
sensitive measures of cereal-associated jejunal inflammation in the context of gluten-
sensitive enteropathy (162). Using human jejunum biopsies from patients with celiac disease,
Leigh et al. reported a dose-dependent increase in IEL infiltration upon patient ingestion of
pepsin-trypsin gluten digests only 12 hours after oral challenge without other signs of
mucosal damage or enteropathy (162). Increased IEL infiltration serves as the only

quantifiable pathological indication of celiac-associated inflammation in instances where
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mucosal architecture otherwise appears normal (128; 162). Thus, IEL inflammation could
represent a primary lesion associated with abnormal intestinal immune reactivity to cereal
antigens in susceptible subjects. In celiac disease, the majority of IEL contain cytotoxic
granules displaying an activated inflammatory phenotype (128). In the present study, CD3"
cell infiltration (both IEL and LPL) paralleled extremes of T1D incidence in BBdp rats.
Increased T cell infiltration in the jejunum of cereal-fed BBdp rats under standard SPF
housing conditions suggests an association among diet, small intestinal T cell inflammation,
and T1D development. Thus, an important mechanism of dietary modulation of T1D by low-

antigen HC feeding could be directly related to inhibition of jejunal T cell infiltration.

Increased gut permeability preceding T1D onset has previously been described as an
abnormality in BBdp rats (51). Evidence of gut leakiness in patients with T1D has also been
reported (140; 163). Closing tight junctions in BBdp rats by blocking the zonulin/pre-HP2
pathway decreased gut permeability and inhibited T1D development in BBdp rats (56; 58).
Visser et al. reported that HC feeding decreased small intestinal permeability in association
with decreased serum zonulin/pre-HP2 concentration (52). In a prospective analysis, Sapone
et al. reported that serum zonulin/pre-HP2 concentration was increased in the majority of
susceptible subjects that progressed to T1D, suggesting that gut barrier impairments precede
T1D in many humans (59). A potential mechanism by which gut leakiness can promote T1D
is via stimulation of gut immune inflammation. In SPF rats, HC feeding decreased the Ty1-
biased Ifng/Il4 cytokine gene expression ratio and Tyl transcription was also inhibited by

HC feeding under sterile conditions. Pro-inflammatory cytokines including IFN-y and TNF-

o can directly damage the intestinal epithelium by disturbing tight junction organization
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(154; 164). For example, IFN-y has been reported to promote endocytosis of tight junction
components including claudins, occludins, and junctional adhesion molecule 1 (165; 166),
promoting gut leakiness (154). Small intestinal leakiness becomes apparent at ~50 d in BBdp
rats (51; 58). Thus, it is possible that small intestinal inflammation promoted by cereal
exposure starting at weaning (23 d) precedes (and possibly causes) gut leakiness in BBdp
rats. HC feeding could exert protective effects by decreasing intestinal inflammation and

leakiness in parallel, preventing pro-inflammatory immune activation.

The finding of increased jejunal T cell infiltration and Tyl transcriptional bias in
cereal-fed BBdp rats is consistent with other studies by our group. Chakir et al. reported that
isolated MLN-derived cells from cereal-fed BBdp rats displayed an increased percentage of
IFN-y" T cells compared with cells from either HC-fed BBdp counterparts or cereal-fed BBc
rats (36). In addition, Mojibian et al. found that CD3" T cells from patients with T1D
proliferated upon exposure to chymotrypsin-digested wheat gluten (82). Wheat peptide
exposure stimulated a mixed pro-inflammatory cytokine response in PBMCs from patients

that was characterized by pronounced IFN-y secretion (82).

The association among diet, intestinal microbes, and T1D was previously studied in
BB-DP rats by Brugman et al. and found to be similar to the present study (89). In antibiotic-
treated BB-DP rats fed a cereal diet, T1D incidence was ~38% compared with 86% in
antibiotic-free controls (89). Most strikingly, a combination of antibiotic treatment and low-
antigen HC feeding abrogated T1D in all animals whereas HC feeding without antibiotics

resulted in T1D incidence of 53% (89). Consistent with those results, Hansen et al. reported
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that feeding NOD mice a gluten-free diet inhibited T1D in association with decreased caecal
bacteria (167). These findings are in keeping with the present results, notably the additive
diabetes-promoting combination of cereal and microbes (89). As Brugman et al. pointed out,
intestinal “antigenic load” was likely a key determinant of T1D development in BB-DP rats
and the present results support this interpretation (89). Overall, combinations of decreased
microbes and low-antigen HC feeding afforded dramatic protection from T1D in BBdp rats
(89). The present study definitively ascribes a primary role for cereal antigens in T1D
development, as microbes were completely absent rather than merely reduced using

antibiotics.

Although not required for spontaneous T1D (Fig. 3.1A (103); (152)), microbes
exhibited diabetes-promoting capacity, but only in the absence of cereal antigens (e.g.
SPF/HC vs. Germ-free/HC). There are several reports of altered microbiota associated with
T1D in rodent models. Roesch et al., reported that fecal bacteria from diabetes-resistant BB-
DR rats were different compared with BB-DP samples (87). Bacterial communities were
retrospectively characterized in fecal samples from young BB-DP rats in the period
preceding islet inflammation (89). Rats that eventually progressed to T1D contained an
increased proportion of Bacteroides compared with rats that remained asymptomatic (89),
demonstrating that early differences in intestinal microbes were associated with different
outcomes. Microbial involvement in NOD mice has also been reported. In an experiment by
Funda et al., germ-free conditions were associated with increased T1D compared with SPF-
housed mice (168). Interestingly, Myd8§-deficient NOD mice were protected from T1D
under SPF conditions but incidence was dramatically increased under germ-free conditions,

underscoring the complexity of the interactions occurring between microbes and innate
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immunity that influence T1D outcome (169). A low frequency of T1D in NOD mice was
associated with the transmission of segmented filamentous bacteria (170). In another study,
weekly LPS injections in young NOD mice resulted in near-complete inhibition of T1D
(171). These reports are consistent with the “hygiene hypothesis”, which proposes that
improved hygiene practices leading to decreased immune stimulation by (tolerizing)
environmental determinants (e.g. microbes, viruses) can stimulate chronic inflammation,
allergy, and autoimmunity (172; 173). However, the only significant microbe-associated
effect in BBdp rats was modest promotion of T1D rather than protection, the opposite of

what would be predicted by the “hygiene hypothesis”.

Other studies in NOD mice have not ascribed major roles for microbes in T1D
pathogenesis. In a study by Alam et al., T1D incidence was equivalent in cereal-fed germ-
free and SPF mice, although increased insulitis was observed under sterile conditions (174).
Also, King et al. reported that cereal-fed germ-free NOD mice displayed similar T1D
incidence compared with SPF counterparts (175). In the present study, T1D incidence was
not significantly different between SPF/Cereal rats and Germ-free/Cereal rats (Fig. 3.1A);
therefore, our findings are consistent with the aforementioned reports (174; 175).
Interestingly, cultured MLN cells from young NOD mice, but not BALB/c mice, proliferated
in vitro upon exposure to autologous fecal bacteria, suggesting decreased tolerance to
commensal microbes in the diabetes-prone strain (157). Consistent with this concept, the
present findings indicate that SPF/HC rats displayed increased T cell infiltration and /fng
expression compared with Germ-free/HC rats, which could have stimulated microbe-induced

T1D. Overall, in cereal-fed diabetes-prone rodents, T1D incidence was similar among germ-
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free and SPF-housed animals. Thus, gut microbes are not essential for spontaneous T1D in

BBdp rats and NOD mice.

Foxp3" Ty, are critical for the inhibition of autoimmunity (93; 176). Foxp3" Tieg
abnormalities have been reported in humans with T1D (97-99) and other autoimmune
diseases (97; 177). Lahl et al. reported that Foxp3" Ty depletion in newborn mice stimulated
insulitis (178). Also, deficits in Foxp3"™ Ty have been reported in the gastrointestinal tract of
diabetes-prone rodents compared with control strains (46; 157). In the present study, we
investigated whether protective HC feeding could inhibit T1D in part by enhancing the
number of Ty in the jejunum. No dietary differences in either the frequency or proportion of
Foxp3" T were observed in BBdp rats housed under SPF conditions (Figs. 3.3B-C). Thus,
by this measure, adaptive immune regulation was not diet-modifiable in the jejunum and
could not explain HC-associated dietary protection from T1D under standard microbe-
exposed conditions. A similar conclusion was made in a study by Visser et al., as no
difference in the number of F oxp3+ T:e; was observed in MLN from cereal-fed BB-DP rats
compared with HC-fed rats (46). In colonic tissue of NOD mice, Foxp3" cells were increased
in cereal-fed rats in parallel with increased IFN-y" cells compared with diet-protected
ProSobee-fed animals (157). Collectively, these findings indicate that numbers of intestinal
Ty are either unchanged by diabetes-modifying diets or increased concomitantly with
inflammation. What is common among these various reports is that diabetes-protective diets
did not enhance T., numbers in the gastrointestinal tract of diabetes-prone rodents.
However, there was a significant decrease in the proportion of Foxp3" Ty in cereal-fed rats
compared with HC-fed rats under germ-free conditions, which could have contributed to

T1D development under sterile conditions. Also, the proportion of Foxp3™ Ty, was increased
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in Germ-free/HC rats compared with SPF/HC counterparts, which could have provided anti-
inflammatory protection from microbe-induced T1D. Among cereal-fed rats, there was no
microbe-associated difference in the proportion of Foxp3" Ty, Consistent with this finding,
Min et al. reported that an absence of intestinal microbes did not change the generation,
accumulation, or maintenance of T, in germ-free mice compared with microbe-exposed
controls (179). Under standard housing conditions, diet did not modify small intestinal Tieg

and among rats fed a standard cereal diet, microbes did not modify Tre,.

CD163" M2 macrophages produce immunomodulatory cytokines, lack expression of
co-stimulatory molecules, and contribute to the maintenance of a hyporesponsive
immunological state (148). The number of anti-inflammatory CD163" M2 macrophages was
significantly smaller in the jejunum of cereal-fed BBdp rats compared with HC-fed
counterparts under standard SPF conditions (Fig. 3.4B). These results were further reflected
by upregulation of tolerogenic Cdl/63 gene expression in diet-protected HC-fed animals
compared with cereal-fed (Fig. 3.4C). These findings indicate for the first time that M2
macrophages are modified by diet in the small intestine of diabetes-prone rats. In addition to
the dietary difference among BBdp rats, our group reported a deficit in jejunal CD163" cells
in BBdp rats compared with BBc animals (103). Taken together, these findings reveal a
deficit in gut-resident M2 macrophages in the small intestine of BBdp rats that can be
corrected by weaning onto a diabetes-protective HC diet. Thus, enhanced anti-inflammatory
function contributed by increased CD163" M2 macrophages could represent a major
immunomodulatory effect of diabetes-protective HC feeding. In a study by Zheng et al.,
adoptive transfer of M2 macrophages protected BALB/c mice from STZ-induced islet

damage in association with decreased blood glucose compared with either control STZ-
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diabetic mice or mice injected with non-polarized ‘MO’ cells (180). The most compelling
functional evidence to date demonstrating the potential of anti-inflammatory M2
macrophages to modulate spontaneous T1D was reported by Parsa et al. (102). In NOD
mice, M1 macrophages were manipulated ex vivo towards an M2-like phenotype by
incubation with immunomodulatory cytokines IL-4, IL-10, and TGF-B, which inhibited
production of pro-inflammatory mediators NO, IL-6, TNF-a (102). When these induced anti-
inflammatory M2 macrophages were injected into young NOD mice, T1D was inhibited
(102). Similarly, expansion of CD163" macrophages afforded by HC feeding beginning at
weaning could inhibit immune activation and T1D development in BBdp rats. In support of
this view, there were negative correlations between the numbers of CD163" cells and gut-
infiltrating T cells (Figs. 3.5A-C). The present data support a model whereby HC feeding (or

cereal avoidance) enables M2 macrophage enrichment and T1D protection in BBdp rats.

The enzyme HO-1, encoded by Hmox1, is critical for the degradation of heme and is
essential for cytoprotection, host defense, and regulation of inflammation (181). The CD163
receptor is essential for internalization of heme substrates in the context of hemoglobin-
haptoglobin complexes and HO-1 is rate-limiting for the breakdown of heme (149). The most
protective low-antigen Germ-free/HC setting was associated with the strongest induction of
Hmox1 expression (Fig. 3.4D). This result raises the possibility that stimulation of intestinal
Hmox1 expression could have contributed to inhibition of microbe-promoted T1D in Germ-
free/HC vs. SPF/HC rats. Chemical induction of HO-1 by injections of cobalt protoporphyrin
(CoPP) inhibited inflammation in the ///0-deficient mouse model of microbe-associated
colitis, an effect associated with decreased IL-12 production by colonic M1 macrophages

(182). The anti-colitic effect of HO-1 induction was associated with decreased bacterial
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dissemination into MLN, a protective effect attributed to enhanced macrophage bactericidal
function and restoration of intestinal immune homeostasis (182). With respect to T1D, CoPP
administration induced HO-1 in the pancreas of NOD mice, resulting in decreased insulitis,
increased B-cell survival, and decreased blood glucose concentration (183; 184). Our group
also performed a study in which HO-1 induction by CoPP inhibited T1D in BBdp rats in
association with decreased gut inflammation (Husseini et al., unpublished results). Thus,
HO-1 induction is associated with anti-inflammatory effects in the gastrointestinal tract and

participates in suppression of islet autoimmunity in diabetes-prone settings.

CONCLUSION

In summary, a cereal-based diet promoted T1D in BBdp rats, either in the presence or
absence of microbes. T cell infiltration was a major feature of cereal feeding under SPF
conditions. In parallel, deficits in innate and adaptive anti-inflammatory immune cell subsets,
including M2 macrophages and Foxp3" T, were observed in cereal-fed animals. In SPF rats
(Fig. 3.9A), HC feeding supported a larger number of anti-inflammatory CD163" M2
macrophages in association with decreased T cell infiltration and lower Tyl-biased gene
expression. In germ-free rats (Fig. 3.9B), HC feeding increased the proportion of Foxp3" Treg
and decreased Tyl-associated transcriptional bias. Similar to cereal promotion of TI1D,
microbe-induced T1D also featured increased T cell infiltration and Tyl bias (Fig. 3.10).
These features represented major similarities between cereal-promoted T1D and microbe-
promoted T1D in BBdp rats. Protection from microbe-associated T1D afforded by the sterile
state was associated with an increased proportion of Foxp3" Ty, and induction of anti-
inflammatory Hmox! transcription, similar to enhancement of tolerogenic factors in HC-

associated dietary protection. Thus, diet and microbes jointly shaped the gut immune
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phenotype in ways that reflected environmental modification of T1D incidence (Fig. 3.1A).
Small intestinal imbalances among pro-inflammatory and anti-inflammatory innate and

adaptive immune factors could represent critical aspects of T1D pathogenesis.
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Figure 3.9. Overview of dietary modification of gut immune profiles in BBdp rats
Simplified diagrams indicating the major dietary modifications of immune cell distribution

and immunological gene expression in the jejunum of 130 d asymptomatic BBdp rats fed
cereal or HC under SPF or germ-free conditions; differences associated with alteration of
T1D incidence are emphasized. (A) In the SPF condition, diabetes-protective HC feeding
was associated with decreased T cell infiltration in the epithelium and lamina propria. In
parallel, HC feeding promoted an increased number of anti-inflammatory M2 macrophages.
Increased T1D risk in cereal-fed rats was associated with Ty1-associated transcriptional bias
relative to protected HC-fed counterparts. (B) In the germ-free state, diabetes-protective HC
feeding promoted an expansion in the proportion of anti-inflammatory Foxp3® Tieg.
Consistent with the SPF condition, cereal feeding under germ-free conditions was associated
with Tyl-biased transcription. Thus, in the BBdp rat jejunum, exposure to diabetes-
promoting cereal antigens was characterized by deficits in anti-inflammatory immune cell
subsets in conjunction with increased T cell infiltrates in the context of a Tyl-biased
transcriptional milieu. Character legend: Antigens. Yellow ovals: cereal proteins; red
rectangles: microbes. Immune cells. Blue: Effector T cells; green: CD163" M2 macrophages;
teal: Foxp3" Tee. Major transcriptional differences between conditions indicated in yellow-
highlighted text.

80



CHAPTER 3. Gut immune infiltrate parallels environmental modification of autoimmune diabetes

FIGURE 3.10
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Figure 3.10. Overview of microbial modification of gut immune profile in BBdp rats
Simplified diagram indicating the major microbe-associated modifications of immune cell
distribution and immunological gene expression in the jejunum of 130 d asymptomatic BBdp
rats fed an HC diet under SPF or germ-free conditions; differences associated with alteration
of TID incidence are emphasized. Microbe-associated promotion of T1D was linked with a
relative deficit in the proportion of anti-inflammatory Foxp3" Ty, compared with protective
sterile conditions. Microbe-associated T1D promotion also featured increased numbers of
infiltrating T cells in the jejunum. Similar to cereal-associated T1D promotion, microbe-
associated promotion of T1D was associated with enhanced Tyl transcriptional bias. The
protective germ-free condition featured enhancement of anti-inflammatory HmoxI
transcription. Thus, microbe-associated T1D promotion was reflected by a deficit in anti-
inflammatory immune cells, increased T cell infiltration, and enriched Tyl-associated gene
expression. Character legend: Antigens. Red rectangles: microbes. Immune cells. Blue:
Effector T cells; green: CD163" M2 macrophages; teal: Foxp3™ Tee. Major transcriptional
differences between conditions indicated in yellow-highlighted text.
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CHAPTER 4. Alteration of gut immune infiltrate parallels autoimmune diabetes in

LEW-DP rats

ABSTRACT

Background: The diabetes-prone Lewis (LEW.1ARI1.Ztm-iddm, “LEW-DP”) rat is a non-
lymphopenic model of spontaneous T1D that occurs equally in males and females (42). The
role of the gastrointestinal tract or diet in T1D development has not been described in these
animals.

Methods: Jejunum samples from 45 d LEW-DP (cereal- or HC-fed) and control LEW-C rats
(cereal-fed) were evaluated to determine the effects of strain and diet on small intestinal
immune cell distribution and immune-associated gene  expression  using
immunohistochemistry, morphometry, and RT-qPCR.

Results: T1D incidence was higher in cereal-fed compared with HC-fed LEW-DP rats.
Strain effects: Pre-insulitic LEW-DP rats displayed a deficit in anti-inflammatory CD163"
M2 macrophages. In addition, the number of Foxp3™ T, in lamina propria and Foxp3 gene
expression were lower in jejunum of LEW-DP rats. LEW-DP rats had a deficit in intra-
epithelial and lamina propria T cells but displayed an increased Ifng/Tgfbl cytokine mRNA
ratio. Dietary effects among LEW-DP rats: In cereal-fed rats, the proportion of Foxp3™ T
was smaller compared with HC-fed rats. Jejunal T cell infiltration was increased in cereal-fed
rats compared with HC-fed rats. Also, cereal-fed rats displayed increased Ifng/Tgfbl and
Ifng/1l4 cytokine mRNA ratios, indicating a Tyy1-biased immune gene expression profile.
Conclusion: The jejunum of LEW-DP rats exhibited deficits in innate and adaptive immune
regulation in association with a pro-inflammatory immune profile compared with LEW-C

rats, which were partly overcome by feeding a diabetes-inhibiting low-antigen HC diet.
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INTRODUCTION

The traditional rodent models of T1D, NOD mice and BBdp rats, have been invaluable tools
for studying pancreatic autoimmunity (33). However, it is increasingly evident that
investigation of other animal models is required to gain a better understanding of T1D
pathogenesis (38). The LEW-DP strain spontaneously emerged from a colony of MHC
congenic LEW.1ARI1 rats, with a mutation at the MHC locus resulting in expression of MHC
class I # molecules (42). Despite this single known mutation upon initial characterization, it
was speculated that manifestation of T1D was likely multifactorial and dependent on
interactions between multiple genetic risk factors and environmental determinants. Unlike
the NOD mouse, there was no sex-bias with respect to T1D incidence, in keeping with BBdp
rats and humans (42). Pronounced insulitis was observed in diabetic LEW-DP islets, with
infiltrates comprised mainly of T cells, macrophages, and B cells (42), similar to BBdp rats
and NOD mice (185). When isolated T cells from lymph nodes and spleen of diabetic LEW-
DP rats were adoptively transferred into young ~30 d LEW-DP rats, T1D incidence was
increased (42), consistent with the (auto) immune etiology of diabetes in these animals.
Interestingly, the MLN from overtly diabetic LEW-DP rats displayed increased numbers of
macrophages and T cells compared with asymptomatic rats (185), indicating an association
between gastrointestinal inflammation and TI1D. In the present study, the role of small
intestinal immune homeostasis was explored in young pre-insulitic LEW-DP rats to
determine whether alteration of the gut immune infiltrate reflected T1D development, as

observed in BBdp rats (see Chapter 3 and (103)).
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RESEARCH OVERVIEW

Rationale

Cereal-based diets promote T1D in two established rodent models, NOD mice and BBdp rats
(32; 103; 133). Alterations in small intestinal immune homeostasis have been reported in
BBdp rats and NOD mice and could also be implicated in T1D pathogenesis in LEW-DP
rats. In Chapter 3 (103), immune impairments in the jejunum of cereal-fed BBdp rats
involving increased T cell infiltration and pro-inflammatory gene expression were observed
in association with decreased regulatory capacity. Thus, the LEW-DP jejunum was similarly

evaluated to investigate whether gut inflammation was present and modifiable by diet.

Hypotheses

(i) Deficits in gut immune regulation and enhancement of small intestinal inflammation
preceding insulitis and TID are present in the small intestine of LEW-DP rats compared
with LEW-C rats. (ii) In LEW-DP rats, diet-associated inhibition of T1D by HC feeding is

associated with increased gut immune regulation and decreased inflammation.

Research Questions

1. Is small intestinal immune homeostasis impaired in LEW-DP rats compared with control
LEW-C rats?

2. Does weaning onto diabetes-modifying diets, either T1D-promoting cereal or protective
HC, alter small intestinal inflammatory status in LEW-DP rats in a manner that reflects

dietary modulation of T1D incidence?
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RESULTS

Effect of diet on T1D incidence in LEW-DP rats

At 23 d, LEW-DP rats were fed either a standard cereal diet or a low-antigen HC diet; T1D
incidence was determined. LEW-DP rats had a significantly higher T1D incidence when fed
a cereal diet compared with an HC diet (Fig. 4.1), consistent with BBdp rats and NOD mice

(103; 132; 133).

Effect of strain and diet on the distribution of anti-inflammatory CD163" M2 macrophages

CD163" cells in LEW rats were distributed in the lamina propria with a secondary subset
associated with the epithelium (Fig. 4.2A). The number of CD163" cells in the lamina
propria was significantly decreased in LEW-DP rats compared with LEW-C rats (Fig. 4.2B).
Diet did not modify the number of CD163" cells among pre-insulitic LEW-DP rats. There
were no strain- or diet-associated alterations in the number of epithelium-associated CD163"

cells (Fig. 4.2C).

Effect of strain and diet on the distribution of CD3" T cells

CD3" cells were distributed within the lamina propria (LPL) with a subset associated with
the epithelium (IEL) (Fig. 4.3A). The number of CD3" IEL was significantly decreased in
LEW-DP rats compared with LEW-C rats (Fig. 4.3B). Among pre-insulitic LEW-DP rats,
the number of CD3" IEL was significantly decreased in HC-fed rats compared with cereal-
fed rats. Consistent with CD3" IEL data, CD3" LPL were significantly more frequent in
LEW-C compared with LEW-DP rats; among LEW-DP rats, there were fewer CD3" LPL in

HC-fed animals compared with cereal-fed counterparts (Fig. 4.3C).

86



CHAPTER 4. Alteration of gut immune infiltrate parallels autoimmune diabetes in LEW-DP rats

Effect of strain and diet on the distribution of CD8a" T cells

Jejunal T cells were further evaluated by analyzing the subset expressing CD8a. As observed
for CD3, CD8a." cells were distributed within the lamina propria and epithelium (Fig. 4.3D).
The number of CD8o." IEL was significantly decreased in LEW-DP rats compared with
LEW-C rats (Fig. 4.3E). Among pre-insulitic LEW-DP rats, the number of CD8c." IEL was
significantly decreased in HC-fed rats compared with cereal-fed. The number of CD8o."” LPL
was significantly larger in LEW-C compared with LEW-DP rats (Fig. 4.3F). No significant

diet-associated change in CD8a." LPL was observed among LEW-DP rats

Effect of strain and diet on the distribution of T,.q and T,.q-associated gene expression

T.eq were analyzed by evaluating the Foxp3 transcription factor. Foxp3™ cells were localized
exclusively within the lamina propria (Fig. 4.4A). When quantified on the basis of mucosal
area, the number of Foxp3" cells was significantly smaller in LEW-DP rats compared with
LEW-C rats (Fig. 4.4B); no dietary change was observed among pre-insulitic LEW-DP rats.
When normalized to the number of CD3" LPL, the Foxp3'/CD3" Ty ratio was significantly
smaller in LEW-DP rats compared with LEW-C rats (Fig. 4.4C). Among pre-insulitic LEW-
DP rats, feeding an HC diet significantly increased the Foxp3'/CD3" T, ratio compared
with cereal feeding. Foxp3 expression was significantly larger in LEW-C rats compared with
LEW-DP rats (Fig. 4.4D). Similar to Foxp3 expression, there was a trend of increased Ctla4
transcription in LEW-C rats compared with LEW-DP rats (Fig. 4.4E). There was a

significant positive correlation between expression of Foxp3 and Ctla4 (data not shown).
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FIGURE. 4.1
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Figure 4.1. Effect of diet on T1D in LEW-DP rats

Animals were housed under standard SPF conditions and weaned onto a standard cereal-
based diet (blue squares) or low-antigen HC diet (yellow diamonds); T1D incidence was
determined. Kaplan-Meier survival diagram indicating the percentage of LEW-DP rats that
remained free of T1D until ~85 d. P=0.02 as determined by the log-rank test.
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Figure 4.2. Effect of strain and diet on distribution of M2 macrophages
M2 macrophages were evaluated in 45 d cereal-fed LEW-C rats (hatched bars), cereal-fed

LEW-DP rats (filled bars), and HC-fed LEW-DP rats (open bars). (A) Representative image
displaying CD163 staining in jejunum of cereal-fed LEW-DP rat; bar=25 um. Arrows
indicate labeled cells. Quantification of CD163" cells in (B) lamina propria and (C)
epithelium. n=7-8 rats/group. Data represent mean £ SD. P-value obtained using ANOVA
with LSD post-hoc test.
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Figure 4.3. Effect of strain and diet on distribution of T cells
Infiltration of jejunal CD3" and CD8a." T cells was evaluated in 45 d cereal-fed LEW-C rats

(hatched bars), cereal-fed LEW-DP rats (filled bars), and HC-fed LEW-DP rats (open bars).
(A) Representative image displaying CD3 staining in jejunum of cereal-fed LEW-DP rat;
bar=25 pm. Arrows indicate labeled cells. CD3" intra-epithelial lymphocyte (IEL) and
lamina propria lymphocyte (LPL) are indicated by orange and black arrows, respectively.
Quantification of CD3" (B) IEL and (C) LPL. (D) Representative image displaying CD8a
staining in jejunum of cereal-fed LEW-DP rat; bar=25 um. CD8o" IEL and LPL are
indicated by orange and black arrows, respectively. Quantification of CD8o.” (E) IEL and (F)
LPL. n=7-8 rats/group. Data represent mean + SD. P-values obtained using ANOVA with
LSD post-hoc test.
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FIGURE. 4.
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Figure 4.4. Effect of strain and diet on regulatory T cells

Infiltration of jejunal Foxp3™ T cells was evaluated in 45 d cereal-fed LEW-C rats (hatched
bars), cereal-fed LEW-DP rats (filled bars), and HC-fed LEW-DP rats (open bars). (A)
Representative image displaying Foxp3 staining in jejunum of cereal-fed LEW-DP rat;
bar=25 pm. Foxp3" lamina propria lymphocytes (LPL) are indicated by red arrows. (B)
Number of Foxp3™ LPL/mm” jejunum area. (C) Ratio of Foxp3™ LPL/CD3" LPL. n=7-8
rats/group. Data represent mean + SD. P-values obtained using ANOVA and by LSD post-
hoc test. Transcription of Ty.e-enriched genes in jejunum of 45 d LEW rats. Gene expression
of (D) Foxp3 and (E) Ctla4. n=7-8/group. Data represent mean + SD. P-values obtained
using ANOVA followed by LSD post-hoc test.
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Associations between F oxp.?Jr Treg and T cells

T cell homeostasis was evaluated by comparing the distribution of total T cells and Tr,.
Significant negative correlations were observed between the numbers of CD3" IEL and the
Foxp3'/CD3" T, ratio (Fig. 4.5A); CD3" LPL and Foxp3'/CD3" (Fig. 4.5B); CD8a" IEL
and Foxp3'/CD3" (Fig. 4.5C); no correlation was observed between CD8c” LPL and
Foxp3'/CD3" (Fig. 4.5D). Thus, increasing T, proportion was associated with decreasing
total T cell infiltration among LEW-DP rats. Maturation and shaping of the immune
phenotype in the small intestine could be altered over time. Jejunum samples from 45 d and
100 d rats were compared to evaluate age-related modification of T, distribution (Fig.
4.5E). In LEW-C rats, no significant age-associated alteration in the Foxp3/CD3" Ty ratio
was observed. However, the Foxp3'/CD3" T, ratio was significantly smaller in 100 d
cereal-fed LEW-DP compared with 45 d rats. The Foxp3"/CD3" ratio was not significantly
modified by age in HC-fed LEW-DP rats. Thus, T cell homeostasis was impaired with
increasing age only in cereal-fed LEW-DP rats whereas diabetes-resistant LEW-C rats and

diet-protected LEW-DP rats maintained stable T, balance.

