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ABSTRACT

Type 1 diabetes (T1D) is a T cell mediated autoimmune disease dependent on gene-
environment interaction. Food components are considered as environmental agents that
influence the incidence of islet cell autoimmunity and T1D. Wheat proteins are harmless in
healthy individuals, but in genetically susceptible individuals, wheat may be
immunopathogenic. There are several reports that link wheat with increased risk of
autoimmune diabetes. The major aim of this study was to determine whether there is an
abnormal immune response to a mixture of wheat proteins (WP) or a purified wheat storage
globulin homologue, Glbl in T1D patients. If so, the question arises regarding the nature of

the immune response and whether such reactivity is genetically controlled.

A sensitive CFSE-based proliferation assay and a capture ELISA technique were
established to evaluate T cell immune response and Glbl antibody level. Studies of young
adults with T1D indicated that a subset of patients displayed abnormal humoral and cellular
immune response to Glbl. T cell responses to WP and Glbl were predominantly Thl type
and were associated with the diabetes risk gene HLA-DR4, and not HLA-DQ2, the main
coeliac disease (CD) risk gene, suggesting the effect was diabetes-specific. Additional
studies in children at high risk for diabetes with islet autoimmunity revealed that Glbl
antibody and zonulin were highly correlated, suggesting the presence of gut abnormalities
related to tight junctions. In addition, increased immune response to Glbl was present in
children at high risk for diabetes who developed antibodies to the CD autoantigen, tTG.
Interestingly, Glbl antibodies appeared before tTG antibodies, suggesting that Glbl

antibody could have predictive value in people at risk of disease.
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The data from this study clearly demonstrate for the first time the presence of
abnormal humoral and cellular responses to wheat related dietary antigens in patients with
T1D. Further, these data strongly suggest that the gut is not functioning normally and raises

the possibility of a defect in the gut barrier, an immune imbalance and /or impaired oral

tolerance.
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Chapter One

Literature review



Brief history of diabetes

Aretacus was the first who used the term ‘diabetes’ from the Greek word for a
siphon. Matthew Dobson described hyperglycemia, which is an indication of diabetes, for
the first time in 1776 “he found that the serum as well as the urine in a diabetic patient tasted
sweet”. John Rollo (1809) used the adjective ‘mellitus’ from the Greek and Latin words
meaning ‘honey’ and called this disease Diabetes Mellitus . In the late 19" century, the
pancreas was discovered as the controlling organ for carbohydrate metabolism. Many
attempts were made to isolate the effective secretion of pancreas. Finally, in 1921 Banting
and his colleagues discovered insulin, an achievement for which they received the Nobel
Prize jointly in 1923. Von Meyenburg in 1940 reported an inflammatory insulitis
(Iymphocytic infiltration of the islands of Langerhans) in diabetic patients, which later
provided evidence of an autoimmune process in a subpopulation of diabetic patients 23,
Since the discovery of insulin, there have been no other major discoveries that significantly

affected the lifespan of diabetic patients '.

Diabetes mellitus classification

Diabetes mellitus is a metabolic disorder specifically affecting carbohydrate
metabolism. It is a disease characterized by chronic hyperglycemia due to deficiency of
insulin action caused by a loss of the physical, functional (B-cell mass and/or decreased
insulin sensitivity *°. According to WHO classification and ADA recommendations,

diabetes mellitus is divided into four major groups (Box 1.1).



Box 1.1 Classification of diabetes mellitus’

L. Type 1 diabetes
a) Immune-mediated
b) Idiopathic (autoantibody negative)
I1. Type 2 diabetes
II1. Other specific types of diabetes
a) Genetic defects of (3-cell function (e.g., MODY)
b) Genetic defects in insulin action
¢) Diseases of the exocrine pancreas
d) Endocrinopathies
e) Drug- or chemical-induced forms
f) Infections
g) Uncommon forms of immune-mediated diabetes (e.g.,
stiff man syndrome, anti-insulin receptor antibodies)
h) Other genetic syndromes, sometimes associated with
diabetes
IV. Gestational diabetes mellitus

+ adapted from 7



Type 1 diabetes (T1D)

The term Type 1 diabetes was adopted by the American Diabetes Association and the
World Health Organization (1997 and 1999 respectively), and replaces the previous term
Insulin-Dependent Diabetes Mellitus (IDDM) ®. This form of diabetes is characterized by
destruction of the insulin-producing -cells. The new classification distinguishes two forms
of type 1 diabetes: the autoimmune form, type 1a, and an idiopathic form, type 1b °. Box 1.2

shows the clinical subtypes of Type 1 diabetes ®.

Box 1. 2 Type 1 diabetes subtypes, preclinical and clinicalJr

Type 1 diabetes
Preclinical
e Autoantibodies present/OGTT normal
e Autoantibodies ++/OGTT abnormal
e Autoantibodies++/fasting hyperglycemia
Clinical type 1 diabetes (ketosis-prone)
» la: Autoantibodies present (autoimmune) ~95%
* 1b: Autoantibodies absent (idiopathic) ~5%
o Explosive onset (type 1c)
e Rapid onset

e Late onset (LADA): 10-20%

LADA, latent autoimmune diabetes in adults; OGTT, oral glucose tolerance test

+ adapted from



Epidemiology

Type 1 diabetes is one of the most common chronic diseases of children aged less
than 16 and affects approximately 0.4% of the population of developed countries. Although
T1D is known as a disease of childhood, recent epidemiological studies indicate that the
incidence is comparable in adults 9. There is geographical variation in incidence of this
disease. China has a low rate of about 0.57 cases per 100,000 of the population younger than
18 years of age per year. The UK has an intermediate incidence of 18-20 per 100,000/ year
and very high rates of 48-49 per 100,000/ year are reported in Finland and Sardinia 10-13.
The Avalon Peninsula of Newfoundland in Canada has a high rate of 36 per 100,000/year
14.

The incidence of diabetes has been increasing at a rate of 2-5% per year worldwide.
Interestingly, in populations with lower incidence this increase is very rapid compared with
the populations in high incidence countries such as Finland 15-17. Several publications
during the 1990s reported an increasing trend in incidence of this diséase 10. In addition, in
some populations there is a seasonal variation in the incidence of type 1 diabetes. For
example, in Finland the pattern of autoantibody appearance suggests a potential role for
enterovirus infections as triggers of B-cell autoimmunity with noticeable seasonal variation

18.

Etiology and Pathogenesis

In general, autoimmune diseases, including Type 1 diabetes, result from three major
interacting components: genetic susceptibility, environmental factors and the immune
system 19. Discovery of inflammatory insulitis by Von Meyenburg in diabetic patients and

the later finding of an association of this insulitis with the islets of children with T1D



provided the first evidence that this form of diabetes is caused by autoimmunity >
Although understanding that type 1 diabetes is an autoimmune disorder is an important
discovery, the origin of the disease remains poorly understood. One popular model of the
natural history of T1D suggests that genetically predisposed individuals with a fixed number
of B-cells are exposed to putative environmental triggers that induce B-cell autoimmunity 20.
The presence of islet reactive autoantibodies is a marker of ongoing autoimmunity, but
activated autoreactive T cells are thought to be responsible for destruction of B-cells. There
is always a gap between the onset of autoimmunity and the onset of diabetes, because the
clinical symptoms of T1D in general do not appear until approximately 80-90% of the B-
cells have been destroyed 21. To understand the pathogenesis and the etiology of type 1
diabetes, it is critical to identify genes that influence the susceptibility to disease, identify

environmental agents, and study the role of the immune system and regulatory mechanisms.

Genetics

T1D is complex, multifactorial and inheritance does not follow a Mendelian pattern.
There is considerable evidence that genetic factors influence both susceptibility and
resistance to type 1 diabetes. Several chromosomal regions have been linked with the
disease, suggesting that it is a polygenic disorder. Thus, like most other autoimmune
diseases, TID is influenced strongly by genetic factors. Monozygotic twins have a
concordance rate of 30-50%, whereas dizygotic twins have a concordance rate of 6-10%.
Children of parents with diabetes have a higher risk of developing T1D compared with the
general population, and this risk is higher in children whose father has diabetes (7%)

compared with children whose mother has diabetes (2%) 21,22 (Box 1. 3).



Among genetic factors, it is known that genes within the Human leukocyte antigen
(HLA) region provide the largest contribution to risk (40-60%) 21. Insulin-dependent
diabetes mellitus susceptibility loci 1 (IDDM1) or the Major Histocompatibility Complex, is
located within the HLA region on the short arm of chromosome 6 23. There are also non-
HLA genes, associated with susceptibility to type 1 diabetes but they are less well
understood. Among genetic loci, only some are strongly associated with disease. For
example IDDM2, corresponding to the area located upstream of the insulin gene INS is
believed to contribute 10% of genetic susceptibility. Another well known susceptibility
locus is IDDM12, which corresponds to CTLA-4 24. SUMO-4 25, T-bet 26 and toll like

receptor 2 27 are some recently identified candidates.

Box 1. 3 Genetic Susceptibility to type 1 diabetesJr

General population: 0.4%
Relative: 2-5%

Twin
e Monozygotic: 30-50%
e Dizygotic: 6-10%
Siblings: 5%
Offspring
e Of affected father; 7%
e Of affected mother: 2%
Parents: 3%

tadapted from 21



HLA Class II Region (IDDM1)

The HLA class II genes were shown to be strongly associated with T1D 28-30. These
genes code for proteins which are responsible for the presentation of antigens on the surface
of antigen-presenting cells (APC) to T lymphocytes 31. The great majority of Caucasian
patients have HLA-DR3 or -DR4 class II alleles and approximately 30% to 50% of patients
are DR3/DR4 heterozygotes. The DR3/DR4 genotype confers the highest diabetes risk with
a synergistic mode of action, followed by DR4 and DR3 homozygotes, respectively 2 n
addition to the HLA complex, several loci within or near this complex can modulate diabetes
risk which increases the complexity of the analysis of IDDM1I-encoded susceptibility 30,33.
In spite of the increasing incidence of T1D in the last 50 years, the frequency of patients
with high risk HLA genotypes decreased over this period suggesting the role of other factors

mainly in the environment 16.

Environmental agents

Genetic susceptibility is a requirement for development of diabetes but in the
majority of patients disease expression is thought to depend on interaction with some
environmental agents. Viruses, dietary antigens and to a much lesser degree, toxins and
stress have the potential to promote diabetes. There is considerable evidence that links
diabetes to environment but most of it is indirect, coming from epidemiological and animal
studies 29,34. In humans, monozygotic twins share the same risk genes and would be
expected to have a concordance of 100 percent for development of diabetes. In practice the
concordance is less than 40% overall 18,35 indicating that environment and/or somatic
recombination may play a role in development of disease. Concordance of T1D in twins

varies depending on age of diagnosis, higher co-incidence (65-70%) when diagnosis occurs



at age less than 5 years and lower co-incidence (18-38%) is observed when diagnosis occurs
after 15 years of age. Different environmental factors may explain the difference in
development of overt diabetes in twins.

Over the past 50 years, the overall incidence of type 1 diabetes has increased
approximately 2-4 fold at a rate of 3% per year in children 0-14 years in the world
population 15,16,36. Finland has a six-fold higher incidence of T1D compared with Russian
Karelia. These two countries are neighbors and the populations have similar genetic
backgrounds and similar frequency of risk HLLA genotypes 37 All of these findings indicate a
requirement for genetic susceptibility, which is influenced by environmental factors. Early
nutrition and infectious agents, specifically viral infections have been most frequently
implicated as early environmental influences *®.

Viruses and bacterial products

Prenatal rubella infection is considered as the only relatively direct evidence, which

links diabetes to viral infection. Children infected in the prenatal period developed diabetes

3940 In parallel, B-cell autoimmunity was present in 50-80% of cases

in up to 20% of cases
with congenital rubella syndrome (CRS) ***'"**. Although these results indicated that rubella
has a role in development of diabetes, current reports indicate the increase of T1D incidence
since the 1960s has occurred despite elimination of almost all cases of rubella because of
vaccination in developed countries 29.

Enteroviruses that infect stomach and intestine are another suspect for initiation of
B-cell autoimmunity ****°. It has been reported that 40-60 % of newly diagnosed T1D

patients have an elevated level of antibodies to Coxackie B viruses (CBV) a subfamily of

enteroviruses. In contrast only 0-4% of controls show high levels of antibodies to CBV *"*,



Because of an amino acid homology between a CBV4 protein and the autoantigen, GAD6S,
some researchers proposed that CBV can induce diabetes via molecular mimicry *.
However a review of 26 case-control studies indicated that there was no serological evidence
to support a role for the CBV *. Islet-related autoantibodies also have been detected after
other viral infections such as mumps, measles, chickenpox, and rotavirus 451 Two recent
well controlled prospective studies: DAISY in Denver °*> and BABYDIAB >3 in Munich did
not show any relationship between CBV and diabetes autoimmunity.

Our knowledge about the role of bacteria, specifically commensal bacteria in
development of T1D is limited, and comes from reports of some direct and indirect effects of
bacteria and their products on progression of disease. Bacterial products, such as
streptozotocin (STZ) and bafilomycin Al, which are produced by Streptomyces species,
could be a source of B-cell toxins in humans >*. Other microbial products such as bacterial
LPS, pertussis toxin, cholera toxin, and DNA oligonucleotides with CPG motifs can
manipulate the natural immune response to other environmental antigens. These metabolic
products have the potential, yet unproven, to change the cytokine secretion pattern and
immune response to dietary antigens resulting in a destructive autoimmune response to islets
in the pancreas >°.

BB rats and NOD mice, two models of spontaneous T1D, maintained in ultra clean
conditions have the highest incidence, suggesting that diabetes incidence is not necessarily
dependent on commensal bacteria *°. Unpublished data using BBdp rats from our laboratory
(Lefebvre et al.) showed that diet is the major factor affecting development of T1D even in
germ-free animals °’. Animals developed diabetes with a similar frequency either in specific

pathogen free (SPF) or strict germ-free (GF) conditions. However, the absence of microbial
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factors modified the protective effect of feeding a low antigen hydrolyzed casein-based diet
on development of autoimmune diabetes by delaying the age of onset and decreasing
incidence compared with animals fed the same diet but maintained under SPF conditions
(Lefebvre et al., unpublished data)’’.
Diet and its role in autoi;nmune diabetes

Food components are considered as non infectious agents that influence the incidence
of islet cell autoimmunity and T1D %, In the BB rat and NOD mouse models of T1D, diet
plays an important role in development of the disease **'. The association between diet and
T1D raises the possible role of the gut immune system in the pathology of diabetes.
However, our knowledge of the gut and its immune system is based mostly on studies in
rodents and therefore remains incomplete. Several dietary factors have been associated with
diabetes development 29,34. The two most investigated are discussed below: cow’s milk
proteins and wheat proteins.
Cow’s milk protein

The role of milk in T1D is controversial. Some studies have shown a correlation
between early exposure to cow’s milk, lack of breast feeding and the development of T1D
386264 but others did not find a correlation °>’. A human prospective study, TRIGR (Trial
to Reduce IDDM in the Genetically at Risk) %, investigated the effect of foreign dietary
protein in genetically predisposed neonates. Results from the TRIGR pilot study indicated
that high-risk neonates weaned onto a hydrolyzed casein based hypoallergenic formula
developed autoimmunity less frequently compared with neonates weaned to a standard milk
formula %,

Caseins, beta-lactoglobulin, alpha-lactalbumin, gamma-globulin, and serum albumin

are some of the major protein of cow’s milk. Caseins are the main proteins in cow’s milk
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(80%); in contrast, bovine serum albumin represents only 1 % of milk proteins. Studies in
Finnish children showed that antibodies to bovine serum albumin were present in all
children at onset of diabetes, but were absent in controls 6, Interestingly, other studies
showed that there was no relation between humoral and cellular immunity to alpha- and
beta-casein, beta-lactoglubulin and bovine serum albumin "', Additionally, some clinical
data indicate that there was no association between early exposure to cow’s milk and B-cell
autoimmunity in young siblings and offspring of patients 7273 Furthermore, the increased
practice of breastfeeding in developed countries is not consistent with increasing incidence
of childhood diabetes "*.
Wheat protein

Wheat is a major part of the food consumed in developed countries where T1D
incidence is highest. Since the 1960s, wheat consumption has risen almost 5 percent a year
in developing countries . Gluten is the main protein component of wheat, consisting of a
large macromolecular complex of polypeptides, mostly (80%) gliadin and glutenin proteins.
These proteins are not water-soluble and remain after extraction of wheat flour with water, a
process that removes most starch, albumin, and globulins. However, complete separation of
these proteins based on their solubility is not practical and trace contaminants of albumin
and globulin proteins remain ’°.