Effect of strain and diet on cytokine gene expression

Expression of genes encoding various cytokines was evaluated to determine the effects of
strain and diet in LEW rats. There were no significant strain- or diet-associated differences in
expression of either Ifng (Fig. 4.6A) or 1115 (Fig. 4.6B). A significant positive correlation
was observed between expression profiles of both genes (data not shown). No significant

changes in expression of genes encoding the Ty2 and Tyl7-associated cytokines 1/4 (Fig.
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4.6C) and //17a (Fig. 4.6D) were observed. Lastly, no significant differences in expression

of Tre-associated genes 1/10 (Fig. 4.6E) or TgfbI (Fig. 4.6F) were observed.

Effect of strain and diet on jejunal Ty transcriptional bias

Small intestinal mRNA expression ratios of major hallmark cytokines were evaluated as a
reflection of Ty polarization bias in LEW rats. There was no significant strain-associated
difference in the Ifng/Il4 expression ratio, reflective of Ty1/Tu2 bias, between LEW-C and
LEW-DP rats (Fig. 4.7A). However, among LEW-DP rats, the Ifng/ll4 was significantly
larger in cereal-fed rats compared with HC-fed. The Ifng/Tgfb! ratio, reflective of Ty1/Treg
expression bias, was significantly increased in LEW-DP rats compared with LEW-C rats
(Fig. 4.7B). Also, there was a trend of a dietary effect among diabetes-prone rats, with
feeding of an HC diet resulting in decreased Ifng/Tgfbl mRNA ratio compared with cereal
feeding (p=0.05). There were no significant strain- or diet-associated differences in the ratio
of Ifng/1110, reflective of Ty1/T,, expression bias (Fig. 4.7C). Thus, in cereal-fed LEW-DP
rats, Tyl-associated expression of [fng predominated over major immunomodulatory

cytokines //4 and Tgfb.

SUMMARY

In the period preceding T1D, there was a deficit in total T cell numbers in LEW-DP rats
compared with LEW-C rats. In addition, LEW-DP rats displayed deficits in anti-
inflammatory immune cell subsets compared with resistant LEW-C rats. Among LEW-DP
animals, HC feeding decreased the number of infiltrating T cells, resulting in an increased
tolerogenic Foxp3"/CD3" Ty ratio. Also, HC feeding decreased the pro-inflammatory Ty1-

biased transcriptional profile compared with cereal feeding among LEW-DP rats.
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Figure 4.5. Associations between F0xp3+ Tregand T cells in LEW-DP rats and effect of
age on T cell-T,.; homeostasis at 45 d and 100 d

The association between the proportion of Foxp3" Ty, and T cell subsets in the jejunum of
LEW-DP rats was evaluated in 45 d animals. Negative correlations between the numbers of
(A) CD3" IEL and the Foxp3'/CD3" ratio; (B) CD3" LPL and Foxp3'/CD3"; (C) CD8a." IEL
and Foxp3'/CD3"; (D) no significant correlation between CD8c.” LPL and Foxp3'/CD3".
n=15. Correlation coefficients obtained using Pearson’s correlation; p-values obtained by
linear regression analysis. Effect of age on T cell homeostasis in LEW-C and LEW-DP rats.
(E) Foxp3/CD3 Tiegratios in cereal-fed LEW-C rats, cereal-fed LEW-DP, and HC-fed LEW-
DP rats. n=5-8 rats/group. Data represent mean = SD. P-values obtained using Student’s #-
test.
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FIGURE. 4.6
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Figure 4.6. Effect of strain and diet on jejunal expression of cytokine genes

Small intestinal mMRNA expression of cytokines genes was evaluated in the jejunum of 45 d
cereal-fed LEW-C rats (hatched bars), cereal-fed LEW-DP rats (filled bars), and HC-fed
LEW-DP rats (open bars). Gene expression of (A) Ifng, (B) 1l15, (C) 1l4, (D) Il17a, (E) 1110,
and (F) Tgfbl. n=3-8/group. Data represent mean + SD. Statistics performed using ANOVA
followed by LSD post-hoc test.
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FIGURE. 4.7
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Figure 4.7. Effect of strain and diet on jejunal Ty transcriptional bias

Small intestinal mRNA expression ratios of major hallmark cytokines as a reflection of Ty
transcriptional bias, were determined in the jejunum of 45 d cereal-fed LEW-C rats (hatched
bars), cereal-fed LEW-DP rats (filled bars), and HC-fed LEW-DP rats (open bars). Gene
expression of (A) Ifng/ll4, (B) Ifng/Tgfbl, and (C) Ifng/1l10. n=3-8/group. Data represent
mean + SD. P-values obtained using ANOVA followed by LSD post-hoc test.
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Thus, the jejunum of LEW-DP rats displayed mildly reduced T cell numbers and decreased
immune regulatory potential compared with LEW-C rats, some aspects of which were
reversible by weaning onto a diabetes-protective HC diet. Major changes in intestinal
immune homeostasis that were observed LEW rats are represented in a simplified diagram

(Fig. 4.8).

DISCUSSION

The role of the gut immune system and dietary antigens was explored for the first time in
LEW-DP rats, an alternative rodent model of spontaneous T1D. Immune cell infiltrates in the
jejunum of LEW-DP rats were compared with infiltrates from diabetes-resistant LEW-C rats
to establish whether modification of the small intestinal immune phenotype was a feature of
the diabetes-prone strain. Pre-insulitic 45 d LEW-DP rats displayed significantly fewer T
cells in the epithelium and lamina propria compared with LEW-C rats. These findings are
indicative of mild intestinal T cell deficit in the period preceding T1D onset. A recent report
described T cell abnormalities in LEW-DP rats compared with LEW-C counterparts (186).
Arndt et al. reported the occurrence of a variable CD3" T cell frequency in the circulation of
LEW-DP rats compared with control rats, a condition that was associated with T1D
development (186). In animals aged 35-110 d, the variability in the percentage of CD3" T
cells in asymptomatic and overtly diabetic LEW-DP rats was larger compared with LEW-C
animals (186). The mean percentage of CD3" T cells in peripheral blood was also decreased
in asymptomatic LEW-DP rats compared with LEW-C rats (186). Furthermore, the numbers
of both CD3" and CD8" T cells were decreased in overtly diabetic LEW-DP rats compared

with asymptomatic LEW-C rats (186).
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FIGURE. 4.8
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Figure 4.8. Overview of gut immune profile in LEW-DP rats

Simplified diagram (non-scaled) displaying major alterations of immune cell distribution and
immunological gene expression in the jejunum of young LEW-C and LEW-DP rats. Strain-
related differences associated with T1D susceptibility (LEW-C vs. LEW-DP) and dietary
differences (cereal vs. HC) associated with altered T1D incidence are emphasized. LEW-C
rats, cereal-fed (upper left panel), LEW-DP rats, cereal-fed (upper right panel), and LEW-
DP, HC-fed (lower right panel). Upper panels (left to right) indicate the strain-related small
intestinal modification of immune phenotype observed upon comparison of 45 d (cereal-fed)
LEW-C rats and LEW-DP rats. Right-side panels (top to bottom) indicate diet-related small
intestinal modification of immune phenotype in cereal-fed LEW-DP rats compared with HC-
fed LEW-DP rats. Strain- and diet-associated T1D risk among LEW rats is characterized by
a combination of deficits in anti-inflammatory immune cell populations in parallel with
increased T cell infiltrates in the context of a Ty1-biased transcriptional microenvironment.
Character legend: Antigens - Yellow ovals: cereal proteins; red rectangles: microbes. Immune
cells - Blue: effector T cells; green: CD163" M2 macrophages; teal: FoXp3 " Treg.
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In the present study, decreased T cell numbers were similarly observed in the jejunum of
LEW-DP rats compared with LEW-C rats, consistent with the Arndt et al. study. Taken
together, these findings indicate that mild T cell deficits, whether in the periphery or small
intestine, represent an important immune feature of the LEW-DP strain, suggesting
dysregulated gut immune homeostasis is associated with T1D susceptibility. Arndt et al.
speculated that T cell variability and T cell deficit could be linked to an imbalance in effector
T cells and Ty, in LEW-DP rats, resulting in chronic inflammation and potentiation of T1D
(186). The T cell deficit and associated imbalance between total T cells and T contributes

to T1D in BBdp rats (38; 187) and could also be implicated in pathogenesis in LEW-DP rats.

Interestingly, other findings described by Wedekind et al. are consistent with a
regulatory deficit and lymphopenic state representing important drivers of T1D in the LEW-
DP strain (188). Adoptive transfer of T cells from overtly diabetic LEW-DP rats into
recipient LEW-C rats did not induce T1D, whereas transplant of these cells into LEW-DP
rats resulted in a two-fold increase in incidence (188). Thus, enhanced baseline
immunoregulatory capacity in the LEW-C strain relative to LEW-DP rats was sufficient to
inhibit the adoptively transferred diabetogenic cells from precipitating T1D in the resistant
control strain (188). Conversely, when T cells from LEW-C rats were adoptively transferred
into LEW-DP recipients, T1D incidence was significantly smaller, demonstrating that
correction of the T cell deficit and immune regulation afforded significant protection from
disease (188). The T cell deficit observed in the jejunum of LEW-DP rats was accompanied
by alterations in T., homeostasis, consistent with Wedekind et al. (188). LEW-DP rats
displayed a smaller proportion of small intestinal Foxp3® T, compared with diabetes-

resistant LEW-C rats, which was ameliorated by feeding of a diabetes-inhibiting HC diet.
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Also, LEW-DP rats displayed decreased Foxp3 gene expression compared with LEW-C rats.
Badami e al. reported a deficit in gut Foxp3™ Ty, in duodenal biopsies of patients with T1D
compared with non-diabetic controls (189), indicating that regulatory impairment in the
small intestine also characterizes some patients with T1D. Interestingly, the deficit was
linked to the inability of lamina propria DC from T1D patients to promote differentiation of

Foxp3" Treg (189), indicating impairment of innate immunoregulation in the small intestine.

The tolerogenic function of Ty, is imparted by a variety of factors (94) including
production of TGF-f3, IL-10, and CTLA-4 (190; 191). Instability of the T, phenotype,
characterized in part by decreased Foxp3, could lead to reduction of tolerogenic function and
even adoption of pro-inflammatory effector function (192-194). TGF-B1 is critical for
maintenance of Ty, and contributes to suppression of pro-inflammatory immune responses
by inhibiting the activation of effector T cells (195). In parallel with a deficit in Foxp3" Tre,
and Foxp3 mRNA, young LEW-DP rats also displayed an increased Ifing/Tgfbl mRNA ratio
compared with LEW-C rats. These abnormalities were partly corrected in LEW-DP rats by
weaning the animals onto a diabetes-protective HC diet, which increased the proportion of
Foxp3" T and decreased Tyl-biased transcription. Interestingly, weaning onto a low-
antigen diet also stabilized the proportion of Foxp3™ T during the period encompassing
T1D development, with similar Foxp3+/CD3+ Tre ratios observed at 45 d and 100 d in HC-
fed LEW-DP rats. Similarly in cereal-fed LEW-C rats, a stable FOXp3+/CD3+ Treq ratio was
observed at 45 d and 100 d. In contrast, Foxp3™ Ty, proportion in cereal-fed LEW-DP rats,
which was already decreased relative to HC-fed LEW-DP counterparts, decreased further at

100 d. These results indicate that the small intestinal T, decline was progressive in LEW-
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DP rats fed the diabetes-promoting cereal-based diet. Thus, weaning LEW-DP rats onto an
HC diet enabled establishment of a stable gut immune phenotype resembling the tolerogenic,

anti-inflammatory profile of the LEW-C jejunum.

The dramatic consequences of Foxp3 disruption and T, imbalance underscore the
critical importance of immune regulation in protecting against inflammation and
autoimmunity (94). Mice with a deletion or loss-of-function mutation in the Foxp3 gene
(Scurfy mice) develop a fatal autoimmune phenotype characterized by pronounced multi-
organ inflammation (94). Mutation of the human FOXP3 gene causes the monogenic IPEX
syndrome, features of which are consistent with the phenotype of Scurfy mice, with
autoimmune diabetes and hyperglycemia developing in the majority of patients, even in the
neonatal period (96; 196). In parallel with islet inflammation, IPEX is also characterized by
dramatic intestinal infiltration by immune cells, suggesting potentially common pathways of
intestinal and pancreatic inflammation in the absence of appropriate immune regulation even
in monogenic forms of diabetes (96). For example, a decreased proportion of FoXp3™ Tieg
was reported in MLN cells from 16 week-old BB-DP rats compared with BB-DR rats (187).
Also, adoptive transfer of Ty, inhibited T1D in BB-DP rats whereas depletion of these cells
induced T1D in BB-DR rats (38). Thus, Ty can inhibit T1D and a deficit in these cells in the
jejunum of LEW-DP rats is consistent with increased susceptibility. Despite likely playing a
permissive role in the pathogenesis of celiac disease, there is scarce information on the
effects of cereal exposure on Ty, homeostasis. Compared with a gluten-free diet, feeding
wheat gluten resulted in fewer intestinal Peyer’s patch-associated Ty, in BALB/c mice (197).
Deficits or impairments in Foxp3™ T, could stimulate or exacerbate aberrant pro-

inflammatory immune responses upon exposure to cereal proteins.
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In addition to a Ty, deficit, young LEW-DP rats also displayed a significant decrease
in the number of anti-inflammatory CD163" M2 macrophages compared with resistant LEW-
C rats. Previous data from our group revealed a deficit in CD163" M2 macrophages in the
jejunum of BBdp rats compared with resistant BBc rats (103), in keeping with the
importance of CD163" M2 macrophages providing resistance to spontaneous T1D in rat
models. Furthermore, adoptive transfer of M2 macrophages inhibited T1D in NOD mice,
clearly demonstrating the potent regulatory capacity of this innate immune population (102).
In humans, the immunomodulatory cytokine IL-10 induces CDI/63 transcription whereas
pro-inflammatory mediators IFN-y, TNF-a, and LPS are inhibitory (198). Thus, a regulatory
immune microenvironment favours development of tolerogenic macrophages. Ty, directly
support the expansion and function of M2 macrophages. For example, co-culture of
monocytes and macrophages with T, induced expression of M2-associated scavenger
receptors CD163 and CD206 in association with decreased MHC class II expression and
decreased pro-inflammatory responsiveness to LPS stimulation (199). Thus, a deficit in
Foxp3" Ty and Foxp3 gene expression in LEW-DP rats compared with LEW-C rats could
have directly contributed to impaired expansion and development of M2 macrophages.
Conversely, the deficit in M2 macrophages could have prevented differentiation and
expansion of Tygin the LEW-DP jejunum. M2 macrophages directly promote the induction
of Foxp3" Tree via a mechanism dependent on exposure to a combination of secreted factors,
including TGF-B, IL-10, and retinoic acid (105). In the present study, the Ifng/Tefbl mRNA
ratio was increased in young LEW-DP rats compared with LEW-C rats, consistent with a
mechanism of Tyl cytokine-associated inhibition of Ty, development, potentially linked in

part to an underlying deficit in CD163" M2 macrophages. Thus, M2 macrophages are
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integrated into immunological networks directly implicated in the establishment of Foxp3”
Tree (105; 106). The complementary interplay between M2 macrophages and Ty, is additive
and critical for prevention of chronic inflammation. Both cell types were deficient in the
jejunum of LEW-DP rats, likely contributing to sensitivity to provocative environmental
antigens (e.g. cereal proteins) and conferring T1D risk. The frequency of human FOXP3"
cells in peripheral blood of patients with T1D was not different compared with control
subjects and did not change according to disease stage (200). However, as suggested by
studies of celiac disease and the current findings, the gut represents a more informative organ
for quantification of anti-inflammatory cells, especially when evaluating regulatory capacity

towards normally innocuous environmental factors.

Consistent with findings from BBdp rats, dietary promotion of T1D in LEW-DP rats
was also associated with increased intestinal T cell infiltration and Ty1-biased transcription
compared with HC-fed rats. Increased transcription of /FFNG was also observed in biopsies
from children with untreated celiac disease compared with control children and feeding a
gluten-free diet for one year decreased /FNG expression (201), indicating a causal role for
cereal antigens in Tyl inflammation. Interestingly, these alterations were not detected in
blood (201), again suggesting that mucosal inflammation is not necessarily reflected at extra-
intestinal sites and should also be considered in sifu, as done in the present study. Cereal
feeding in LEW-DP rats increased T cell infiltration in association with development of a
Tul-biased transcriptional profile compared with protected HC-fed LEW-DP counterparts.
Thus, the effect of cereal exposure on the small intestinal immune phenotype could be
similar in subjects susceptible to celiac disease and T1D. Using an NOD model of non-

spontaneous T1D (NOD-DQS8 mice), Galipeau et al. reported that gliadin sensitization
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stimulated IEL infiltration (202). The gliadin sensitization protocol involved administration
by gavage of a pepsin-trypsin digest of gliadin with cholera toxin followed by a switch to a
gluten-containing diet; controls were administered cholera toxin but not subsequently fed a
gluten-containing diet (202). Interestingly, pronounced insulitis was inducible in this model
when gliadin sensitization was done in parallel with partial depletion of Foxp3" T, using
anti-CD25 antibodies (202). Thus, when an immune sensitivity to cereal antigens is present
in a diabetes-prone genetic setting, a deficit in immune regulation is sufficient for induction
of insulitis, whereas appropriate regulation can restrict the inflammation to the gut (202). A
deficit in regulatory potential characterized the small intestinal immune microenvironment of
LEW-DP rats relative to the control LEW-C strain. In the context of deficient
immunoregulation, exposure to cereal proteins potentially stimulated gut T cell infiltration
and promoted T1D in LEW-DP rats. Taken together, these data suggest a common pathway

of cereal-associated gut inflammation and T1D promotion in diabetes-prone rodent models.

CONCLUSION

T1D susceptibility in LEW-DP rats was associated with an inflammatory phenotype in the
jejunum, characterized by a deficit in T cells and immune regulation. Also, environmental
modification of T1D incidence by diet in LEW-DP rats was accompanied by immune-
associated alterations in the jejunum. HC-associated protection was associated with a shift in
gut immune profile towards an anti-inflammatory phenotype in conjunction with decreased T

cell infiltration and decrease in Tyl-biased transcription, similar to observations made in

BBdp rats (see Chapter 3 and (103)).
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CHAPTER 5. CAMP host defense peptide as a novel gut-pancreas nexus implicated in
modulation of T1D

ABSTRACT

Background: Weaning BBdp rats onto an HC diet resulted in enrichment of anti-
inflammatory M2 macrophages and inhibition of T cell infiltration, effects potentially
contributing to T1D protection.

Methods: Immune-focused PCR Arrays were used for identification of novel factors
differentially regulated by diet in the jejunum of SPF-housed asymptomatic 130 d BBdp rats
fed either cereal or HC. Additional characterization of a novel diet-modifiable candidate
gene, Camp (cathelicidin antimicrobial peptide/CAMP), was performed using RT-qPCR,
immunohistochemistry, and confocal microscopy. Also, CAMP/LL-37 injections in BBdp
rats were performed to evaluate the potential for modification of microbiota, mucosal
immunity, and islet biology in BBdp rats.

Results: Expression of Camp was increased in the jejunum of diet-protected HC-fed BBdp
rats. Jejunal CAMP co-localized with CD163, indicating an association with anti-
inflammatory M2 macrophages. Unexpectedly, CAMP was also observed in PLN and islets,
associated with CD163" M2 macrophages and a subset of P-cells, respectively. Islet-
associated CAMP correlated with total islet number, indicating an association with islet
expansion. CAMP/LL-37 injections increased the abundance of probiotic bacteria and
promoted islet neogenesis.

Summary: HC feeding induced jejunal expression of Camp, a multifunctional host defense
factor. CAMP was also distributed in PLN and islets and represents a novel diabetes-

associated factor linking microbes, gut immunity, pancreatic immunity and islet homeostasis.
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INTRODUCTION

Studies described in Chapter 3 (also see (103)) demonstrated that weaning BBdp rats onto a
diabetes-inhibiting HC diet was reflected by inhibition of jejunal T cell infiltration and
decreased Tyl-biased gene expression in parallel with enrichment of anti-inflammatory
CD163" M2 macrophages. Key objectives of the present study were to expand on potential
mechanisms underlying the dietary modification of gut immunity in BBdp rats and to
identify potential CD163" M2 macrophage-associated factors associated with anti-

inflammatory function.

Attempts to prevent or reverse T1D have focused mostly on adaptive immunity,
including anti-CD3 antibody treatment or non-specific immunosuppression (e.g.
cyclosporin). However, these trials have mostly failed, with only temporary or minor benefit
(203). A greater understanding of the role of innate immunity in the pathogenesis of T1D is
essential for development of novel prevention and treatment strategies. Previously
unrecognized associations between innate immunity and T1D pathogenesis are being
uncovered. For example, impaired TLR signalling was observed in peripheral monocytes
from autoantibody-positive subjects causing increased secretion of IL-13 (204), a major pro-
inflammatory cytokine (205). In two recent randomized placebo-controlled clinical trials, IL-
1 antagonism was evaluated as a potential therapy for T1D (206). IL-1p or the IL-1 receptor
were antagonized in subjects with recent-onset T1D, but the interventions failed to increase
C-peptide concentration and preserve [3-cell mass (206). Attempting to block individual pro-
inflammatory factors is unlikely to successfully reverse T1D at such late stages of the disease

process. Targeting innate immunity in novel ways, including supplementation of anti-
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inflammatory innate factors could be an effective alternative strategy for treatment. The
inhibition of T1D in NOD mice by adoptive transfer of M2 macrophages demonstrates this
point (102). A primary goal of the present study was to identify specific factors associated
with the anti-inflammatory effect of M2 macrophages that could inhibit T1D. One means of
searching for T1D-related candidate molecules is gene expression profiling. Such a strategy
was previously used by Hessner et al. and revealed novel involvement of the innate immune

factor eotaxin-1 in T1D pathogenesis in BB rats (39).

An intriguing aspect of innate immunity that has received little attention in the
context of T1D is antimicrobial peptides (AMPs). The role of microbes in T1D is an active
area of research (207-209) and yet investigation of the role of AMPs has only just begun
(103). Altered AMP status could represent the basis for altered microbiota observed in BB-
DP rats compared with BB-DR rats (87). NOD mice deficient in MyD88, a key TLR-
associated innate immune signalling adaptor molecule, were protected from T1D under
standard SPF housing conditions, demonstrating a critical role for innate immunity in T1D
modulation (169). Interestingly, protection was not observed when animals were housed
under germ-free conditions, suggesting that a subset of protective commensal bacteria likely
contributed to T1D inhibition (169). An interesting question is whether certain AMPs
contribute to intestinal homeostasis by promoting enrichment of probiotic bacteria. Probiotic
bacteria are associated with protection from gastrointestinal diseases (210) and also inhibited
T1D in NOD mice (211; 212). Consistent with this, increased fecal abundance of probiotic
bacteria Lactobacillus and Bifidobacterium was reported in resistant BB-DR rats compared
with BB-DP rats (87). Thus, probiotic bacteria contribute to T1D protection in rodent

models. There are two major classes of AMPs that possess net positive charges and have an
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amphipathic structure: (i) a-helical peptides that lack cysteine residues and disulfide bonds,
the main example being cathelicidin antimicrobial peptide (CAMP); and (ii) B-sheet globular
peptides such as P-defensins, which contain cysteine residues that form multiple
intramolecular disulfide bridges (213). As Gallo and Hooper recently remarked, it is
fascinating to consider that many AMPs have retained their “potent functionality over
evolutionary timescales™ (214), underscoring their importance in mammalian health. CAMP
function could involve enrichment of probiotic bacteria associated with beneficial effects on
gut homeostasis. This concept has precedence, as BB-DP rats administered the probiotic
strain L. johnsonii N6.2 had lower TID in association with decreased intestinal Ifng

expression (88).

The antimicrobial capacity of CAMP is broad, with anti-bacterial, anti-viral, and anti-
fungal activity reported (214; 215). The potential involvement of CAMP in altering
microbial composition provides an exciting opportunity to explore the role of this factor in
T1D pathogenesis. AMPs collectively display a broad range of homeostatic and repair
functions associated with immunomodulation, growth, and wound healing, most notably at
environment-exposed sites including skin, respiratory tract, genitourinary tract, and
gastrointestinal tract (215; 216). These properties could contribute to the modulation of
various chronic inflammatory diseases, including T1D. A key point is that CAMP engages a
wide variety of signalling pathways by interacting with a large variety of mammalian (host)
receptors, including growth factor receptors, chemokine receptors, and TLRs (217). Thus,
CAMP is imbued with the unique capacity to affect both microbes and host in vastly
different ways. Given its multifunctional nature, CAMP is potentially involved in shaping the

microbiota, modifying immune microenvironments, and mediating tissue growth. The
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present Chapter (see also (103)) describes the identification and characterization of CAMP
as a novel T1D-related factor. Expression of the Camp gene was induced in the jejunum of
diet-protected HC-fed BBdp rats. CAMP co-localized with anti-inflammatory CD163" M2
macrophages, which we previously reported were increased in diet-protected rats (103).
Unexpectedly, CAMP was detected in PLN and islets, including a subset of -cells. In the
pancreas of asymptomatic BBdp rats, there was a positive correlation between islet-
associated CAMP expression and total islet number, indicating an association with islet
expansion. In a pilot study, CAMP/LL-37 injections in young BBdp rats increased the
abundance of probiotic and diabetes-protective bacteria and also promoted islet neogenesis.
Thus, CAMP is an innate immune factor linking mucosal defenses, pancreatic immunity and

islet biology.
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RESEARCH OVERVIEW

Rationale

Diabetes-modifying diets altered the intestinal immune phenotype of BBdp rats. Weaning
onto a cereal-based diet stimulated T cell infiltration and promoted Tyl-biased gene
expression. Conversely, HC feeding promoted an expansion of anti-inflammatory CD163"
M2 macrophages and Cdl63 transcription. Screening of immune genes could identify

additional candidate factors involved in the dietary modification of inflammation in the

jejunum of BBdp rats.

Hypotheses

(i) Dietary influence on small intestinal immunity in BBdp rats involves modification of
innate and/or adaptive immune factors that can be identified by screening for altered
expression of immune-associated genes, (ii) The cathelicidin antimicrobial peptide (CAMP)
is a novel diabetes-inhibitory factor with beneficial effects on intestinal microbes, gut and

pancreatic immunity, and islet homeostasis.

Research Questions

1. Can novel diet-modifiable immune factors implicated in T1D pathogenesis be identified by
gene expression screening in the jejunum of BBdp rats?

2. What cell types produce CAMP in BBdp rats?

3. Is pancreatic CAMP altered by inflammation?

4. Do CAMP/LL-37 injections in BBdp rats alter gut microbes, intestinal immune phenotype,

and islet biology?

118



CHAPTER 5. CAMP host defense peptide as a novel gut-pancreas nexus implicated in modulation
of autoimmune diabetes

RESULTS

Identification of novel diet-modifiable immune factors in the jejunum of 130 d BBdp rats
PCR Arrays for rat “Innate and Adaptive Immune Responses” (PARN-052A;
Qiagen/SABiosciences, Mississauga, Canada) were used for screening of differential gene
expression in jejunum of 130 d SPF-housed BBdp rats fed either a cereal or HC diet. The
arrays contained primers for 84 immune genes, including T cell activation factors, cytokines,
chemokines, pattern recognition receptors, and host defense factors. Four arrays were used
for each diet group. Results are presented as a volcano plot (Fig. 5.1A). Compared with gene
expression in jejunum of cereal-fed rats (control group), a value > -2 fold identified HC-
downregulated genes and a value of > +2 fold was used as a threshold for identification of

HC-upregulated genes.

HC-downregulated candidates:

Lck: Lck expression was 2.4-fold downregulated in HC-fed rats compared with cereal-fed
rats (p=0.003; Fig. 5.1B). Lck encodes the lymphocyte-specific tyrosine kinase/p56, a src-
family kinase involved in the initiation of T cell activation pathways upon TCR/co-receptor
engagement (218). Downregulation of Lck in HC-fed rats suggests that a major intestinal
effect of the protective diet was to inhibit T cell activation potential. This finding expands on
our previous findings describing inhibition of jejunal T cell infiltration and decreased Tyl-
biased transcription in HC-fed rats compared with cereal-fed counterparts (see Chapter 3 and
(103)). Thus, HC-downregulated Lck is supportive of the interpretation that HC feeding is

associated with inhibition of T cell activation capacity in the jejunum of BBdp rats (103).
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HC-upregulated candidates:

111f6: 11116 expression was 2.8-fold upregulated in HC-fed rats compared with cereal-fed rats
(p=0.004; Fig. 5.1C). 1/1f6 (also known as //36a) encodes the cytokine interleukin 1 family
member 6, which was previously characterized in skin and epithelial surfaces and found to
be implicated in NF-xB signalling (219; 220). In transgenic mice over-expressing //1f6 in
basal keratinocytes, development of neonatal inflammation was observed in the dermal and
epidermal layers (220). In addition, pronounced expression of ///f6 was observed in skin
lesions from patients with psoriasis whereas none was detected in normal skin tissue (220).
IL-1F6 was reported to stimulate expression of genes encoding various antimicrobial
peptides (221). In the present study, induction of ///f6 was observed in parallel with

upregulation of CAMP.

Camp: Camp expression was 2.4-fold upregulated in HC-fed rats compared with cereal-fed
rats (p=0.03; Fig. 5.1D). As described in this Chapter’s introduction, CAMP is a major
multifunctional host defense factor with roles including antimicrobial function,
immunomodulation and tissue repair (222-224). CAMP was selected as a candidate factor for
further exploration and characterization based on an interesting diversity of physiological

effects (223) and the lack of information in the literature about this factor pertaining to T1D.

Validation of the candidate gene Camp as a factor upregulated by a protective HC diet

The jejunal upregulation of the Camp gene by HC feeding identified by immune

transcriptional profiling was validated in another experiment.
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Figure 5.1. Transcriptional profiling of diet-modifiable immune genes in jejunum of
BBdp rats

BBdp rats (130 d) were maintained under SPF conditions and fed either an HC diet or cereal
diet and screened for innate and adaptive immune factors using PCR Arrays (n=4
arrays/dietary group). (A) Volcano plot displaying differential gene expression values and p-
values; circled candidates were either HC-downregulated (green; Lck) or HC-upregulated
(red; 111f6, Camp) at least 2 fold with p-values < 0.05. Ct values for immune genes were
normalized with the average Ct values of five housekeeping genes included in each array.
Results are shown as fold change (2*“") comparing expression in HC-fed rats relative to
cereal-fed counterparts. Additional candidates (non-circled) are also indicated; these were
either modified less than 2 fold or not statistically different. Summary results indicating
dietary alteration in transcription of identified candidate factors (B) Lck, (C) 111f6, and (D)
Camp; p-values obtained using Student's t-test. Note: Figure modified and reprinted from
material published in C. Patrick et al., Diabetes 2013 (103), with permission from the
American Diabetes Association. Copyright © 2010 American Diabetes Association.
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Evaluation of Camp gene expression was repeated using an expanded number of samples and
a different approach; RT-qPCR analysis was performed using a rat Camp-specific TagMan
Gene Expression Assay (Applied Biosystems, Life Technologies, Burlington, Canada). In
keeping with PCR Array data, the analysis confirmed that HC-fed BBdp rats displayed
significantly increased Camp transcription in the jejunum compared with cereal-fed
counterparts (Fig. 5.2A). Thus, Camp was validated as a novel gene associated with dietary
protection from T1D in the jejunum of BBdp rats. Involvement of intestinal CAMP —

including its alteration by diet — has not been reported in T1D.

Characterization of CAMP protein in the small intestine of BBdp rats

Immunohistochemistry analysis was performed to characterize CAMP protein distribution in
the jejunum of 130 d SPF-housed BBdp rats (Fig. 5.2B). The most pronounced expression of
CAMP protein was observed in a subset of cells associated with the intestinal epithelium,
which resembled epithelial-associated CD163" M2 macrophages (see Chapter 3). A more
abundant population of CAMP" cells was observed in the lamina propria but staining
intensity was relatively weaker compared with the aforementioned cells. As inferred by the
protein name, CAMP is most strongly associated with antimicrobial defenses, despite
displaying a spectrum of multifunctional activities. To determine whether CAMP production
in the BBdp jejunum was dependent on microbial exposure or infection, intestinal tissue
from two distinct sterile conditions was analyzed. CAMP was observed in jejunum from 130
d germ-free BBdp rats and in embryonic BBdp rats. These findings established that CAMP
production in the BBdp jejunum did not require microbes and suggested potential

involvement in intestinal homeostasis beyond antimicrobial function.
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Figure 5.2. Characterization of CAMP protein distribution in jejunum of BBdp rats

(A) Small intestinal mMRNA expression of Camp in jejunum of 130 d SPF-housed BBdp rats
fed either cereal (filled bar) or HC (open bar). RT-qPCR performed using Camp-specific
primers and probes from TagMan Gene Expression Assay (Applied Biosystems, Life
Technologies, Burlington, Canada)). n=5-7/group. Data represent mean + SD; p-value
obtained using Student's #-test. (B) Representative images displaying CAMP" cells
(arrowheads) in lamina propria and epithelium of 130 d asymptomatic BBdp jejunum (left),
bar=20 pum; 130 d germ-free BBdp jejunum (center), bar = 20 um; and embryonic (E15)
BBdp intestine (right), bar=25 um. Note: Figure modified and reprinted from material
published in C. Patrick et al., Diabetes 2013 (103), with permission from the American
Diabetes Association. Copyright © 2010 American Diabetes Association.
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Besides direct antimicrobial protection, other CAMP functions, such as immunomodulation
and tissue repair, could be essential in the gastrointestinal tract, as suggested by abundant

protein expression even under sterile conditions.

CAMP enriched in anti-inflammatory CD163" M2 macrophages in the BBdp rat jejunum

The profile of CAMP expression in the jejunum, featuring both epithelial-associated cells
and lamina propria-associated cells, resembled the distribution pattern of anti-inflammatory
CD163" M2 macrophages (103). Intestinal CAMP co-localized with CD163 and CD14 in
BBdp jejunum (Fig. 5.3A) but not with CD68 (Fig. 5.3B), sometimes considered a marker of
M1 macrophages (225; 226). CD163 is often classified as a specific marker of M2c
macrophages (110; 111), a subset of M2 macrophages involved in various homeostatic
processes including wound healing, tissue repair, and immunomodulation (113). Thus,
CAMP was enriched in M2 macrophages and restricted to the M2c subtype based on

additional co-localization with CD14, also enriched in the M2¢ phenotype (110; 113).

Discovery of CAMP in pancreatic lymph nodes

CAMP production is predominantly associated with host defenses at mucosal sites and skin
(214). Unexpectedly, CAMP" cells were observed in a large subset of immune cells in
pancreatic lymph nodes (PLN) of BBdp rats, even under germ-free conditions (Fig. 5.4A).
CAMP presence in PLN has not been reported. CAMP" cells in PLN co-localized with a
major subset of CD163" cells (Fig. 5.4B), consistent with jejunum findings (Fig. 5.3A). In
addition, co-localization of PLN-associated CAMP was observed with CD14 (Fig. 5.4C),

also consistent with the jejunum.
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Figure 5.3. CAMP production by M2 macrophages in jejunum of BBdp rats

(A) Representative immunofluorescence image obtained by confocal microscopy displaying
CAMP" cells (magenta) in the lamina propria of 130 d asymptomatic germ-free BBdp
jejunum co-localizing with CD14 (green arrowheads) and CD163 (red arrowheads); nuclear
labelling by Hoechst; bars=5 um. Yellow arrowheads in lower right panel indicate triple-
positive population of CAMP'CD14'CD163" cells. (B) Representative confocal images
displaying CAMP" cells (red arrowheads) adjacent to CD68" cells (green arrowheads) in
lamina propria of 130 d asymptomatic germ-free BBdp jejunum; bars=20 um (left panel) and
5 um (right panel). Note: Figure modified and reprinted from material published in C. Patrick
et al., Diabetes 2013 (103), with permission from the American Diabetes Association.
Copyright © 2010 American Diabetes Association.
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Figure 5.4. Discovery of CAMP in PLN of BBdp rats

(A) Representative image displaying CAMP" cells in PLN from a 130 d asymptomatic germ-
free BBdp rat; bar=200 pum (left panel); bar=50 pm (right panel). (B) Representative
immunofluorescence image obtained by confocal microscopy displaying a large subset of
CAMP" cells (green arrowheads) co-localizing with CD163 (red arrowheads) in PLN;
bars=20 pm. Yellow arrowheads indicate co-localized CAMP'CDI163" cells. (C)
Representative confocal image displaying CAMP" cells (red arrowheads) co-localizing with
CD14 (green arrowheads) in PLN; bars=20 um. Yellow arrowheads indicate co-localized
CAMP'CDI14" cells. (D) Representative confocal image displaying CAMP" cells (red)
adjacent to CD68 (green) in PLN; bars=20 um. Yellow arrowheads indicate minor subset of
co-localized CAMP'CD68" cells.
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Therefore, PLN-associated CAMP was present in a large subset of CD163" M2 macrophages
and potentially in monocytes. CAMP rarely co-localized with CD68 in PLN (Fig. 5.4D),
again in keeping with jejunum results. Interestingly, CAMP did not co-localize with CD163
in the spleen (not shown), suggesting that antimicrobial production by CD163" M2
macrophages was restricted to cells in the gastrointestinal tract. Thus, M2 macrophages co-
expressing CAMP were present in both jejunum and PLN, suggesting that
CD163"CD14 "CAMP" cells represent a previously unrecognized population that participates

in small intestinal and pancreatic immunity.

Discovery of CAMP in pancreatic islets

Besides our report (103), dietary modification of CAMP by cereal or HC has not been
reported in the literature, nor has enrichment in M2 macrophages or expression in PLN. Most
surprisingly, I serendipitously discovered CAMP" cells in pancreatic islets. Additional
studies revealed CAMP was present in islets from both adult germ-free BBdp rats (Fig. 5.5A)
and BBdp embryos (Fig. 5.5B). In the embryonic pancreas, there was a close association
between CAMP" cells and insulin” cells. Embryonic CAMP expression suggests a novel role
in islet formation; this interpretation was supported by subsequent detection of CAMP in a
subset of neogenic tubular complexes (not shown), which are unique structures considered
foci of B-cell regeneration (227). Islet-associated CAMP" cells were also present in SPF-
housed BBdp rats (Fig. 5.6A). In addition to BB rats, islet-associated CAMP was also
observed in a variety of different rat strains, including Lewis rats, Komeda rats, Wistar Furth
rats, and Sprague-Dawley rats (not shown). With the notable exception of embryonic BBdp
islets displaying abundant CAMP, detection of the peptide in islet cells appeared to be less

frequent in younger BBdp rats (~14-50 d) compared with older animals (~60-150 d) (not
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quantified). Among asymptomatic 130 d BBdp rats, there was a significant positive
correlation between the number of islet-associated CAMP" cells and total islet number per
pancreas (Fig. 5.6B). When islet-associated CAMP" cells were quantified in ~100-130 d
animals, asymptomatic BBdp rats had a significantly greater number of islet-associated
CAMP" cells compared with BBc rats (Fig. 5.6C). Also, the number of CAMP" cells was
highest in islet remnants from overtly diabetic BBdp rats, which was significantly increased
compared with islets from asymptomatic counterparts (Fig. 5.6C). In inflamed islets of
asymptomatic 130 d BBdp rats, CAMP" cells appeared in the vicinity of islet-infiltrating pro-
inflammatory CD68" macrophages, but these factors did not co-localize (Fig. 5.7A),
consistent with jejunum and PLN observations. In islet remnants from overtly diabetic BBdp
rats, CAMP" cells were again found in close proximity to infiltrating CD68" macrophages as
well as residual insulin’ cells (Fig. 5.7B). Thus, CAMP continues to be expressed in the

target tissue even during inflammatory and hyperglycaemic states.

Human pancreas samples from autopsies of patients with TID were also examined
for the presence of CAMP. The samples were from male and female patients aged 6-27,
mostly recent-onset T1D obtained during the 1920s (samples supplied by Dr. A.K. Foulis,
Royal Infirmary, Glasgow, UK). Of note, human CAMP" cells were abundant in islet
remnants from patients with T1D (Fig. 5.7C) (Dr. G.-S. Wang, Scott lab), consistent with
BBdp rats. Thus, CAMP production is a feature of embryonic islet development in BBdp
rats, and expression of this host defence factor can become enriched postnatally under local

inflammatory conditions.
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In BBdp rats, CAMP was associated with enhanced islet number in the asymptomatic
state and appeared adjacent to CD68" cells during insulitis, possibly as part of a counter-
inflammatory immune response to [-cell autoimmunity. Interestingly, in a 100 d
asymptomatic BBdp rat without insulitis, many endocrine cells within the islets appeared to
express CAMP (Fig. 5.8A). Conversely, endocrine-associated CAMP staining was relatively
weak in an age-matched asymptomatic BBdp counterpart displaying insulitis (Fig. 5.8B).
However, in insulitic islets, CAMP" cells were abundant among the islet-associated immune
infiltrate, resembling the original findings obtained using asymptomatic germ-free BBdp rats
containing inflamed islets (Fig. 5.5A). Thus, the source of islet-associated CAMP can
originate from either endocrine or immune cells, depending on the local islet inflammatory
status. Both endocrine-associated and immune-associated CAMP" populations were clearly
observed in parallel in inflamed islets of asymptomatic NOD mice (Fig. 5.8C), illustrating

the distinct dual localization of this peptide in islets from rodent models of T1D.
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Figure 5.5. Discovery of CAMP in islets of BBdp rats

CAMP" cells were observed in pancreatic islets from BBdp rats, even under sterile
conditions. (A) Representative images displaying multiple CAMP" cells (arrows) within
various islets of 130 d asymptomatic germ-free BBdp rats; bars=25 pm. CAMP" cells were
more prevalent at the islet periphery. (B) Representative image of developing islet in BBdp
rat embryo at embryonic day 15 (E15, left panel); bar=25 pm. Immunofluorescence image
obtained by confocal microscopy displaying CAMP" cell (red arrowhead) adjacent to
insulin” cells (green arrowheads) in embryonic BBdp pancreas; bar=10 um.
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Figure 5.6. CAMP in islets associated with islet number and altered by inflammatory
status

Islet-associated CAMP" cells were also observed in SPF-housed BBdp rats. (A)
Representative images displaying CAMP" cells (arrowheads) within islets of ~100 d
asymptomatic BBdp rat (left panel) and overt diabetic BBdp rat; bars=25 um. (B) Significant
positive correlation between density of islet-associated CAMP" cells and total islet number
per pancreas among ~100 d asymptomatic BBdp rats fed a cereal diet or HC diet. n=12.
Correlation coefficient obtained using Pearson’s correlation; p-value obtained by linear
regression analysis. (C) Density of islet-associated CAMP" cells in pancreas of ~100 d
control (BBc) rats (open bar), asymptomatic BBdp rats (hatched bar), and overtly diabetic
BBdp rats (filled bar). n=8-11/group; data represent mean + SD. P-values obtained using
Student’s #-test.
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Figure 5.7. Characterization of CAMP" cells in inflamed islets of BBdp rats and
humans

(A) Representative immunofluorescence image obtained by confocal microscopy displaying
CAMP" cells (red arrowheads) in the vicinity of CD68" cells (green arrowheads) in insulitic
islet (dotted outline) from asymptomatic 130 d germ-free BBdp rat; bars=20 um. (B) CAMP"
cells (orange arrowheads) are shown in the vicinity of CD68" cells (red arrowheads) and
insulin” cells (green arrowheads) in islet remnant (dotted outline) of overtly diabetic BBdp
rat; bar=10 pm. (C) Multiple CAMP" cells (arrowheads) within islet remnant (dotted outline)
of a 12 year-old female patient with recent-onset T1D (case# E336, Dr. A.K. Foulis, see
below); bar=25 um. Note: Staining and image courtesy Dr. G.-S. Wang, Ottawa Hospital
Research Institute, Ottawa, Canada; human pancreas tissue courtesy of Dr. A.K. Foulis,
Royal Infirmary, Glasgow, UK.
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Figure 5.8. Distinct sources of islet-associated CAMP dependent on inflammation

(A) Representative image of non-inflamed islet from 100 d asymptomatic BBdp rat
displaying widely distributed CAMP staining (yellow arrowheads) throughout islet endocrine
cells; bar=25 um. (B) Representative image of inflamed islet from 100 d asymptomatic
BBdp rat displaying subset of CAMP" cells distributed among islet-associated immune
infiltrate (orange arrowheads). Relatively weak CAMP staining was detected within a small
subset of endocrine cells within the inflamed islet (yellow arrowheads); bar=25 pm. (C)
Representative image of inflamed islet from NOD mouse displaying parallel expression of
both islet-associated sources of CAMP; endocrine-based CAMP staining in islets (yellow
arrowheads) and immune-associated CAMP" cells (orange arrowheads) at the islet periphery;
bar=25 um.
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CAMP detection in [-cells in asymptomatic rats

CAMP appeared to be distributed in some endocrine cells, including B-cells, in non-inflamed
states. To confirm B-cell-specific expression, CAMP co-localization experiments were
performed with insulin. CAMP co-localized with a subset of insulin’ cells in adult SPF-
housed BBdp rat islets (Fig. 5.9A), germ-free BBdp rat islets (Fig. 5.9B) and embryonic
BBdp rat islets (Fig. 5.9C). CAMP has been shown to drive mammalian signalling processes
in epithelial cells from skin (228), lungs (229), and cornea (230), playing an important role in
growth and repair. In a cancer study, CAMP was reported to be a potent agonist of the
insulin-like growth factor 1 receptor (IGF-1R) (231). Interestingly, IGF-1 itself is also known
to induce Camp expression (232). In corneal cells, CAMP exposure was reported to stimulate
phosphorylation of epidermal growth factor receptor (EGFR) and downstream effectors Akt
and Erk (233). CAMP has not been described previously as a product of endocrine cells and

its discovery in islets represents a novel aspect of islet biology and T1D.

Validation of CAMP expression in the pancreas

To verify whether Camp was transcribed in the pancreas, mRNA detection was performed by
RT-qPCR using Camp-specific primers and probes (TagMan Gene Expression Assay;
Applied Biosystems, Life Technologies, Burlington, Canada). Amplification of Camp cDNA
was observed using RNA extracted from whole BBdp jejunum (positive control; Fig. 5.10A),
whole BBdp pancreas (Fig. 5.10B), and collagenase-isolated BBc islets (Fig. 5.10C). Camp
expression was not observed in the INS-1E rat insulinoma B-cell line (data not shown).
Thus, Camp mRNA detection in whole pancreas and isolated islets supports the view that

CAMP is expressed in islets.
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Figure 5.9. CAMP co-localization with insulin in non-inflamed islets of BBdp rats

In non-inflamed conditions, a subset of insulin’ cells co-localized with CAMP, in both the
SPF condition and sterile states. Representative immunofluorescence images obtained by
confocal microscopy displaying CAMP" cells (red arrowheads) co-localizing with a subset of
insulin” cells (green arrowheads) in non-inflamed islets from (A) 150 d asymptomatic SPF-
housed BBdp rat, (B) 130 d asymptomatic germ-free BBdp rat, and (C) BBdp embryo;
bars=20 um. Yellow arrowheads indicate subset of co-localized CAMP insulin” cells.
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Effects of injected CAMP/LL-37 on gut immune homeostasis, gut bacteria, and islet biology

The immunomodulatory properties and tissue repair function of CAMP make this host
defense peptide an attractive therapeutic factor for T1D. The natural distribution of CAMP in
the gastrointestinal tract, PLN, and islets suggest that the endogenous protein is ideally
situated to influence microbes, the immune system (gut, pancreas/PLN), and tissue
homeostasis (gut, pancreas/islets). To explore the therapeutic potential of CAMP, exogenous
human CAMP (also known as LL-37) was injected i.p. in young BBdp rats in a pilot study.
The objectives were to determine whether CAMP/LL-37 administration could alter the small
intestinal immune profile, influence the composition of gut microbial communities, and alter
islet homeostasis. BBdp rats were weaned onto a cereal-based diet at 23 d. Beginning at 24 d,
animals were injected daily for one week with either CAMP/LL-37 (1 mg/kg; n=10/group) or
saline (n=10/group) (Fig. 5.11A). Following CAMP/LL-37 injections, there was a trend of
increased CD163" M2 macrophages in the jejunum, which achieved statistical significance
with removal of two identified outliers (Fig. 5.11B). Targeting gut microbes in susceptible
subjects could be an effective strategy for T1D modulation (234). Fecal pellets were
collected following treatment for bacterial analysis. Collaborators Dr. A. Stintzi and W.
Mettawea (University of Ottawa, Ottawa, Canada) extracted bacterial DNA and performed
high-throughput sequencing and bacterial analysis to determine the composition of the
microbiota. BBdp rats injected with CAMP/LL-37 displayed an increased abundance of
Actinobacteria (phylum and class classification), including an increased abundance of the
Bifidobacteriaceae family (Fig. 5.11C). Fecal samples from BB-DP and resistant (BB-DR)
rats were previously compared and a greater abundance of Bifidobacterium was reported in
resistant animals (87). Also, oral administration of VSL#3, a probiotic blend including three

species of Bifidobacterium, inhibited T1D in NOD mice (211). Thus, CAMP/LL-37
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injections modified the microbiota of BBdp rats, with upregulation of probiotic bacteria. In
addition, CAMP/LL-37-injected BBdp rats displayed an increased abundance of
Coriobacteriales (order) and Coriobacteriaceae (family) compared with saline-injected
controls; Adlercreutzia (genus), bacteria from the same phylogenetic lineage, were also more
abundant in CAMP/LL-37-injected animals. Interestingly, Coriobacteriales were more
abundant in 30 d fecal samples from diabetes-resistant BBdp rats compared with pre-diabetic
BBdp rats (Fig. 5.11D) in a separate prospective study done in collaboration with Dr. A.
Stintzi and T. Abujamel (University of Ottawa, Ottawa, Canada). In summary, CAMP/LL-37
injections in young BBdp rats upregulated probiotic bacteria (e.g. Bifidobacteria) as well as
diabetes-protective Coriobacteria. Thus, potentially beneficial modification of microbiota in
BBdp rats was achieved by administration of exogenous CAMP/LL-37. Interestingly, these
findings could partly explain the mechanism by which HC feeding protected BBdp rats from
T1D under SPF conditions, by upregulating antimicrobial production, altering intestinal

bacterial composition and promoting islet neogenesis (not shown).
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Figure 5.10. Validation of Camp expression in BB pancreas and islets

Camp gene expression by RT-qPCR using Camp-specific primers and probes from a
TagMan Gene Expression Assay (Applied Biosystems, Life Technologies, Burlington,
Canada). Representative amplification plots of Camp cDNA in (A) BBdp jejunum, (B) BBdp
whole pancreas, and (C) collagenase-isolated BBc islets. Multiplex qPCR amplification plots
are shown, displaying detection of B-actin (Actb) and Camp mRNA; technical triplicates
shown.
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Figure 5.11. CAMP/LL-37 injections modify the intestinal microbiota in young BBdp
rats

Pilot study exploring the therapeutic potential of exogenous CAMP/LL-37 administration in
young BBdp rats. (A) Schematic of experimental protocol; starting at 23 d (weaning), cereal-
fed BBdp rats were administered daily intraperitoneal injections for 7 days with either
CAMP/LL-37 (1 mg/kg; n=10) or saline (n=10) and killed at 30 d for investigation of short-
term effects on immune cell distribution in the jejunum and composition of the fecal
microbiota. (B) Number of CD163" cells in the jejunum of BBdp rats following injections of
CAMP/LL-37 or saline. Data represent mean + SD; n = 8-9 rats/group. p-value = 0.03 when
circled outliers are removed; p-value obtained using Student’s ¢-test. (C) Evaluation of
differences in fecal microbiota from 30 d BBdp rats following treatment with CAMP/LL-37
or saline. Red = CAMP/LL-37 treatment; green = saline-injected. Histogram displays
differentially abundant bacterial taxa identified by linear discriminant analysis (LDA);
p<0.05, Kruskal-Wallis test. The linear discriminant effect size method (LEFSe) s a strategy
for identification of “biological features explaining differences between groups” (235). Taxa
identified by the LEFSe method explain the greatest differences between the microbial
communities from the two groups (i.e. CAMP/LL-37-treated vs. saline-injected). (D)
Evaluation of differences in fecal microbiota in diabetes-resistant 30 d BBdp rats compared
with pre-diabetic BBdp rats. Fecal samples were retrospectively classified as either
“diabetes-resistant” or “pre-diabetic” on the basis of subsequent T1D development as part of
a prospective study that followed disease fate up until 150 d. Red = pre-diabetic; green =
diabetes-resistant. Histogram displays differentially abundant taxa identified by LDA;
p<0.05, Kruskal-Wallis test. Note: Bacterial analyses performed by Dr. A Stintzi, W.
Mettawea, and T. Abujamel (University of Ottawa, Ottawa, Canada).
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SUMMARY

A screening experiment identified the host defense factor Camp as a protective immune
factor in the jejunum of HC-fed BBdp rats. Intestinal CAMP was enriched in anti-
inflammatory CD163" M2 macrophages and CAMP'CD163" cells were unexpectedly
observed in PLN. CAMP was also detected in islets, including a subset of B-cells. CAMP
expression correlated with islet number and was increased during inflammation. Thus,
CAMP could represent a novel islet trophic factor supporting pancreatic homeostasis.
CAMP/LL-37 injections increased the abundance of probiotic and diabetes-protective
bacteria. CAMP represents a novel innate immune hub linking microbes, mucosal defenses,

pancreatic immunity, and islet biology.

DISCUSSION

The objective of this study was to identify and characterize novel intestinal immune genes
associated with the dietary modification of T1D in BBdp rats. Using a PCR Array immune-
focused screening strategy, the Camp gene was identified as a novel innate immune factor
upregulated in the jejunum of BBdp rats fed a protective HC diet. Thus, the protective
upregulation of M2 macrophages observed in the jejunum of HC-fed rats (103) occurred in
parallel with Camp induction. Interestingly, CAMP co-localized with CD163 in jejunum and
PLN, even under sterile conditions, indicating that expression was independent of microbes
and that other pleiotropic functions could be essential in the gastrointestinal tract. CAMP has
been characterized as a product of various cell types, including epithelial cells, monocytes,
macrophages, and neutrophils (236). However, the present work reveals that M2
macrophages are a predominant source of CAMP in the jejunum and PLN of BBdp rats.

CAMP is multifunctional and major roles besides antimicrobial function include
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immunomodulation, growth promotion, chemotaxis, wound healing, and angiogenesis (223).
Many of these functions are also attributed to M2 macrophages (237). Thus, CAMP could
represent an important effector peptide of M2 macrophages that directly contributes to the

various homeostatic roles ascribed to these anti-inflammatory cells.

Studies using Camp-deficient mice have demonstrated the importance of this AMP in
anti-bacterial and anti-viral immunity in various tissues including skin, urinary tract, eye, and
gut (238-242). Altered CAMP status has also been described in the context of inflammatory
bowel diseases (243; 244). For example, decreased CAMP was reported in patients with
Crohn’s disease (245). Also, Koon et al. reported that CAMP expression by monocytes
contributed to inhibition of colitis in mice (246). Thus, sufficient production of CAMP in the
gut by CDI163" macrophages could similarly be important in maintaining intestinal
homeostasis and inhibiting diabetes-associated inflammation. Antimicrobial deficiency can
exacerbate intestinal inflammation caused by non-microbial insults. For example, Camp-
deficient mice developed more pronounced colitis upon exposure to the pro-colitic chemical
dextran sodium sulphate (DSS) (246). By analogy, if pro-inflammatory diabetes-promoting
cereal antigens were present in the context of local CAMP deficiency, intestinal
inflammation could be exacerbated, as bacterial interaction with host tissue increased. In
Chapter 3, diet-protected HC-fed BBdp rats had decreased T cell infiltration in the
epithelium and lamina propria which was associated with increased CD163" macrophages
and Cd163 transcription (103). In the present study, HC feeding promoted Camp expression,
which could have limited direct bacterial interaction with the gut epithelium resulting in
inhibition of gut infiltration by IEL and LPL. In support of this interpretation, a significant

HC-associated decrease in jejunal expression of the T cell activation factor Lck was observed
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in parallel with Camp induction during the screening experiment. Thus, CAMP could be
influential at the gut epithelial surface, as it could inhibit bacterial interaction with the host

while limiting inflammation via anti-inflammatory pathways.

Although BBdp rats lacking microbes can ultimately develop T1D (103), altered
bacterial composition is associated with T1D. In a study by Roesch et al., fecal bacteria from
diabetes-resistant BB-DR rats were compared with BB-DP samples (87). Overall, probiotic
species from the Lactobacillus and Bifidobacteria genera were more abundant in the BB-DR
strain, indicating an association with T1D protection (87). Direct administration of a
Lactobacillus species inhibited T1D in BB-DP rats (88) and a similar effect was reported in
NOD mice using the probiotic mixture VSL#3 (211; 212). In both models, the anti-diabetic
effects of probiotics were associated with decreased pro-inflammatory gut immune activation
(88; 211). Young BBdp rats injected with CAMP/LL-37 displayed increased abundance of
probiotic bacteria and diabetes-protective bacteria, including Bifidobacteria and
Coriobacteria, indicating that administration of this factor enriched beneficial microbes. In
humans, the combined abundance of two Bifidobacterium species, B. adolescentis and B.
pseudocatenulatum, was decreased in autoantibody-positive individuals (90); high-risk
individuals with four autoantibodies displayed decreased numbers of butyrate-producing
bacteria (90). Butyrate is a potent inducer of Camp expression (247). Thus, there is a
potential interplay among AMPs, microbes, and intestinal inflammation, which could
represent a target for intervention in T1D. CAMP administration intra-colonically prevented
colitis in mice, an effect associated with bacterial reduction and decreased immune cell

infiltration (248), demonstrating the concomitant microbe-modifying and immune-modifying
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effects of this peptide. CAMP/LL-37 injections enhanced the abundance of probiotic

bacteria, supporting a role in intestinal homeostasis.