Wheat proteins are harmless in healthy individuals, but in genetically susceptible
individuals, they can be immunopathogenic. For example, gliadin proteins can cause
immune-mediated damage to the gut in coeliac disease patients and the water/salt-soluble

part of wheat proteins can cause IgE mediated Baker’s asthma 7”7®.
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Animal studies have linked wheat gluten with increased risk of autoimmune diabetes
9971980 - Studies show that a milk-free, wheat-based diet produced the highest diabetes
frequency in BBdp rat and NOD mice 81 confirming several reports of a higher incidence of
spontaneous diabetes in animals fed mixed plant based diets in which wheat is the major
component 5%, In humans, 2-8% of patients with T1D have wheat gluten sensitive
enteropathy (Coeliac Disease; CD), a rate that is 5-25 times the frequency of CD in the
general population 3*. One report indicates a greater reactivity of T cells to gluten among
children with newly diagnosed type 1 diabetes compared with control children %, A recent
study from our laboratory reported immunoreactivity to a homologue of wheat storage
globulin protein (Glbl) correlated closely with the destructive immune process that targets
the islet B-cells in the pancreas of BB diabetes-prone and diabetic rats *.

Data from some prospective studies support the role of wheat protein in the
pathogenesis of diabetes in humans. For example, the BABYDIAB study showed an
increased risk of developing islet autoimmunity associated with early exposure to gluten (<3
months) in offspring of T1D patients. However, this risk did not change for the cases
exposed to gluten after 6 months ¥’. In another report, data from the DAISY study indicated
that children exposed to cereals from age 0-3 months or after 7 months showed a higher risk
for developing islet autoantibodies . Interestingly, neither of these studies found a link
between early cow’s milk exposure and increased islet autoantibodies. Another human trial
tested the effect of eliminating gluten from the diet of relatives of T1D patients who had at
least two diabetes autoantibodies. However, removing gluten from the diet did not change
the frequency or level of autoantibodies in cases, but, there was some improvement in

insulin secretion and insulin sensitivity in relatives of diabetic patients .
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Considering the accumulating evidence that cereal based diets can promote
autoimmunity, it is useful to understand the role of the gut and its immune system. This
barrier and its immune guardians are the first major site of interaction with environmental
antigens including a large concentration and variety of dietary antigens. The gut mucosal
immune system has a dual role: it eliminates infectious agents and prevents damage and in
addition, it induces tolerance against harmless food and bacteria, a process called oral
tolerance. Oral tolerance is a major component of peripheral tolerance and to date the
molecular mechanisms are not known >>. Evidence is building in support of a central role for

the gut and gut immune system in development of type 1 diabetes.

Gut and its role in T1D

The link between intestinal immunity and T1D has been suggested by several
studies. Reports show that dietary factors can modify diabetes in animal models of
autoimmune diabetes and also in humans > [slet infiltrating T cells from NOD
mice express a gut homing receptor a4f7-integrin and blocking this receptor with specific
antibodies prevents diabetes in this model ***. Adoptive transfer of lymphocytes isolated
from mesenteric lymph nodes of diabetic NOD mice can cause diabetes in NOD/SCID-mice
% In human T1D patients, autoreactive T cells also expressed the gut-associated homing
receptor a4f37-integrin % Intestinal biopsy from diabetic patients, who did not have any
signs of CD showed a significant increase in HLA class I and ICAM-1 on epithelial cells,
indicating intestinal immune activation. Interestingly, following evaluation of a large panel
of cytokines in gut biopsies, IL-18 mRNA was significantly higher in T1D patients. In
contrast, CD patients showed lower IL-18 mRNA, and IFN-y and CD25 mRNA expression

was higher in CD gut biopsy samples. This study suggested that the gut inflammatory

14



process in diabetic patients could be different from the inflammatory process in coeliac
patients *°.

There are several reports indicating increased gut permeability in human T1D
patients *"1%°, Watts ez al. '*' reported that zonulin, a protein secreted by gut epithelial cells
that regulates intercellular tight junctions, plays a key role in the pathogenesis of T1D in
BBdp rats. They showed that the endogenous level of zonulin increased 35-fold in the BB rat
intestine during the development of insulitis. Blocking of the zonulin receptor reduced the
incidence of T1D by 70% and prevented development of islet cell autoimmunity in animals.
A recent study from Sapone et al., reported that 42% of the patients had abnormally
increased serum zonulin levels and zonulin upregulation was associated with increased
intestinal permeability in a subgroup. These data are consistent with the possibility that diet
modification with a protective diet (hydrolyzed casein) not only represents a low antigen diet
but could prevent increased gut permeability '°>'%°, These reports provide a possible link
between the gut, exposure to environmental antigens and development of autoimmunity in

genetically predisposed individuals.

Immunology

The development of T1D is the result of B cell destruction by an autoimmune process
that may take several years. The exact mechanisms of T1D pathogenesis from initiation until
the stage of B cell destruction are not clear yet '®. In general it is believed that several
immune cells including macrophages, dendritic cells, B lymphocytes, and T lymphocytes are
involved in the B cell specific autoimmune process 3104107 potential diabetogenic antigens,
could be either autoantigens released from 3 cells and/or environmental antigens processed

by antigen presenting cells and presented to T cells in association with MHC class II
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molecules. APCs activate Th1 CD4" T cells mainly by secretion of IL-12 which causes the
breakdown of the balance between effectors and regulatory cells'”’. In Thl conditions,
cytokines produced by T cells play an important role in the pathogenesis of T1D 1%
addition, in Th1 conditions, precytotoxic cells become cytotoxic and cause B3 cell destruction
by different mechanisms. For example, cytotoxic macrophages release 1L-13, TNF-a and
IFN-y and also free radicals '®"'°. CD8" cytotoxic T cells in association with MHC class I
molecules release granzyme and perforin or induce apoptosis using Fas/Fas ligand ',

The role of T-cells in the pathogenesis of T1D is well accepted . For example,
infiltration of islets (insulitis) has been shown to be associated with T cells and
administering cyclosporine A, a T cell blocking agent, delayed the disease process. In
addition, pancreas transplantation from one non-diabetic twin to the other diabetic twin,
provided evidence regarding the role of islet specific memory T cells in destruction of -

12 T cell infiltration into the pancreatic islets of Langerhans is thought to be a B-cell

cells
driven process 106112113 " Therefore, immune modulation of the process will be one possible
way to prevent the disease either at the initial stages or at the time of transplantation and /or
during attempts to stimulate endogenous regeneration (e.g. with GLP-1 analogues). Such
preventive strategies will be more feasible as knowledge is gained of (3-cell target antigens

and/or antigens from the environment that initiate immune dysregulation and cause B-cell

destruction.

Humoral immunity
The contribution of antibodies to the pathogenesis of certain autoimmune diseases
such as systemic lupus erythematosus and rheumatoid arthritis is postulated to occur through

several different mechanisms such as opsonisation, complement activation, improved

16



antigen presentation, and other routes ', However, to date there is no strong evidence to

support a direct contribution of antibodies to B-cell damage '".

The presence of islet
autoantibodies against insulin, GAD65 and IA-2 has been used to predict the risk for
development of T1D 1518 - Birst-degree relatives of T1D patients, who expressed
autoantibodies to three autoantigens have a 75% S5-year risk of diabetes compared with a
25% S-year risk in relatives who expressed only one autoantibody 17 Although, islet

autoantibodies are useful for prediction, autoantibodies have limited value as surrogate

markers for monitoring disease progression and interventions ''®.

Cellular immﬁnity

T1D is well known as a T cell-mediated disease, requiring contributions from both
CD4" and CD8" T cells '%. Therefore, identifying the antigenic specificity of pathogenic
B-cell-reactive T cells is important. Virtually all the candidate autoantigens for disease-
associated T-cells were identified originally using autoantibodies in serum of diabetic
individuals. B-cell antigens, including GADG6S5, insulin, and IA-2 were identified using
antibodies from T1D serum, and these proteins were found to be targeted by T cells '*#!'°.
Interestingly, several reports indicate an inverse correlation between T- and B-cell responses
to B-cell autoantigens including GAD65, GAD67 and ICA69 in T1D patients 19120 1y

addition, there are other candidate islet autoantigens which could serve as targets for

autoreactive T cells that were not discovered through the presence of autoantibodies

113,119,121

Thus, it is important to develop T cell assays to identify potential autoantigens in
T1D. However, there are several difficulties with reliability and reproducibility of cellular

assays that limit the use of T cell assays in human or animal models to find surrogate
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markers of insulitis. Among the limitations in T cell assays, PBMC are generally the only
available source of immune cells in human studies. Therefore, we must expect a very low
frequency of specific immune cells in the order of 1 in 100,000 in PBMCs 9 Traditional
techniques for proliferation assays are not sensitive enough to discriminate between
background and positive responses from such a limited number of specific T cells. In
addition, it is important to use fresh cells as this affects the consistency of results between
different studies ''°. On the other hand, purity, concentration of antigen and difference in
culture media are other factors that affect the reliability of T cell assays. The development of
new techniques such as ELISPOT and HLA tetramer assays are evolutionary steps in the
detection of specific T cells. Unfortunately, these sensitive techniques also have limitations
related to the toxicity of whole protein, which limits their use in screening. In this study, I
used a different approach, a CFSE proliferation assay, which is a sensitive and reproducible
technique to discriminate positive and negative T cell responses between controls and

patients in response to dietary protein %,

Coeliac disease and T1D

Coeliac disease or gluten sensitive enteropathy is the most common life long chronic
disease, with prevalence in the general population as high as 1 to 1.3% in developed
countries '**'**, The destruction of intestinal villi triggered by an immune response to
gluten-containing foods leads to malabsorption and clinical symptoms of the disease.

The pathogenesis of CD is not clear, but development of disease depends on the
presence of gluten in the diet and is closely related to specific HLA alleles DQ2 and DQ3
125126 * Although 20-25% of the general population carries HLA-DQ?2, still only 1% develops

CD, indicating a low risk between the presence of HLA-DQ2 and development of disease.
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TI1D is also considered as a potential gluten-associated disease. The prevalence of
CD among children with diabetes is between 1.0 - 6.2% '2"'*!. There are two reports of
even higher T1D/CD, one from Algeria and the other from Denmark, where prevalence of
CD was reported to be 16.4 and 12.3% in children with T1D respectively 3213 "Of interest,
islet related antibodies are present in 23% of patients with CD, and their presence may
predict the future development of T1D in these patients 134,

Coincidence of T1D and CD is consistent with the possibility that dysfunction in the
gut and its immune system could promote the development of an abnormal immune response
to dietary wheat proteins, which may cause coincident development of both diseases. There
are reports that in most patients with both diseases, diabetes developed first and CD
symptoms developed later 35 This observation raises the possibility that in cases who

developed CD first, a gluten free diet has a protective effect and prevented the development

of diabetes ¢,

Summary and hypothesis

In summary, the triggers and / or promoters, which stimulate the immune system to
attack B-cells and the details of the B-cell destructive process, remain unclear. Previous
research both from human and animal studies, indicates that exposure to cereal-based diets
can promote autoimmunity or autoimmune destruction of pancreatic f-cells while removing
wheat gluten from the diet affects the magnitude of autoimmunity. Removing wheat protein
from the diet cannot prevent an ongoing autoimmune process, but could have a benefit in
restoring islet mass and function of insulin producing cells 8789 Therefore, identifying

wheat-sensitive individuals, who are at risk of T1D, is important because it is conceivable
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that adopting a gluten free diet could prevent the development of autoimmunity or delay
onset of diabetes in these individuals.

Several reports indicate increased gut permeability is present in T1D patients ° .
Also, it has been proposed that the zonulin protein that modulates intestinal permeability is
increased in a subgroup of type 1 diabetic patients and diabetes prone BB rats 101137 1
addition, intestinal biopsies from diabetic patients showed immune activation in the gut and
the histological pattern of intestinal biopsies was different than CD, suggesting that this
activation is not due to coeliac disease *°. Cells isolated from MLNs of wheat-fed BBdp rats
contain an unusually high proportion of Th1 cells that proliferate specifically in response to
wheat protein antigens '**. Therefore, identifying the stimulatory antigens in wheat proteins
and finding the origin of potential B-cell specific T cells which initiate B- cell destruction, is
an important goal to help clarify the pathogenesis of T1D.

The role of wheat-specific cellular immunity in diabetic individuals is not clear yet
and to date little is known about cellular immunity against wheat proteins in peripheral blood
of human T1D patients. In humans, Peripheral Blood Mononuclear Cells (PBMC) are the
cells that can be obtained by the least invasive procedures to evaluate T cell immune
responses. PBMC contain circulating immune cells that represent the pooled immune cells in
the whole body. To my knowledge there is only one published report® that evaluated the
immune response of PBMC to wheat gluten in patients with T1D. In this report, they showed
increased T cell response to wheat gluten, but the response was relatively weak, possibly due
to the antigen preparation or other technical difficulties with the proliferation assay as noted

above ''®. Therefore, further study is required to detect specific T cells and evaluate the

immune response of T1D patients to dietary wheat proteins.
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In the present studies, I hypothesized that a subpopulation of individuals with T1D

has abnormal immune responses to wheat proteins. The major aim of this study was to

determine whether there is an abnormal immune response to a mixture of wheat proteins or a

purified wheat storage globulin homologue, Glbl in T1D patients. If so, the question arises

regarding the nature of the cytokines produced and whether such reactivity is genetically

controlled by specific HLA alleles.

The following are the approaches and sub aims in this thesis:

To establish a sensitive CFSE proliferation assay to determine the presence of
specific T cells that respond to dietary antigens (Chapter 2 and 3).

To determine whether there is an abnormal T cell immune response to a mixture of
wheat proteins (WP) and characterize the nature of the immune response (Chapter 3).

To determine whether reactivity to WP is associated with specific HLA alleles
(Chapter 3).

To evaluate whether an abnormal T cell response to other dietary antigens is present
in T1D patients (Chapter 3)

To generate and purify a recombinant baculovirus expressing His-Glbl protein
(Chapter 4)

To evaluate, the immune reactivity to Glbl homologue in a highly wheat sensitive
patient with T1D and coeliac disease (Chapter 5).

To establish an ELISA assay to measure GIbl antibody levels in serum and plasma

(Chapter 2 and 6)
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e To use recombinant His-GIb1 protein to identify GIbl reactive T cells in a subset of
young adults with T1D, to characterize cytokines produced and to determine HLA
association (Chapter 6).

e To determine humoral immune responses to His-Glb1 protein in samples from young

adults with T1D or children at high-risk (Chapter 6).
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Chapter Two

Materials and Methods



Materials and Methods

Patients

Case Study

A 28-year-old Caucasian female with type 1 diabetes and coeliac disease was
studied. The patient had the diabetes-associated HLA types DRB1*0401, DRB1*0301, and
DQB1*0302, as well as the coeliac associated HLA types DRB1*0301, DQB1*0201, and
HLA-DR53. Control subjects (n = 8; 6 female, 2 male) with no significant medical history
ranging in age from 24 to 40; mean age 29 + 6.8 years were investigated. The Ottawa
Hospital Research Ethics Board approved the study, and informed consent was obtained

before sampling,.