CAMRP staining in PLN was enriched in CD163" M2 macrophages, which are ideally
situated for modulation of pancreatic autoimmunity. CAMP detection in lymph nodes is
rarely reported in the literature, with only one study in pigs describing the porcine
cathelicidin PR-39 in tracheobronchial lymph nodes (249). PLN could represent another
niche beyond the small intestine in which M2 macrophages and antimicrobials have an
opportunity to modulate islet autoimmunity, by directly interacting with diabetogenic T cells.
Expression of an AMP within the pancreas, including a subset of -cells, was not expected.
Surprisingly, islet-associated CAMP was detected in sterile conditions, including islets at the
embryonic stage. The embryonic environment is devoid of microbes and the endocrine
pancreas is not inflamed during the pre-natal period, indicating that islet-associated
embryonic CAMP was not associated with infection or autoimmunity. In postnatal rats,
CAMP" cells were more frequent in inflamed islets, situated in close proximity to infiltrating
CD68" macrophages. CAMP in inflamed islets could play a counter-inflammatory role
during insulitis, analogous to wound healing. CAMP-mediated engagement of EGFR
promoted keratinocyte migration, an effect associated with the peptide’s wound healing
capacity in skin (250). In a tumour study, CAMP was identified as an agonist for the insulin-
like growth factor 1 receptor (IGF-1R)(231). This receptor is expressed by p-cells and IGF-
IR signalling contributes to islet homeostasis (251-255), reinforcing the possibility that

CAMP could stimulate islet growth. Also, IGF-1 itself has been reported to stimulate Camp
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gene expression (232). Thus, a paracrine mechanism involving IGF-1/IGF-1R signalling and

CAMP is possibly active in islets and could be a novel aspect of islet homeostasis.

Inflammation and B-cell regeneration are closely associated (116). During [B-cell
destruction, the immune system likely interprets insulitis as a wound, with enhanced CAMP
production contributing to a repair program. The number of islet-associated CAMP" cells
positively correlated with total islet number among asymptomatic BBdp rats, suggesting an
association with B-cell expansion. Also, CAMP" cells were more frequent in islets from
asymptomatic and diabetic BBdp rats compared with control BBc rats, indicating
upregulation during inflammation. Examples of inflammatory conditions promoting p-cell
expansion include pancreatic duct ligation and partial pancreatectomy (256). Residual -cells
have been found in patients with T1D (257-259). CAMP was present in islets from patients,
indicating a role in islet homeostasis even after T1D onset (Fig. 5.7C), possibly reflecting an
attempt at regeneration. Other findings supportive of CAMP-associated islet growth
promotion include its presence in embryonic islets and regenerative tubular complexes as

well as upregulation of insulin” extra-islet clusters (EIC) in CAMP/LL-37-treated BBdp rats.

There is only one publication describing the presence of CAMP in islets and
involvement of this peptide in T1D pathogenesis (260). The recent report by Diana et al.
described a mechanism of innate immune interplay leading to the establishment of insulitis
and T1D in NOD mice (260). B-cell apoptosis in young NOD mice resulted in infiltration of
“innate-like” CD5" B-1a lymphocytes that secreted double-stranded self-DNA-binding I1gG

antibodies (260). CAMP from an islet-infiltrating neutrophil source interacted with the self-
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DNA-specific IgG immune complexes and potentiated pro-inflammatory IFN-a secretion
from plasmacytoid DC. These early innate inflammatory events were required for
accumulation of CD8" IFN-y-expressing T cells in PLN (260). Some, but not all aspects of
this study were consistent with the present findings. For example, increased islet-associated
CAMP was observed during insulitis in BBdp rats, consistent with the Diana ef al. report. In
the present study, inflamed islets from NOD mice displayed CAMP expression in endocrine
cells as well as a subset of immune cells included among the immune infiltrate, which could
be neutrophils. In the Diana ef al. report, neutrophils were described as the CAMP-producing
population whereas endocrine-based detection was not reported. The role of islet-associated
CAMP is a new research area that could lead to new insights into islet homeostasis during
development, health, and inflammation. We have additional preliminary data that CAMP
affords protection from T1D in BBdp rats. Our group performed a study in which cobalt
protoporphyrin (CoPP) was injected into BBdp rats to induce the protective CD163/HO-1
pathway (261), which resulted in lower T1D incidence compared with saline-injected
animals (Husseini et al., unpublished results). Interestingly, the number of CAMP" cells and
Camp gene expression were significantly increased in the jejunum of protected CoPP-treated
BBdp rats (Husseini ef al., unpublished results). In addition, CAMP/LL-37 injections in
BBdp rats resulted in an increased number of duct-associated EIC, indicating enhanced islet

neogenesis (Wang et al., unpublished results).
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of autoimmune diabetes

CONCLUSION

Protective HC feeding increased small intestinal expression of the host defense peptide
CAMP. CAMP was enriched in M2 macrophages in immune tissues associated with the
gastrointestinal tract. Unexpectedly, CAMP was also observed in islets, including target [3-
cells. CAMP correlated with total islet number and was increased during insulitis,
highlighting a potential novel role in islet homeostasis and T1D pathogenesis. CAMP could
function as an islet trophic factor in the endocrine pancreas. Injection of CAMP/LL-37 into
young BBdp rats increased the abundance of protective probiotic bacteria and islet
neogenesis. Thus, CAMP represents a previously unrecognized innate immune hub linking

intestinal defenses, pancreatic immunity, and islet biology.
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CHAPTER 6. Pancreatic abnormalities precede insulitis in BBdp rats

ABSTRACT

Background: An increased understanding of the pre-insulitic pancreatic microenvironment
could provide novel insights relating to target tissue features contributing to TID
pathogenesis. We previously reported that the pancreas of young BBdp rats displayed
increased islet expansion before insulitis, reflected in part by increased cell cycle entry (123).
The objective of the present study was to further explore intrinsic target tissue abnormalities.
Methods: Analysis of the G1/S cell cycle inhibitor p16™** in B-cells of young BBdp and
BBc rats fed cereal or HC was performed using immunohistochemistry, confocal
microscopy, and morphometry. Partial (30%) pancreatectomies (PPx) in cereal-fed BBdp rats
were performed at 30 d to prospectively biopsy the pancreata; biopsied tissue and RNA were
collected for retrospective analysis determined by T1D outcome. Gene expression profiles in
retrospectively classified pre-diabetic and resistant pancreata were compared using PCR
arrays and microarrays.

Results: B-cells from cereal-fed BBdp rats displayed decreased pl6-associated cell cycle
inhibition compared with either HC-fed diet-protected BBdp rats or cereal-fed BBc rats.
Prospective PPx pancreata of pre-diabetic animals displayed increased endothelial
inflammation associated with infiltrating CD68" macrophages. In parallel, pancreatic gene
expression profiling revealed induction of pro-inflammatory factors in conjunction with
upregulated regenerative/growth factors in pre-diabetic BBdp rats.

Summary: The pancreata of young BBdp rats were characterized by increased islet
proliferative potential and increased inflammatory gene expression preceding islet

inflammation.
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INTRODUCTION

There is an incomplete understanding of the early stages of T1D pathogenesis in the target
pancreas leading to B-cell destruction (262; 263). Pancreatic B-cells represent the primary
targets of islet autoimmunity and therefore play a central role in T1D pathogenesis (1). As
the decrease in B-cell mass is a gradual destructive process, there is likely an opportunity to
target residual cells for expansion (118). There is evidence of residual B-cells, possibly
arising by a regenerative attempt, in subjects with recent onset T1D (257; 258) and even in
patients with longstanding T1D (259; 264; 265). The most potent methods of inducing B-cell
regeneration involve pancreatic injury and usually include an inflammatory component;
examples include duct ligation, transgenic cytokine production, and administration of p-cell
toxins (256; 266). Enhanced islet regeneration was observed in transgenic mice expressing
IFN-y (267), indicating that pro-inflammatory and pro-apoptotic factors can also drive B-cell
proliferation. Accordingly, anti-inflammatory interventions were found to suppress the
enhanced [B-cell proliferation characteristic of young NOD mice (116; 268). An intriguing
possibility is that abnormal islet expansion in early life could represent a diabetes-promoting

pancreatic phenomenon in itself.

We previously evaluated islet homeostasis in young BBdp rats and reported that
enhanced islet expansion relative to BBc rats occurred before development of insulitis (123).
At various points during the pre-insulitic period (14, 23, 30, and 45 d), increased numbers of
EIC were observed in the pancreata of young BBdp rats compared with BBc counterparts
(123; 269). Also, EIC from BBdp rats displayed increased proliferation on the basis of BrdU

incorporation compared with EIC from BBc rats (123). EIC are considered islet precursor
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structures that develop into larger islets (123; 269; 270). Consistent with increased numbers
of EIC in BBdp rats, islet area fraction of small, medium, and large islets was also increased
in BBdp rats during the pre-insulitic period, indicating that the proliferating EIC were likely
developing into islets (123). A greater percentage of islet cells from BBdp rats was in the G1
cell cycle phase compared with BBc rats, suggesting increased cell cycle entry and
proliferative capacity (123). Thus, altered cell cycle regulation resulting in enhanced

expansion of islets was a specific target tissue abnormality in young BBdp rats (123).

The cell cycle inhibitor p16™*** (p16), a member of the inhibitory kinase (INK)
family, plays an age-associated role in limiting B-cell proliferation by potent inhibition of
cyclin-dependent kinase 4 (cdk4), resulting in GO/G1 arrest and prevention of G1/S cell cycle
progression (271-273). Increased pl6 in B-cells of transgenic mice was associated with
decreased B-cell mass, impaired glucoregulation, and deficient regenerative capacity (274).
In the present Chapter (see also (275)), increased proliferative potential was observed in
young BBdp islets compared with BBc islets on the basis of decreased p16 expression in 3-
cells. In addition, prospective gene expression analyses of pancreatic PPx biopsies revealed
evidence of increased islet-associated regenerative/growth factors and pro-inflammatory
immune factors in the pancreata of pre-diabetic BBdp rats. Endothelium-associated
inflammation (perivascular inflammation) was an early lesion in pre-diabetic BBdp rats that
preceded insulitis. Overall, enhanced but futile islet proliferative potential in association with

pancreatic inflammation was a target tissue abnormality linked to T1D in BBdp rats.
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RESEARCH OVERVIEW

Rationale

Exploration of the pre-insulitic pancreata of BBdp rats could provide novel insights relating
to target tissue features contributing to T1D pathogenesis. Pancreatic abnormalities in
susceptible subjects could attract immune cells during the early stages of T1D development
(263). Prospective pancreatic gene expression profiling in young BBdp rats before

appearance of classic insulitis could identify factors underlying risk for T1D progression.

Hypotheses

(i) Alterations in islet homeostasis are present in the pancreata of young BBdp rats during
the period preceding islet inflammation, which could be influenced by diabetes-modifying
diets; (ii) The pancreata of pre-insulitic BBdp rats that progress to overt T1D are distinct

from the pancreata of BBdp counterparts that ultimately remain diabetes-free.

Research Questions

1. Are f-cell cycle abnormalities present in young BBdp rats and if so, are these modified by
feeding a diabetes-protective HC diet?

2. Can pancreas-specific biomarkers of altered T1D risk be identified in young BBdp rats

using a partial pancreatectomy-based prospective strategy?
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RESULTS

Increased proliferative potential of BBdp [-cells associated with decreased p16 expression
We previously reported that young BBdp rats displayed increased islet expansion compared
with BBc rats during the period preceding islet inflammation, which was associated with an
increased proportion of islet cells at the G1 cell cycle phase (123; 269). To determine the
basis of altered islet expansion in young BBdp rats, cell cycle inhibition was evaluated in 3-
cells before insulitis. The cell cycle inhibitor p16 is an important checkpoint regulator of
G1/S cell cycle transition (271) that influences B-cell expansion potential (273). In the
pancreas of pre-insulitic BBdp rats, p16 expression was detected in a subset of nuclei in islets
and acinar tissue; conversely, labeling was not observed in the jejunum (Fig. 6.1A),
indicating active proliferation in the small intestine relative to the pancreas. A subset of -
cells expressed pl6 in large islets of BBdp rats but not insulin” EIC, structures thought to
represent new islet formation (Fig. 6.1B).  To determine whether alteration of pl6
expression was associated with modified islet proliferation indices we previously reported
(123), the percentage of p16~ B-cells was quantified at 45 d according to islet size. In cereal-
fed BBdp rats, B-cells from small islets had a significantly decreased percentage of p16" -
cells compared with either medium or large islets (Fig. 6.1C). These data are consistent with
the increased percentage of BrdU™ B-cells we previously reported in small islets compared
with large islets in 30 d BBdp rats (123). In BBc rats, the proportion of pl16" B-cells was
similar among small, medium, and large islets (Fig. 6.1D), in keeping with our previous

report in which proliferation was not influenced by islet size in young BBc rats (123).
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FIGURE. 6.1
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Figure 6.1. Expression of p16 in B-cells increases with islet size in BBdp islets

(A) Representative images of p16 staining in pre-insulitic BBdp rat. Pancreatic labeling was
observed in a subset of nuclei (left panel) whereas no labeling was detected in the jejunum
(right panel); bars=25 pm. (B) Immunofluorescence labeling of p16 (red arrowheads) and
insulin (green arrowheads) in pancreata of pre-insulitic cereal-fed BBdp rats. Left panel
shows an EIC lacking p16 expression (white arrowheads); right panel shows large islet with
major subset of nuclei expressing p16; bars = 20 pum. Quantification of pl6" B-cells
according to islet size in 45 d cereal-fed (C) BBdp and (D) BBc rats; small (<2,000 umz),
medium (2,000-10,000 pm?), and large (>10,000 pm?). n=5 rats/group. P-values obtained
using ANOVA and LSD post-hoc test. Note: Figure modified and reprinted from material
published in Wang et al., Journal of Cellular Physiology, 2010 (275), with permission from
John Wiley and Sons. Copyright © 2010 Wiley-Liss, Inc.
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Taken together, these results established that pl6 expression was able to discriminate
proliferating and non-proliferating B-cells. Thus, small islets from pre-insulitic BBdp rats

displayed decreased cell cycle inhibition whereas BBc islets had equivalent inhibition.

Effects of strain and diet on p16 expression in [-cells

Quantification of p16" B-cells was performed in 45 d BBdp and BBc rats fed either a cereal
diet or HC diet for determination of strain- and diet-associated effects on G1/S cell cycle
inhibition in islets of different sizes during the pre-insulitic period. In small- and medium-
sized islets, PB-cells from cereal-fed BBdp rats had significantly less pl6 expression
compared with BBc rats (Figs. 6.2A-B). Cereal-fed BBdp rats displayed significantly fewer
pl6" B-cells in islets of all sizes compared with diet-protected HC-fed rats (Figs. 6.2A-C).
There were no dietary differences observed among BBc rats, indicating that the dietary effect
was specific to the diabetes-prone strain. Thus, islets from 45 d cereal-fed BBdp rats had
fewer pl16" B-cells compared with BBc rats or diet-protected BBdp counterparts, suggesting

enhancement of proliferative capacity between weaning and insulitis.

Partial pancreatectomy for identification of T1D-predictive features in BBdp pancreata

Prospective characterization of the pre-insulitic pancreas during the pre-diabetic period could
reveal critical features of the target tissue microenvironment at an early stage of T1D
pathogenesis, which could be central to disease progression. The challenge with studying
pre-insulitic time-points as a reflection of true pre-diabetes is that not all BBdp rats progress

to overt T1D.
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FIGURE. 6.2
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Figure 6.2. Decreased p16 expression in B-cells of BBdp rats fed a cereal diet

The number of pl16'/insulin’ cells was quantified in (A) small, (B) medium, and (C) large
islets of 45 d BBdp rats and BBc rats fed a cereal diet (filled bars) or HC diet (open bars).
n=5 rats/group. P-values obtained using ANOVA and LSD post-hoc test. Note: Figure
modified and reprinted from material published in Wang et al., Journal of Cellular
Physiology, 2010 (275), with permission from John Wiley and Sons. Copyright © 2010
Wiley-Liss, Inc.
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Given that target tissue abnormalities were observed in BBdp rats compared with BBc rats
before insulitis (123), a prospective study was designed to identify pancreatic markers or
features associated with T1D. A partial pancreatectomy (PPx)-based strategy was used to
obtain biopsies from pre-insulitic cereal-fed BBdp rats. Such a strategy has never been
reported using rodent models of spontaneous T1D. BBdp rats were weaned onto a cereal-
based diet at 23 d. Pancreas biopsies were obtained from animals at 30 d, which
corresponded to the period following weaning but preceding onset of classic insulitis. By 150
d, rats had either developed T1D or remained asymptomatic. Thus, at 150 d, all 30 day
samples could be retrospectively classified in a definitive manner as either “pre-diabetic” or
“resistant”. Two separate PPx experiments were performed, with tissue from the first study
used for immunohistochemistry and morphometry and tissue from the second study used for
gene expression screening (Fig. 6.3A). In NOD mice, PPx (50%) at 8 weeks of age
significantly inhibited T1D development (263). Similarly, 90% PPx before insulitis also
afforded protection from TID (276). Pancreatectomized and sham-operated BBdp rats
displayed similar T1D incidence of ~50% (Fig. 6.3B). Thus, the 30 d PPx strategy was

validated and samples were appropriate for prospective analysis of the target tissue.

Perivascular inflammation is an early inflammatory lesion in pre-diabetic BBdp rats

Obtaining prospective BBdp pancreatic samples provided a unique opportunity to explore the
target tissue in susceptible rats that either developed T1D or remained diabetes-free. We
previously reported strain- and diet-associated cell cycle abnormalities in BBdp islets (123;
275). Therefore, the cell cycle was similarly evaluated by Proliferating Cell Nuclear Antigen
(PCNA) analysis (123; 275) to determine whether islet-associated proliferative imbalances

were present in pre-diabetic rats.
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FIGURE. 6.3
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Figure 6.3. Partial pancreatectomy for evaluation of pre-diabetic pancreata of BBdp
rats

Outline of PPx strategy. (A) PPx experiment used to obtain biopsy tissue for
immunohistochemistry and morphometry studies as well as RNA for gene expression
screening experiments. (B) Influence of PPx on survival compared with sham-operated rats;
PPx (n=26), sham-operated (n=23). Kaplan-Meier survival plot indicating the percentage of
cereal-fed BBdp rats that remained free of T1D until ~150 d; PPx did not significantly
modify T1D incidence compared with sham-operated cereal-fed controls.
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The proportions of islet cells distributed at the GO-, G1-, and S-phases of the cell cycle were
virtually identical in prospective pre-diabetic and resistant pancreata (Fig. 6.4A).
Macrophages are among the earliest immune cells to infiltrate islets during T1D development
(265). Thus, CD68" macrophages were quantified in pancreata in association with blood
vessels (Fig. 6.4B), ducts (Fig. 6.4C), and islets (Fig. 6.4D). The number of endothelium-
associated CD68" cells was significantly increased in prospective pancreata of pre-diabetic
BBdp rats compared with resistant counterparts. No significant differences in duct-associated
or islet-associated CD68" cells were observed in prospective 30 d pancreata. Thus,
macrophage-associated perivascular inflammation was an early inflammatory lesion

preceding islet inflammation in the pancreas of BBdp rats.

Altered immune gene expression in the pre-diabetic BBdp pancreas precedes insulitis

PCR Array screening was used to identify CAMP as a novel T1D factor in Chapter 5 (103).
A similar screening strategy was used to explore immune-associated gene expression in
prospective BBdp pancreata using “Rat Inflammatory Response and Autoimmunity” PCR
Arrays (Qiagen/SABiosciences, Mississauga, Canada) that contained primers for a large
panel of immune genes. Results are presented on a scatterplot (Fig. 6.5), indicating
expression values from pooled pre-diabetic pancreatic samples compared with resistant
samples (control group). Values > 2 fold identified immune genes upregulated in pre-diabetic
rats whereas values < 2 fold identified genes downregulated in pre-diabetic rats. Pre-diabetic
pancreata displayed increased transcription of Lfa, the gene encoding lymphotoxin alpha
(LTa). LTa is a pro-inflammatory factor implicated in chronic inflammation and

autoimmunity (277).
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FIGURE. 6.4
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Figure 6.4. Endothelium-associated inflammation in the pre-diabetic BBdp pancreas
(A) PCNA-based cell cycle evaluation of GO-, G1-, and S-phase distribution among islet
cells of pre-diabetic (filled bars) and resistant (open bars) BBdp rats. Right panel shows
representative image of 30 d BBdp islet with nuclei in GO (red arrowheads), G1 (green
arrowheads), and S (black arrowheads); bar=25 pm. (B) Quantification of endothelium-
associated CD68" cells in pancreata of pre-diabetic (filled bars) and resistant (open bars)
BBdp rats. Right panel shows CD68" cells (black arrowheads) in vicinity of pancreatic
vasculature; bar=25 um. P-value obtained using Student’s #-test. Quantification of (C) duct-
associated and (D) islet-associated CD68" cells in prospective pancreata.
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FIGURE. 6.5
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Figure 6.5. Transcriptional profiling of immune genes in prospective pancreata of
BBdp rats

PCR arrays for “Rat Inflammatory Response and Autoimmunity” (Qiagen/SABiosciences,
Mississauga, Canada) were used to evaluate pancreatic immune gene expression. Scatter plot
comparing expression of immune genes in prospective pre-diabetic and resistant pancreata.
Genes indicated in red were upregulated > 2 fold in pre-diabetic pancreata; genes indicated in
green were downregulated > -2 fold in pre-diabetic pancreata.
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In addition, transcription of the chemokine-associated genes Cxcr2 (CXCR2), Cxcl5
(CXCLS), and Cxcll1 (CXCL11) was increased in pancreata from pre-diabetic rats whereas

Crp (C-reactive protein) and 7//0 (IL-10) were downregulated.

Microarray exploration of prospective pre-diabetic BBdp pancreata

Using pooled samples, another gene expression experiment was performed using microarrays
(Affymetrix Rat 1.0 ST microarrays, Affymetrix, Santa Clara, USA) to achieve a global
picture of pancreatic transcription in prospective BBdp pancreata. An abbreviated gene list
from the microarray experiment displaying the top upregulated genes in pre-diabetic vs.

resistant pancreata is presented in Fig. 6.6. Candidates of interest are briefly described below.

Trim26: Trim26 was the most upregulated gene in the pre-diabetic BBdp pancreas. The
tripartite motif-containing (TRIM) protein family contains multifunctional E3 ligases with
anti-viral activity and inflammatory function (278). It is being increasingly recognized that
alteration of various TRIM family members could contribute to autoimmunity and
inflammatory diseases (278). There are currently no reports linking TRIM26 and T1D, nor

any description of this factor in the pancreas.

Reg3 family: The Reg3a (Reg3a) and Pap (Reg3f3) genes were upregulated in pre-diabetic
BBdp pancreata. Interestingly, when short-term injections of either INGAP-P (another Reg3
family member (279)) or human Reg3o/B were administered to normal mice, a 1.5-2-fold

increase in the cell mass of EIC was observed (280).
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FIGURE. 6.6
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Figure 6.6. Microarray screening of pancreatic gene expression in prospective
pancreata of BBdp rats

Microarrays (Affymetrix Rat 1.0 ST microarrays, Affymetrix, Santa Clara, USA) were used
to compare transcription in prospective pancreata. A partial gene list is shown of the top
upregulated factors in the pre-diabetic BBdp rats. The gene list was obtained using
AltAnalyze software (http://www.altanalyze.org; Gladstone Institutes, UCSF). Upregulated
Reg3a and Pap (Reg3b) genes in the pancreata of pre-diabetic BBdp rats are highlighted.
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These findings are in keeping with our group’s previous findings of increased duct-
associated insulin” EIC in young BBdp rats injected with INGAP-P (275). Inflammatory
cytokines promote endogenous expression of Reg proteins, suggesting they are activated
during inflammation and contribute to islet regeneration (281). Upregulation of Reg3a and
Reg3b in the pre-insulitic pancreata of pre-diabetic BBdp rats is consistent with the notion

that abnormally increased islet expansion is associated with promotion of T1D (123).

SUMMARY

B-cells from young BBdp rats displayed decreased pl6-associated cell cycle inhibition
compared with BBc rats, suggesting increased proliferative potential; this difference was not
seen in BBdp rats fed a diabetes-protective HC diet. PPx at 30 d was validated as a strategy
for prospective pancreatic analysis for identification of T1D-predictive factors. Perivascular
inflammation was an early feature distinguishing pre-diabetic BBdp rats from resistant BBdp
rats. In addition, pre-diabetic pancreata displayed increased pro-inflammatory immune gene
expression compared with resistant counterparts. Microarray exploration revealed
enrichment of multiple regenerative factors in pre-diabetic rats, indicating increased islet
expansion potential preceding insulitis and T1D progression. Taken together, these findings
lead one to speculate that abnormally increased islet expansion occurring in the pre-insulitic

period could potentiate insulitis and T1D.

DISCUSSION
Pancreatic abnormalities inherent to the target tissue possibly underlie T1D susceptibility and
could promote initial immune cell infiltration. The target tissue was evaluated in young

BBdp rats to further explore the basis for the futile upregulation of islet expansion we
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previously reported in these animals that occurred before islet inflammation (123). In B-cells
from young BBdp rats, decreased pl6-associated cell cycle inhibition was observed
compared with BBc counterparts, in keeping with our previous studies describing increased
proliferation in the diabetes-prone strain (123; 269). We previously reported that an
increased proportion of islet cells from young BBdp rats were in the G1-phase of the cell
cycle compared with BBc rats (123). In the present study, decreased pl6 expression was
observed in B-cells from BBdp rats compared with BBc rats. Taken together, these findings
are indicative of abnormally increased proliferation potential associated with TID
susceptibility in BBdp rats. Thus, the increased potential for islet expansion during the pre-
insulitic period represents a pancreatic abnormality in BBdp rats that could be essential for
T1D progression (123). Despite the increased islet expansion potential in young BBdp rats,
B-cell mass was not increased compared with BBc rats at either 30 d or 45 d (123). Similar
results have been reported in NOD mice; despite decreased B-cell mass, 8 week-old NOD
mice displayed increased -cell proliferation compared with NOD/scid controls prior to T1D
onset (122). There was also a greater proportion of small islets in the early postnatal period
(1 d) in NOD and NOD/scid mice compared with C57BL/6 controls (282). Similarly, we
reported an increased number of insulin® EIC and greater small islet area fraction in young
BBdp rats compared with BBc rats (123). We concluded that the induction of islet expansion
in young BBdp rats was futile since B-cell mass was not different compared with BBc rats
(123). The cereal-associated downregulation of B-cell-specific pl6 expression was also
futile, as we reported that cereal-fed BBdp rats had lower B-cell mass at 45 d compared with
HC-fed animals (275). Thus, there was a nonproductive upregulation of B-cell expansion

capacity in young diabetes-prone rodents that did not result in increased B-cell mass. Early

180



CHAPTER 6. Pancreatic abnormalities precede insulitis in BBdp rats

abnormalities involving islet homeostasis and B-cell cycle regulation could represent critical

aspects of T1D pathogenesis.

Interestingly, neonatal B-cell apoptosis is a feature of NOD mice and BBdp rats
(283), which could provide a physiological basis for enhanced proliferation in young
diabetes-prone rodents. In a recent study, injection of a pan-caspase inhibitor in neonatal
NOD mice suppressed apoptosis, prevented insulitis, and inhibited T1D (260). In addition,
impaired removal of apoptotic cells by macrophages is a feature of NOD mice, with an
abnormal load of apoptotic debris playing a role in initiation of an inflammatory immune
response (284; 285). Similarly, macrophages from neonatal BBdp rats displayed decreased
phagocytosis of apoptotic B-cell debris compared with macrophages from control rats (286),
suggesting that abnormalities in apoptosis and macrophage function are important features of
T1D initiation in the pancreas of young rodents. However, in our previous study of pre-
insulitic BBdp rats, apoptosis was rarely observed at 14 d and 45 d (123). Nevertheless,
increased apoptosis could be the basis for enhanced postnatal B-cell proliferation but earlier
time points would need to be analyzed. Physiological B-cell apoptosis was described during
normal perinatal islet development in humans (287), providing a potential inflammatory

stimulus in a diabetes-prone genetic setting with concomitant immune system abnormalities.