Study groups in Ottawa

The study was approved by the Ottawa Hospital Research Ethics Board and
Children’s Hospital of Eastern Ontario Ethics Board. Patient volunteers were recruited
through physicians at the Ottawa Hospital and CHEO, Ottawa, Canada. The subjects have
clinically proven T1D. Most were young adults (n=42) of both sexes between 8-41 years of
age and including one child (n=1). In addition, 22 unrelated controls without acute infection
or autoimmune disease were recruited in a similar age range 18-40 and ethnic group

(Caucasian) (Table 1).
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Group Number Sex (f/m) Ratio  Mean age (Range) Mean duration

(years) (years = SD)
T1D 42 28/14 27 (8-41) 11.3+7
Control 22 11/11 25 (18-40)

Table 2.1 Description of Subjects.

Control subjects and patients with type 1 diabetes were recruited. Study groups were age
matched.

Case-control study (DAISY, Denver)

We received 151 samples from cases and controls from the DAISY study - The
Diabetes Auto Immunity Study in the Young at the Barbara Davis Center for Childhood
Diabetes/ University of Colorado Health Sciences Center. Two or more samples were
received from 35 cases of strict autoimmunity (one or two islet autoantibodies present). One
or two samples were collected before and one sample was collected after they became
positive for diabetes autoantibodies. Also from the DAISY study, 63 controls were chosen
from children without autoantibodies but at high genetic risk for diabetes. These high-risk
controls were frequency matched to the case group on the age of first positive visit and
HLA-DR 3/4 status. Age (mean + SD) was 1.8 + 2 years for negative visit samples, 3.8 + 3.3

years for positive visit samples and 4.0 + 2.4 for controls.

Case-control study (CEDAR, Denver)

We received 217 serum samples from cases and controls to evaluate the Glbl

antibody level from the CEDAR Study - CoEliac Disease Autoimmunity Research in
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Denver, Colorado. Samples consisted of two or more serum samples from 50 cases, who
were tissue transglutaminase (tTG) IgA positive, which identified them as being high risk for
CD. The negative visit sample was obtained before cases became positive for tTG IgA. 50
controls were selected from tTG IgA negative high-risk children participating in the study.
The high-risk controls were matched with cases on age, gender, ethnicity, and HLA-DR3.
Age (mean + SD) was 2.2 + 1.6 years for all negative visit samples, 3.7 + 2.0 years for the
last negative visit sample, and 4.9 +1.8 years for the first positive visit. For the control gfoup

this value was 4.9 £ 1.9 years.

Sample preparation

Isolation of serum or plasma and storage of Ottawa samples

Blood was drawn and transferred into vacutainer serum separation tubes (BD
Vacutainer ™ SST® Gel and Clot Activator); for PBMC collection whole blood tubes with
liquid EDTA (Vacutainer®Blood Collection Tubes, K3 EDTA) were used. Serum was
separated from the vacutainer immediately after sampling by centrifugation at 2000 x g for 5
min. We also collected 1:1 plasma diluted with PBS from Ficoll tubes before isolation of

PBMC. Samples (plasma and serum) were aliquoted and frozen at -20°C for future analyses.

Isolation of mononuclear cells

PBMC were isolated from blood by density gradient centrifugation over histopaque®-
1077 (Sigma-Aldrich Canada Ca No. 1077). Blood was diluted with PBS 1:1; Ficoll (15 ml)
was then carefully injected under 30 ml diluted blood in 50 ml sterile BD Falcon™
centrifuge tube (Becton Dickinson) using a spinal access needle (18 x 90 mm, TSK

Laboratory Japan). Tubes were spun at 400 x g for 30 minutes at RT with the brake off. The
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buffy coat cell layer containing the mononuclear cells was collected using a sterile pipette
and transferred to another 50 ml Falcon tube for washing. Cells were washed twice with
Hank’s buffer (Gibco 14170-112) containing 20 mmol HEPES (Gibco 15630-080) at 250 x
g for 10 min at 4-8°C. The total number of PBMCs and viability of cells after staining with

trypan blue were evaluated using a hemacytometer.

Freezing, thawing and storage of mononuclear cells

PBMC (6 -7x10%) /ml were suspended in cold freezing medium containing 90% FBS,
10% DMSO, and transferred to a 1 ml cryotube which was placed in a NALGene™ cryo 1°C

freezing container and immediately transferred to a -80°C freezer to freeze slowly at

-1°C/min. After 24 h storage at -80°C the tubes were transferred to liquid nitrogen for

storage until use. Cryopreserved cells were thawed quickly in a 37°C water bath and then
one vial of cells was added to 5 ml of complete medium. The cells were mixed gently with
media and cells were pelleted quickly at 400 x g for 10 min. The cells were resuspended in
complete medium and diluted to the appropriate concentration for cell culture or

phenotyping.

Antigens

Wheat protein

Wheat gluten powder (ICN Biochemicals, Cleveland, Ohio, USA) was digested
with a-chymotrypsin (C4129 Sigma, Oakville, ON, Canada) at 100:1 (w/w) in 175 mM
Tris-base at pH 7.8 overnight at 37°C according to Arentz-Hansen et al. '*°. The partially

digested wheat proteins were centrifuged at 1500 x g for 15 min at RT. The supernatant was
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diluted 1:1 with PBS and filtered in two steps, first, the suspension was passed through a 1.2
um Acrodisc Syringe filter and then filtered through a 0.2 um Acrodisc Syringe filter
(Gelman Laboratory) to sterilize the solution. Protein concentration was determined using
the Bradford assay '** and later confirmed with the Bio-Rad protein assay (Bio-Rad, USA).
Bovine serum albumin (BSA, Pierce #23209) was used as the protein standard. The wheat
protein antigen solution was heat inactivated for 1 h at 100°C and then aliquoted and kept
frozen at -20°C until use.
Gliadin

Gliadin powder (Sigma G-3375) was dissolved and stored in 10 mM acetic acid at a

concentration of 10 mg/ml (stock solution).

a-gliadin 33-mer
Dr. Hubert Kolb (German Diabetes Research Institute, Dusseldorf) and Dr. Chaitan

Khosla (Stanford University, California) provided a-gliadin 33-mer (residues 57-89).

Other antigens and a mitogen: GAD, OVA, Tetanus toxoid and PHA

Recombinant human glutamic acid decarboxylase (GAD) was purchased from
Diamyd Diagnostics Stockholm, Sweden. A vial with formulation buffers without GAD was
provided to use as a control in T cell assays. Recombinant human insulin (Sigma I-9278),
chicken egg ovalbumin (OVA) protein (Sigma A-5503), and Phytohemagglutinin (PHA)
(Sigma St. Louis, MO) were from Sigma Diagnostics, St. Louis, MO. Tetanus toxoid (TT)
(lot# TAS 307) at a concentration of 2700 LF/ml was purchased from Connaught Medical

Research Laboratories of the University of Toronto.
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Flow cytometry
Standard flow cytometery protocols were used to evaluate surface markers of fresh
PBMC. Briefly, approximately 0.3-0.5x10° cells/Falcon tube (35-2053 Becton Dickinson,

Franklin Lakes, NJ) were washed once with 0.5-1 ml of FACS buffer (1% BSA (w/v) in
Sheath Fluid (Beckman Coulter, Fullerton, CA). After centrifugation at 300 x g for 5 min
and removal of the supernatant, the cells were resuspended in 100 pl of FACS buffer
containing fluorochrome-conjugated antibodies. Isotype controls and apprdpriate
compensations were used for multi-color staining. After 30 min incubation at 4°C in the
dark, tubes were washed once with 0.7 ml of FACS buffer and spun at 300 x g for 5 min.
Cells were resuspended in 0.5 ml of FACS buffer and analyzed using the FC500 flow
cytometer (Beckman-Coulter, Mississauga, ON, Canada). The data from 2x10% cells
following appropriate compensation and gating on live cells, as determined by labeling the
cells with 7AAD or propidium iodide (PI). Finally, data were analyzed with Cytomics ™

RXP analysis version 1.0 software package (Beckman Coulter Inc).

CFSE-based flow cytometric proliferation assay
CFSE labeling

Human PBMC in Hanks buffer containing 20 mM HEPES, without serum (Life
Technologies) were labeled with 2 uM 5, 6- CarboxyFluorescein, Succinimidyl Ester
(CFSE; Molecular probes). 40 pl of 50 uM (5 mM CFDA stock solution diluted 1:100 in
HBSS), was added to each ml of suspension containing 20x10° PBMCs. After staining with

CFSE, cells were incubated for 20 minutes at 37°C with gentle shaking every 5 min under

29



low light conditions. Cells were washed twice with cold HBSS medium containing 20 mM
HEPES and 5% (v/v) heat inactivated human AB" serum (Bioreclamation INC, Hicksville,

NewYork).

Cell culture

Labeled PBMC were resuspended (under low light conditions) in RPMI-1640 (Sigma
R8758) containing 5% heat inactivated human AB" serum (Bioreclamation INC, Hicksville,
NewYork), 2 mM L-glutamine (GIBCO 25030-081), 25 mM HEPES (GIBCO’ 15630-080),
50 uM B-mercaptoethanol and 1% antibiotic/antimycotic (GIBCO 15240-096) to provide a
final concentration of 1.2x10° cells/well in 24 well plates (Falcon 353047). Various
antigens including wheat proteins (chymotrypsin-treated, heat-inactivated wheat gluten, WP
(3.2-12.4 pg/well), Glbl (10 pg/well), gliadin (10 pg/well, Sigma), a-gliadin 33 mer (10
pg/well), insulin (10 ug/well), ovalbumin (Ova, 1 uM), Tetanus toxoid (TT, 2.7 LF/well) or
PHA (5 pg/well) were added to bring the volume of each well to 1 ml. Plates were incubated
at 37°C in 5% CO,. On day 3 of culture, 1 ml of 20 TU/ml rhIL-2 was added to each well to
a final concentration of 10 U/ml and plates were incubated until the end of day eight at
which time some cultures were split as necessary (i.e., PHA). Supernatants were harvested
and stored at -20°C for cytokine analyses and cell proliferation was assessed using a CFSE-

based, flow cytometric assay.

Flow cytometry analysis and calculation of cell division index (CDI)
Cells were harvested at the end of day 8 and stained with Cy-chrome (ECD)
conjugated anti-human CD3 (Immunotech IM2705) as the primary marker for calculation of

cell proliferation. In addition to CD3, other labeled antibodies, were used to evaluate
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additional surface molecules in selected individuals. Tubes containing unlabelled (control)
and labeled (test) cells were analyzed using an FC500 flow cytometer. FACS plots of CFSE-
labeled CD3 ECD-stained cultured cells were recorded and raw data were evaluated with
Cytomics™ RXP analysis software version 1.0 (Beckman Coulter Inc) to calculate CDI
based on a fixed number of 5000 CD3"CFSE™#" cells. Cell division index (CDI) was
calculated as follows: CDI=number of CD3", CFSE %™ cells with antigen/number of CD3",

CFSE %™ cells without antigen (Chapter Three, Figure 3.1)'%.

Inhibition by polymyxin B

Polymyxin B (PmB) sulfate has been shown to bind and neutralize endotoxins such
as LPS %2 To test whether our antigens and purified recombinant proteins were
contaminated with LPS, PmB (Sigma, Oakville, ON, Canada) was added at a concentration
of 10 ug/ml with different concentrations of proteins and LPS. After 30 min incubation,
PBMC were added to the culture wells, and proliferation was evaluated as previously

described.

Blocking HLA-DR

Anti-HLA-DR clone G46-6, mouse IgGz,,k (5-10 pg/ml) (BD Biosciences Cat No.
555809) and isotype Mouse IgGaa,k clone G155-178 (BD Biosciences Cat No. 554645) were
added to the wells containing PBMC (see CFSE proliferation assay procedure for culture
conditions). Antigens were added to the wells 30 min later 142 Cell labeling and cell
proliferation assays were followed as described in the proliferation assay section of this

chapter.
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Cytokine analyses

CBA (Cytometric bead arrays) by BD Biosciences were used to quantify Th1/Th2
cytokines in supernatants from the cells used for the CFSE proliferation assay. In this
assay IFN-y, TNF, IL-4, IL-10, and IL-6 were evaluated. In addition Th1 (IFN-y) and
Th2 (IL-5) cytokines were evaluated using ELISA for our case report (Chapter 6) to

verify the levels measured by CBA analyses.

ELISA
Human IFN-y and IL-5

Cytokine concentrations in the supernatant from the in vitro CFSE proliferation assay
were determined using a sandwich enzyme-linked immunosorbent assay (ELISA), with two
different monoclonal antibodies (mAbs) which recognize different epitopes. Purified rat anti-
human IFN-y (BD PharMingen Cat No. 551221), purified rat anti-human IL-5 (BD
PharMingen Cat No.554393), were coated with 50 pul of 1pug/ml primary antibody in coating
buffer (Phosphate buffer pH 9.6 NaHCO3/Na,CO;) for 1 h at 37°C or overnight at 4°C in 96
well flat-bottom plates (Nunc MaxiSorp Cat No. 439454). The plates were washed 3 times
with ELISA washing buffer (PBS containing 0.05% Tween20 Sigma). Plates were blocked
with 200 pl of blocking buffer (1% BSA in PBS) for 1h at 37°C or 4°C overnight. After
removing the blocking buffer, 100 pl of cytokine standards or samples diluted in dilution
buffer (1% BSA in PBS containing 0.05% Tween 20) were added to each well (duplicates).
ELISA dilution buffer was used to fill duplicate wells as blank. Plates were incubated
overnight at 4°C. The plates were washed 6 times with washing buffer with at least three

incubation intervals of 5 min. 100 ul of 0.5 pg/ml biotinylated detection antibody for each
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individual cytokine, anti-human IFN-y (BD PharMingen Cat No. 554550), anti-human IL-5
(BD PharMingen Cat No. 554491), was diluted in dilution buffer and added to each well for
1 h at RT. The plates were washed as in the washing step and incubated with 100 pl/well of
1:10,000 avidin-horse-radish peroxidase (HRP) (BD Pharminogen Cat No. 554058) in
ELISA dilution buffer for 45 min at RT. The plates were washed and incubated with 100
ul/well TMB peroxidase substrate (BD Opt EIA Cat No. 555214) to detect cytokine for 10-
30 min at RT. The reaction was stopped using 100 ul/well of 1N HCL. Plates were analyzed

at 450 nm using a Multiscan Ascent plate reader (Thermo Labsystems, Helsinki, Finland).

Cytometric bead array

Cytometric bead arrays by BD Biosciences were used to quantify Th1/Th2 cytokines
in supernatants from the cells used for the CFSE proliferation assay. A human Th1/Th2
CBA Kit (CBA Human Th1/Th2 cytokine kit II, Cat No. 551809) was used according to the
manufacturer’s instructions to detect IFN-y, TNF, IL-4, IL-10, and IL-6. Briefly, an FC500
flow cytometer (Beckman-Coulter) was adapted to read tubes from the CBA kit. Cytometer
setup beads from the kit were used and an acquisition template was designed specifically for
this machine. 50 ul of supernatant were incubated at RT for 2 h with 50 ul mixture of mAb-
coated beads and 50 ul of the appropriate phycoerythrin (PE)-conjugated anti cytokine
antibody. After incubation, samples were washed once in order to remove excess of detector
antibodies. Data acquisition was performed on the FC500 flow cytometer and data from at
least 1800 events were captured (300 events for each of the different cytokine beads). To
allow quantification of the captured cytokines, a total of 10 concentrations of standard for

each cytokine were used ranging from 0 to 10,000 pg/ml. Standard curves were plotted as
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cytokine calibrator concentration vs. PE-Mean Flurorescence Intensity (PE-MFI) using BD
CBA software version 1.4 (BD Biosciences). The concentration of each cytokine in
individual samples was determined by comparing the reading from MFI cytokine beads to

the standard curve.