A correlation between [-cell proliferation and inflammation is recognized in
diabetes-prone rodents but is attributed to islet-infiltrating immune cells providing an
expansion stimulus (115). Lower expression of p16 in B-cells of cereal-fed BBdp rats could

represent an abnormality contributing to early islet hyperproliferation and immune cell
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infiltration. In keeping with this view, neogenic tubular complexes (227), which contain
insulin” cells lacking nuclear expression of p16 (not shown), were infiltrated by CD3" T cells
and CD68" macrophages ((227) and Wang G.-S. et al., unpublished results). In the present
study, pl6 expression in B-cells was lowest in cereal-fed BBdp rats compared with either
cereal-fed BBc rats or diet-protected HC-fed BBdp rats, suggesting that decreased cell cycle
inhibition coupled with enhanced proliferative capacity during the pre-insulitic period was

associated with increased T1D risk.

Development of a PPx strategy using young BBdp rats afforded the unique ability to
prospectively explore the target tissue of pre-diabetic animals. Cell cycle distribution was not
different in pre-diabetic or resistant islets at 30 d, indicating that modification of islet
proliferative potential was not associated with T1D progression among susceptible rats at this
age. This finding is in keeping with our previous report, in which the BrdU index was not
different in islets from BBdp rats compared with BBc rats at 30 d (123). Inflammation was
next assessed. An increased number of endothelium-associated CD68" macrophages was
observed in pre-diabetic pancreata. No differences in duct-associated or islet-associated
inflammation were observed. Thus, perivascular inflammation was the only lesion in the
BBdp rat pancreas that distinguished pre-diabetic rats from resistant counterparts at 30 d.
Pancreatic perivascular inflammation has been observed in mice at various ages, notably at
younger time points in association with pancreatic remodeling (288). Pancreatic infiltration
by CD68" macrophages via the leaky vasculature could lead to establishment of a pro-
inflammatory environment in the target tissue before insulitis; Homo-Delarche and Drexhage
have proposed a similar scenario underlying early pancreatic inflammation (288).

Interestingly, anti-endothelium antibodies were observed in BB-DP rats preceding T1D and
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purified antibodies from these rats induced pancreatic vascular leakage when injected into
mice (289). Additional papers have also reported increased leakage of pancreatic vasculature
in BB-DP rats (290; 291). In a recent human study, peripheral neutrophil deficiency was
reported in patients during the period preceding T1D and infiltration of neutrophils was
observed in the vicinity of blood vessels in the exocrine pancreas of T1D patients (292).
Thus, perivascular inflammation is an early pre-insulitic pancreatic lesion in TID
pathogenesis in rodents and humans. During pancreatic remodeling processes occurring early
in life, increased macrophages persist in the target tissue of diabetes-prone rats (293). Tissue
resident macrophages can produce cytokines and growth factors, capable of influencing
pancreas development and islet homeostasis (288). Determining the phenotype of pancreatic
macrophages will be essential in determining their potential effects on pancreas biology and
T1D. Preliminary data from our group indicate that injection of the HO-1 inducer cobalt
protoporphyrin (CoPP) into BBdp rats inhibited T1D and was associated with pancreatic
enrichment of M2-like macrophages co-expressing HO-1, CD68, and CD163 (Husseini et

al., unpublished results).

PCR array screening of immune factors in prospective pancreata revealed candidate
factors implicated in early pancreatic inflammation. Pre-diabetic BBdp pancreatic biopsies
displayed an increased expression of the Lfa gene encoding lymphotoxin alpha (LTa), which
is a pro-inflammatory factor implicated in chronic inflammation and autoimmunity (277).
Transgenic mice producing LToa from the insulin promoter exhibited early signs of peri-
insulitis and insulitis (294), consistent with its induction in pre-diabetic BBdp pancreatic

tissue. Various chemokine-associated genes, including Cxcr2, Cxcl5, and Cxclll were
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upregulated in pre-diabetic pancreata and could promote early immune cell attraction.
CXCLI11 is chemotactic for activated T cells and has been implicated in Tyl-biased
inflammation (295). In a study of human pancreatic islets, CXCL11 was induced in the
presence of the pro-inflammatory Tyl cytokine IFN-y (296). Interestingly, mice lacking the
CXCLI11 receptor CXCR3 had delayed T1D onset due to inhibition of T cell infiltration into
islets (297). Thus, enhanced pancreatic production of CXCLI11 (Fig. 6.5) could directly
contribute to T cell infiltration. CXCL9 and CXCL12 were increased in pancreatic lysates
from 4-week old NOD mice compared with either C57BL/6 controls and non-obese diabetes-
resistant (NOR) mice (298), consistent with increased pancreatic chemokine production
preceding islet inflammation. As with CXCL11, the receptor for CXCL9 is also CXCR3
(298). The CXCR2 receptor has been implicated in islet damage and its inhibition with the
drug reparixin, a CXCR1/2 antagonist, was recently demonstrated to improve several aspects
of islet transplant outcome in a phase 2 clinical trial (299). In a prospective human study, the
plasma concentration of CXCLS5 was increased in children with islet autoimmunity
(autoantibody-positive) compared with persistent autoantibody-negative subjects (300).
Thus, some of these upregulated genes in the pre-diabetic pancreatic microenvironment
could be implicated in initiating early inflammation in the BBdp pancreas leading to immune
cell recruitment and insulitis. In parallel, the downregulated genes could also confer risk for
autoimmunity. C-reactive protein (Crp), the most downregulated gene in pre-diabetic
pancreata, is a host defense factor with antimicrobial and anti-inflammatory properties that is
implicated in removal of apoptotic debris and protection from autoimmunity (301-304). 7/10
was also downregulated in pre-diabetic rats. In a recent study, tolerogenic CD103" DC in the

pancreata of young NOD mice expressed lower ///0 compared with controls (305). Altered
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immune gene expression, characterized by increased inflammatory factors in conjunction

with decreased protective factors, preceded insulitis in the pancreas of BBdp rats.

Microarray-based analysis also revealed intriguing features of the pre-diabetic BBdp
pancreas. Two genes from the Reg3 family encoding Reg3a and Reg33 were upregulated in
pre-diabetic pancreata at 30 d. The link between Reg factors and islet expansion has been
recognized for over twenty years (306-308). For example, when isolated islets were exposed
to various growth factors, islet cell replication was stimulated in association with increased
Reg gene expression (306). Reg3 family members are proliferative factors associated with
islet expansion (275; 279-281). In a study by De Leon et al., PPx induced expression of
Reg3b in acinar tissue from the pancreatic remnant (309). In the present study, the biopsied
tissue was analyzed and not the remnant; in addition, the variable in our experiment was T1D
outcome, not surgery. Therefore, it was surprising to observe increased expression of these
regenerative factors in young pre-diabetic rats when they are usually induced only upon
major injury. However, since enhanced transcription of inflammatory mediators and
perivascular inflammation were also observed in pre-diabetic rats, this inflammation could
have been sufficient to drive the expression of regenerative Reg3 factors. Upregulation of
Reg genes in pre-diabetic BBdp pancreata is consistent with the notion that abnormally

increased islet expansion is associated with promotion of T1D development (123).
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CONCLUSION

The pre-insulitic pancreatic microenvironment is complex and an increased understanding
using gene expression screening could help elucidate novel aspects of T1D pathogenesis.
The pancreas of pre-diabetic BBdp rats was characterized by increased inflammatory gene
expression in parallel with macrophage-associated perivascular inflammation. The PPx-
based prospective study was an approach that enabled the discovery of novel target tissue
features predictive of T1D. In addition, the induction of regenerative factors in pre-diabetic
rats supports the view that increased islet expansion was a pre-insulitic diabetes-promoting

feature in BBdp rats.
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CHAPTER 7. General Discussion

Summary: T1D is a complex chronic disease influenced by environment and modulated by
immune aspects of the gastrointestinal tract (9; 310). The research described in this thesis
approached the problem of T1D from an integrative perspective, focusing on several aspects
of pathogenesis and attempting to uncover novel links among various contributing factors.
The immune phenotype of the jejunum was investigated in detail using two different rat
models of spontaneous T1D, BBdp rats (Chapter 3) and LEW-DP rats (Chapter 4) to
determine the association between environment (diet and/or microbes), small intestinal
inflammation, and TID development. Increased T cell infiltration, Tyl-biased gene
expression, and deficits in regulatory immune capacity, including CD163" M2 macrophages,
characterized the jejunum of cereal-fed diabetes-prone rats. Importantly, these immune
features in the jejunum paralleled risk for T1D development. In Chapter 5, CAMP was
identified as a novel HC-upregulated antimicrobial factor in the jejunum of diet-protected
BBdp rats and was enriched specifically in anti-inflammatory CD163" M2 macrophages.
Unexpectedly, CAMP was also discovered in PLN as well as pancreatic islets, revealing an
unrecognized association with immune and endocrine aspects of the target tissue. In islets,
CAMP was associated with islet expansion and was modified by islet inflammatory status,
indicating novel links with islet homeostasis and T1D pathogenesis. Exogenous CAMP/LL-
37 injections in young BBdp rats increased the abundance of diabetes-protective probiotic
bacteria and stimulated islet neogenesis, illustrating the multifunctional capacity of this
peptide in T1D modulation. In Chapter 6, the target tissue was investigated in young BBdp
rats to study inherent pancreatic abnormalities implicated in T1D development. In B-cells
from pre-insulitic BBdp rats fed a diabetes-promoting cereal diet, there was decreased

6INK4a

nuclear expression of the cell cycle inhibitor pl , indicating increased but futile
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proliferative potential compared with BBc counterparts that was corrected by protective HC
feeding. This suggested that protection was associated with decreased islet proliferation
potential. This view was supported and extended by findings from our unique PPx-based
prospective screening study, which revealed that expression of islet-regenerative Reg3 genes
was upregulated in pancreata of bona fide pre-diabetic rats. These findings confirm and
expand on our previous report describing increased islet growth in young BBdp rats
compared with BBc rats (123) and support a model in which abnormal islet expansion in the

pre-insulitic period promotes T1D.

Cereal antigens promote gut inflammation in diabetes-prone rats: The gastrointestinal tract
is the organ that first encounters environmental factors. A major challenge is that
environmental factors that influence pathogenesis exert their effects long before the
manifestation of islet autoimmunity and hyperglycemia (1). This challenge was
circumvented in part by focusing on the gastrointestinal tract, the principal site where
environment and the immune system interact and potentially initiate early inflammatory
events leading to T1D. When diet and microbes were separated (Chapter 3), exposure to
cereal antigens was the major environmental inducer of T1D in BBdp rats (103); cereal
antigens also promoted T1D in LEW-DP rats (Chapter 4). In these strains, cereal feeding
promoted jejunal T cell infiltration and pro-inflammatory Ifng-associated Tyl gene
expression bias in conjunction with deficits in anti-inflammatory immune cells, indicating
common gut immune impairments in two separate rat models of T1D associated with cereal

exposure. [FN-y has consistently been shown to play a major role in stimulating T1D (36;

118; 311-313). IFN-y can directly impair epithelial barrier integrity by disturbing tight
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junction organization (154; 164-166). In BBdp rats, small intestinal inflammation could
precede increased gut permeability in the sequence of pathological events leading to T1D, as
leakiness appears relatively late (51; 58). This view is supported by a recent study in NOD
mice in which small intestinal inflammation developed prior to gut leakiness (314). An
intriguing proposition is that the primary intestinal defect in diabetes-prone subjects is
inflammation, with increased gut leakiness representing a secondary consequence of this
lesion; we previously outlined this possibility in the review by Sonier et al. (148). Thus,
maintenance of an anti-inflammatory intestinal microenvironment by a low-antigen diet
could afford protection from T1D by inhibiting gut leakiness, suppressing chronic intestinal
inflammation in response to environmental factors and preventing activation of gut-

originating f-cell-reactive immune cells.

Diabetes-protective HC feeding increases small intestinal anti-inflammatory immune cells:
In diet-protected BBdp rats, increased CD163" cells and upregulated Cd163 gene expression
occurred in parallel with a decreased Ifng/ll4 cytokine ratio, indicative of a shift towards a
Tu2-biased immune phenotype. The jejunal cytokine milieu could exert a critical influence
on M2 macrophage development, as the microenvironment controls macrophage polarization
by induction of transcriptional programs (108). In rats, CD163 expression was stimulated by
Tu2 cytokine IL-4 (109). Similarly in humans, CD63 transcription and M2 polarization
were driven by immunomodulatory IL-4 and IL-10 signalling (198; 315; 316). LEW-DP rats
displayed deficits in both CD163" M2 macrophages and Foxp3" Ty, compared with LEW-C
counterparts. The development and function of Foxp3™ Ty is promoted by M2 macrophages
(105). Thus, maintenance of an anti-inflammatory state involves additive interplay among

various tolerogenic subsets. There are many reports that impaired adaptive immune
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regulation promotes autoimmunity (94; 100; 317-321). Young LEW-DP rats displayed a
deficit in jejunal Foxp3" Ty, compared with LEW-C rats, which was corrected by weaning
onto a diabetes-protective HC diet. Similarly, an increased proportion of Foxp3" Ty, Was
observed in HC-fed BBdp rats, but only under sterile conditions. Increased adaptive immune
regulation by Foxp3" T could not explain the HC-mediated dietary protection under
standard microbe-exposed conditions. Therefore, increased jejunal adaptive immune
regulation was not a mechanism of dietary protection in SPF-housed BBdp rats, in contrast to
LEW-DP rats. Interestingly, there is evidence that T, are unstable in various animal and
human T1D studies (1). Foxp3" T have been reported to convert to “exTg” cells that
produce IFN-y, thereby contributing to inflammation and T1D (193; 194). Similarly in
humans, increased FOXP3'IFN-y" cells were observed in peripheral blood of patients

compared with controls (147).

An interesting finding in the study by Parsa et al. was that M2 macrophages retained
their suppressive phenotype when exposed to pro-inflammatory stimuli (102). Thus,
promotion of M2 macrophage expansion in the gut by weaning onto a low-antigen HC diet
has the potential to provide persistent anti-inflammatory capacity in the small intestine.
Although the work in Chapter 3 demonstrated that microbes were not required for T1D
development (103), microbes could nonetheless represent important environmental T1D
modifiers. Interestingly, HC-associated upregulation of CD163" cells and Cd163 expression
required the presence of commensal microbes, indicating a microbial role in dietary
expansion of intestinal M2 macrophages. Microbial metabolites, specifically commensal

bacteria-derived short-chain fatty acids, were recently reported in Science to promote the
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development and function of colonic Ty (322). Similarly, microbes promoted expansion of
CD163" M2 macrophages when these were the main environmental antigens, consistent with

a microbial role in M2 macrophage homeostasis.

Protective diet upregulates Camp in the small intestine of BBdp rats: In Chapter 5, immune
gene expression screening revealed that protective HC feeding induced jejunal Camp
expression in BBdp rats. Intestinal CAMP — or its modification by diet — has not been
previously described in T1D. Interestingly, intestinal CAMP was enriched specifically in
CD163" cells, another novel finding that links this peptide to M2 macrophages. In many
colitis studies, CAMP expression was associated with inhibition of gut inflammation (245;
246; 323; 324). In a recent study by our group, anti-inflammatory HO-1 induction via CoPP
injections inhibited T1D development in BBdp rats in association with induction of Camp
expression in the jejunum (Husseini ef al., unpublished). Decreased jejunal CAMP could
enable establishment of a low-grade inflammation due to chronic host contact with bacteria;
this could sensitize the host and potentiate aberrant pro-inflammatory immune responses
upon cereal exposure. There is accumulating evidence that CAMP is associated with infant
protection during early life, suggesting potential involvement in human T1D protection.
While studying the immune effects of human breast milk, Cederland et al. reported that a
combination of lactose and butyrate synergistically upregulated CAMP expression in colonic
epithelium, monocytes, and macrophages (236), underscoring the importance of this peptide
in intestinal homeostasis. Thus, CAMP can be induced by nutritional signals of non-
microbial origin, in keeping with HC-associated upregulation described in Chapter 5 (103).
CAMP was also identified as a component of both amniotic fluid and breast milk,

suggesting its involvement in fetal and infant protection, respectively (215). Prolonged
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breastfeeding was associated with decreased islet autoimmunity in susceptible children and
gut microbes of breastfed infants displayed a predominance of probiotic Bifidobacteria upon
early bacterial colonization during the first 20 days of life compared with formula-fed
children (325; 326). Early nutritional status has a dramatic effect on initial shaping of
commensal microbes (325) and AMPs in breastmilk could be critical to this process. Thus,
nutritional status can have a direct influence on AMP production, with subsequent effects on
the composition of the microbiota. In our pilot study, injections of CAMP/LL-37 in young
BBdp rats enhanced the abundance of Bifidobacteria, demonstrating a novel method of
intestinal probiotic enrichment that could inhibit T1D, as demonstrated by other probiotic
studies in diabetes-prone models (88; 211). This experiment represented the first attempt to
administer exogenous CAMP/LL-37 in a T1D model and the effects are consistent with the

protection afforded by breastfeeding.

Discovery of CAMP in the target pancreas: Detection of endogenous CAMP in PLN and
especially in pancreatic islets was unexpected. PLN-associated CAMP was enriched in
CD163" macrophages, as in the jejunum. Thus, the immunomodulatory effects of CAMP
could partly contribute to M2 macrophage-mediated protection from TID (102), by
maintaining anti-inflammatory states in the jejunum and PLN, both critical immune organs
modulating T1D development (61). There is some evidence that islet cells express various
innate immune proteins, which is intriguing since they are endocrine cells. Specifically,
rodent and human islets have been reported to express innate immune receptors including
CD14, TLR2, TLR3, TLR4, and TLRY (116; 327; 328), although their role in the endocrine
pancreas remains unclear. In a recent report by Lee et al. in Cell, the chemokine receptor

CX3CRI was unexpectedly observed in islets and found to be essential for islet homeostasis
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(329). Specifically, islet interaction between CX3CRI1 and its chemokine ligand CX3CL1
were required for insulin secretion and maintenance of the differentiated B-cell phenotype
(329). Thus, innate immune signalling is emerging as a previously under-recognized
regulator of B-cell function. CAMP can be added to this growing list of innate immune
factors expressed in islets and represents a new player in endocrine pancreas homeostasis.
Intriguingly, islet-associated CAMP co-localized with insulin, indicating presence in some [3-
cells, especially in non-infiltrated islets. Among asymptomatic BBdp rats, there was a
positive correlation between islet-associated CAMP expression and total islet number.
Among adult animals, islet-associated CAMP" cells were more frequent in either overt
diabetic or asymptomatic BBdp rats compared with BBc rats, indicating enrichment during
islet inflammation. Insulitis is potentially interpreted as a wound and CAMP possibly fulfills
an analogous repair role. For example, increased CAMP is generated in skin wounds during
the resolution phase of inflammation and is thought to contribute to tissue repair (216; 228).
Interestingly, CAMP was reported to inhibit pro-inflammatory M1 macrophage responses by
inhibiting production of TNF-a and NO, demonstrating strong immunomodulatory capacity
(330); M1 macrophages are important pro-inflammatory participants in insulitis (331). Thus,
CAMP in islets could promote normal islet growth and repair while also providing

immunomodulatory cytoprotection during insulitis.

The ductal epithelium in the pancreas is a potential source of B-cell progenitors
during the postnatal period (266). In the present study, rare CAMP" cells could be detected
within the duct-associated epithelium of adult BBdp rats (not shown), possibly representing a

postnatal islet progenitor population. CAMP production in embryonic islets and neogenic
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tubular complexes is consistent with a role in islet neoformation, as is the increased number
of insulin” ductal EIC observed following injections of exogenous CAMP/LL-37. In addition
to intestinal expression, endogenous PLN- and islet-associated CAMP is also localized to
sites that can influence T1D, by altering pancreatic immunity or endocrine pancreas
homeostasis. Thus, besides its activity in the gastrointestinal tract, CAMP also influences the

target tissue.

CAMP/LL-37 associated with islet formation and bacterial modification in BBdp rats: An
exciting finding was that administration of exogenous CAMP/LL-37 promoted islet
neoformation in BBdp rats, as reflected by an increased number of duct-associated insulin”
EIC. We previously reported that injection of young BBdp rats with islet neogenesis-
associated peptide (INGAP), a peptide derived from ReglII$, similarly increased insulin”
ductal EIC (275). CAMP could represent a novel stimulator of islet neoformation.
Endogenous CAMP detection in embryonic islets and neogenic tubular complexes is also
indicative of a role in islet development. Furthermore, the presence of CAMP in islets from
newly diagnosed patients with T1D suggests potential involvement in islet expansion
following B-cell destruction. There is evidence of residual B-cells, possibly arising by a
regenerative attempt, in subjects with recent onset T1D (257; 258) and even in patients with
longstanding T1D (259). Thus, exogenous CAMP/LL-37 represents a potential therapeutic

for stimulation of residual -cell expansion in patients.

The role of AMPs in T1D is receiving increased research focus and new links have

been uncovered revealing associations between dietary alteration of AMP status, small
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intestinal inflammation, and T1D development. Regllly is a C-type lectin produced in the
small intestine that interacts with peptidoglycan, a critical cell wall component of Gram-
positive bacteria (214; 332; 333). Regllly has been implicated in limiting gut colonization by
opportunistic pathogenic bacteria (334; 335). In a recent publication by Emani et al. in
Diabetologia, Reg3g gene expression was decreased in the ileum of diet-protected HC-fed
NOD mice (314). This is the only other report besides ours (103) describing dietary
modification of a small intestinal AMP in an animal model of spontaneous TI1D.
Intriguingly, HC feeding in NOD mice also promoted an increased abundance of
Coriobacteriaceae (314). In our BBdp rat studies, we also observed increased Coriobacteria
in two distinct diabetes-protective settings: Coriobacteriales were more abundant in
prospective fecal samples from diabetes-resistant BBdp rats; in addition, Coriobacteriales
and Coriobacteriaceae were increased in BBdp rats injected with exogenous CAMP/LL-37.
Taken together, these intriguing coincidences suggest that these bacteria could afford
protection from T1D. The putative anti-diabetic effects of Coriobacteria could be analogous
to the anti-inflammatory, diabetes-inhibiting effects of the probiotic strain L. johnsonii N6.2
previously reported in BB-DP rats (88). Intestinal CAMP, either directly via immune effect
or indirectly via microbial modification, could directly shape the phenotype of immune
infiltrates and by extension, exert an influence on activation of gut-originating 3-cell-reactive

lymphocytes.

Abnormal islet expansion in young BBdp rats associated with TID promotion: Our unique

PPx-based prospective study revealed that increased expression of islet-regenerative genes

Reg3a and Reg3b was a feature of pre-diabetic BBdp pancreata. Increased Reg3a/b

195



CHAPTER 7. General Discussion

expression in pre-diabetic rats is consistent with abnormally increased islet expansion in
young diabetes-prone animals (122; 123). This abnormal growth-associated feature could
represent a compensatory response to a low-grade pancreatic inflammation present in young
pre-insulitic BBdp rats. Pro-inflammatory cytokines were previously reported to promote
expression of pancreatic Reg proteins (281). Consistent with this possibility, increased
CD68" macrophage-associated endothelial infiltration was observed in pre-diabetic BBdp
pancreata; in addition, increased pro-inflammatory pancreatic gene expression was observed
compared with prospective-resistant BBdp pancreata by immune-based PCR array screening.
Abnormal islet growth in young diabetes-prone subjects could potentiate inflammation. In
support of this view, there are reports in humans and rodents that REG proteins are T1D
autoantigens (336-338). Thus, abnormal islet expansion in parallel with enhanced pancreatic
inflammation were features of pre-diabetic (and pre-insulitic) BBdp pancreata, which could

represent important early events leading to pronounced islet autoimmunity.

Integrative model for TID pathogenesis: An overview of the major findings from the thesis
and their proposed relation to T1D pathogenesis is presented in a simplified summary model
(Fig. 7.1). Diabetes-prone rats display a deficit in anti-inflammatory CD163" M2
macrophages in the small intestine compared with control strains, which predisposes these
animals to chronic gut inflammation (103). Exposure to cereal antigens promotes T cell
infiltration in the small intestinal epithelium and lamina propria, resulting in establishment of
an [fng-associated Tyl gene expression profile (103). Pro-inflammatory IFN-y directly
inhibits expansion of M2 macrophages, contributing to a further decrease in the number of
CD163" cells and lower tolerogenic Cd163 gene expression in cereal-fed animals (103). In

parallel, the inflamed Tyl phenotype impairs tight junction homeostasis, resulting in
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enhanced gut leakiness and exacerbation of deleterious immune interactions with
diabetogenic cereal antigens. Cereal feeding also impairs intestinal production of the
antimicrobial peptide CAMP in association with the cereal-associated reduction in CD163"
M2 macrophages, which represent important CAMP producers in the jejunum.
CD163"CAMP" cells are also present in PLN and this population could dampen pancreas-
associated inflammation in addition to the jejunum. In the pre-diabetic pancreas,
endothelium-associated CD68" macrophages become apparent shortly after weaning in
association with enhanced pancreatic chemokine production. In parallel, abnormally
enhanced islet expansion capacity, characterized by decreased B-cell cycle inhibition and
enhanced expression of Reg3a and Reg3b, promotes T1D progression (123; 275). Overall,
there is interaction among environment, small intestinal inflammation, and pancreatic
homeostasis that converges to promote T1D in susceptible subjects.  Cereal antigens
promote T cell infiltration and Tyl responses in the jejunum in parallel with local deficits in
tolerogenic immune cells and these features reflect TID development. Administration of
exogenous CAMP/LL-37 can upregulate T1D-protective probiotics such as Coriobacteria
and Bifidobacteria, which are associated with establishment of anti-inflammatory immune
infiltrates in the jejunum. In the pancreas, CAMP/LL-37 can promote expansion of insulin”
cells in diabetes-prone rats, which could compensate for B-cell loss following autoimmune
destruction. CAMP/LL-37 represents a novel T1D candidate therapeutic with multifunctional

effects associated with protection.
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Conclusion

This research focused on the integrative biology of T1D pathogenesis in spontaneous rat
models. The complexities of environmentally-modifiable T1D were explored with emphasis
on the gastrointestinal immune system. This research provides a novel working model that
incorporates key roles for gut lumen antigens, mucosal immunity, and the role of islets and
altered regenerative capacity in TID development. It is hoped this work will lead to

prevention, treatment or even reversal of this devastating autoimmune disease.

198



CHAPTER 7. General Discussion
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CHAPTER 7. General Discussion

Figure 7.1. Integrative model of T1D pathogenesis

Major findings from the thesis are summarized in a simplified model of T1D development.
(1) Environmental factors encountered in the jejunum, including cereal antigens (yellow
ovals) and commensal microbes (red rectangles) influence spontaneous T1D development.
(2) Diabetes-prone rats display an intestinal deficit in anti-inflammatory CD163" M2
macrophages compared with control strains, predisposing to aberrant inflammation in
response to normally innocuous environmental determinants (103). Exposure to cereal
antigens promotes enhanced T cell infiltration in the gut epithelium and lamina propria,
leading to gut immune activation and establishment of a pro-inflammatory Ifing-associated
Tyl gene expression phenotype (103). Cereal-associated IFN-y induction conversely inhibits
M2 macrophage expansion, contributing to a further decrease in immune regulation, as
reflected by decreased CD163" cells and lower tolerogenic Cd163 gene expression (103). (3)
In parallel, IEL infiltration and Tyl activation impair gut barrier function, promoting gut
leakiness and further increasing immune interaction with cereal antigens and exacerbating
inflammation. Cereal feeding also impairs jejunal expression of the antimicrobial peptide
CAMP. CD163" M2 macrophages represent important CAMP producers in the jejunum and
this peptide could underlie some anti-inflammatory properties of these immunomodulatory
cells. (4) CD163"CAMP" cells are also present in PLN and could dampen pancreas-
associated inflammation. (5) In the pre-diabetic pancreas, endothelium-associated CD68"
macrophages become apparent shortly after weaning in association with enhanced pro-
inflammatory chemokine production. (6) In parallel, abnormally increased islet expansion,
featuring decreased B-cell cycle inhibition and enhanced expression of islet-regenerative
genes Reg3a and Reg3b, promotes T1D progression (123; 275). Overall, cereal antigens
promote T cell infiltration and Tyl responses in the jejunum in parallel with local deficits in
tolerogenic immune cells; these features reflect TID development. (7) Administration of
exogenous CAMP/LL-37 upregulated T1D-protective probiotics including Coriobacteria
and Bifidobacteria. (8) In the pancreas, CAMP/LL-37 promoted expansion of duct-derived
insulin” cells in diabetes-prone rats, which could provide a means of compensating for B-cell
loss following autoimmune destruction. Thus, CAMP/LL-37 represents a novel T1D
therapeutic candidate with multifunctional effects that could afford protection.