Measurement of serum zonulin
A zonulin sandwich enzyme-linked immunosorbent assay (ELISA) was performed
137 in Dr Alessio Fasano’s laboratory at the Mucosal Biology Research Center, University of

Maryland School of Medicine, Baltimore, Maryland.

Measurement of anti-Glb1 antibody

IgG-Glbl antibodies were measured using an ELISA technique that I established in
our laboratory. The assay was performed as follows: 96 well flat-bottom plates (Nunc
MaxiSorp Greiner’s Cat No. 439454) were coated with 50 pl of 0.5 pg/well recombinant
GIbl (expressed and purified in our laboratory) in coating buffer (Phosphate buffer pH 9.6
NaHCO;/NayCOs) for 90 min at 37°C. Plates were washed twice with ELISA washing buffer
(PBS containing 0.05% Tween20, Sigma). Plates were blocked with 200 pl of blocking
buffer (5% human serum albumin in PBS) (Albumin 25% solution, DIN 02223708, Bayer
Corporation, Elkhart, IN) for 1h at 37°C or 4°C overnight. After removing blocking buffer,
100 ul of control or test sample were diluted 1:20 in dilution buffer (5% human serum
albumin in PBS containing 0.05% Tween 20) and added to each duplicate well. ELISA
dilution buffer was used in duplicate wells as a blank. Plates were incubated overnight at

4°C. The next day, plates were washed 6 times with washing buffer with at least three 5-10
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min incubation intervals. At least one hour before starting the washing process, the
secondary antibody (Anti-human IgG A0170 conjugated with HRP (Sigma, Oakville, ON,
Canada) was diluted 1:20,000 in dilution buffer and absorbed with Glb1l 1 pg/ml for 1 hour
with continuous shaking at RT to block non-specific binding. 100 pl of pre-absorbed
secondary antibody was added to each well and incubated for 90 min at RT with slight
shaking. The plates were washed and incubated with 100 pl/well TMB peroxidase substrate
(BD Opt EIA Cat No. 555214) to detect cytokine for 10-20 min in RT. The reaction was
stopped using 100 pl/well of 1M H,SOs. The plates were evaluated at 450 nm using a
Multiscan Ascent plate reader. To standardize the results, arbitrary units were calculated in
relation to the serum value of an individual who displayed high level of Glb1 antibody ‘.
The antibody level in this serum was considered as 100 arbitrary units and used as a standard
to calculate the value of other samples in the assay. Two other sera with low and

intermediate absorbance were used as internal controls in each assay.

Measurement of LPS contamination in protein antigens

The endotoxin content of extracted or purified proteins was analyzed with a
chromogen version of the Limulus amebocyte lysate assay (QCL-1000, Endotoxin;
BioWhittaker, Walkersville, MD). The manufacturer’s instructions were followed and LPS
dilutions (Sigma 1.-4516/ from: 0127:B8) were prepared and used as additional internal

controls.
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HLA Typing
DNA preparation

Four to six million mononuclear cells from each volunteer (PBMC or PHA
stimulated T cells) were harvested and DNA was extracted using a QIAamp DNA mini kit
from Qiagen or cells were sent directly for HLA typing to the Ottawa Hospital DNA
laboratory. Extracted DNA samples were evaluated for concentration and integrity using UV
spectrophotometry (absorption at UV 260 nm and 280 nm) and agarose gel electrophoresis
with ethidium bromide staining. DNA was then diluted with 10 mM Tris to obtain a standard

concentration and was then frozen at -70°C until used.

HLA Identification

PCR-SSP based typing was performed for some samples using Olerup SSP™ typing
kits for HLA-DR and DQ low resolution (Genovision Inc., USA). Briefly, appropriate
amounts of DNA and recombinant Taq polymerase (Gibco-Life Technologies, USA) were
added to pre-aliquoted primers. PCR was performed according to the manufacturer’s
instructions. Agarose gel (1.5%) was used to separate amplified PCR products. A 100 base
pair marker ladder (Gibco-Life Technologies, USA) was run along with the PCR products
during electrophoresis to determine the size of the amplified product. Manual allele
assignments were performed based on the kit instructions. The rest of the samples were
analyzed at the clinical laboratory of the Ottawa Hospital, Ottawa, ON, for low resolution

and high resolution determination in cases which had HLA-DRB1*03, *04 and DQB1*02.
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Expression and purification of Glb1

The His-tagged Glbl gene which was previously constructed in a pET17b vector by
Dr. Amanda MacFarlane in our laboratory, was purified after digestion with Xhol/Xbal
restriction enzymes. The His-Glb1 nucleotide sequence was cloned into the same restriction
enzyme sites of the BacPAK9 transfer vector (BD Bioscience) and the presence of Glbl was
confirmed by restriction mapping. The His-GIbl gene was transferred to the baculovirus by
forced recombination between the transfer vector and BacPAK6 viral DNA. Recombinant
virus was isolated, propagated, and amplified in SF21 insect cells. His-Tagged Glbl was
expressed in SF21 insect cells and the expression of Glbl was confirmed by Western blot
analysis. Recombinant protein was purified on a nickel column using an imidazole gradient.

Details of the cloning and purification of Glbl are given in chapter 4 of this thesis.

Statistical analyses

The significance of differences between means among patients and controls was
analyzed using the non-parametric Mann-Whitney U-test provided in GraphPad Prism
version 4.0 for Windows, (GraphPad Software, San Diego California USA). Significance of
differences in frequencies was evaluated using two-tailed Fisher’s Exact Test. Pearson’s r
correlation was used to determine the correlation between WP T cell response and the other
dietary or autoantigens using STATISTICA (data analysis software system, version 6.0,

2002 www.statsoft.com). For all statistical analyses a two-tailed p value of < 0.05 was

considered significant.
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Chapter Three

T cell response to wheat proteins and association with HLA



Introduction

Type 1 diabetes is an immune-mediated disease. The triggers, which stimulate the
immune system to attack B-cells and the details of the B—cell destructive process, remain
unclear. Nonetheless, evidence continues to accumulate that diet could affect diabetes,
further suggesting a possible link between increased intestinal permeability, environmental
exposure to non-self antigens, and the development of type I diabetes in genetically
predisposed individuals 868144145

Genetic predisposition is a prerequisite for autoimmune diabetes 30. Among genetic
factors, the HLA region provides the largest contribution (40-60%) 21. More than 90% of
Caucasian T1D patients carry either the DR3 or DR4 haplotype 20,146. The DQB1*0302
allele present on the DR4 haplotype is strongly associated with T1D and a synergistic effect
on T1D risk is observed in DR3/4 heterozygous individuals *’.

There are several reports that link wheat which is known to stimulate various

148 .. . : ; i - i
7778198 with increased risk of autoimmune diabetes "*'*. Wheat is the

immune responses
most abundant source of protein in the human diet and it represents a complex mixture
containing at least 1,300 polypeptides "°.

In humans, patients with T1D develop coeliac disease 5-25 times more than the
frequency of CD in the general population 8384 Two prospective studies in high risk infants
showed increased risk of developing islet autoimmunity was associated with early exposure

87,88

to wheat proteins . In addition, a recent study from our laboratory showed

immunoreactivity to a homologue of wheat storage globulin protein (GIb1l) correlated
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closely with the destructive immune process that targets the pancreatic islet B-cells in the
pancreas of BB diabetes-prone and diabetic rats *.

However, apart from epidemiological and animal studies, data are limited on the
‘ cellular immune response to wheat proteins in patients with T1D. We hypothesized that a
sub-population of individuals with T1D could have abnormal T cell immune responses to

wheat protein.

Experimental design and results

In the present study I assessed whether T1D patients demonstrate abnormal T cell
immune responses to WP and characterized the nature of this immune reactivity. In parallel,
I analyzed the HLA-DR and DQ haplotype in T1D patients and controls to determine
whether reactivity to WP was associated with specific HLA alleles.

The most relevant cells to evaluate the cell-mediated immune response are isolated
cells from tissues, likely involved in the inflammatory process of T1D, such as, the gut
associated lymphoid tissue (GALT), pancreas and pancreatic lymph nodes. Unfortunately
these cells can only be accessed by invasive biopsy. These tissues are either easily damaged
or do not yield sufficient numbers of cells. As an alternative, PBMCs were used to evaluate
T cell immunity. These cells are easily obtained and can be used as a source of immune cells
which represent pooled immune cells in the whole body.

We established and optimized a sensitive CFSE proliferation assay in our laboratory
to evaluate T cell immune reactivity to a group of antigens including WP (Figure 3.1 and
chapter 2). Forty-two T1D and 22 healthy individuals were evaluated for immune reactivity

to WP (for description see Table 2.1).
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The samples from our study group in Ottawa for T cell proliferation (Chapter 3 and
5) were not run blind. We analyzed at least one control and one case on the same day to
minimize variation of results between cases and controls on different days. We used selected
case and control specimens to establish conditions for the T cell proliferation assay (e.g.
antigen concentration). The data from the optimized assays were included in subsequent

analyses.

Results
T cell response to wheat protein in PBMC from T1D patients and controls

To select an appropriate concentration of WP for T cell assays three concentrations
of wheat protein (3.1, 6.2, and 12.4 pg/ml) were evaluated. T cell responses to two
concentrations (3.1 and 6.2 pug/ml) of WP antigen were significantly higher in the T1D group
compared with the controls, whereas response to 12.4 pg/ml of WP was marginally
significant (Figure 3.2 A), indicating possible toxicity of WP at this higher concentration.
The highest response was to 6.2 pug/ml, therefore, we chose a concentration of 6.2 pg/ml as
the optimum concentration. Cells from responders were mainly CD4" T cells, CD8" T cells
showed very weak responses to different concentrations of WP (Figure 3.2 B). Of the 42
patients with T1D, 20 (47%) had a positive proliferation response to 6.2 pug/ul WP using the
control group mean + 3 SD as the cutoff for a positive response (Table 3.1 and 3.2). The
CDI in response to WP was different between patients and controls (mean CDI= 32.0 & 60.0,
n=42) versus (mean CDI=4.9 = 3.2, n=22); (Figure 3.3, p=0.0004; Mann-Whitney U-test). T

cell responses to WP did not correlate with duration of disease, but we observed T cell
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responses to WP had a moderate negative correlation with age of T1D patients (Pearson’s r

correlation, r=-0.35, p=0.025) (Figure 3.4 A and B).

T cell response to dietary OVA and selected wheat antigens in a subset of T1D
patients

Increased T cell responses were detected in some T1D patients to various antigens
including OVA (ovalbumin, a presumably irrelevant dietary antigen), wheat gliadin, a-
gliadin 33-mer peptide (a key coeliac related antigen) and the T1D autoantigen, insulin (p<
0.03) (Figure 3.3). T cell responses to TT and PHA did not differ significantly between
controls and T1D patients (p=0.2 Figure 3.3). There was a positive correlation between WP
T cell responses and T cell responses to OVA, gliadin and a-gliadin 33-mer peptide in T1D
patients (Figure 3.4 C, D and E: p=0.001, p=0.00001 p=0.0001, Pearson’s r correlation). In
contrast, correlation between WP T cell response and T cell response to insulin in T1D
patients was not significant (p=0.17) (Figure 3.4 F).

IFN-y and IL-6 are the dominant cytokines in supernatants of WP-stimulated
PBMC

A subgroup of patients with T1D and control subjects was studied for cytokine
secretion by WP-stimulated PBMC using flow cytometric bead arrays ° (Figure 3.5).
Results showed a significant difference between control and T1D cytokine levels for IFN-y,

TNF and IL-6 (p=0.005, p=0.007 and p=0.0005 respectively). However after removing one
outlier, the mean IL-4 concentration in the culture supernatant was significantly higher in

T1D vs. controls (p=0.004). It is important to note that the level of IL-4 was much lower

compared with IFN-y (approximately 8 fold lower). IL-10 was produced by WP-stimulated
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PBMC at low levels and was not significantly different. Surprisingly, IL-6 secreted by WP-

stimulated PBMC was approximately 6 fold higher than IFN-y.
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Figure 3.1 Antigen-specific CD3" T cell proliferation

The figure shows FACS plots of CFSE-labeled CD3 Cy-chrome-stained PBMC after 8 d of
- culture £+ antigens. (A) 1.2 X 10° CFSE-labeled PBMC from a patient with T1D were
cultured for 8 d in the absence or presence of different concentrations of wheat proteins
(WP), a chymotrypsin-treated extract of wheat gluten or Gliadin proteins. As a control, cells
were cultured with chicken ovalbumin (OVA), tetanus toxoid (TT) or phytohemaglutinin
(PHA). On day 8, cells were stained with Cy-chrome conjugated anti-CD3 mAb. The
number of CFSE®™ events was the number corresponding to 5000 CD3" CFSE""&" events.
CDI was calculated using formula in (B).
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Figure 3.2 T cell responses to three different concentrations of wheat protein

(A) Response to three different concentrations of a-chymotrypsin-treated heat inactivated
wheat protein (WP; pg/ml) was evaluated using a CFSE proliferation assay. Scatter plots
show Cell Division Index (CDI) of individual volunteers in response to different
concentrations of WP. The means of responses to concentrations of 3.1 and 6.2 pg/ml wheat
protein were significantly higher compared with controls (P=0.0004, P=0.002 respectively,
Mann-Whitney U-test). The responses to higher concentrations of wheat protein 12.4 pg/ml
were marginally significant (P=0.05), suggesting possible toxicity of this dose. Seven
individuals who had high CDI in response to a concentration of 6.2 pg/ml are labeled with
numbers (1-7) to make it easier to follow their responses at the other two concentrations of
- WP. (B) An example of CD4 and CD8 T cell responses to three different concentrations of
wheat proteins in a T1D patient with intermediated immune responses to wheat protein.
CD4" T cells are the major T cells which responded to these WP antigens.
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Figure 3.3 T cell proliferation in response to wheat proteins and other antigens

(A) A CDI value greater than the control mean + 3 SD (CDI >14.6) was used to define a
positive response to WP (Red line). 20 patients were designated as responders (48%;
- p=0.0004 vs. controls). (B) The response to OVA in T1D patients was significantly higher
compared with controls (p=0.02). The response to the recall antigen, TT and the mitogen
PHA as a positive control did not differ between patients and controls. The T cell response to
gliadin, a-gliadin 33-mer and insulin was significantly higher in T1D patients (p=0.03,
p=0.001, p=0.03 respectively, Mann-Whitney U-test).
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Figure 3.4 Correlation between WP T cell response and age, duration of diabetes and
T cell response to other antigens

Results are presented as scatter plots and significance of correlation was determined using
~ Pearson’s r correlation analysis. Middle line shows the regression line and upper and lower
lines are the regression bands with confidence level of 95%.
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Figure 3.5 Cytokines produced by WP-stimulated PBMC at day 8 of culture

Box and Whisker plots with individual values for Control and T1D subjects. Each plot
shows the mean (red line), median (solid line), distribution, and range. WP-stimulated
PBMC of T1D patients showed a Thl type response, with IFN-y most abundant. (Note: For
- IL-4, the difference between control and T1D was significant when the red circled outlier
value in the control group was removed p<0.0004, Mann-Whitney U-test)
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Immune reactivity against WP is not related to LPS contamination

To understand whether WP was contaminated with LPS like molecules, I measured
endotoxin levels with the Limulus amebocyte lysate assay '°' (Table 3.3). The LPS
concentration was 0.0012 ng/ug of wheat protein, which is much lower than the acceptable
level of endotoxin in T cell assays 2. To further investigate, I used polymyxin B (PmB),
which binds to LPS '** to rule out the possible effect of LPS contamination in our protein
which could affect T cell assays (Figure 3.6). PmB had no effect on T cell responses to WP,

whereas LPS induced T cell proliferation was inhibited by PmB.

Association of HLA-DR with immunity to wheat proteins

To determine whether response to WP was associated with the major diabetes risk
genes in the MHC class II region, I analyzed HLA-DR and -DQ haplotypes in patients with
T1D and controls. The frequency of HLA haplotypes in our control group was similar to
published reference values 154, HLA-DR3, DR4, both of which are associated with T1D, were
more frequent in T1D patients compared with controls. Heterozygous DR3/DR4 individuals
represented 29% of our T1D patients. In contrast, none of our controls was heterozygous for
HLA-DR3/DR4 (Table 3.4 A).

In addition, we compared the frequency of risk alleles in T1D patients who were
either responders or non-responders to WP. T1D responders carried HLA-DR4 in 95% of
cases, which was significantly higher than the non-responder group, (59%, p=0.01, Table 3.4
B). T cell proliferation in response to WP was analyzed by comparing T1D patients who had
HLA-DRB1*03 or HLA-DRB1*04 alone or those who carry both alleles together HLA-

DRB1*03/*04 (Figure 3.7A). Only one out of seven T1D patients with HLA-DRB1*03%/*04"
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showed a positive response to WP (red circle). In contrast, T1D patients who carried one
HLA risk allele DRB1*04 (10 of 20) or patients who carried both HLA risk genes,
DRB1*03/*04 (9 of 12) showed reactivity to WP. The frequency of the HLA-DQB1*02, the
major Coeliac disease associated allele, was not significantly different between T1D patients
and controls (p=0.6) (Table 3.4 A). Importantly, we did not detect any significant differences
for HLA-DQB1*02 between responders and non-responders (p=0.75: Table 3.4 B).

To understand whether WP T cell responses were associated with specific HLA
alleles, we also evaluated the HLA-DR and -DQ haplotypes by high-resolution analysis in
T1D patients. Almost all patients carried *0401 or *0404 and HLA-DQB1*0301 or *0302.
However, HLA DRB1*04 was present in 95% of WP responder patients and this frequency
was higher compared with non-responders. Unfortunately, HLA high resolution analysis did

not permit us to differentiate responders from non-responder (Figure 3.7 A and B).

T cell responses to WP inhibited by monoclonal anti-DR IgG antibodies

To further confirm the importance of HLA-DR in wheat-induced T cell responses, I
evaluated the blocking effect of anti HLA-DR mAb on PBMC of 14 T1D patients. Anti-DR
antibodies blocked T cell responses to wheat proteins in all T1D patients. Addition of the
isotype control antibody did not prevent the T cell response to WP (Figure 3.8). In contrast,
HLA-DR mAb only partially blocked T cell responses to the recall antigen TT (Data not
shown). Analysis of cytokines in the culture supernatants from WP-stimulated PBMC of T1D
patients demonstrated that anti-DR antibody significantly inhibited secretion of Thl
cytokines but not Th2 cytokines (Figure 3.9). Interestingly, IL-4, IL-10 and IL-6 cytokine

levels in culture supernatants of WP stimulated PBMC did not show significant differences
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when responses were blocked with anti HLA-DR antibody. This raised the possibility that
somewhat increased IL-4 in T1D patients (Figure 3.5) came from bystander cell secretion of

Th2 cytokines.
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Table 3.3 LPS concentration in T cell antigens

LPS concentration of extracted and purified proteins was analyzed with a chromogen version
of the Limulus Amebocyte Lysate assay (BioWhittaker kit,Walkersville, MD). The
concentration of LPS was calculated and reported as ng/pg of protein. Protein concentration
measured by Bio-Rad protein assay (Bio-Rad, USA).



Sample Source Protein concentration | LPS concentration
of protein (ng/ml) (ng/ug of protein)
Wheat protein Our lab 4000 0.0012
(WP) Chymotrypsinized WP
Glbl Our lab 390 0.0029
Purified from insect cells
Prison protein Commercial 100 0.107
Purified from E. coli
rh Insulin Sigma 10,000 0.000021
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Figure 3.6 Polymyxin B did not inhibit wheat protein induced T cell responses in T1D
patients

Response to WP (6.3 pg/ml), and LPS (1 pg/ml) and PmB (10 pg/ml) was evaluated with
CFSE proliferation assay in a subset of T1D patients. PmB was added at a concentration of
10 pg/ml to each well, 30 min before adding PBMC. PmB did not induce proliferation in
control wells. PmB did not prevent T cell proliferation in response to WP. In contrast, PmB
inhibited LPS induced T cell proliferation when added to LPS wells 30 min before adding
PBMC. Note: linked symbols are from the same patient.
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Table 3.4 Frequency of MHC class II risk genes, HLA-DR and DQ in control subjects
and T1D responders, non-responders

HLA-DR and DQ haplotypes of subjects were characterized by PCR-based HLA class II
tissue typing. (A) The frequency of HLA-DR3 and DR4 was higher in T1D patients. 30% of
TID patients were heterozygous for DR3/DR4; in contrast, none of the controls was
DR3/DR4. (B) The frequency of HLA-DQ2 genes in T1D responders was not different
compared with T1D non-responders. This demonstrated that reactivity to WP was not
necessarily related to the coeliac disease associated gene, HLA-DQ2. HLA-DR4 was more
frequent among T1D responders compared with non-responders.



(A)

(B)

Subjects DR3 DR4 DR3/DR4 DQ2 DQ3
(n)
Healthy 22 23% 27% 0 36% 63%
Control
T1D 42 45% 76% 29% 46% 73%
(p=0.1) | (p=0.0002)| (p=0.005) | (p=0.6) (p=0.38)
Subjects DR3 DR4 DR3/DR4 DQ2 DQ3
(n)
T1D 22 41% 59% 14% 41% 63%
Non
Responder
T1D 20 50% 95% 45% 50% 90%
Responder (p=0.76) | (p=0.01) | (p=0.04) | (p=0.75) | (p=0.07)
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Figure 3.7 Relation between wheat-induced T cell response and HL A diabetes risk
alleles

(A) Distribution of T cell proliferation (CDI) to WP in T1D patients with HLA-DRB1*03,
HLA-DRB1*04 or those heterozygous for HLA-DRB1*03/¥04. A CDI value greater than
mean + 3 SD of the control group (CDI>14.6) was used to define a positive proliferation
* response. One of the T1D patients with HLA-DRB1*03"/*04" showed positive responses to
WP (red circle). In contrast T1D patients who carried one risk allele HLA-DRB1*04 (10 of
20) or patients who carried both risk genes, HLA-DRB1*03/*04 (9 of 12) showed positive
reactivity to WP. High resolution results of HLA-DR are labeled beside each individual. (B)
Distribution of T cell proliferation (CDI) to WP in T1D patients with HLA-DQB1*02, HLA-
DQB1*03 or those heterozygous for HLA-DQB1*02/*03. High resolution result of HLA-
DQB1*02 and *03 is labeled beside each individual ( l 0201 means all individuals in the
~ column carry -DQB1*0201).
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Figure 3.8 HLA-DR antibodies block T1D.T cell response to wheat proteins

(A) Anti HLA-DR mAb (5pg/ml) blocked wheat-induced T cell response to wheat protein
(6.2 pg/ml) in 14 T1D patients. The isotype control antibody did not affect WP-induced T
cell response. (B) An example to show complete inhibitory effect of anti HLA-DR antibody
~ in response to wheat protein antigens. T cell responses to tetanus toxoid were only partially
inhibited by Anti-HLA-DR antibody.
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Figure 3.9 Anti HLA-DR antibody blocks secretion of wheat-induced Th1 cytokines

Cytokine profiles of supernatants from WP-stimulated PBMC of TI1D patients were
evaluated in the absence and presence of monoclonal HLA-DR antibodies using Th1/Th2
cytometric bead arrays. This analysis demonstrated significant inhibition of Thl cytokine
secretion but no inhibition of Th2 cytokines. Note: Blocking with HLA-DR did not affect
IL-6 cytokine secretion.
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Discussion

In this study, T cell responses to wheat proteins (chymotrypsin-treated, heat-
inactivated wheat gluten) were examined using a sensitive, reproducible CFSE proliferation
assay. Some previous reports suggested that specific diets could promote or protect
susceptible individuals from development of diabetes **. Wheat is a major amino acid source
in the diet of diabetes-prone BB rats and NOD mice and these animals develop diabetes 2-3
times more frequently in comparison with animals that received a protective hydrolyzed
casein-based diet *°'. In addition, other studies showed that gluten-free diets are protective
in NOD-mice compared with gluten-containing diets **%. In studies of high risk infants,
early exposure to cereals, particularly wheat has been linked to the appearance of islet
autoantibodies *”*®. The present study demonstrates high T cell response to WP in more than
45% of T1D patients suggesting that immune response to dietary WP is abnormal in a large
subset of patients and possibly reflects a role for WP or gut defects in the pathogenesis of
T1D.

A previous report showed enhanced cell-mediated immune response against wheat
gluten in newly diagnosed T1D patients, however responses in patients and controls in this
study were low ¥. I am not aware of other reports that show specific T cell responses to
gluten in T1D patients. There are some reports indicating both high and low T cell responses
to gluten in healthy control subjects '>>"*". This variation likely reflects the natural variation
in response to dietary antigens and variability in T cell assays. For example, variability in
antigen preparation, concentration, and T cell assay protocol could affect outcomes '*°.

To achieve a sensitive and reproducible protocol to evaluate T cell proliferation in

response to WP antigens, we standardized our approach by focusing on three important
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aspects: antigen preparation, antigen concentration, and establishing a sensitive proliferation
assay.

Wheat gluten proteins are mostly insoluble and sticky and require enzymatic
hydrolysis for solubilization '*, In our study, we used chymotrypsin-treated heat-inactivated
wheat proteins. It has been reported that chymotrypsin proteolysis of gliadin at neutral pH

. . o1e . 5
can increase wheat protein solubility in water .

Klemetti et al. % used fraction III of
pepsin and trypsin (PT) hydrolysate of wheat gluten. PT digestion requires low pH which
causes digested protein to become insoluble. In addition, PT digestion would produce
different peptides compared with the chymotrypsin procedure we used ',

Gliadin by itself has a direct cytotoxic effect on cells cultured in vitro '. It is
important to note that our wheat protein extract was clearly cytotoxic at concentrations
higher than 25 pg/ml (data not shown). We used the optimal concentration of 6.2 pug/ml of

wheat protein after analysis of the dose response relationship (Figure 3.2). In contrast,

previous reports used much higher concentrations of gluten: 400 pg/ml in the paper by

1. *° and 600 pug/ml was used by Gjertsen et al. 160 Tt is possible that this amount

Klemetti et a
of antigen was toxic or at least inhibitory to the cultured cells '*°. In addition, the gluten
fraction that they used did not contain all gluten proteins. They used fraction III of gliadin,
which contains only 75% of gliadin after pepsin and trypsin enzymatic digestion. Therefore,
it is likely that the toxicity and/or antigenicity of gluten was eliminated or decreased during
the isolation procedure.

Most previous studies used standard thymidine incorporation assays. Unlike flow-

based assays, the thymidine incorporation assay does not provide any information on the

phenotype of the proliferating cells. Furthermore, this assay measures DNA synthesis in a
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short period of time usually the last 8-18 h of the 4-7 day culture period. Therefore, cells that
have stopped proliferating and have entered apoptosis before the last day of incubation with
thymidine are not detected. The peak responses can be different in response to different
antigens and can even differ among individuals '**'®'. Hence, in the present study, we
evaluated proliferation of T cells using the CFSE proliferation assay. This technique is more
sensitive than the thymidine incorporation assay and it can detect rare antigen specific T
cells at a 10 fold lower concentration of antigen 38,122,162. The CFSE dye used in this
assay permitted us to monitor 9-10 cell divisions by flow cytometry. In addition, by using
this technique we were able to track proliferation of antigen-specific T cells in response to
wheat protein using anti-CD3 antibodies. We adapted this technique for a culture period of 8
days with the opportunity to detect the proliferation of specific CD3" T cells as described in
chapter 2.

The inflammatory process in the pancreas which causes the destruction of beta cells,
is mainly a Thl response characterized by the production of IFN-y in diabetes-prone rodents
and humans "'®*_ The origin of this response and the stimulatory antigens involved are
not well understood. An earlier report from our laboratory indicated a diet-related Th1 bias
in the GALT of BBdp rats, associated with increased T-bet/Gata-3 expression ratio and a
high frequency of IFN-y" T cells in the MLN of animals fed a standard cereal-based diet in
which wheat protein was the main component. In this thesis, cytokine analyses of culture
supernatants from cells of human T1D patients stimulated with WP showed a Thl type
response with high concentrations of IFN-y and significantly higher TNF compared with
controls. We also detected high concentrations of IL-6 in supernatants of WP stimulated

cultures which were 5-6 fold higher compared with the concentration of IL-6 in controls
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(Figure 3.5). Interestingly, anti-DR antibody did not inhibit secretion of IL-6 (Figure 3.9).
This observation raises the possibility that IL-6 was secreted from other cell types present in
PBMC and suggested that IL-6 production is not HLA-DR restricted. The presence of an
abnormal Th1 specific T cell response to dietary wheat proteins in T1D patients raises the
possibility that Thl cytokine-producing cells are activated in association with a coeliac-like

167 and could play a role in the dietary modification of

pro-inflammatory condition in the gut
T1D.

Several reports indicate a role for IL-6 in diabetes development in NOD mice and BB
rats '*7!_ For example, anti-IL-6 antibody inhibits the development of T1D in NOD/WEHI

71 Further, over expression of IL-6 in pancreas caused islet inflammation and induced

mice
B-cell differentiation, which may be important in the development of autoimmune disease
2 We observed very high concentration of IL-6 from PBMC in response to WP (4-6 fold
higher than IFN-y concentration). This observation is in keeping with previous reports
proposing a possible mechanism by which wheat can promote the development of diabetes
involving induction of pro-inflammatory cytokines such as IL-6, IFN-y and TNF-a by wheat
antigens >*"*,

The human leukocyte antigen genes are the major genetic determinant of T1D. More
than 90% of Caucasian T1D patients carry either the HLA-DRB1*03 or -DRB1*04

haplotype "*

and a synergistic effect on T1D risk is observed in DR3/4 heterozygous
individuals '*’. Our data demonstrate that T1D responders to WP carried HLA-DR4 in 95%
of cases, a frequency that was significantly higher compared with non-responders (Table 3.4

B). In addition, monoclonal anti-DR antibodies blocked T cell proliferation and Thl

cytokine response to wheat protein in T1D patients (Figure 3.8 and 3.9).
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T1D patients develop coeliac disease with a frequency that is 5-25 times the
frequency of CD in the general population 8384173 patients with T1D and coeliac disease
share some HIA-associated risk genes such as HLA-DQ2 and HLA-DQ8 (HLA-
DQB1*0302). The frequency of HLA risk genes is different comparing the two diseases: 90-
95% of coeliac patients are HLA-DQ?2 and 5-10% are HLA-DQ8 '™ in contrast up to 50% of

175 Some

diabetes patients less than 5 years old are HLA-DQ8/DQ2 heterozygotes
investigators have suggested that the immune response to wheat in T1D patients is simply a
reflection of shared genetic risk. Our data do not support this proposal. The frequency of
HLA-DQB1*02 was not significantly different between T1D patients and controls (p=0.6;
Table 3.3 A) and most importantly, we did not detect any significant differences for HLA-
DQB1*02 between responders and non-responders (P=0.75) (Table 3.4 B). We also
evaluated the HLA-DR and -DQ haplotypes by high resolution typing in T1D patients
(Figure 3.7). By using this analysis we hoped to be able to discriminate WP responders
from non-responders. Surprisingly, we did not find a specific pattern to differentiate
responders from non-responders. In general, a positive response to WP in patients was more
frequently associated with the HLA-DR4 (DRB1*0401/4) DQB1*0301/2 haplotypes and it
was not associated with HLA-DR3/DQB1*0201 (Figure 3.7 A and B).