200



References

REFERENCES

1. Herold KC, Vignali DA, Cooke A, Bluestone JA: Type 1 diabetes: translating mechanistic observations into
effective clinical outcomes. Nat Rev Immunol 13:243-256, 2013

2. Lefebvre DE, Powell KL, Strom A, Scott FW: Dietary proteins as environmental modifiers of type 1 diabetes
mellitus. Annu Rev Nutr 26:175-202, 2006

3. Eisenbarth GS: Insulin autoimmunity: immunogenetics/immunopathogenesis of type 1A diabetes. Ann N Y
Acad Sci 1005:109-118, 2003

4. Wucherpfennig KW, Eisenbarth GS: Type 1 diabetes. Nat Immunol 2:767-768, 2001

5. Jahromi MM, Eisenbarth GS: Cellular and molecular pathogenesis of type 1A diabetes. Cell Mol Life Sci
64:865-872, 2007

6. van Belle TL, Coppieters KT, von Herrath MG: Type 1 diabetes: etiology, immunology, and therapeutic
strategies. Physiol Rev 91:79-118, 2011

7. Atkinson MA: The pathogenesis and natural history of type 1 diabetes. Cold Spring Harb Perspect Med 2,
2012

8. Nokoff N, Rewers M: Pathogenesis of type 1 diabetes: lessons from natural history studies of high-risk
individuals. Ann N Y Acad Sci, 2013

9. Vaarala O, Atkinson MA, Neu J: The "perfect storm" for type 1 diabetes: the complex interplay between
intestinal microbiota, gut permeability, and mucosal immunity. Diabetes 57:2555-2562, 2008

10. Fasano A, Shea-Donohue T: Mechanisms of disease: the role of intestinal barrier function in the
pathogenesis of gastrointestinal autoimmune diseases. Nat Clin Pract Gastroenterol Hepatol 2:416-422, 2005
11. Visser J, Rozing J, Sapone A, Lammers K, Fasano A: Tight junctions, intestinal permeability, and
autoimmunity: celiac disease and type 1 diabetes paradigms. Ann N Y Acad Sci 1165:195-205, 2009

12. Nathan DM: Long-term complications of diabetes mellitus. N Engl J Med 328:1676-1685, 1993

13. Redondo MJ, Yu L, Hawa M, Mackenzie T, Pyke DA, Eisenbarth GS, Leslie RD: Heterogeneity of type I
diabetes: analysis of monozygotic twins in Great Britain and the United States. Diabetologia 44:354-362, 2001
14. Fourlanos S, Varney MD, Tait BD, Morahan G, Honeyman MC, Colman PG, Harrison LC: The rising
incidence of type 1 diabetes is accounted for by cases with lower-risk human leukocyte antigen genotypes.
Diabetes Care 31:1546-1549, 2008

15. Todd JA: Etiology of type 1 diabetes. Immunity 32:457-467, 2010

16. Ziegler AG, Nepom GT: Prediction and pathogenesis in type 1 diabetes. Immunity 32:468-478, 2010

17. Soleimanpour SA, Stoffers DA: The pancreatic beta cell and type 1 diabetes: innocent bystander or active
participant? Trends Endocrinol Metab, 2013

18. Espinoza-Jimenez A, Peon AN, Terrazas LI: Alternatively activated macrophages in types 1 and 2 diabetes.
Mediators Inflamm 2012:815953, 2012

19. Green A, Patterson CC: Trends in the incidence of childhood-onset diabetes in Europe 1989-1998.
Diabetologia 44 Suppl 3:B3-8, 2001

20. Zaccone P, Fehervari Z, Phillips JM, Dunne DW, Cooke A: Parasitic worms and inflammatory diseases.
Parasite Immunol 28:515-523, 2006

21. Staeva TP, Chatenoud L, Insel R, Atkinson MA: Recent lessons learned from prevention and recent-onset
type 1 diabetes immunotherapy trials. Diabetes 62:9-17, 2013

22. Hamalainen AM, Knip M: Autoimmunity and familial risk of type 1 diabetes. Curr Diab Rep 2:347-353,
2002

23. Eisenbarth GS: Banting Lecture 2009: An unfinished journey: molecular pathogenesis to prevention of type
1A diabetes. Diabetes 59:759-774,2010

24. Kaprio J, Tuomilehto J, Koskenvuo M, Romanov K, Reunanen A, Eriksson J, Stengard J, Kesaniemi YA:
Concordance for type 1 (insulin-dependent) and type 2 (non-insulin-dependent) diabetes mellitus in a
population-based cohort of twins in Finland. Diabetologia 35:1060-1067, 1992

25. Kumar D, Gemayel NS, Deapen D, Kapadia D, Yamashita PH, Lee M, Dwyer JH, Roy-Burman P, Bray
GA, Mack TM: North-American twins with IDDM. Genetic, etiological, and clinical significance of disease
concordance according to age, zygosity, and the interval after diagnosis in first twin. Diabetes 42:1351-1363,
1993

26. Renz H, von Mutius E, Brandtzaeg P, Cookson WO, Autenrieth IB, Haller D: Gene-environment
interactions in chronic inflammatory disease. Nat Immunol 12:273-277, 2011

27. Kyvik KO, Green A, Beck-Nielsen H: Concordance rates of insulin dependent diabetes mellitus: a
population based study of young Danish twins. Bmj 311:913-917, 1995

201



References

28. Bonifacio E, Warncke K, Winkler C, Wallner M, Ziegler AG: Cesarean section and interferon-induced
helicase gene polymorphisms combine to increase childhood type 1 diabetes risk. Diabetes 60:3300-3306, 2011
29. Couzin-Frankel J: Clinical studies. Trying to reset the clock on type 1 diabetes. Science 333:819-821, 2011
30. Leiter EH: Nonobese diabetic mice and the genetics of diabetes susceptibility. Curr Diab Rep 5:141-148,
2005

31. Coleman DL, Kuzava JE, Leiter EH: Effect of diet on incidence of diabetes in nonobese diabetic mice.
Diabetes 39:432-436, 1990

32. Beales PE, Elliott RB, Flohe S, Hill JP, Kolb H, Pozzilli P, Wang GS, Wasmuth H, Scott FW: A multi-
centre, blinded international trial of the effect of A(1) and A(2) beta-casein variants on diabetes incidence in
two rodent models of spontaneous Type I diabetes. Diabetologia 45:1240-1246, 2002

33. Atkinson MA, Leiter EH: The NOD mouse model of type 1 diabetes: as good as it gets? Nat Med 5:601-
604, 1999

34, Wallis RH, Wang K, Marandi L, Hsieh E, Ning T, Chao GY, Sarmiento J, Paterson AD, Poussier P: Type 1
diabetes in the BB rat: a polygenic disease. Diabetes 58:1007-1017, 2009

35. Rabinovitch A, Suarez-Pinzon W, El-Sheikh A, Sorensen O, Power RF: Cytokine gene expression in
pancreatic islet-infiltrating leukocytes of BB rats: expression of Thl cytokines correlates with beta-cell
destructive insulitis and IDDM. Diabetes 45:749-754, 1996

36. Chakir H, Lefebvre DE, Wang H, Caraher E, Scott FW: Wheat protein-induced proinflammatory T helper 1
bias in mesenteric lymph nodes of young diabetes-prone rats. Diabetologia 48:1576-1584, 2005

37. Zipris D: Evidence that Th1 lymphocytes predominate in islet inflammation and thyroiditis in the
BioBreeding (BB) rat. J Autoimmun 9:315-319, 1996

38. Mordes JP, Bortell R, Blankenhorn EP, Rossini AA, Greiner DL: Rat models of type 1 diabetes: genetics,
environment, and autoimmunity. [lar J 45:278-291, 2004

39. Hessner MJ, Wang X, Meyer L, Geoffrey R, Jia S, Fuller J, Lernmark A, Ghosh S: Involvement of eotaxin,
eosinophils, and pancreatic predisposition in development of type 1 diabetes mellitus in the BioBreeding rat. J
Immunol 173:6993-7002, 2004

40. Malkani S, Nompleggi D, Hansen JW, Greiner DL, Mordes JP, Rossini AA: Dietary cow's milk protein
does not alter the frequency of diabetes in the BB rat. Diabetes 46:1133-1140, 1997

41. Scott FW: Food-induced type 1 diabetes in the BB rat. Diabetes Metab Rev 12:341-359, 1996

42. Lenzen S, Tiedge M, Elsner M, Lortz S, Weiss H, Jorns A, Kloppel G, Wedekind D, Prokop CM, Hedrich
HIJ: The LEW.1AR1/Ztm-iddm rat: a new model of spontaneous insulin-dependent diabetes mellitus.
Diabetologia 44:1189-1196, 2001

43. Cnop M, Welsh N, Jonas JC, Jorns A, Lenzen S, Eizirik DL: Mechanisms of pancreatic beta-cell death in
type 1 and type 2 diabetes: many differences, few similarities. Diabetes 54 Suppl 2:S97-107, 2005

44. Graham S, Courtois P, Malaisse WJ, Rozing J, Scott FW, Mowat AM: Enteropathy precedes type 1 diabetes
in the BB rat. Gut 53:1437-1444, 2004

45. Pabst O, Mowat AM: Oral tolerance to food protein. Mucosal Immunol 5:232-239, 2012

46. Visser J, Hillebrands JL, Walther Boer M, Bos NA, Rozing J: Prevention of diabetes by a hydrolysed
casein-based diet in diabetes-prone BioBreeding rats does not involve restoration of the defective natural
regulatory T cell function. Diabetologia 52:1445-1447, 2009

47. Jaakkola I, Jalkanen S, Hanninen A: Diabetogenic T cells are primed both in pancreatic and gut-associated
lymph nodes in NOD mice. Eur J Immunol 33:3255-3264, 2003

48. Vaarala O: Leaking gut in type 1 diabetes. Curr Opin Gastroenterol 24:701-706, 2008

49. Meddings J: The significance of the gut barrier in disease. Gur 57:438-440, 2008

50. Bosi E, Molteni L, Radaelli MG, Folini L, Fermo I, Bazzigaluppi E, Piemonti L, Pastore MR, Paroni R:
Increased intestinal permeability precedes clinical onset of type 1 diabetes. Diabetologia 49:2824-2827, 2006
51. Meddings JB, Jarand J, Urbanski SJ, Hardin J, Gall DG: Increased gastrointestinal permeability is an early
lesion in the spontaneously diabetic BB rat. Am J Physiol 276:G951-957, 1999

52. Visser JT, Lammers K, Hoogendijk A, Boer MW, Brugman S, Beijer-Liefers S, Zandvoort A, Harmsen H,
Welling G, Stellaard F, Bos NA, Fasano A, Rozing J: Restoration of impaired intestinal barrier function by the
hydrolysed casein diet contributes to the prevention of type 1 diabetes in the diabetes-prone BioBreeding rat.
Diabetologia 53:2621-2628, 2010

53. Courtois P, Nsimba G, Jijakli H, Sener A, Scott FW, Malaisse WJ: Gut permeability and intestinal mucins,
invertase, and peroxidase in control and diabetes-prone BB rats fed either a protective or a diabetogenic diet.
Dig Dis Sci 50:266-275, 2005

202



References

54. Menard S, Cerf-Bensussan N, Heyman M: Multiple facets of intestinal permeability and epithelial handling
of dietary antigens. Mucosal Immunol 3:247-259, 2010

55. Ulluwishewa D, Anderson RC, McNabb WC, Moughan PJ, Wells JM, Roy NC: Regulation of tight junction
permeability by intestinal bacteria and dietary components. J Nutr 141:769-776, 2011

56. Tripathi A, Lammers KM, Goldblum S, Shea-Donohue T, Netzel-Arnett S, Buzza MS, Antalis TM, Vogel
SN, Zhao A, Yang S, Arrietta MC, Meddings JB, Fasano A: Identification of human zonulin, a physiological
modulator of tight junctions, as prehaptoglobin-2. Proc Natl Acad Sci U S A 106:16799-16804, 2009

57. Fasano A: Zonulin and its regulation of intestinal barrier function: the biological door to inflammation,
autoimmunity, and cancer. Physiol Rev 91:151-175, 2011

58. Watts T, Berti I, Sapone A, Gerarduzzi T, Not T, Zielke R, Fasano A: Role of the intestinal tight junction
modulator zonulin in the pathogenesis of type I diabetes in BB diabetic-prone rats. Proc Natl Acad Sci U S A
102:2916-2921, 2005

59. Sapone A, de Magistris L, Pietzak M, Clemente MG, Tripathi A, Cucca F, Lampis R, Kryszak D, Carteni
M, Generoso M, Iafusco D, Prisco F, Laghi F, Riegler G, Carratu R, Counts D, Fasano A: Zonulin upregulation
is associated with increased gut permeability in subjects with type 1 diabetes and their relatives. Diabetes
55:1443-1449, 2006

60. Maurano F, Mazzarella G, Luongo D, Stefanile R, D'Arienzo R, Rossi M, Auricchio S, Troncone R: Small
intestinal enteropathy in non-obese diabetic mice fed a diet containing wheat. Diabetologia 48:931-937, 2005
61. Turley SJ, Lee JW, Dutton-Swain N, Mathis D, Benoist C: Endocrine self and gut non-self intersect in the
pancreatic lymph nodes. Proc Natl Acad Sci U S A 102:17729-17733, 2005

62. Gagnerault MC, Luan JJ, Lotton C, Lepault F: Pancreatic lymph nodes are required for priming of beta cell
reactive T cells in NOD mice. J Exp Med 196:369-377, 2002

63. Lee AS, Gibson DL, Zhang Y, Sham HP, Vallance BA, Dutz JP: Gut barrier disruption by an enteric
bacterial pathogen accelerates insulitis in NOD mice. Diabetologia 53:741-748, 2010

64. Hanninen A, Jaakkola I, Jalkanen S: Mucosal addressin is required for the development of diabetes in
nonobese diabetic mice. J Immunol 160:6018-6025, 1998

65. Hanninen A, Salmi M, Simell O, Jalkanen S: Mucosa-associated (beta 7-integrinhigh) lymphocytes
accumulate early in the pancreas of NOD mice and show aberrant recirculation behavior. Diabetes 45:1173-
1180, 1996

66. Hanninen A, Taylor C, Streeter PR, Stark LS, Sarte JM, Shizuru JA, Simell O, Michie SA: Vascular
addressins are induced on islet vessels during insulitis in nonobese diabetic mice and are involved in lymphoid
cell binding to islet endothelium. J Clin Invest 92:2509-2515, 1993

67. Yang XD, Sytwu HK, McDevitt HO, Michie SA: Involvement of beta 7 integrin and mucosal addressin cell
adhesion molecule-1 (MAdCAM-1) in the development of diabetes in obese diabetic mice. Diabetes 46:1542-
1547, 1997

68. Scott FW, Rowsell P, Wang GS, Burghardt K, Kolb H, Flohe S: Oral exposure to diabetes-promoting food
or immunomodulators in neonates alters gut cytokines and diabetes. Diabetes 51:73-78, 2002

69. Funda DP, Kaas A, Bock T, Tlaskalova-Hogenova H, Buschard K: Gluten-free diet prevents diabetes in
NOD mice. Diabetes Metab Res Rev 15:323-327, 1999

70. Schmid S, Koczwara K, Schwinghammer S, Lampasona V, Ziegler AG, Bonifacio E: Delayed exposure to
wheat and barley proteins reduces diabetes incidence in non-obese diabetic mice. Clin Immunol 111:108-118,
2004

71. Mueller DB, Koczwara K, Mueller AS, Pallauf J, Ziegler AG, Bonifacio E: Influence of early nutritional
components on the development of murine autoimmune diabetes. Ann Nutr Metab 54:208-217, 2009

72. Camilleri M: Integrated upper gastrointestinal response to food intake. Gastroenterology 131:640-658, 2006
73. Achenbach P, Bonifacio E, Koczwara K, Ziegler AG: Natural history of type 1 diabetes. Diabetes 54 Suppl
2:S25-31, 2005

74. Norris JM: Infant and childhood diet and type 1 diabetes risk: recent advances and prospects. Curr Diab
Rep 10:345-349,2010

75. Knip M, Virtanen SM, Akerblom HK: Infant feeding and the risk of type 1 diabetes. Am J Clin Nutr
91:1506S-15138, 2010

76. Knip M, Veijola R, Virtanen SM, Hyoty H, Vaarala O, Akerblom HK: Environmental triggers and
determinants of type 1 diabetes. Diabetes 54 Suppl 2:S125-136, 2005

77. Knip M, Virtanen SM, Seppa K, Ilonen J, Savilahti E, Vaarala O, Reunanen A, Teramo K, Hamalainen
AM, Paronen J, Dosch HM, Hakulinen T, Akerblom HK: Dietary intervention in infancy and later signs of
beta-cell autoimmunity. N Engl J Med 363:1900-1908, 2010

203



References

78. Akerblom HK, Virtanen SM, Ilonen J, Savilahti E, Vaarala O, Reunanen A, Teramo K, Hamalainen AM,
Paronen J, Riikjarv MA, Ormisson A, Ludvigsson J, Dosch HM, Hakulinen T, Knip M: Dietary manipulation
of beta cell autoimmunity in infants at increased risk of type 1 diabetes: a pilot study. Diabetologia 48:829-837,
2005

79. Norris JM, Barriga K, Klingensmith G, Hoffman M, Eisenbarth GS, Erlich HA, Rewers M: Timing of
initial cereal exposure in infancy and risk of islet autoimmunity. Jama 290:1713-1720, 2003

80. Ziegler AG, Schmid S, Huber D, Hummel M, Bonifacio E: Early infant feeding and risk of developing type
1 diabetes-associated autoantibodies. Jama 290:1721-1728, 2003

81. Snell-Bergeon JK, Smith J, Dong F, Baron AE, Barriga K, Norris JM, Rewers M: Early Childhood
Infections and the Risk of Islet Autoimmunity: The Diabetes Autoimmunity Study in the Young (DAISY).
Diabetes Care 35:2553-2558, 2012

82. Mojibian M, Chakir H, Lefebvre DE, Crookshank JA, Sonier B, Keely E, Scott FW: A diabetes-specific
HLA-DR restricted pro-inflammatory T cell response to wheat polypeptides in tissue transglutaminase antibody
negative patients with type 1 diabetes. Diabetes, 2009

83. Schuppan D, Hahn EG: Celiac disease and its link to type 1 diabetes mellitus. J Pediatr Endocrinol Metab
14 Suppl 1:597-605, 2001

84. Mojibian M, Chakir H, MacFarlane AJ, Lefebvre DE, Webb JR, Touchie C, Karsh J, Crookshank JA, Scott
FW: Immune reactivity to a glbl homologue in a highly wheat-sensitive patient with type 1 diabetes and celiac
disease. Diabetes Care 29:1108-1110, 2006

85. Romano-Keeler J, Weitkamp JH, Moore DJ: Regulatory properties of the intestinal microbiome effecting
the development and treatment of diabetes. Curr Opin Endocrinol Diabetes Obes 19:73-80, 2012

86. Turnbaugh PJ, Ley RE, Hamady M, Fraser-Liggett CM, Knight R, Gordon JI: The human microbiome
project. Nature 449:804-810, 2007

87. Roesch LF, Lorca GL, Casella G, Giongo A, Naranjo A, Pionzio AM, Li N, Mai V, Wasserfall CH, Schatz
D, Atkinson MA, Neu J, Triplett EW: Culture-independent identification of gut bacteria correlated with the
onset of diabetes in a rat model. Isme J 3:536-548, 2009

88. Valladares R, Sankar D, Li N, Williams E, Lai KK, Abdelgeliel AS, Gonzalez CF, Wasserfall CH, Larkin J,
Schatz D, Atkinson MA, Triplett EW, Neu J, Lorca GL: Lactobacillus johnsonii N6.2 mitigates the
development of type 1 diabetes in BB-DP rats. PLoS One 5:¢10507, 2010

89. Brugman S, Klatter FA, Visser JT, Wildeboer-Veloo AC, Harmsen HJ, Rozing J, Bos NA: Antibiotic
treatment partially protects against type 1 diabetes in the Bio-Breeding diabetes-prone rat. Is the gut flora
involved in the development of type 1 diabetes? Diabetologia 49:2105-2108, 2006

90. de Goffau MC, Luopajarvi K, Knip M, Ilonen J, Ruohtula T, Harkonen T, Orivuori L, Hakala S, Welling
GW, Harmsen HJ, Vaarala O: Fecal Microbiota Composition Differs Between Children With beta-Cell
Autoimmunity and Those Without. Diabetes, 2013

91. Giongo A, Gano KA, Crabb DB, Mukherjee N, Novelo LL, Casella G, Drew JC, Ilonen J, Knip M, Hyoty
H, Veijola R, Simell T, Simell O, Neu J, Wasserfall CH, Schatz D, Atkinson MA, Triplett EW: Toward
defining the autoimmune microbiome for type 1 diabetes. Isme J 5:82-91, 2011

92. Malaisse W1J, Courtois P, Scott FW: Insulin-dependent diabetes and gut dysfunction: the BB rat model.
Horm Metab Res 36:585-594, 2004

93. Ziegler SF: FOXP3: of mice and men. Annu Rev Immunol 24:209-226, 2006

94. Vignali DA, Collison LW, Workman CJ: How regulatory T cells work. Nat Rev Immunol 8:523-532, 2008
95. Kang SG, Lim HW, Andrisani OM, Broxmeyer HE, Kim CH: Vitamin A metabolites induce gut-homing
FoxP3+ regulatory T cells. J Immunol 179:3724-3733, 2007

96. van der Vliet HJ, Nieuwenhuis EE: IPEX as a result of mutations in FOXP3. Clin Dev Immunol
2007:89017, 2007

97. Kukreja A, Cost G, Marker J, Zhang C, Sun Z, Lin-Su K, Ten S, Sanz M, Exley M, Wilson B, Porcelli S,
Maclaren N: Multiple immuno-regulatory defects in type-1 diabetes. J Clin Invest 109:131-140, 2002

98. Brusko TM, Wasserfall CH, Clare-Salzler MJ, Schatz DA, Atkinson MA: Functional defects and the
influence of age on the frequency of CD4+ CD25+ T-cells in type 1 diabetes. Diabetes 54:1407-1414, 2005
99. Lindley S, Dayan CM, Bishop A, Roep BO, Peakman M, Tree TI: Defective suppressor function in
CD4(+)CD25(+) T-cells from patients with type 1 diabetes. Diabetes 54:92-99, 2005

100. Honkanen J, Skarsvik S, Knip M, Vaarala O: Poor in vitro induction of FOXP3 and ICOS in type 1
cytokine environment activated T-cells from children with type 1 diabetes. Diabetes Metab Res Rev 24:635-
641, 2008

204



References

101. Lundsgaard D, Holm TL, Hornum L, Markholst H: In vivo control of diabetogenic T-cells by regulatory
CD4+CD25+ T-cells expressing Foxp3. Diabetes 54:1040-1047, 2005

102. Parsa R, Andresen P, Gillett A, Mia S, Zhang XM, Mayans S, Holmberg D, Harris RA: Adoptive Transfer
of Immunomodulatory M2 Macrophages Prevents Type 1 Diabetes in NOD Mice. Diabetes, 2012

103. Patrick C, Wang GS, Lefebvre DE, Crookshank JA, Sonier B, Eberhard C, Mojibian M, Kennedy CR,
Brooks SP, Kalmokoff ML, Maglio M, Troncone R, Poussier P, Scott FW: Promotion of autoimmune diabetes
by cereal diet in the presence or absence of microbes associated with gut immune activation, regulatory
imbalance, and altered cathelicidin antimicrobial Peptide. Diabetes 62:2036-2047, 2013

104. Bain CC, Mowat AM: Intestinal macrophages - specialised adaptation to a unique environment. Eur J
Immunol 41:2494-2498, 2011

105. Denning TL, Wang YC, Patel SR, Williams IR, Pulendran B: Lamina propria macrophages and dendritic
cells differentially induce regulatory and interleukin 17-producing T cell responses. Nat Immunol 8:1086-1094,
2007

106. Savage ND, de Boer T, Walburg KV, Joosten SA, van Meijgaarden K, Geluk A, Ottenhoff TH: Human
anti-inflammatory macrophages induce Foxp3+ GITR+ CD25+ regulatory T cells, which suppress via
membrane-bound TGFbeta-1. J Immunol 181:2220-2226, 2008

107. Mosser DM, Edwards JP: Exploring the full spectrum of macrophage activation. Nat Rev Immunol 8:958-
969, 2008

108. Lawrence T, Natoli G: Transcriptional regulation of macrophage polarization: enabling diversity with
identity. Nat Rev Immunol 11:750-761, 2011

109. Polfliet MM, Fabriek BO, Daniels WP, Dijkstra CD, van den Berg TK: The rat macrophage scavenger
receptor CD163: expression, regulation and role in inflammatory mediator production. /mmunobiology
211:419-425, 2006

110. Ambarus CA, Krausz S, van Eijk M, Hamann J, Radstake TR, Reedquist KA, Tak PP, Baeten DL:
Systematic validation of specific phenotypic markers for in vitro polarized human macrophages. J Immunol
Methods 375:196-206, 2011

111. Liu G, Yang H: Modulation of macrophage activation and programming in immunity. J Cell Physiol
228:502-512,2013

112. Novak ML, Koh TJ: Macrophage phenotypes during tissue repair. J Leukoc Biol 93:875-881, 2013

113. Orme J, Mohan C: Macrophage subpopulations in systemic lupus erythematosus. Discov Med 13:151-158
114. Weir GC, Bonner-Weir S: Islet beta cell mass in diabetes and how it relates to function, birth, and death.
Ann N Y Acad Sci, 2013

115. Akirav E, Kushner JA, Herold KC: Beta-cell mass and type 1 diabetes: going, going, gone? Diabetes
57:2883-2888, 2008

116. Eizirik DL, Colli ML, Ortis F: The role of inflammation in insulitis and beta-cell loss in type 1 diabetes.
Nat Rev Endocrinol 5:219-226, 2009

117. Eizirik DL, Mandrup-Poulsen T: A choice of death--the signal-transduction of immune-mediated beta-cell
apoptosis. Diabetologia 44:2115-2133, 2001

118. Bending D, Zaccone P, Cooke A: Inflammation and type one diabetes. Int Immunol 24:339-346, 2012
119. Pastore MR, Bazzigaluppi E, Belloni C, Arcovio C, Bonifacio E, Bosi E: Six months of gluten-free diet do
not influence autoantibody titers, but improve insulin secretion in subjects at high risk for type 1 diabetes. J
Clin Endocrinol Metab 88:162-165, 2003

120. Couri CE, Oliveira MC, Stracieri AB, Moraes DA, Pieroni F, Barros GM, Madeira MI, Malmegrim KC,
Foss-Freitas MC, Simoes BP, Martinez EZ, Foss MC, Burt RK, Voltarelli JC: C-peptide levels and insulin
independence following autologous nonmyeloablative hematopoietic stem cell transplantation in newly
diagnosed type 1 diabetes mellitus. Jama 301:1573-1579, 2009

121. Sherry NA, Kushner JA, Glandt M, Kitamura T, Brillantes AM, Herold KC: Effects of autoimmunity and
immune therapy on beta-cell turnover in type 1 diabetes. Diabetes 55:3238-3245, 2006

122. Sreenan S, Pick AJ, Levisetti M, Baldwin AC, Pugh W, Polonsky KS: Increased beta-cell proliferation and
reduced mass before diabetes onset in the nonobese diabetic mouse. Diabetes 48:989-996, 1999

123. Kauri LM, Wang GS, Patrick C, Bareggi M, Hill DJ, Scott FW: Increased islet neogenesis without
increased islet mass precedes autoimmune attack in diabetes-prone rats. Lab Invest 87:1240-1251, 2007

124. Shanahan F: The host-microbe interface within the gut. Best Pract Res Clin Gastroenterol 16:915-931,
2002

205



References

125. Tlaskalova-Hogenova H, Stepankova R, Hudcovic T, Tuckova L, Cukrowska B, Lodinova-Zadnikova R,
Kozakova H, Rossmann P, Bartova J, Sokol D, Funda DP, Borovska D, Rehakova Z, Sinkora J, Hofman J,
Drastich P, Kokesova A: Commensal bacteria (normal microflora), mucosal immunity and chronic
inflammatory and autoimmune diseases. Immunol Lett 93:97-108, 2004

126. Brooks SP, McAllister M, Sandoz M, Kalmokoff ML: Culture-independent phylogenetic analysis of the
faecal flora of the rat. Can J Microbiol 49:589-601, 2003

127. Cousins L, Graham M, Tooze R, Carter C, Miller JR, Powrie FM, Macpherson GG, Butcher GW:
Eosinophilic bowel disease controlled by the BB rat-derived lymphopenia/Gimap5 gene. Gastroenterology
131:1475-1485, 2006

128. Oberhuber G, Granditsch G, Vogelsang H: The histopathology of coeliac disease: time for a standardized
report scheme for pathologists. Eur J Gastroenterol Hepatol 11:1185-1194, 1999

129. Emig D, Salomonis N, Baumbach J, Lengauer T, Conklin BR, Albrecht M: AltAnalyze and DomainGraph:
analyzing and visualizing exon expression data. Nucleic Acids Res 38:W755-762, 2010

130. Asfari M, Janjic D, Meda P, Li G, Halban PA, Wollheim CB: Establishment of 2-mercaptoethanol-
dependent differentiated insulin-secreting cell lines. Endocrinology 130:167-178, 1992

131. Skelin M, Rupnik M, Cencic A: Pancreatic beta cell lines and their applications in diabetes mellitus
research. Altex 27:105-113

132. Scott FW, Cloutier HE, Kleemann R, Woerz-Pagenstert U, Rowsell P, Modler HW, Kolb H: Potential
mechanisms by which certain foods promote or inhibit the development of spontaneous diabetes in BB rats:
dose, timing, early effect on islet area, and switch in infiltrate from Th1 to Th2 cells. Diabetes 46:589-598,
1997

133. MacFarlane AJ, Burghardt KM, Kelly J, Simell T, Simell O, Altosaar I, Scott FW: A type 1 diabetes-
related protein from wheat (Triticum aestivum). cDNA clone of a wheat storage globulin, GIb1, linked to islet
damage. J Biol Chem 278:54-63, 2003