There are several reports indicating that the gut is mildly inflamed and unusually

- 7 . . .
101-103,144,167.176 1 in patients with

permeable to lumen antigens in diabetes-prone BBdp rats
T1D "% Consistent with this, we determined that T1D patients also have an abnormal T
cell response to other dietary antigens including OVA, gliadin and the gliadin 33-mer
peptide (Figure 3.3). In addition, T cell responses to WP and OVA or gliadin 33-mer were
closely correlated in T1D patients (Figure 3.4 C, D and E). By contrast, we did not find any

significant differences between T1D and controls in response to TT, a recall antigen and
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PHA, a positive control (Figure 3.3). Under normal conditions, the gut immune system
suppresses immune reactions against dietary antigens or commensal bacteria, a process
called oral tolerance '”’. Entry of an excessive amount of dietary antigens via a leaky gut
barrier as has been reported in some studies of T1D patients could cause an imbalance in the
gut immune system resulting in a breakdown of tolerance.

These data are consistent with previous reports suggesting a role for wheat proteins
in diabetes-prone animals and humans 29,34,144,178. Previous evidence linking the
development of diabetes in humans to wheat relied mainly on epidemiological studies. The
results from the current study indicate that more than 45% of T1D patients display an
abnormal immune response to wheat proteins. The finding that WP-responders were
predominantly HLA-DR4, and not HLA-DQ?2, suggests the likelihood that this effect was
diabetes-specific. In addition, the presence of an HLA-DR4-restricted Thl cell mediated
immune reaction to these dietary proteins in T1D patients provides new data in support of a

possible link between the gut immune system, wheat proteins and diabetes.
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Chapter Four

Expression and purification of WP5212, a Glb1 homologue



Introduction

A novel environmental candidate diabetes-related antigen WP5212, a homologue of a
wheat storage globulin protein was identified in our laboratory by Dr. Amanda MacFarlane.
This protein was identified by screening a wheat cDNA expression library using sera from
diabetic BBdp rats. The sequence of this clone has 90% homology at the nucleotide level
and 80% homology at the amino acid level with Triticum aestivum wheat storage globulin,
GIbl protein % From here on, WP5212 protein will be referred to as Glbl. Antibody
reactivity against this clone in diabetic BBdp rats was significantly higher compared with
both asymptomatic and control animals. In addition, islet inflammation and damage was
correlated with antibody reactivity in this animal model of autoimmune diabetes 8 The
Glbl coding DNA fragment was previously cloned into the pET17b expression vector to
express it as a His-tag fusion protein in a bacterial system. Unfortunately, transformation of
E. coli with this expression vector resulted in slow growth and the level of protein
expression was insufficient for purification using Ni-NTA agarose columns. To evaluate the
potential role of Glb1 in diabetes pathogenesis, it was necessary to produce and purify large
quantities of Glbl protein. Therefore, we generated a recombinant baculovirus expressing
His-Glbl protein. Purified protein was later used in various assays to analyze T cell
proliferation and cytokine production. This protein was also used to establish an ELISA

assay to measure Glbl antibody levels in serum.

Experimental design and results

The baculovirus gene expression method was used to produce recombinant Glbl in

insect cells. A BakPAK™ Baculovirus Expression system kit was purchased from Clontech
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Laboratories, Inc (Version #PR95847, Meadow Circle, CA). Recombinant baculovirus
expression vectors were constructed in two steps. First, the target gene WP5212 was inserted
into multiple cloning sites of the transfer vector BacPAK9, which also contained a bacterial
plasmid origin of replication and an antibiotic resistance gene. This vector is able to replicate
in E. coli, but it is not able to replicate in insect cells. In the second step, the recombinant
transfer vectors (BacPAK9-His-Glbl) and a viral expression vector (BacPAK6) were
cotransfgcted into Sf21 insect cells. Double recombination between viral sequences in the
transfer vector and the corresponding sequences in the viral DNA transferred the target gene

to the viral genome.

pBacPAK9-WP5212 transfer vector construction

To construct a recombinant transfer vector for expression of Glbl, the His-Glbl
DNA fragment from the previously constructed pET17b-His-Glbl '”® vector was inserted
into the appropriate site of pBacPAK9. Briefly, pET17b-His-Glbl and pBacPak9 were
transformed into DHSa to produce a sufficient amount of plasmid DNA and His-Glb1 insert
for cloning. Both vectors were purified and digested with Xba I and Xho I (Figure 4.1 A).
Digested plasmid DNA from pBacPAK9 and the His-Glbl fragment from pET17b-HIS-
GIb1 vector was isolated from agarose gels and purified using a QIAEX II gel extraction kit
(Cat#20021, Mississauga, ON) (Figure 4.2 A-C). His-GIbl gene was cloned into the Xba I
and Xho I restriction enzyme site of the baculovirus transfer vector pBacPak9 following
instructions provided with T4 ligase (Invitrogen, Carlsbad, CA). Transformation was
performed using ligated DNA from the previous step. Three colonies were grown after an
overnight incubation at 37°C (Figure 4.2 D). To confirm the presence of the insert (His-

Glb1) within the plasmid DNA of the three clones, plasmid DNA was purified using Wizard
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plus SC minipreps (Promega, Cat#A1330, Madison, WI) and digested with Nco I or Xho 1
(Figure 4.2 C). Sequencing performed at the University of Ottawa Biotechnology Institute

confirmed that the vector contained the His-Glb1 sequence.

Construction of a pBacPak6-His-Glb1 recombinant viral expression vector

The His-Glbl gene was transferred into the baculovirus DNA by forced
recombination between the transfer vector and BacPAK6 viral DNA (Figure 4.1 B). In vivo
homologous recombination between the plasmid and viral DNA rescues the viral DNA and
transfers the target gene to the viral genome 180, Briefly, appropriate concentrations of
pBacPAK9-His-Glbl plasmid DNA and BacPAK6 viral DNA were incubated with
Bacfectin according to the manufacturer’s instructions (Clontech Laboratories, Meadow
Circle, CA). The Bacfectin-DNA mixture was added to monolayers of SF21 insect cells in 6
well plates. After 3 days, the culture supernatant was harvested and used as primary stock of

recombinant virus.
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Figure 4.1 Construction of BacPak9-His-Glb1 transfer vector and recombinant
BacPak6 His-Glb1 baculovirus expression vector

(A) The His-tagged GIbl nucleotide sequence was purified after digestion of the pET17b-

His-GIbl expression vector with Xhol/Xbal restriction enzymes. Next, the His-Glbl

fragment was subcloned into the Xhol/Xbal restriction enzyme sites of the BacPak9 transfer

vector (BD Bioscience). (B) Transfer of the His-Glbl gene to the baculovirus expression
vector by forced recombination between a transfer vector and BacPAK6 viral DNA.
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Figure 4.2 Amplification, purification, and isolation of BacPak9 His-Glb1l transfer
vector

Panel A, pET17b-His-Glb1 and pBacPAK9 before and after digestion with Xba I and Xho I
(lane 1, 1 kb plus DNA ladder; lane 2-3, pET17b-His-Glb1l plasmid before and after
digestion; lane 4-5, pBacPAK9 plasmid before and after digestion; Lane 6, super coil ladder.
Panel B, Isolation and purification of His-Glbl insert from digested pET17b-His-Glbl
plasmid and purification of digested pBacPAK9 a) lane 1, 1 kb plus DNA ladder; lane 2-3,
- empty well; lane 4-10, plasmid after digestion; Lane 11, empty well; lane 12, digested
pBacPAK9 b) gel from well number 4-10 for purification of insert and well number 12 for
pBacPAKO purification. Panel C, Confirmation after gel purification of digested His-Glb1
insert and pBacPAK9 (lane 1, 1 kb plus DNA ladder; lane 2, digested and gel purified
pBacPAKY; lane 3, empty well; Lane 4, insert after gel purification; lane 5, purified
pET17b-His-Glbl before digestion. Panel D, cloning His-GIbl gene into baculovirus
expression vector pBacPak9 with T4 ligase (Invitrogen) (lane 1, 1 kb plus DNA ladder; lane
2, pBacPAKS9 plasmid; lane 3-5, pBacPAK9-His-Glb1l plasmid isolated from colony 1-3;
. lane 6, 1 kb plus DNA ladder).
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Figure 4.3 Expression and purification of recombinant His-GIb1 protein.

Panel A and B, Analysis of recombinant His-tag Glb1l expression with anti-GIlb1 serum and
anti-His antibody. SF21 cell lysate was electrophoresed on a 12% SDS-Page gel, transferred,
and subjected to western blotting with anti-Glbl serum (Panel A) and anti-His antibody
(Panel B). SF21 cell lysate and BacPak6-His-Glbl infected SF21 cells lysate, and the His-
tag (+) protein was used as controls. An arrow indicates the location of Glbl protein and
molecular mass standards are given in kiloDalton (kDa). Panel C and D, Analysis of
recombinant His-Glbl purification. Two techniques of Ni-NTA purification were used to
- purify lysate containing the His-GIb1. The insoluble form of Glbl was extracted using M
urea and eluted by changing the pH (Panel C). The soluble form of Glbl was extracted by
lysing of SF21 cells and eluting the protein using a high concentration of imidazole (Panel
D).
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Isolating recombinant virus and preparation of passage one virus stock

Most viruses in the primary stock were recombinant, but this stock was not pure. To
obtain a pure clone of the recombinant virus, plaque assays were used to produce individual
plaques. Briefly, the manufacturer’s instructions were followed to obtain a single plaque
from the primary stock. Two individual plaques were obtained and viruses released from
those plaques were used to infect a dish containing SF21 cells. After 3-4 days of culture,
supernatants were harvested, placed in sterile centrifuge tubes and used as the passage one
virus stock. After removing medium from the virus-infected cell cultures, cells were
harvested for Glbl expression analyses. Western blot analyses using anti-Glb1l serum and
anti-His antibody confirmed that both isolated clones expressed a 62-63 kDa protein, which
was the predicted size of His-Glb1 (Figure 4.3 A and B). For long term storage, one milliliter

of passage one virus stock from each plaque was kept at -70°C.

Preparation of passage two virus stock

Passage one virus stocks were titrated using standard protocols, as described in the
manufacturer’s instructions. Following this, the passage two virus stocks were prepared.
Briefly, 50 ml of SF21 cell suspension culture with a density of 4x10° cells/ml were infected
with the passage one virus stock (Multiplicity of infection, M.O.L.= 0.1). After 4 days of
culture at 27°C, suspensions were centrifuged at 1000xg for 5 min to remove cells and
debris. Culture supernatants were transferred to fresh sterile tubes, stored at -70°C, and
labeled as the passage two virus stocks. Virus titration was determined in both passage two

virus stocks and was 2.6x10% and 1.5x10® PFU/ml in plaque 1 and 2 respectively.
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Large scale His-Glb1 production in SF21 insect cells

To prepare suspension cultures for large-scale protein production, 150 ml suspension
cultures were seeded with 2x10° SF21 cells /ml. When concentration of the cells reached
10° cells /ml, the culture was infected with recombinant virus stock to reach an M.O.1. of 10.
To achieve maximum protein expression, we used BacPAK Complete Medium and cells
were infected when they reached log phase. Afier 2 days of incubation at 27°C, cells were
harvested and centrifuged in 50 ml sterile tubes at 1000xg for 10 min, the supernatant was

discarded and the cell pellet was stored at -20°C.

Purification of His-tagged Glb1 from Baculovirus-infected SF21 cells

To test the status of the expressed protein, soluble and insoluble fractions of the pellet
were evaluated using SDS-PAGE. Briefly, the cell pellet from a 50 ml tube was suspended
in 20 ml of lysis buffer (50 mM NaH,PO,, 300 mM NaCl, protease inhibitor tablet, 1 mM
PMSF, and 10 uM B-mercaptoethanol at pH 8.0) and ultrasonicated at 4°C. Lysed cells were
centrifuged at 3500xg for 10~30 min at 4°C. The supernatant was collected as a soluble
fraction and the remaining cell pellet (insoluble fraction) was suspended separately in 10 ml
of lysis buffer containing 8M Urea. Aliquots from each fraction were analyzed using SDS-
PAGE followed by staining with blue stain. His-Glbl was present in both soluble and
insoluble fractions (Figure 4.3 C and D). The recombinant His-Glb1 was purified from both
soluble and insoluble fractions using Ni-Sepharose beads (Figure 4.3 C and D). Two
different strategies were used to elute proteins from the beads. An imidazole technique was
used for the soluble fraction. In this technique, lysis and column wash buffers (pH 8.0)

contain a low concentration of imidazole (10 mM and 20 mM, respectively), which
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competes with the histidine of proteins so there is less non-specific binding to the column. In
the elution buffer, the imidazole concentration is raised to 250 mM, which is enough to
compete for space in the nickel column and release recombinant 6x-His-proteins. An acid
elution technique was used for the insoluble part of His-Glbl. Briefly, buffers containing
8 M urea were used at different pH for purification of the protein, pH 8.0 for loading the
SF21 lysate on the nickel column, pH 6.3 for washing the column and pH 4.5 to elute the

recombinant protein

Discussion

In order to produce pure recombinant His-Glbl without LPS contamination on a
large scale, we expressed this protein using a baculovirus/insect cell expression system. This
system has the capacity to produce large quantities of recombinant protein with biological

properties similar to the native protein '*'

. The cDNA carrying the His-Glbl gene was
successfully cloned into a baculovirus expression vector. The soluble and insoluble form of
His-Glbl was expressed at high levels, and was efficiently produced in SF21 insect cells.
The production of His-tagged fusion proteins enabled purification using immobilized metal
affinity chromatography which is a rapid and a highly efficient method to purify proteins in
their native form ',

Previously in our laboratory His-Glbl (WP5212) protein was cloned into a bacterial
expression vector. However, E. coli containing the expression vector demonstrated slow
growth and the level of protein expression was not sufficient for purification '”°. This is the
first report of preparation of a highly purified His-Glb1 protein. This reagent was used to

evaluate cellular immune responses and to develop a capture ELISA for evaluation of anti-

Glb1 antibody in human sera.
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It has been reported that C-terminal-His fusion proteins express considerably lower
levels of protein compared with N-His fusion proteins due to conformational changes 183,
The evaluation of recombinant protein production levels indicated that our His-Glb1 protein
containing the 6x-His tag at the N-terminal was expressed at a high level (Figure 4.3 A and
B).

Two individual plaques were obtained after generation of recombinant viruses. We
used both plaques to prepare passage two of the recombinant virus. The amount of protein
expressed in both passages was high and similar in both clones (Figure 4.3 A and B).
Importantly, this recombinant protein was specifically recognized by polyclonal sera derived
from rabbits which were vaccinated with two peptides from Glbl or sera from a highly
wheat sensitive patient (Figure 4.3 A) and in addition was recognized by anti-His antibody
(Figure 4.3 B). These data indicate that the presence of the His-tag did not influence the
binding of anti-Glb1 antibodies generated in rabbit or human.

We used one of the virus stocks to produce bulk quantities of recombinant His-Glb1
protein. Glb1 fusion protein was over expressed in both cytoplasm (soluble form) and in
organelles (insoluble form). We detected good amounts of protein in both fractions and we
were able to purify these using Ni-sepharose. We successfully isolated His-Glb1 with high
efficiency under denaturing conditions. However we were not able to avoid precipitation of
GIb1 during dialyses in order to remove urea. Although Glbl from the soluble part showed a
somewhat lower level of purification compared with the insoluble form, we used the soluble
fraction because of the easy purification and the benefit of using the soluble form of the

protein in our future assays.
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In summary, we were able to produce large quantities of Glbl by infecting SF21
insect cells with recombinant pBacPak6-His-Glbl virus. This protein was purified using the
Ni-sepharose technique. The purified protein was used in a capture-ELISA for GIbl

antibodies and in cell proliferation assays to determine the T cell immune responses against

this dietary protein.
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Chapter Five

Immune reactivity to a Glb1 homologue in a highly wheat-sensitive patient

with type 1 diabetes and coeliac disease



Introduction

T1D and CD are inflammatory disorders of autoimmune origin requiring genetic
susceptibility and interaction with environmental factors ', The co-incidence of T1D and
CD has been reported by several groups ®*'">!8%1% " Although the pathogenesis of CD is
unclear, development of disease depends on the presence of gluten in the diet in genetically
predisposed individuals who display HLA-DQ2 in more than 95% of cases '2°. There is
evidence that some cases of T1D could be wheat-related 3*¥"#*17>  One to 6 percent of T1D
patients develop CD, a rate that is 5 to 25 times the incidence of this disease in the general
population ¥1213L173:184 nterestingly, in one study 23% of patients with CD developed
islet related antibodies '**. There are reports that 90% of cases with both diseases develop
diabetes first suggesting that in cases who develop CD first, a gluten free diet has a
protective effect and may prevent the development of diabetes 136 Recently, a wheat protein,
WP5212 was identified as the first diabetes-related wheat protein in diabetes-prone rats *°.
This protein has 80% homology at the amino acid level with wheat storage globulin-1
(GIb1).

We reported a case of a 28-year-old Caucasian woman with T1D and biopsy-proven
coeliac disease, who presented with unusually high sensitivity to wheat proteins. She had a
10 year history of T1D and presented early in 1999 with onset of diarrhea followed by oral
ulcerations and severe lip swelling. Below is the clinical history of this individual which was
extracted from clinician reports and published by us recently '**. “The diarrhea consisted of
4 to 10 bowel movements in a 24-hour period including nocturnal stools in this patient.
There was no family history of bowel disease nor any joint, skin, or eye symptoms. At

diagnosis, anti-gliadin IgG, tissue transglutaminase (7 U/ml) and endomysial antibodies

80



were positive. CD was confirmed with a duodenal biopsy showing mild villous atrophy
despite 6 months of a standard gluten-free diet. Colonoscopy and small bowel follow-
through were normal. Biopsy of the oral lesion showed non-caseating granulomas which
were negative for IgG, IgA, IgM, C3, fibrinogen and albumin. Mycobacterium tuberculosis,
fungus and other infectious agents were negative as well. The diarrhea and lip swelling
improved initially with the gluten-free diet but the symptoms recurred within a few months
with worsening of the oral ulcerations, lip swelling and continued diarrhea”.

“In December 2001, the mucosa of her lower lip was extensively ulcerated with a fistula in
the lower right lip area. The patient could only open her mouth 1.5 ¢cm and both lower and
upper lips were swollen. She was having 7-10 bowel movements in a 24 hour period with
nocturnal incontinence. A magnetic resonance scan of her head and neck area did not show
any areas of fibrosis therefore making the diagnosis of Melkersson-Rosenthal less likely.
Following this, the patient initiated a strict specified carbohydrate, grain-free diet. In a
period of weeks the diarrhea resolved with an average of 2 bowel movements a day and the
healing of her mouth ulcerations. Over the next few months, her lips returned to a normal

level with a scar and fibrosis in the area of the previous fistula”.

Results
Subject

The case was a 28-year-old female with type 1 diabetes and CD (T1D/CD). The
patient had both the diabetes associated HLA types (DRB1*0401, DRB1*0301 and
DQB1*0302) and the coeliac-associated HLLA types DRB1*0301, DQB1*0201, and HLA
DR53. Eight subjects with no significant medical history and with an age range of 24-40

years were chosen as controls and investigated in parallel with the case. Analysis of the

81



patient’s blood was performed on samples obtained on two occasions during clinical
remission. The study was approved by the Ottawa Hospital Research Ethics Board and

informed consent was obtained.

Antibody reactivity to Gibl

Clone WP5212 (Glbl)

3 showed strong antibody reactivity to clone WP5212

Data from our case report
(GIbl). In contrast, the controls did not show reactivity to this clone. Antibody reactivity to
two non-diabetes-related wheat proteins from a cDNA library, WP12111 and WP23112, was
low for both the patient and controls (Figure 5.1). Antibody reactivity was measured by

immunoscreening of wheat clones with serum and evaluated using densitometry and was

reported as mean intensity/pixel 17°.

Purified recombinant Glb1 protein

After purification of recombinant Glb1, an ELISA was established to evaluate serum Glb1
antibody levels in patients and controls (see chapter 6). The serum Glb1 level in this patient
with T1D/CD was high at all dilutions, the optical density (OD) of dilutions for this patient

was 4-6 times higher compared with the mean OD in controls (n=8) (Figure 5.2).

Reactivity of PBMC to WP components

T cell proliferation assays were performed using a CFSE fluorescence-based technique. We
stimulated fresh PBMC from this type 1 diabetes/coeliac disease patient and control subjects
with a series of dietary, coeliac associated and control antigens. CD3" T-cells from the
T1D/CD patient proliferated in response to different concentrations of an extract of partially

digested wheat gluten proteins and purified gliadin. In contrast, the responses to a coeliac
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related 33-mer peptide antigen, diabetes-related autoantigens, human GAD and insulin were
low (data not shown). PBMC of the patient also proliferated in response to Glbl. Responses
to another dietary antigen, ovalbumin, were low and similar to our control group. There was
a strong response to the recall antigen, tetanus toxoid, as well as the mitogen, PHA in the
patient compared with controls. To evaluate whether response to WP in this patient was
associated with HLA-DR, as we observed in T1D patients, the effect of HLA-DR antibody
was evaluated on response of T cells to WP. The addition of HLA-DR antibody blocked the
CD3" T cell response to wheat protein (Figure 5.3 A). IFN-y and IL-5 were measured in the
supernatant of cultured PBMC from the patient (Figure 5.3 B). Both cytokines were secreted
in the culture supernatants in response to WP, gliadin, Glbl and TT and the concentration
was much higher compared with the basal level detected in control wells containing PBMC
in medium alone. T cells which proliferated in response to Glb1l secreted a higher amount of

the Thl cytokine, IFN-y, relative to the Th2 cytokine, IL-5 (Figure 5.3 B).
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Figure 5.1 Wheat-sensitive patient with Glb1 antibody reactivity

(A) A highly wheat-sensitive patient with type 1 diabetes and coeliac disease developed
swelling of the lip and ulceration of the cheek, following a standard gluten—free coeliac diet.
(B) There was strong antibody reactivity to the Glbl clone WP5212 (pictured beside the
graph) as further illustrated in the densitometric analysis (graph), black bars are patient
results; open bars are age-matched healthy subjects (mean + SD, n=8). Antibody reactivity =
mean intensity/pixel x 10® expressed relative to a negative clone, WPCON.
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Reprinted with permission from The American Diabetes Association.
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Figure 5.2 Serum Glb1 antibodies in a T1D/CD patient and controls determined using
ELISA

Sera of the T1D/CD patient and healthy controls were diluted at different ratios and the
absorbance in triplicate sample wells were measured at 450 nm.
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Figure 5.3 Wheat protein-induced T-cell reactivity in a T1D/CD patient but not in
controls

(A) CD3"T cells from the T1D/CD patient (case) showed strong proliferation in response to
different concentrations of WP and gliadin. WP response was blocked by adding antibodies
against HLA-DR, but not by adding the control isotype (Iso) antibody. T cells also
responded to GIbl (10 pg/mL) but not to GIlbl control. There was no response to an
irrelevant food antigen, OVA, whereas response to the positive control recall antigen, tetanus
toxoid (TT) and the T cell mitogen, PHA, was strong. None of the controls (con) responded
to WP, gliadin, GIb1l and OV A, however responses to TT and PHA were present in controls.
. (B) Cytokine response of the patient PBMC to different antigens measured by ELISA, both
cytokines, IFN-y and IL-5 were present in the supernatant of cell cultures, Glbl-stimulated
PBMC of the T1D/CD patient showed a Thl type response, with IFN-y most abundant.
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Discussion

It is well known that wheat gluten, barley and rye glutelins are able to provoke an
inflammatory process in the gut of genetically susceptible individuals that results in CD.
However, the role of these dietary antigens in T1D pathogenesis is unclear. Several reports
suggest a circumstantial link between CD and TID and there is an unusually high
coincidence of T1D and CD ranging from 0.6-16.4% '2’'*2. In coincident T1D and CD,
most of the cases develop diabetes first, as was the case in our T1D/CD patient °°. One
theory to explain the low proportion of TID/CD patients who develop CD first is that
avoidance of wheat in the diet could protect some individuals from developing diabetes .
However, Ludvigsson et al. did not find a significant difference in risk of subsequent type 1
diabetes between individuals with a diagnosis of coeliac disease at 0—2 years of age and
those diagnosed after 2 years of age '*’. In general, immune reactivity to wheat protein
decreases when coeliac patients are following a gluten-free diet and it appears again only
after exposure to these proteins. The T1D/CD patient in our study showed unusually high
sensitivity to cereals. However, even when she was on a standard gluten-free diet for two
years, the mucosa of her lower lip was ulcerated and a fistula formed through the lower right
lip area (Figure 5.1 A). She suffered from inflammation in both lower and upper lip, and
increased number of bowel movements. Clinical and pathological evaluation ruled out the
possibility of Melkersson-Rosenthal syndrome and infectious diseases. The patient initiated
on her own a specific-carbohydrate and cereal-free diet, promoted by E. Gottschall in the
book “Breaking the vicious Cycle: Intestinal Health Through Diet” '®. In a short period of
time most of her clinical problems decreased and after a few months, her lips returned to

normal with a scar and fibrosis in the area of the fistula. However, despite being on a strict
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diet for more than 2 years and absence of clinical symptoms, her immune response to wheat
proteins persisted and we were able to characterize a strong T cell response to WP and GIb1
143 In addition, she displayed a strong antibody response to Glb1 evaluated by ELISA.

PBMCs from healthy controls responded only weakly to wheat gluten proteins, Glbl
and the other antigens, but responses to the recall antigen, TT and the mitogen, PHA showed
normal distribution in controls (Figure 5.3). Evaluation of cytokines in the culture
supernatants indicated a Thl-biased phenotype specifically in response to Glbl. Dr. H.
Chakir also confirmed at the transcriptional level using RT-PCR or gene microarray, a Thl-
biased phenotype '*, characterized by increased expression of IFN-y, TNF-a and IL-12RB2
mRNA. The T cells that responded to wheat protein were generally CD4" T cells (~95%)
with a low percentage of CD8" T cells (~3%)'*. T cell responses to WP’s were blocked
using HLA-DR antibody (Figure 5.3 A), indicating that the wheat protein peptides were
mainly presented to T cells on MHC class I HLA-DR.

Identification of an abnormal immune response to GIbl in this patient raises the
question whether this response is associated with one disease or the other, T1D vs. CD.
However, globulins including Glb1 are not generally considered to be coeliac antigens 189,
Our results, reported in this thesis indicate there is a subset of patients with T1D that display
immune reactivity to wheat proteins including Glb1. Furthermore, data from chapter 6 of this
thesis, report that Glb1 antibody levels were significantly higher in casesb of young subjects
who develop coeliac disease autoimmunity and are tissue transglutaminase positive (tTG")
compared with high genetic risk controls.

In the present chapter we report the first indication of strong immune responses

against GIbl in a T1D/CD patient, who also showed unusually high immune response to
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wheat. This finding made it essential to further differentiate whether responses to Glb1 were
increased in patients with T1D alone or were linked somehow to coeliac disease. The
possible role of GIbl in the pathogenesis of both T1D and CD remains to be determined.
Also it will be important to determine whether reactivity to Glbl is a marker of T1D

development in patients who are at risk for both diseases.
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Chapter Six

Immune reactivity against Glbl in young adult T1D patients and children

with T1D or CD autoimmunity



Introduction

Food components, the exact nature of which remain unclear, are considered as
environmental agents that influence the incidence of islet cell autoimmunity and T1D 21,79.
To further study recombinant Glbl protein, we analyzed cellular and humoral immune
responses to GIbl in patients with T1D. We hypothesized that a sub-population of
individuals with T1D could have abnormal immune responses to GIbl. The main objectives
in this part of the study were (1) to determine whether T cell immune responses to Glbl
occur in young adult patients with T1D, (2) to develop an ELISA to measure Glbl antibody
in serum, (3) to identify Glbl humoral immune responses in young adult T1D patients and
(4) to investigate whether these immune responses are present in young children with T1D

or CD autoimmunity (presence of autoantibodies).

Experimental design

Immune reactivity to Glbl was evaluated in three groups of samples: (1) a subset of
young adults with T1D of long duration (Chapter 3, Table 3.1). GIbl T cell responses were
evaluated using the CFSE proliferation assay. Thl and Th2 cytokines were analyzed using
cytometric bead arrays, and Glbl antibodies were evaluated by ELISA, (2) a selection of
serum samples from children participating in the DAISY study who developed T1D islet
autoantibodies were evaluated for Glbl antibody level, and (3) a selection of serum samples
from children participating in the CEDAR study, who developed coeliac autoimmunity were

also evaluated for Glb1 antibody concentration.
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Group 1 Young adult T1D patients

In a subset of T1D patients and healthy control subjects described in Chapter 3, we evaluated
the response of peripheral blood T cells to recombinant Glb1 protein. T cell response was
measured using the CFSE proliferation assay and reported as cell division index. A
concentration of 10 pg/ml recombinant Glbl was chosen from dose response studies for use

in the proliferation assay.

Results

T cell reactivity to Glb1 in PBMC from T1D patients and controls

Of the 24 patients with T1D that I evaluated 10 (41%) had a positive proliferation
response to Glbl using the mean + 3 SD of CDI (CDI > 9.3) in the control group as the
cutoff (Table 3.1, Figure 6.1, p=0.005, Mann-Whitney U-test). The CDI in response to Glbl
was significantly different between patients (»=24, mean CDI= 14.9 + 19.1, SD) and
controls (n=8, mean CDI= 2.5 + 2.2); the median (range) was 5.8 (1.0-70.0) for the patients
and 2.3 (0.2-5.5) for the controls. T cell response to Glbl did not correlate with age or

duration of disease (data not shown).

T cell responses to Glbl1 inhibited by monoclonal anti-DR antibodies

The number of patients in this part of study was not sufficient to enable us to
compare the frequency of various HLA haplotypes in responders and non-responders.
Therefore, to understand whether T cell responses to Glbl protein were associated with
HLA-DR, the blocking effect of anti-HLA-DR mAb on PBMC of 11 T1D patients was
evaluated. Monoclonal anti-DR antibodies blocked T cell responses to Glbl in responder

T1D patients (Figure 6.1 B).
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Immune response to Glb1l recombinant protein is not due to LPS contamination

To evaluate the possible contamination of Glbl recombinant protein with LPS like
molecules, endotoxin levels in the protein solution were measured (Table 3.4). The amount
of LPS (0.0029 ng/ug of GIbl) was much lower than the amount required to stimulate T
cells (Chapter 3, Table 3.3)'®2. To further confirm this, Polymyxin-B (PmB) which
neutralizes LPS, was used to rule out the possible effect of LPS contamination in our T cell
assay. PMB had no effect on T cell responses to Glbl, whereas PmB inhibited the T cell
response to LPS (Figure 6.2; and also Figure 3.6 in chapter 3 contains the LPS Control).

Coincidence of CD3" T cell responses to WP and GIb1 in young adult T1D
patients

There was a positive correlation between T cell responses to Glbl and WP (Pearson’s
r correlation, r=0.49, p=0.016). Seven out of 9 T1D patients who had a positive proliferative
response to WP also showed positive responses to Glbl. In contrast, nine individuals
displayed T cell responses to WP, whereas two patients only displayed positive values for

GIb1 T cell responses but not for WP (Figure 6.3).