134. Wang GS, Gruber H, Smyth P, Pulido O, Rosenberg L, Duguid W, Scott FW: Hydrolysed casein diet
protects BB rats from developing diabetes by promoting islet neogenesis. J Autoimmun 15:407-416, 2000

135. Knip M: Diet, gut, and type 1 diabetes: role of wheat-derived peptides? Diabetes 58:1723-1724, 2009
136. Arrieta MC, Bistritz L, Meddings JB: Alterations in intestinal permeability. Gut 55:1512-1520, 2006
137. Westerholm-Ormio M, Vaarala O, Pihkala P, Ilonen J, Savilahti E: Immunologic activity in the small
intestinal mucosa of pediatric patients with type 1 diabetes. Diabetes 52:2287-2295, 2003

138. Savilahti E, Ormala T, Saukkonen T, Sandini-Pohjavuori U, Kantele JM, Arato A, Ilonen J, Akerblom
HK: Jejuna of patients with insulin-dependent diabetes mellitus (IDDM) show signs of immune activation. Clin
Exp Immunol 116:70-77, 1999

139. Vaarala O: Is the origin of type 1 diabetes in the gut? Immunol Cell Biol 90:271-276, 2012

140. Secondulfo M, Iafusco D, Carratu R, deMagistris L, Sapone A, Generoso M, Mezzogiomo A, Sasso FC,
Carteni M, De Rosa R, Prisco F, Esposito V: Ultrastructural mucosal alterations and increased intestinal
permeability in non-celiac, type I diabetic patients. Dig Liver Dis 36:35-45, 2004

141. Helgeland L, Brandtzaeg P, Rolstad B, Vaage JT: Sequential development of intraepithelial gamma delta
and alpha beta T lymphocytes expressing CDS8 alpha beta in neonatal rat intestine: requirement for the thymus.
Immunology 92:447-456, 1997

142. Cheroutre H: IELs: enforcing law and order in the court of the intestinal epithelium. Immunol Rev
206:114-131, 2005

143. Wostmann BS: The germfree animal in nutritional studies. Annu Rev Nutr 1:257-279, 1981

144. Shanahan F: The host-microbe interface within the gut. Microbes Infect 2:915-931, 2002

145. Roncador G, Brown PJ, Maestre L, Hue S, Martinez-Torrecuadrada JL, Ling KL, Pratap S, Toms C, Fox
BC, Cerundolo V, Powrie F, Banham AH: Analysis of FOXP3 protein expression in human CD4+CD25+
regulatory T cells at the single-cell level. Eur J Immunol 35:1681-1691, 2005

146. Epple HJ, Loddenkemper C, Kunkel D, Troger H, Maul J, Moos V, Berg E, Ullrich R, Schulzke JD, Stein
H, Duchmann R, Zeitz M, Schneider T: Mucosal but not peripheral FOXP3+ regulatory T cells are highly
increased in untreated HIV infection and normalize after suppressive HAART. Blood 108:3072-3078, 2006
147. McClymont SA, Putnam AL, Lee MR, Esensten JH, Liu W, Hulme MA, Hoffmuller U, Baron U, Olek S,
Bluestone JA, Brusko TM: Plasticity of human regulatory T cells in healthy subjects and patients with type 1
diabetes. J Immunol 186:3918-3926, 2011

148. Sonier B, Patrick C, Ajjikuttira P, Scott FW: Intestinal immune regulation as a potential diet-modifiable
feature of gut inflammation and autoimmunity. /nt Rev Immunol 28:414-445, 2009

206



References

149. Van Gorp H, Delputte PL, Nauwynck HJ: Scavenger receptor CD163, a Jack-of-all-trades and potential
target for cell-directed therapy. Mol Immunol 47:1650-1660, 2010

150. Visser JT, Bos NA, Harthoorn LF, Stellaard F, Beijer-Liefers S, Rozing J, van Tol EA: Potential
mechanisms explaining why hydrolyzed casein-based diets outclass single amino acid-based diets in the
prevention of autoimmune diabetes in diabetes-prone BB rats. Diabetes Metab Res Rev 28:505-513, 2012

151. Hoorfar J, Buschard K, Dagnaes-Hansen F: Prophylactic nutritional modification of the incidence of
diabetes in autoimmune non-obese diabetic (NOD) mice. Br J Nutr 69:597-607, 1993

152. Rossini AA, Williams RM, Mordes JP, Appel MC, Like AA: Spontaneous diabetes in the gnotobiotic
BB/W rat. Diabetes 28:1031-1032, 1979

153. Frederiksen B, Kroehl M, Lamb MM, Seifert J, Barriga K, Eisenbarth GS, Rewers M, Norris JM: Infant
Exposures and Development of Type 1 Diabetes Mellitus: The Diabetes Autoimmunity Study in the Young
(DAISY). JAMA Pediatr, 2013

154. Bethune MT, Khosla C: Parallels between pathogens and gluten peptides in celiac sprue. PLoS Pathog
4:e34, 2008

155. Green PH, Jabri B: Celiac disease. Annu Rev Med 57:207-221, 2006

156. Flohe SB, Wasmuth HE, Kerad JB, Beales PE, Pozzilli P, Elliott RB, Hill JP, Scott FW, Kolb H: A wheat-
based, diabetes-promoting diet induces a Thl-type cytokine bias in the gut of NOD mice. Cytokine 21:149-154,
2003

157. Alam C, Valkonen S, Palagani V, Jalava J, Eerola E, Hanninen A: Inflammatory Tendencies and
Overproduction of IL-17 in the Colon of Young NOD Mice Are Counteracted With Diet Change. Diabetes
59:2237-2246, 2010

158. Auricchio R, Paparo F, Maglio M, Franzese A, Lombardi F, Valerio G, Nardone G, Percopo S, Greco L,
Troncone R: In vitro-deranged intestinal immune response to gliadin in type 1 diabetes. Diabetes 53:1680-
1683, 2004

159. Mueller C, Macpherson AJ: Layers of mutualism with commensal bacteria protect us from intestinal
inflammation. Gut 55:276-284, 2006

160. Londei M, Quaratino S, Maiuri L: Celiac disease: a model autoimmune disease with gene therapy
applications. Gene Ther 10:835-843, 2003

161. Kutlu T, Brousse N, Rambaud C, Le Deist F, Schmitz J, Cerf-Bensussan N: Numbers of T cell receptor
(TCR) alpha beta+ but not of TcR gamma delta+ intraepithelial lymphocytes correlate with the grade of villous
atrophy in coeliac patients on a long term normal diet. Gut 34:208-214, 1993

162. Leigh RJ, Marsh MN, Crowe P, Kelly C, Garner V, Gordon D: Studies of intestinal lymphoid tissue. IX.
Dose-dependent, gluten-induced lymphoid infiltration of coeliac jejunal epithelium. Scand J Gastroenterol
20:715-719, 1985

163. Carratu R, Secondulfo M, de Magistris L, Iafusco D, Urio A, Carbone MG, Pontoni G, Carteni M, Prisco
F: Altered intestinal permeability to mannitol in diabetes mellitus type 1. J Pediatr Gastroenterol Nutr 28:264-
269, 1999

164. Bruewer M, Luegering A, Kucharzik T, Parkos CA, Madara JL, Hopkins AM, Nusrat A: Proinflammatory
cytokines disrupt epithelial barrier function by apoptosis-independent mechanisms. J Immunol 171:6164-6172,
2003

165. Bruewer M, Utech M, Ivanov Al, Hopkins AM, Parkos CA, Nusrat A: Interferon-gamma induces
internalization of epithelial tight junction proteins via a macropinocytosis-like process. Faseb J 19:923-933,
2005

166. Utech M, Ivanov Al, Samarin SN, Bruewer M, Turner JR, Mrsny RJ, Parkos CA, Nusrat A: Mechanism of
IFN-gamma-induced endocytosis of tight junction proteins: myosin II-dependent vacuolarization of the apical
plasma membrane. Mol Biol Cell 16:5040-5052, 2005

167. Hansen AK, Ling F, Kaas A, Funda DP, Farlov H, Buschard K: Diabetes preventive gluten-free diet
decreases the number of caecal bacteria in non-obese diabetic mice. Diabetes Metab Res Rev, 2005

168. Funda DP, Fundova P, Harrison LC: Germ-free (GF) and mono-colonized EX-GF NOD mice as animal
models for studying environmental-mucosal interactions in type 1 diabetes. Society for Mucosal Immunology -
Mucosal Immunology Update:49698, 2005

169. Wen L, Ley RE, Volchkov PY, Stranges PB, Avanesyan L, Stonebraker AC, Hu C, Wong FS, Szot GL,
Bluestone JA, Gordon JI, Chervonsky AV: Innate immunity and intestinal microbiota in the development of
Type 1 diabetes. Nature 455:1109-1113, 2008

207



References

170. Kriegel MA, Sefik E, Hill JA, Wu HJ, Benoist C, Mathis D: Naturally transmitted segmented filamentous
bacteria segregate with diabetes protection in nonobese diabetic mice. Proc Natl Acad Sci U S A 108:11548-
11553, 2011

171. Caramalho I, Rodrigues-Duarte L, Perez A, Zelenay S, Penha-Goncalves C, Demengeot J: Regulatory T
cells contribute to diabetes protection in lipopolysaccharide-treated non-obese diabetic mice. Scand J Immunol
74:585-595, 2011

172. Atkinson MA, Chervonsky A: Does the gut microbiota have a role in type 1 diabetes? Early evidence from
humans and animal models of the disease. Diabetologia 55:2868-2877, 2012

173. Bach JF: Infections and autoimmune diseases. J Autoimmun 25 Suppl:74-80, 2005

174. Alam C, Bittoun E, Bhagwat D, Valkonen S, Saari A, Jaakkola U, Eerola E, Huovinen P, Hanninen A:
Effects of a germ-free environment on gut immune regulation and diabetes progression in non-obese diabetic
(NOD) mice. Diabetologia, 2011

175. King C, Sarvetnick N: The incidence of type-1 diabetes in NOD mice is modulated by restricted flora not
germ-free conditions. PLoS One 6:¢17049, 2011

176. Ejsing-Duun M, Setoguchi R, Yagi H, Hansen AK: Foxp3+ CD25+ CD4+ natural regulatory T cells in
mice. Immunol 67:8-27, 2008

177. Paust S, Cantor H: Regulatory T cells and autoimmune disease. Immunol Rev 204:195-207, 2005

178. Lahl K, Loddenkemper C, Drouin C, Freyer J, Arnason J, Eberl G, Hamann A, Wagner H, Huehn J,
Sparwasser T: Selective depletion of Foxp3+ regulatory T cells induces a scurfy-like disease. J Exp Med
204:57-63, 2007

179. Min B, Thornton A, Caucheteux SM, Younes SA, Oh K, Hu-Li J, Paul WE: Gut flora antigens are not
important in the maintenance of regulatory T cell heterogeneity and homeostasis. Eur J Immunol 37:1916-1923,
2007

180. Zheng D, Wang Y, Cao Q, Lee VW, Zheng G, Sun Y, Tan TK, Wang Y, Alexander SI, Harris DC:
Transfused macrophages ameliorate pancreatic and renal injury in murine diabetes mellitus. Nephron Exp
Nephrol 118:¢87-99, 2011

181. Otterbein LE, Soares MP, Yamashita K, Bach FH: Heme oxygenase-1: unleashing the protective
properties of heme. Trends Immunol 24:449-455, 2003

182. Onyiah JC, Sheikh SZ, Maharshak N, Steinbach EC, Russo SM, Kobayashi T, Mackey LC, Hansen JJ,
Moeser AJ, Rawls JF, Borst LB, Otterbein LE, Plevy SE: Carbon Monoxide and Heme Oxygenase-1 Prevent
Intestinal Inflammation in Mice by Promoting Bacterial Clearance. Gastroenterology, 2013

183. Li M, Peterson S, Husney D, Inaba M, Guo K, Terada E, Morita T, Patil K, Kappas A, Ikehara S, Abraham
NG: Interdiction of the diabetic state in NOD mice by sustained induction of heme oxygenase: possible role of
carbon monoxide and bilirubin. Antioxid Redox Signal 9:855-863, 2007

184. Li M, Peterson S, Husney D, Inaba M, Guo K, Kappas A, Ikehara S, Abraham NG: Long-lasting
expression of HO-1 delays progression of type I diabetes in NOD mice. Cell Cycle 6:567-571, 2007

185. Jorns A, Kubat B, Tiedge M, Wedekind D, Hedrich HJ, Kloppel G, Lenzen S: Pathology of the pancreas
and other organs in the diabetic LEW.1AR1/Ztm- iddm rat, a new model of spontaneous insulin-dependent
diabetes mellitus. Virchows Arch 444:183-189, 2004

186. Arndt T, Jorns A, Weiss H, Tiedge M, Hedrich HJ, Lenzen S, Wedekind D: A Variable CD3(+) T-Cell
Frequency in Peripheral Blood Lymphocytes Associated with Type 1 Diabetes Mellitus Development in the
LEW.1AR1-iddm Rat. PLoS One 8:¢64305, 2013

187. van den Brandt J, Fischer HJ, Walter L, Hunig T, Kloting I, Reichardt HM: Type 1 diabetes in
BioBreeding rats is critically linked to an imbalance between Th17 and regulatory T cells and an altered TCR
repertoire. J Immunol 185:2285-2294, 2010

188. Wedekind D, Weiss H, Jorns A, Lenzen S, Tiedge M, Hedrich HJ: Effects of polyinosinic-polycytidylic
acid and adoptive transfer of immune cells in the Lew.1AR1-iddm rat and in its coisogenic LEW.1AR1
background strain. Autoimmunity 38:265-275, 2005

189. Badami E, Sorini C, Coccia M, Usuelli V, Molteni L, Bolla AM, Scavini M, Mariani A, King C, Bosi E,
Falcone M: Defective differentiation of regulatory FoxP3+ T cells by small-intestinal dendritic cells in patients
with type | diabetes. Diabetes 60:2120-2124, 2011

190. Elinav E, Waks T, Eshhar Z: Redirection of regulatory T cells with predetermined specificity for the
treatment of experimental colitis in mice. Gastroenterology 134:2014-2024, 2008

191. Miyara M, Sakaguchi S: Natural regulatory T cells: mechanisms of suppression. Trends Mol Med 13:108-
116, 2007

208



References

192. Thompson JA, Perry D, Brusko TM: Autologous regulatory T cells for the treatment of type 1 diabetes.
Curr Diab Rep 12:623-632, 2012

193. Zhou X, Bailey-Bucktrout SL, Jeker LT, Penaranda C, Martinez-Llordella M, Ashby M, Nakayama M,
Rosenthal W, Bluestone JA: Instability of the transcription factor Foxp3 leads to the generation of pathogenic
memory T cells in vivo. Nat Immunol 10:1000-1007, 2009

194. Zhou X, Bailey-Bucktrout S, Jeker LT, Bluestone JA: Plasticity of CD4(+) FoxP3(+) T cells. Curr Opin
Immunol 21:281-285, 2009

195. Rubtsov YP, Rudensky AY: TGFbeta signalling in control of T-cell-mediated self-reactivity. Nat Rev
Immunol 7:443-453, 2007

196. Bennett CL, Christie J, Ramsdell F, Brunkow ME, Ferguson PJ, Whitesell L, Kelly TE, Saulsbury FT,
Chance PF, Ochs HD: The immune dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome
(IPEX) is caused by mutations of FOXP3. Nat Genet 27:20-21, 2001

197. Ejsing-Duun M, Josephsen J, Aasted B, Buschard K, Hansen AK: Dietary gluten reduces the number of
intestinal regulatory T cells in mice. Scand J Immunol 67:553-559, 2008

198. Buechler C, Ritter M, Orso E, Langmann T, Klucken J, Schmitz G: Regulation of scavenger receptor
CD163 expression in human monocytes and macrophages by pro- and antiinflammatory stimuli. J Leukoc Biol
67:97-103, 2000

199. Tiemessen MM, Jagger AL, Evans HG, van Herwijnen MJ, John S, Taams LS: CD4+CD25+Foxp3+
regulatory T cells induce alternative activation of human monocytes/macrophages. Proc Natl Acad Sci U S A
104:19446-19451, 2007

200. Brusko T, Wasserfall C, McGrail K, Schatz R, Viener HL, Schatz D, Haller M, Rockell J, Gottlieb P,
Clare-Salzler M, Atkinson M: No alterations in the frequency of FOXP3+ regulatory T-cells in type 1 diabetes.
Diabetes 56:604-612, 2007

201. Lahdenper A, Ludvigsson J, K FL-M, L HG, Vaarala O: The effect of gluten-free diet on Th1?Th2?Th3-
associated intestinal immune responses in celiac disease. Scand J Gastroenterol, 2011

202. Galipeau HJ, Rulli NE, Jury J, Huang X, Araya R, Murray JA, David CS, Chirdo FG, McCoy KD, Verdu
EF: Sensitization to gliadin induces moderate enteropathy and insulitis in nonobese diabetic-DQS8 mice. J
Immunol 187:4338-4346, 2011

203. Greenbaum CJ, Schatz DA, Haller MJ, Sanda S: Through the fog: recent clinical trials to preserve beta-cell
function in type 1 diabetes. Diabetes 61:1323-1330, 2012

204. Alkanani AK, Rewers M, Dong F, Waugh K, Gottlieb PA, Zipris D: Dysregulated Toll-like receptor-
induced interleukin-1beta and interleukin-6 responses in subjects at risk for the development of type 1 diabetes.
Diabetes 61:2525-2533, 2012

205. Beyer M, Mallmann MR, Xue J, Staratschek-Jox A, Vorholt D, Krebs W, Sommer D, Sander J, Mertens
C, Nino-Castro A, Schmidt SV, Schultze JL: High-resolution transcriptome of human macrophages. PLoS One
7:€45466, 2012

206. Moran A, Bundy B, Becker DJ, DiMeglio LA, Gitelman SE, Goland R, Greenbaum CJ, Herold KC, Marks
JB, Raskin P, Sanda S, Schatz D, Wherrett DK, Wilson DM, Krischer JP, Skyler JS, Pickersgill L, de Koning E,
Ziegler AG, Boehm B, Badenhoop K, Schloot N, Bak JF, Pozzilli P, Mauricio D, Donath MY, Castano L,
Wagner A, Lervang HH, Perrild H, Mandrup-Poulsen T, Pociot F, Dinarello CA: Interleukin-1 antagonism in
type 1 diabetes of recent onset: two multicentre, randomised, double-blind, placebo-controlled trials. Lancet
381:1905-1915, 2013

207. Hara N, Alkanani AK, Ir D, Robertson CE, Wagner BD, Frank DN, Zipris D: The role of the intestinal
microbiota in type 1 diabetes. Clin Immunol 146:112-119, 2013

208. Neu J, Lorca G, Kingma SD, Triplett EW: The intestinal microbiome: relationship to type 1 diabetes.
Endocrinol Metab Clin North Am 39:563-571,2010

209. Markle JG, Frank DN, Mortin-Toth S, Robertson CE, Feazel LM, Rolle-Kampczyk U, von Bergen M,
McCoy KD, Macpherson AJ, Danska JS: Sex differences in the gut microbiome drive hormone-dependent
regulation of autoimmunity. Science 339:1084-1088, 2013

210. Gareau MG, Sherman PM, Walker WA: Probiotics and the gut microbiota in intestinal health and disease.
Nat Rev Gastroenterol Hepatol 7:503-514, 2010

211. Calcinaro F, Dionisi S, Marinaro M, Candeloro P, Bonato V, Marzotti S, Corneli RB, Ferretti E, Gulino A,
Grasso F, De Simone C, Di Mario U, Falorni A, Boirivant M, Dotta F: Oral probiotic administration induces
interleukin-10 production and prevents spontaneous autoimmune diabetes in the non-obese diabetic mouse.
Diabetologia 48:1565-1575, 2005

209



References

212. Aumeunier A, Grela F, Ramadan A, Pham Van L, Bardel E, Gomez Alcala A, Jeannin P, Akira S, Bach
JF, Thieblemont N: Systemic Toll-like receptor stimulation suppresses experimental allergic asthma and
autoimmune diabetes in NOD mice. PLoS One 5:¢11484,2010

213. Boman HG: Antibacterial peptides: basic facts and emerging concepts. J Intern Med 254:197-215, 2003
214. Gallo RL, Hooper LV: Epithelial antimicrobial defence of the skin and intestine. Nat Rev Immunol 12:503-
516, 2012

215. Ho S, Pothoulakis C, Koon HW: Antimicrobial peptides and colitis. Curr Pharm Des 19:40-47, 2013

216. Wiesner J, Vilcinskas A: Antimicrobial peptides: the ancient arm of the human immune system. Virulence
1:440-464, 2010

217. Vandamme D, Landuyt B, Luyten W, Schoofs L: A comprehensive summary of LL-37, the factotum
human cathelicidin peptide. Cell Immunol 280:22-35,2012

218. Salmond RJ, Filby A, Qureshi I, Caserta S, Zamoyska R: T-cell receptor proximal signaling via the Src-
family kinases, Lck and Fyn, influences T-cell activation, differentiation, and tolerance. Immunol Rev 228:9-22,
2009

219. Towne JE, Garka KE, Renshaw BR, Virca GD, Sims JE: Interleukin (IL)-1F6, IL-1F8, and IL-1F9 signal
through IL-1Rrp2 and IL-1RACP to activate the pathway leading to NF-kappaB and MAPKs. J Biol Chem
279:13677-13688, 2004

220. Blumberg H, Dinh H, Trueblood ES, Pretorius J, Kugler D, Weng N, Kanaly ST, Towne JE, Willis CR,
Kuechle MK, Sims JE, Peschon JJ: Opposing activities of two novel members of the IL-1 ligand family
regulate skin inflammation. J Exp Med 204:2603-2614, 2007

221. Johnston A, Xing X, Guzman AM, Riblett M, Loyd CM, Ward NL, Wohn C, Prens EP, Wang F, Maier
LE, Kang S, Voorhees JJ, Elder JT, Gudjonsson JE: IL-1F5, -F6, -F8, and -F9: a novel IL-1 family signaling
system that is active in psoriasis and promotes keratinocyte antimicrobial peptide expression. J Immunol
186:2613-2622, 2011

222. Nijnik A, Pistolic J, Wyatt A, Tam S, Hancock RE: Human cathelicidin peptide LL-37 modulates the
effects of IFN-gamma on APCs. J Immunol 183:5788-5798, 2009

223. Nijnik A, Hancock RE: The roles of cathelicidin LL-37 in immune defences and novel clinical
applications. Curr Opin Hematol 16:41-47, 2009

224. Burton MF, Steel PG: The chemistry and biology of LL-37. Nat Prod Rep 26:1572-1584, 2009

225. Salley TN, Mishra M, Tiwari S, Jadhav A, Ndisang JF: The heme oxygenase system rescues hepatic
deterioration in the condition of obesity co-morbid with type-2 diabetes. PLoS One 8:€79270, 2013

226. Villalta SA, Rinaldi C, Deng B, Liu G, Fedor B, Tidball JG: Interleukin-10 reduces the pathology of mdx
muscular dystrophy by deactivating M1 macrophages and modulating macrophage phenotype. Hum Mol Genet
20:790-805, 2011

227. Wang GS, Rosenberg L, Scott FW: Tubular complexes as a source for islet neogenesis in the pancreas of
diabetes-prone BB rats. Lab Invest 85:675-688, 2005

228. Heilborn JD, Nilsson MF, Kratz G, Weber G, Sorensen O, Borregaard N, Stahle-Backdahl M: The
cathelicidin anti-microbial peptide LL-37 is involved in re-epithelialization of human skin wounds and is
lacking in chronic ulcer epithelium. J Invest Dermatol 120:379-389, 2003

229. Shaykhiev R, Beisswenger C, Kandler K, Senske J, Puchner A, Damm T, Behr J, Bals R: Human
endogenous antibiotic LL-37 stimulates airway epithelial cell proliferation and wound closure. Am J Physiol
Lung Cell Mol Physiol 289:1.842-848, 2005

230. Huang LC, Petkova TD, Reins RY, Proske RJ, McDermott AM: Multifunctional roles of human
cathelicidin (LL-37) at the ocular surface. Invest Ophthalmol Vis Sci 47:2369-2380, 2006

231. Girnita A, Zheng H, Gronberg A, Girnita L, Stahle M: Identification of the cathelicidin peptide LL-37 as
agonist for the type I insulin-like growth factor receptor. Oncogene, 2012

232. Cederlund A, Gudmundsson GH, Agerberth B: Antimicrobial peptides important in innate immunity. Febs
J278:3942-3951, 2011

233.YinJ, Yu FS: LL-37 via EGFR transactivation to promote high glucose-attenuated epithelial wound
healing in organ-cultured corneas. Invest Ophthalmol Vis Sci 51:1891-1897, 2010

234. Vaarala O: The gut as a regulator of early inflammation in type 1 diabetes. Curr Opin Endocrinol Diabetes
Obes, 2011

235. Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, Huttenhower C: Metagenomic
biomarker discovery and explanation. Genome Biol 12:R60, 2011

210



References

236. Cederlund A, Kai-Larsen Y, Printz G, Yoshio H, Alvelius G, Lagercrantz H, Stromberg R, Jornvall H,
Gudmundsson GH, Agerberth B: Lactose in human breast milk an inducer of innate immunity with implications
for a role in intestinal homeostasis. PLoS One 8:€53876, 2013

237. Murray PJ, Wynn TA: Protective and pathogenic functions of macrophage subsets. Nat Rev Immunol
11:723-737, 2011

238. Nizet V, Ohtake T, Lauth X, Trowbridge J, Rudisill J, Dorschner RA, Pestonjamasp V, Piraino J, Huttner
K, Gallo RL: Innate antimicrobial peptide protects the skin from invasive bacterial infection. Nature 414:454-
457,2001

239. Chromek M, Slamova Z, Bergman P, Kovacs L, Podracka L, Ehren I, Hokfelt T, Gudmundsson GH, Gallo
RL, Agerberth B, Brauner A: The antimicrobial peptide cathelicidin protects the urinary tract against invasive
bacterial infection. Nat Med 12:636-641, 2006

240. Huang LC, Reins RY, Gallo RL, McDermott AM: Cathelicidin-deficient (Cnlp -/-) mice show increased
susceptibility to Pseudomonas aeruginosa keratitis. /nvest Ophthalmol Vis Sci 48:4498-4508, 2007

241. Doss M, White MR, Tecle T, Hartshorn KL: Human defensins and LL-37 in mucosal immunity. J Leukoc
Biol 87:79-92, 2010

242. limura M, Gallo RL, Hase K, Miyamoto Y, Eckmann L, Kagnoff MF: Cathelicidin mediates innate
intestinal defense against colonization with epithelial adherent bacterial pathogens. J Immunol 174:4901-4907,
2005

243. Wehkamp J, Schauber J, Stange EF: Defensins and cathelicidins in gastrointestinal infections. Curr Opin
Gastroenterol 23:32-38, 2007

244. Wehkamp J, Schmid M, Stange EF: Defensins and other antimicrobial peptides in inflammatory bowel
disease. Curr Opin Gastroenterol 23:370-378, 2007

245, Schauber J, Rieger D, Weiler F, Wehkamp J, Eck M, Fellermann K, Scheppach W, Gallo RL, Stange EF:
Heterogeneous expression of human cathelicidin hCAP18/LL-37 in inflammatory bowel diseases. Eur J
Gastroenterol Hepatol 18:615-621, 2006

246. Koon HW, Shih DQ, Chen J, Bakirtzi K, Hing TC, Law I, Ho S, Ichikawa R, Zhao D, Xu H, Gallo R,
Dempsey P, Cheng G, Targan SR, Pothoulakis C: Cathelicidin signaling via the Toll-like receptor protects
against colitis in mice. Gastroenterology 141:1852-1863 e1851-1853, 2011

247. Schauber J, Iffland K, Frisch S, Kudlich T, Schmausser B, Eck M, Menzel T, Gostner A, Luhrs H,
Scheppach W: Histone-deacetylase inhibitors induce the cathelicidin LL-37 in gastrointestinal cells. Mol
Immunol 41:847-854, 2004

248. Tai EK, Wu WK, Wong HP, Lam EK, Yu L, Cho CH: A new role for cathelicidin in ulcerative colitis in
mice. Exp Biol Med (Maywood) 232:799-808, 2007

249. Hennig-Pauka I, Koch R, Hoeltig D, Gerlach GF, Waldmann KH, Blecha F, Brauer C, Gasse H: PR-39, a
porcine host defence peptide, is prominent in mucosa and lymphatic tissue of the respiratory tract in healthy
pigs and pigs infected with Actinobacillus pleuropneumoniae. BMC Res Notes 5:539, 2012

250. Tokumaru S, Sayama K, Shirakata Y, Komatsuzawa H, Ouhara K, Hanakawa Y, Yahata Y, Dai X,
Tohyama M, Nagai H, Yang L, Higashiyama S, Yoshimura A, Sugai M, Hashimoto K: Induction of
keratinocyte migration via transactivation of the epidermal growth factor receptor by the antimicrobial peptide
LL-37. J Immunol 175:4662-4668, 2005

251. Hill DJ, Strutt B, Arany E, Zaina S, Coukell S, Graham CF: Increased and persistent circulating insulin-
like growth factor II in neonatal transgenic mice suppresses developmental apoptosis in the pancreatic islets.
Endocrinology 141:1151-1157, 2000

252. Van Schravendijk CF, Foriers A, Van den Brande JL, Pipeleers DG: Evidence for the presence of type I
insulin-like growth factor receptors on rat pancreatic A and B cells. Endocrinology 121:1784-1788, 1987

253. Kulkarni RN, Holzenberger M, Shih DQ, Ozcan U, Stoffel M, Magnuson MA, Kahn CR: beta-cell-
specific deletion of the Igfl receptor leads to hyperinsulinemia and glucose intolerance but does not alter beta-
cell mass. Nat Genet 31:111-115, 2002

254. Petrik J, Pell JM, Arany E, McDonald TJ, Dean WL, Reik W, Hill DJ: Overexpression of insulin-like
growth factor-II in transgenic mice is associated with pancreatic islet cell hyperplasia. Endocrinology 140:2353-
2363, 1999

255. Hill DJ, Petrik J, Arany E, McDonald TJ, Delovitch TL: Insulin-like growth factors prevent cytokine-
mediated cell death in isolated islets of Langerhans from pre-diabetic non-obese diabetic mice. J Endocrinol
161:153-165, 1999

256. Dominguez-Bendala J, Inverardi L, Ricordi C: Regeneration of pancreatic beta-cell mass for the treatment
of diabetes. Expert Opin Biol Ther 12:731-741, 2012

211



References

257. Butler PC, Meier 1], Butler AE, Bhushan A: The replication of beta cells in normal physiology, in disease
and for therapy. Nat Clin Pract Endocrinol Metab 3:758-768, 2007

258. Meier JJ, Lin JC, Butler AE, Galasso R, Martinez DS, Butler PC: Direct evidence of attempted beta cell
regeneration in an 89-year-old patient with recent-onset type 1 diabetes. Diabetologia 49:1838-1844, 2006
259. Meier JJ, Bhushan A, Butler AE, Rizza RA, Butler PC: Sustained beta cell apoptosis in patients with long-
standing type | diabetes: indirect evidence for islet regeneration? Diabetologia 48:2221-2228, 2005

260. Diana J, Simoni Y, Furio L, Beaudoin L, Agerberth B, Barrat F, Lehuen A: Crosstalk between neutrophils,
B-1a cells and plasmacytoid dendritic cells initiates autoimmune diabetes. Nat Med 19:65-73, 2013

261. Thomsen JH, Etzerodt A, Svendsen P, Moestrup SK: The Haptoglobin-CD163-Heme Oxygenase-1
Pathway for Hemoglobin Scavenging. Oxid Med Cell Longev 2013:523652, 2013

262. In't Veld P: Insulitis in type 1 diabetes: a sticky problem. Diabetes 58:1257-1258, 2009

263. Faideau B, Larger E, Lepault F, Carel JC, Boitard C: Role of beta-cells in type 1 diabetes pathogenesis.
Diabetes 54 Suppl 2:S87-96, 2005

264. Lohr M, Kloppel G: Residual insulin positivity and pancreatic atrophy in relation to duration of chronic
type 1 (insulin-dependent) diabetes mellitus and microangiopathy. Diabetologia 30:757-762, 1987

265. In't Veld P: Insulitis in human type 1 diabetes: The quest for an elusive lesion. Islets 3:131-138, 2011
266. Bonner-Weir S, Li WC, Ouziel-Yahalom L, Guo L, Weir GC, Sharma A: Beta-cell growth and
regeneration: replication is only part of the story. Diabetes 59:2340-2348, 2010

267. Sarvetnick NE, Gu D: Regeneration of pancreatic endocrine cells in interferon-gamma transgenic mice.
Adv Exp Med Biol 321:85-89; discussion 91-83, 1992

268. Ablamunits V, Sherry NA, Kushner JA, Herold KC: Autoimmunity and beta cell regeneration in mouse
and human type 1 diabetes: the peace is not enough. Ann N Y Acad Sci 1103:19-32, 2007

269. Wang GS, Karamchandani J, Pulido O, Rosenberg L, Scott FW: Altered islet homeostasis before classic
insulitis in BB rats. Diabetes Metab 28:3590-97; discussion 93S108-112, 2002

270. Xu X, D'Hoker J, Stange G, Bonne S, De Leu N, Xiao X, Van de Casteele M, Mellitzer G, Ling Z,
Pipeleers D, Bouwens L, Scharfmann R, Gradwohl G, Heimberg H: Beta cells can be generated from
endogenous progenitors in injured adult mouse pancreas. Cel/ 132:197-207, 2008

271. Cozar-Castellano I, Fiaschi-Taesch N, Bigatel TA, Takane KK, Garcia-Ocana A, Vasavada R, Stewart AF:
Molecular control of cell cycle progression in the pancreatic beta-cell. Endocr Rev 27:356-370, 2006

272. Krishnamurthy J, Ramsey MR, Ligon KL, Torrice C, Koh A, Bonner-Weir S, Sharpless NE: pl16INK4a
induces an age-dependent decline in islet regenerative potential. Nature 443:453-457, 2006

273. Tschen SI, Dhawan S, Gurlo T, Bhushan A: Age-dependent decline in beta-cell proliferation restricts the
capacity of beta-cell regeneration in mice. Diabetes 58:1312-1320, 2009

274. Chen H, Gu X, Su IH, Bottino R, Contreras JL, Tarakhovsky A, Kim SK: Polycomb protein Ezh2
regulates pancreatic beta-cell Ink4a/Arf expression and regeneration in diabetes mellitus. Genes Dev 23:975-
985, 2009

275. Wang GS, Kauri LM, Patrick C, Bareggi M, Rosenberg L, Scott FW: Enhanced islet expansion by beta-
cell proliferation in young diabetes-prone rats fed a protective diet. J Cell Physiol 224:501-508, 2010

276. Itoh A, Maki T: Protection of nonobese diabetic mice from autoimmune diabetes by reduction of islet mass
before insulitis. Proc Natl Acad Sci U S A4 93:11053-11056, 1996

277. Remouchamps C, Boutaffala L, Ganeff C, Dejardin E: Biology and signal transduction pathways of the
Lymphotoxin-alphabeta/L TbetaR system. Cytokine Growth Factor Rev 22:301-310, 2011

278. Jefferies C, Wynne C, Higgs R: Antiviral TRIMs: friend or foe in autoimmune and autoinflammatory
disease? Nat Rev Immunol 11:617-625, 2011

279. Petropavlovskaia M, Daoud J, Zhu J, Moosavi M, Ding J, Makhlin J, Assouline-Thomas B, Rosenberg L:
Mechanisms Of Action Of Islet Neogenesis Associated Protein (Ingap): Comparison Of The Full-Length
Recombinant Protein And A Bio-Active Peptide. Am J Physiol Endocrinol Metab, 2012

280. Kapur R, Hojfeldt TW, Mogensen JP, Shaw AC, Ronn SG, Karlsen AE, Heller RS: Short-term effects of
INGAP and Reg family peptides on the appearance of small beta-cells clusters in non-diabetic mice. Islets 4,
2012

281. Singh B, Nikoopour E, Huszarik K, Elliott JF, Jevnikar AM: Immunomodulation and regeneration of islet
Beta cells by cytokines in autoimmune type 1 diabetes. J Interferon Cytokine Res 31:711-719, 2011

282. Pelegri C, Rosmalen JG, Durant S, Throsby M, Alves V, Coulaud J, Esling A, Pleau JM, Drexhage HA,
Homo-Delarche F: Islet endocrine-cell behavior from birth onward in mice with the nonobese diabetic genetic
background. Mol Med 7:311-319, 2001

212



References

283. Trudeau JD, Dutz JP, Arany E, Hill DJ, Fieldus WE, Finegood DT: Neonatal beta-cell apoptosis: a trigger
for autoimmune diabetes? Diabetes 49:1-7, 2000

284. O'Brien BA, Geng X, Orteu CH, Huang Y, Ghoreishi M, Zhang Y, Bush JA, Li G, Finegood DT, Dutz JP:
A deficiency in the in vivo clearance of apoptotic cells is a feature of the NOD mouse. J Autoimmun 26:104-
115, 2006

285. O'Brien BA, Huang Y, Geng X, Dutz JP, Finegood DT: Phagocytosis of apoptotic cells by macrophages
from NOD mice is reduced. Diabetes 51:2481-2488, 2002

286. O'Brien BA, Fieldus WE, Field CJ, Finegood DT: Clearance of apoptotic beta-cells is reduced in neonatal
autoimmune diabetes-prone rats. Cell Death Differ 9:457-464, 2002

287. Kassem SA, Ariel I, Thornton PS, Scheimberg I, Glaser B: Beta-cell proliferation and apoptosis in the
developing normal human pancreas and in hyperinsulinism of infancy. Diabetes 49:1325-1333, 2000

288. Homo-Delarche F, Drexhage HA: Immune cells, pancreas development, regeneration and type 1 diabetes.
Trends Immunol 25:222-229, 2004

289. Doukas J, Majno G, Mordes JP: Anti-endothelial cell autoantibodies in BB rats with spontaneous and
induced IDDM. Diabetes 45:1209-1216, 1996

290. De Paepe ME, Corriveau M, Tannous WN, Seemayer TA, Colle E: Increased vascular permeability in
pancreas of diabetic rats: detection with high resolution protein A-gold cytochemistry. Diabetologia 35:1118-
1124, 1992

291. Majno G, Joris I, Handler ES, Desemone J, Mordes JP, Rossini AA: A pancreatic venular defect in the
BB/Wor rat. Am J Pathol 128:210-215, 1987

292. Valle A, Giamporcaro GM, Scavini M, Stabilini A, Grogan P, Bianconi E, Sebastiani G, Masini M,
Maugeri N, Porretti L, Bonfanti R, Meschi F, De Pellegrin M, Lesma A, Rossini S, Piemonti L, Marchetti P,
Dotta F, Bosi E, Battaglia M: Reduction of circulating neutrophils precedes and accompanies type 1 diabetes.
Diabetes 62:2072-2077, 2013

293. Charre S, Rosmalen JG, Pelegri C, Alves V, Leenen PJ, Drexhage HA, Homo-Delarche F: Abnormalities
in dendritic cell and macrophage accumulation in the pancreas of nonobese diabetic (NOD) mice during the
early neonatal period. Histol Histopathol 17:393-401, 2002

294. Picarella DE, Kratz A, Li CB, Ruddle NH, Flavell RA: Insulitis in transgenic mice expressing tumor
necrosis factor beta (lymphotoxin) in the pancreas. Proc Natl Acad Sci U S A 89:10036-10040, 1992

295. Cole KE, Strick CA, Paradis TJ, Ogborne KT, Loetscher M, Gladue RP, Lin W, Boyd JG, Moser B, Wood
DE, Sahagan BG, Neote K: Interferon-inducible T cell alpha chemoattractant (I-TAC): a novel non-ELR CXC
chemokine with potent activity on activated T cells through selective high affinity binding to CXCR3. J Exp
Med 187:2009-2021, 1998

296. Eizirik DL, Sammeth M, Bouckenooghe T, Bottu G, Sisino G, Igoillo-Esteve M, Ortis F, Santin I, Colli
ML, Barthson J, Bouwens L, Hughes L, Gregory L, Lunter G, Marselli L, Marchetti P, McCarthy MI, Cnop M:
The human pancreatic islet transcriptome: expression of candidate genes for type 1 diabetes and the impact of
pro-inflammatory cytokines. PLoS Genet 8:¢1002552, 2012

297. Frigerio S, Junt T, Lu B, Gerard C, Zumsteg U, Hollander GA, Piali L: Beta cells are responsible for
CXCR3-mediated T-cell infiltration in insulitis. Nat Med 8:1414-1420, 2002

298. Welzen-Coppens JM, van Helden-Meeuwsen CG, Leenen PJ, Drexhage HA, Versnel MA: The kinetics of
plasmacytoid dendritic cell accumulation in the pancreas of the NOD mouse during the early phases of insulitis.
PLoS One 8:¢55071,2013

299. Citro A, Cantarelli E, Maffi P, Nano R, Melzi R, Mercalli A, Dugnani E, Sordi V, Magistretti P,
Daffonchio L, Ruffini PA, Allegretti M, Secchi A, Bonifacio E, Piemonti L: CXCR1/2 inhibition enhances
pancreatic islet survival after transplantation. J Clin Invest 122:3647-3651, 2012

300. Yeung WC, Al-Shabeeb A, Pang CN, Wilkins MR, Catteau J, Howard NJ, Rawlinson WD, Craig ME:
Children with islet autoimmunity and enterovirus infection demonstrate a distinct cytokine profile. Diabetes
61:1500-1508, 2012

301. Marnell L, Mold C, Du Clos TW: C-reactive protein: ligands, receptors and role in inflammation. Clin
Immunol 117:104-111, 2005

302. Szalai AJ: C-reactive protein (CRP) and autoimmune disease: facts and conjectures. Clin Dev Immunol
11:221-226, 2004

303. Gershov D, Kim S, Brot N, Elkon KB: C-Reactive protein binds to apoptotic cells, protects the cells from
assembly of the terminal complement components, and sustains an antiinflammatory innate immune response:
implications for systemic autoimmunity. J Exp Med 192:1353-1364, 2000

304. Szalai AJ: The antimicrobial activity of C-reactive protein. Microbes Infect 4:201-205, 2002

213



References

305. Welzen-Coppens JM, van Helden-Meeuwsen CG, Leenen PJ, Drexhage HA, Versnel MA: Reduced
numbers of dendritic cells with a tolerogenic phenotype in the prediabetic pancreas of NOD mice. J Leukoc Biol
92:1207-1213,2012

306. Francis PJ, Southgate JL, Wilkin TJ, Bone AJ: Expression of an islet regenerating (reg) gene in isolated rat
islets: effects of nutrient and non-nutrient growth factors. Diabetologia 35:238-242, 1992

307. Bone AJ, Banister SH, Zhang S: Islet cell defence and repair mechanisms in insulin-dependent diabetes: a
role for the pancreatic regenerating (Reg) gene? Biochem Soc Trans 22:37-41, 1994

308. Bone AJ, Banister SH, Zhang S: The REG gene and islet cell repair and renewal in type 1 diabetes. Adv
Exp Med Biol 426:321-327, 1997

309. De Leon DD, Farzad C, Crutchlow MF, Brestelli J, Tobias J, Kaestner KH, Stoffers DA: Identification of
transcriptional targets during pancreatic growth after partial pancreatectomy and exendin-4 treatment. Physiol
Genomics 24:133-143, 2006

310. Sorini C, Falcone M: Shaping the (auto)immune response in the gut: the role of intestinal immune
regulation in the prevention of type 1 diabetes. Am J Clin Exp Immunol 2:156-171, 2013

311. Wang B, Andre I, Gonzalez A, Katz JD, Aguet M, Benoist C, Mathis D: Interferon-gamma impacts at
multiple points during the progression of autoimmune diabetes. Proc Natl Acad Sci U S A 94:13844-13849,
1997

312. Esensten JH, Lee MR, Glimcher LH, Bluestone JA: T-bet-deficient NOD mice are protected from diabetes
due to defects in both T cell and innate immune system function. J Immunol 183:75-82, 2009

313. Hultgren B, Huang X, Dybdal N, Stewart TA: Genetic absence of gamma-interferon delays but does not
prevent diabetes in NOD mice. Diabetes 45:812-817, 1996

314. Emani R, Asghar MN, Toivonen R, Lauren L, Soderstrom M, Toivola DM, van Tol EA, Hanninen A:
Casein hydrolysate diet controls intestinal T cell activation, free radical production and microbial colonisation
in NOD mice. Diabetologia 56:1781-1791, 2013

315. Martinez FO, Helming L, Gordon S: Alternative activation of macrophages: an immunologic functional
perspective. Annu Rev Immunol 27:451-483, 2009

316. Pinhal-Enfield G, Vasan NS, Joseph-Leibovich S: The Role of Macrophages in the Placenta. Embryology,
2013

317. Faria AM, Weiner HL: Oral tolerance. Immunol Rev 206:232-259, 2005

318. Mucida D, Kutchukhidze N, Erazo A, Russo M, Lafaille JJ, Curotto de Lafaille MA: Oral tolerance in the
absence of naturally occurring Tregs. J Clin Invest 115:1923-1933, 2005

319. Kulkarni AB, Huh CG, Becker D, Geiser A, Lyght M, Flanders KC, Roberts AB, Sporn MB, Ward JM,
Karlsson S: Transforming growth factor beta 1 null mutation in mice causes excessive inflammatory response
and early death. Proc Natl Acad Sci U S A 90:770-774, 1993

320. Shull MM, Ormsby I, Kier AB, Pawlowski S, Diebold RJ, Yin M, Allen R, Sidman C, Proetzel G, Calvin
D, et al.: Targeted disruption of the mouse transforming growth factor-beta 1 gene results in multifocal
inflammatory disease. Nature 359:693-699, 1992

321. Wing K, Onishi Y, Prieto-Martin P, Yamaguchi T, Miyara M, Fehervari Z, Nomura T, Sakaguchi S:
CTLA-4 control over Foxp3+ regulatory T cell function. Science 322:271-275, 2008

322. Smith PM, Howitt MR, Panikov N, Michaud M, Gallini CA, Bohlooly YM, Glickman JN, Garrett WS:
The microbial metabolites, short-chain fatty acids, regulate colonic Treg cell homeostasis. Science 341:569-573,
2013

323. Wong CC, Zhang L, Li ZJ, Wu WK, Ren SX, Chen YC, Ng TB, Cho CH: Protective Effects of
Cathelicidin-Encoding Lactococcus lactis in Murine Ulcerative Colitis. J Gastroenterol Hepatol, 2012

324. Koon HW, Shih DQ, Chen J, Bakirtzi K, Hing TC, Law I, Ho S, Ichikawa R, Zhao D, Xu H, Gallo R,
Dempsey P, Cheng G, Targan SR, Pothoulakis C: Cathelicidin signaling via the Toll-like receptor protects
against colitis in mice. Gastroenterology 141:1852-1863 ¢1851-1853

325. Knip M, Virtanen SM, Becker D, Dupre J, Krischer JP, Akerblom HK: Early feeding and risk of type 1
diabetes: experiences from the Trial to Reduce Insulin-dependent diabetes mellitus in the Genetically at Risk
(TRIGR). Am J Clin Nutr 94:1814S-1820S, 2011

326. Harmsen HJ, Wildeboer-Veloo AC, Raangs GC, Wagendorp AA, Klijn N, Bindels JG, Welling GW:
Analysis of intestinal flora development in breast-fed and formula-fed infants by using molecular identification
and detection methods. J Pediatr Gastroenterol Nutr 30:61-67, 2000

327. Vives-Pi M, Somoza N, Fernandez-Alvarez J, Vargas F, Caro P, Alba A, Gomis R, Labeta MO, Pujol-
Borrell R: Evidence of expression of endotoxin receptors CD14, toll-like receptors TLR4 and TLR2 and

214



References

associated molecule MD-2 and of sensitivity to endotoxin (LPS) in islet beta cells. Clin Exp Immunol 133:208-
218, 2003

328. Wen L, Peng J, Li Z, Wong FS: The effect of innate immunity on autoimmune diabetes and the expression
of Toll-like receptors on pancreatic islets. J Immunol 172:3173-3180, 2004

329. Lee YS, Morinaga H, Kim JJ, Lagakos W, Taylor S, Keshwani M, Perkins G, Dong H, Kayali AG, Sweet
IR, Olefsky J: The fractalkine/CX3CR1 system regulates beta cell function and insulin secretion. Cell 153:413-
425,2013

330. Brown KL, Poon GF, Birkenhead D, Pena OM, Falsafi R, Dahlgren C, Karlsson A, Bylund J, Hancock
RE, Johnson P: Host defense peptide LL-37 selectively reduces proinflammatory macrophage responses. J
Immunol 186:5497-5505, 2011

331. Atkinson MA, Eisenbarth GS, Michels AW: Type 1 diabetes. Lancet, 2013

332. Cash HL, Whitham CV, Behrendt CL, Hooper LV: Symbiotic bacteria direct expression of an intestinal
bactericidal lectin. Science 313:1126-1130, 2006

333. Lehotzky RE, Partch CL, Mukherjee S, Cash HL, Goldman WE, Gardner KH, Hooper LV: Molecular
basis for peptidoglycan recognition by a bactericidal lectin. Proc Natl Acad Sci U S A 107:7722-7727, 2010
334. Brandl K, Plitas G, Schnabl B, DeMatteo RP, Pamer EG: MyD88-mediated signals induce the bactericidal
lectin ReglIIl gamma and protect mice against intestinal Listeria monocytogenes infection. J Exp Med
204:1891-1900, 2007

335. Brandl K, Plitas G, Mihu CN, Ubeda C, Jia T, Fleisher M, Schnabl B, DeMatteo RP, Pamer EG:
Vancomycin-resistant enterococci exploit antibiotic-induced innate immune deficits. Nature 455:804-807, 2008
336. Gurr W, Yavari R, Wen L, Shaw M, Mora C, Christa L, Sherwin RS: A Reg family protein is
overexpressed in islets from a patient with new-onset type 1 diabetes and acts as T-cell autoantigen in NOD
mice. Diabetes 51:339-346, 2002

337. Vukkadapu SS, Belli JM, Ishii K, Jegga AG, Hutton JJ, Aronow BJ, Katz JD: Dynamic interaction
between T cell-mediated beta-cell damage and beta-cell repair in the run up to autoimmune diabetes of the
NOD mouse. Physiol Genomics 21:201-211, 2005

338. Wenzlau JM, Hutton JC: Novel Diabetes Autoantibodies and Prediction of Type 1 Diabetes. Curr Diab
Rep, 2013

215



Statement of contribution from collaborators

STATEMENT OF CONTRIBUTION FROM COLLABORATORS

Dr. Gen-Sheng Wang, Research Associate, Scott laboratory. Performed staining of CAMP
in human pancreata. Co-designed CAMP/LL-37 injection study and performed related
neogenesis analysis (Chapter 5). Co-designed and performed CD3 staining in “Germ-Free”
study (Chapter 3). Co-designed the PPx study and performed PPx surgeries (Chapter 6).
Provided advice and assistance on immunohistochemistry experiments.

Dr. David E. Lefebvre, Graduate student, Scott laboratory. Participated in “Germ-Free”
study (Chapter 3).

Jennifer A. Crookshank, Senior Research Technician, Scott laboratory. Participated in the
“Germ-Free” and LEW-DP studies and generated related survival curves (Chapters 3-4).
Provided technical advice for gene expression, cell culture, and immunoblotting experiments.

J. Ariana Noel, Graduate student, Scott laboratory. Generated gene list and performed
bioinformatics for PPx microarray experiment (Chapter 6).

Dr. Alexander Strom, Postdoctoral Fellow, Scott laboratory. Provided assistance for
insulin ELISA experiment (Chapter 3).

Dr. Majid Mojibian, Graduate student, Scott laboratory. Provided advice for Ty, analysis.

Dr. Lisa M. Kauri, Postdoctoral Fellow, Scott laboratory. Obtained collagenase-isolated
islets (Chapter 5).

Chandra Eberhard, Honours student, Scott laboratory. Provided assistance and performed
subset of gene expression experiments in “Germ-Free” study (Chapter 3).

Ariel Hendin, Medical student, Scott laboratory. Performed CD163 analysis in LEW-DP
study (Chapter 4).

Turki Abujamel, Walid Mettawea (Graduate students), Alain Stintzi (Senior Scientist).
Processed fecal samples and performed microbiota analyses (Chapter 5).

Caroline Vergette, Senior Research Technician, OHRI Stemcore Laboratories. Evaluated
RNA for high-throughput gene expression experiments. Performed microarray experiments.

Garnet Rodger, Pierre Bradley, Animal Technicians, OHRI Animal Care Unit. Maintained
animal colonies. Performed CAMP/LL-37 injections (Chapter 5). Assisted with PPx
surgeries (Chapter 6).

Dr. Sigurd Lenzen, Senior Scientist, Hannover Medical School. Provided LEW-DP and
LEW-C rats for foundation of Ottawa colony (Chapter 4).

Dr. Stephen J. Brooks, Dr. Martin L. Kalmokoff, Senior Scientists, Health Canada.
Performed animal work for “Germ-Free” study, including microbial monitoring (Chapter 3).

216



Appendix

Appendix A.1.

2

A §°b

Gel Image 3& R
. dﬁ

&
[)
&

28S

188

Gel Image

gl §§? ®
&

B &
&

288

188

Assay Class:  Eukaryote Total RNA Nano Createc
Data Path:  C:\..Eukaryote Total RNA Nano_DE20901627_2011-02-04_11-06-46.xad Modifiec
Electropherogram Summary Continued

Pancreas UMFIX [ Afy#4137 ]
%
"
10
.
3 ¥
= 0 0 100 200 w0 )
Overall Results for sample 2 : _Pancreas UMEIX
RNA Area 219 RNA Integrty Number (RIN) 33 ©0208)
RNA Concentration 146 09t Result Flagging Color.
RNA Rato 285 185) 02 Result Flagging Labet RIN.330
Assay Class: Eukaryote Total RNA Nano Created:
Data Path:  Ci\..Eukaryote Toal RNA Nano_DE20901627_2011-02:04_11-06-46.xad Modfed:
Electropherogram Summary
Pancreas Fresh [ Affy#4136 ]
*
w
o
0
o -
» 0 By w0 2000 e [
Overall Results for sample 1 : _Pancreas Fresh
RNA Area 14350 RNA Inegrity Number (RIN) 5 ©0208)
RNA Concentration 65309 Result Flagging Color
RNA Rato 285/ 185} 12 ResultFlagging Labet RS
%)
Assay Class:  Eukaryote Total RNA Nano Created:
DataPath:  C:\..Eukaryote Total RNA Nano_DE20901627_2011-03-11_14-56-54.ad Modifed:
Electropherogram Summary Continued ...
N [Affys218]

* o
0 |
o
2%

20
150

o "N

» » o i - - @ 5 LI

Overall Resuts for sample 2 : _H-N.
ANAArea 18500 RNA Inegrity Number (RIN) 75 ©0208)
RNA Concentration 803 gt Result Flagging Color
RNA Ratio 265 185} 13 ResultFiagging Labet: RIN-750

217



Appendix

Appendix A.2.

£<0.0001

A

2000- p<0.0001

o
W'
3
1}
@
o
!

CD3* LPL/mm? jejunum area

80+

60+

e
aa
7
©
"
1 I-I 1

Foxp3* LPL/mm? jejunum area

BBc BBdp T1D

0.12+ p=0.005
4 J—
a
-
Z'Qo o p=0.009
3]
-l
5
b 0.044 n=6 =5 EEEE =8 ]EEEE
g
o
L

0.00~

BBc BBdp T1D

218



Appendix

Appendix A.3.

m

CD68

©
[}]
S
1]
O
('8
o
(8]
| o | T
F =
_ T8
o (U]
€N ©
Z o
@
(8]
w
o
]
(8]
_| i
L
w
R
7
| | | | |
(=] (=] (=] (=] o
(=] (=] (=] (=]
< o~ [} -

eale wnunfal ;wwys|9 8909

219



Appendix

APPENDICES

Appendix A.1. Optimization of pancreatic RNA isolation for PPx study

Evaluation of RNA quality associated with different RNA isolation strategies. RNA quantity
and integrity was evaluated on a 6000 Nano LabChip using an Agilent 2100 Bioanalyzer
(OHRI Stemcore Laboratories). (A) Comparison of RNA quality from RNA extracted from
fresh pancreas, pancreas fixed with UMFIX, and liver fixed with UMFIX; use of fresh
pancreas resulted in decreased degradation compared with pancreas subjected to UMFIX-
based fixation (B) Comparison of RNA extraction using different strategies; homogenization
of pancreas tissue followed by flash freezing in liquid nitrogen and subsequent RNA
isolation resulted in the least RNA degradation compared with other approaches.

Appendix A.2. Distribution of Foxp3" Treg in BBc rats and BBdp rats

The effect of rat strain and disease status on CD3" cells and Foxp3" cells was evaluated in
control BBc rats (hatched bars), asymptomatic BBdp rats (filled bars), and overtly diabetic
BBdp rats (patterned bars). Effect of rat strain and disease status on (A) CD3" LPL and (B)
Foxp3" cells in the small intestine of BBc and BBdp rats. (C) Effect of rat strain and disease
status on the proportion of Foxp3" cells normalized to CD3" LPL in the jejunum. n=5-9
rats/group. Data represent mean + SD. P-values obtained using ANOVA followed by LSD
post-hoc test.

Appendix A.3. Effect of diet and microbes on CD68" cells in BBdp rats

CD68" cells were analyzed in the jejunum of 130 d asymptomatic BBdp rats housed in the
presence or absence of microbes and fed diabetes-modifying diets; cereal diet (filled bars),
HC diet (open bars). (A) Representative image displaying CD68 immunostaining in jejunum
of cereal-fed BBdp rat; bar=20 um. Arrows indicate labeled cells; inset shows digital
magnification of boxed region. (B) Number of CD68" cells in jejunum of BBdp rats. n=5-7
rats/group. Data represent mean + SD.
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