IFN-y and IL-6 are the dominant cytokines in the supernatant of Glb1
stimulated PBMC

The supernatants of cultures from nine T1D and seven control individuals were
evaluated for cytokine secretion by Glbl-stimulated PBMC using flow cytometric bead
arrays (CBA, Human Th1/Th2 cytokine kit II, Cat No. 551809, BD Biosciences, San Diego,
CA). Some individuals with high CDI in response to Glbl also produced high levels of
cytokines (IFN-y, IL-4, TNF and IL-6). Both Thl and Th2 cytokines were present in the

supernatants of cultures in response to Glbl protein. However, the concentration of IFN-
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v and IL-6 in supernatants of some Glb1 responders was much higher ~ 10-20 fold more than

that of IL-4 in the same individuals, for example, patients number 1, 3 and 4 (Figure 6.4).

Establishing a Glb1 ELISA assay using purified recombinant Glb1

A capture ELISA was established using purified GIlbl to measure IgG-Glbl
antibodies in serum of patients and controls. We reduced the background and improved the
sensitivity of the assay by modification of two steps of the capture ELISA protocol. In the
blocking step, human serum albumin was used to prevent non-specific binding of sera to the
plate. The second modification was absorption of the secondary antibody with GIbl to
reduce nonspecific binding. For comparison between assays, Glbl antibody levels were
reported as arbitrary units. Arbitrary units were calculated using the OD of a reference
patient serum included in each assay. The value of the reference serum was considered as
100 arbitrary units and the values of the other samples were calculated based on this sample.
Two other sera with low and intermediate absorbance were used as internal controls in each
assay. To test reproducibility of the Glbl ELISA assay, within-assay precision was evaluated

(Table 6.1). For a description of the assay refer to material and methods.
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Figure 6.1 T cell responses to Glbl homologue in T1D patients blocked by anti HLA-DR

- (A) Response to purified Glbl in T cells from individual donors evaluated using a CFSE
proliferation assay. The Cell Division Index to Glbl in patients with T1D (n=24) and
healthy control subjects (n=8) is shown. T1D patients showed a higher mean CDI in
response to Glb1l compared with controls. The mean + 3 SD (CDI > 9.3) was used as a cutoff
for positive proliferative response. 40 % of patients were classified as Glb1 responders. (B)

Monoclonal anti-DR antibody (5 pg/ml) blocked Glbl-induced T cell response in most of
the Glb1 responders. :
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Figure 6.2 Polymyxin B did not inhibit Glb1 induced T cell response

Response to Glbl 20 pg/ml and inhibitory effect of PmB 10 pg/ml on this response was
evaluated using a CFSE proliferation assay in one individual (llll). PmB was added to wells
30 min before adding PBMC. IFN-y (B) and IL-5 () were measured in culture
supernatant using ELISA.
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Figure 6.3 Coincidence of CD3" T cell responses to WP and Glb1 in T1D patients

A CFSE assay was used to evaluate T cell proliferation in response to either WP or Glbl in
- 23 patients. GIbl T cell responses were correlated with WP T cell responses (r=0.496,
p=0.016, Pearson’s r). Dashed lines show the cutoff value for WP and GIb1 T cell responses.
(A) Results showed that 7 out of 23 T1D patients (red) displayed T cell responses to both
WP and GIbl. (B) nine individuals (green) showed high WP T cell responses, without
positive Glbl T cell responses. In contrast two individuals only displayed positive values for
Glbl T cell response but not WP T cell responses.
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Figure 6.4 Cytokine concentrations in supernatants from Glb1-stimulated PBMC from
T1D patients and controls

Cytokine profiles of supernatants from PBMCs cultured with Glbl were analyzed on day 8
- using Th1/Th2 cytometric bead arrays. Box and Whisker plots with individual values for
Control and T1D subjects are shown. Each plot shows the mean (solid line), median (red
line), distribution, and range. Some of Glbl-stimulated PBMC of T1D patients showed a
Thl type response, with a high level of IFN-y and IL-6. The cutoff value (dashed line)
labeled on each graph represents the control mean + 3 SD. Five individuals who had a CDI
higher than the cutoff value in the proliferation assay are labeled with the numbers (1-5) to
more easily follow for their cytokine pattern.
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GIlb1 antibody levels increased in a subset of T1D patients

Antibody levels were evaluated in serum or plasma of T1D patients and controls. Of
27 patients with T1D, 7 (26%) had a positive antibody level, using the mean + 2 SD of
arbitrary units > 41 in the control group as the cutoff for a positive response. Glb1 antibody
levels reported as arbitrary units were significantly different between patients (n=27,
arbitrary units=33.4 = 17.4, mean + SD) and controls (n=15, arbitrary units=19.5 = 17.4);
median (range) 34 (8 - 78) for the patients and 19 (2 - 36) for the controls (Figure 6.5,

p=0.01, Mann-Whitney U-test).

Coincidence of T cell and antibody responses to Glb1 in a subset of T1D patients

There was a positive correlation between T cell response to Glbl and antibody
reactivity in sera of patients (Pearson’s r=0.64, p=0.0032). Five out of 6 T1D patients, who
displayed a positive proliferative response to Glbl also had a positive Glbl antibody
response. Only one individual showed positive responses in the T cell assay but not in the

antibody ELISA (Figure 6.6).
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Table 6.1 Within assay precision for Glb1 assay

Within assay precision for Glbl assay calculated from 6 samples (one from a patient with
~ high GIb1 antibody level and the others from 5 control individuals with different values of
GIb1 antibody) with 10 replicates in one plate.



Samples Number of Mean (Arbitrary Standard CV%
replicates Units) Deviation
1 10 1.1 0.2 12.6
2 10 6.1 0.6 10.0
3 10 10.9 0.3 2.8
4 10 10.6 0.3 2.9
5 10 14.8 0.4 2.4
6 10 92 1.0 1.1
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Figure 6.5 Serum GIb1 antibody level in patients and controls determined using
ELISA

* The mean + 2 SD (>41 arbitrary units) was used as a cutoff to define a positive response. We
found a positive antibody response to Glbl in 7 T1D patients (26%; p<0.01 vs. controls,
Mann-Whitney U-test).
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Figure 6.6 Coincidence of T cell and antibody response to GIbl in individual T1D
patients

Five out of 18 T1D patients (red triangle) displayed both T cell and antibody reactivity
against GIb1. One individual with high T cell reactivity displayed antibody levels lower than
the cutoff value. Dashed lines show the cutoff value for GIbl T cell response and antibody
responses.
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Group 2 Children with T1D islet autoantibodies

T1D is one of the most common chronic diseases in children. The Diabetes Auto
Immunity Study in the Young (DAISY) is an observational study at the University of
Colorado Health Sciences Center, Denver, USA. This study follows children at increased
risk of developing type 1 diabetes, defined as children with a diabetic relative (sibling or
parents) or children at an increased genetic risk. The purpose of DAISY is to determine
whether there are environmental factors involved in triggering T1D. The main
environmental factors being studied are viruses, diet, immunization and social stress. We
were approached by colleagues in Denver to evaluate Glb1 antibody reactivity in serum from
children in this study. We examined 88 serum samples, from 35 children who developed
Islet Autoimmunity (IA) defined as those who were positive for at least two autoantibodies
(Insulin, GADG6S5, IA-2) and being positive at last follow-up (n=16) or developing type 1
diabetes (n=19). In parallel, as a control group, we also examined sera from 63 children at
high genetic risk from the DAISY study who have not developed autoimmunity during 4.3

years of follow up.

Results

The IA cases who had positive islet autoantibody results at the time of sampling
displayed mean Glb1 antibody levels similar to high-risk controls (mean + SD; 29.4 + 39.7
vs. 20 £ 20, p=0.7; Mann-Whitney U-test) (Figure 6.7). To evaluate whether Glb1 antibodies
are a risk factor for IA, logistic regression analysis on untransformed Glb1 antibody values
was performed by the Denver group. With this analysis Glbl antibodies were not

significantly associated with IA (OR 1.02, CI: 0.997-1.038, p=0.09), suggesting that Glbl
103



antibodies were not a covariate of IA. However, when they dichotomized untransformed
Glbl antibody values by using the 95™ percentile (cutoff=70.0), seven children had a
positive value for Glbl antibody and logistic regression in this situation was marginally
associated with IA (OR: 6.18, CI: 0.95-40.35, p=0.057) after adjusting for age, DR4 status,
cereal introduction and having a first degree relative with T1D.

To understand further whether Glb1 could be an early predictor of future IA risk, we
compared the Glbl level in the earliest samples (prior to the first positive visit) versus
controls (Figure 6.7, p=0.76, Mann-Whitney U-test). This result indicated that elevated Glbl
would not be an early predictor of future IA risk in high risk children. However, there are
several caveats which will be discussed in more detail in the discussion section. We also
evaluated the variation of GIbl antibody in each individual at the negative visit and another
at a later time point when they became positive for islet antibodies (Figure 6.8). The pattern
suggested a relationship between Glbl antibody and development of islet autoimmunity in a

subset of patients.
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Figure 6.7 Serum Glb1 antibodies among children with islet autoimmunity (DAISY
Study)

- The mean GIbl antibody level at positive and negative visit for IA was not significantly
higher compared with controls (p=0.70 and p=0.80 respectively, Mann-Whitney U-test). In
both controls and cases, a subset of individuals showed high Glb1 antibody levels. Note that
there appear to be two distinct populations' in controls: Population one contains values
between zero and 22 and population two contains values between 25 to 90 arbitrary units.
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Figure 6.8 GIb1 antibody levels before and after appearance of islet autoimmunity

(A) Different patterns of Glbl antibody concentration in two samples from individuals with
islet autoimmunity. (B) group of individuals with strong increase of Glbl antibody in the
- second sample when they became positive for islet autoantibodies (C) group of individuals
with high or intermediate Glbl antibody level in the first sample with some decrease in the
second sample when they became positive for islet autoimmunity (dashed line), and a group
of cases who had low and/or unchanged Glb1 antibody levels (solid line).
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Group 3 Children with coeliac disease autoimmunity (tTG autoantibodies)

Coeliac disease is the most common lifelong chronic disease . Approximately 1-
6.2% of patients with T1D have CD 23" CD and T1D are both immune-mediated
inflammatory disorders involving IFN-y dependent immune responses. Both diseases share
certain genetic risk linked to the HLA-DQ2 and HLA-DR3 genes. There is additional
evidence of a link between wheat and coeliac-like reactions in patients with T1D. For
example 20-30% of T1D patients have tTG antibodies in their serum which are diagnostic
for CD '°. Furthermore, 20% of children with T1D developed coeliac-like immune
reactivity to gliadin that was instilled rectally, suggesting some T1D patients have an
abnormal mucosal immune response to wheat '°'.

Recently we reported a highly wheat sensitive patient, who had both T1D and coeliac

disease (Chapter 5) '¥

. This patient showed a strong immune reactivity to Glbl.
Understanding whether immune reactivity to Glbl is associated with T1D or CD or both
diseases will be important. Therefore, we analyzed GIbl antibodies in young tTG" children.
Serum samples from the CEDAR study were provided by Dr. Marian Rewers and Dr
Jill Norris at the University of Colorado, School of Medicine, Denver, USA. The CEDAR
study is evaluating the association between coeliac disease, autoimmunity and environmental
factors. The participants in this study were chosen from the DAISY study and are volunteers
who have become positive for IgA antibodies to the major coeliac autoantigen, tTG. We
evaluated serial samples from 50 children who were either positive for the tTG
autoantibodies at two or more consecutive visits or positive for the tTG and /or coeliac-

related endomysial autoantibodies (EMA) at least once, followed by a positive small
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intestinal biopsy, a total of 217 samples. Also, 50 tTG negative high genetic risk children
matched for age at first tTG positive visit, HLA-DR3, DQ2, sex, ethnicity and family history

were analyzed as a high-risk control group.

Results
GIb1 antibody level is higher at the time of seroconversion to tTG IgA

All samples from cases who became positive for tTG had higher Glbl antibody
concentration compared with controls (Arbitrary unit mean = SD, 24.2 £ 20.5 vs. 16.5 +
14.6, p=0.002, Mann-Whitney U-test) (Figure 6.8). Interestingly, this significant difference
was also observed in tTG' cases on their last tTG visit and at first positive visit compared
with controls (23.23 = 18.0, p=0.005; 23.3 + 21.3, p=0.007 respectively) (Figure 6.10, Table
6.2). Advanced logistic regression analyses performed by our colleagues in Denver also
showed that after adjusting for age, breast feeding duration and timing of gluten exposure,
cases had significantly higher Glb1 antibody than controls (OR 1.8, 95% CI 1.1-2.9). Glbl
antibody levels were associated with younger age and tTG-positivity and marginally
associated with longer breast-feeding and later age at gluten introduction. Glbl antibody
levels were higher in HLA-DR3, DQ2 negative vs. positive cases. Glbl antibody levels were

associated with first exposure to wheat in cases but not in the controls '~

IgG GIb1 antibodies are increased before IgA-tTG in subjects with CD

We also evaluated the distribution of Glb1 antibody level and IgA-tTG antibody in
all samples taken at different ages (Figure 6.11). GIb1 level peaked at age 2-3 years and then

declined in most cases. By contrast, tTG levels peaked after 3 years. The Denver analysis
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confirmed that Glb1 antibodies appeared before tTG antibodies and coeliac disease but Glbl
was not associated with tTG-IgA level over time.

We also evaluated the variation of GIb1 antibodies and tTG-IgA in each individual in
different ages until they became positive for tTG-IgA (Figure 6.12). The pattern suggested
GIb1 antibodies frequently occurred at an earlier age than coeliac disease autoimmunity. In
most cases GIbl antibodies peaked and declined before tTG-IgA became positive in young

high-risk children.
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Figure 6.9 Serum Glb1 antibodies in cases and controls analyzed using ELISA
(CEDAR study)

217 serial samples from 50 IgA-tTG" cases at different ages and 50 high-genetic risk
controls were evaluated for Glbl antibody level (Denver, CEDAR Study). The mean Glbl
" antibody value of all samples from cases' was significantly higher compared with controls
(24.16 £20.46 vs. 16.5 £ 14.6 (SD), p=0.002, Mann-Whitney U-test).

'Samples from cases = 217 samples consisted of two or more samples from 50 children who were either
positive for tTG autoantibodies or became positive at a consecutive visit.
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Table 6.2. GIb1 antibody level and age of children at risk of developing Coeliac Disease
(CEDAR study) ,

Comparing age and GIb1 antibody level between high genetic-risk control and coeliac cases
in all negative samples for tTG, last negative visit and first positive visit for tTG. The mean
GIb1 antibody value of all negative samples from cases was significantly higher compared
* with controls (p=0.004). The mean of samples, collected at the last negative visit and first
positive visit also showed a significant difference compared with the control group (p=0.005
and p=0.007 respectively, Mann-Whitney U-test)
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Figure 6.10 Serum GIlb1 antibodies in cases based on visit type (CEDAR study)

Comparing Glbl antibody level between high genetic-risk control and Coeliac cases in all
negative samples for tTG, last negative visit (green) and first positive (red) visit for tTG.
The mean Glbl antibody value of all negative samples from cases was significantly higher
compared with controls (p=0.004, Mann-Whitney U-test). The mean of samples, collected at
the last negative visit (green) and first positive visit (red) also showed a significant
difference compared with the control group (p=0.005 and p=0.007 respectively, Mann-
Whitney U-test). Note that there appear to be two distinct populations in controls.
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Figure 6.11 Comparison of Glb1 antibody level and IgA-tTG antibodies in coeliac
disease autoimmunity (CDA) cases

(A) Distribution of Glbl antibody level in 217 samples taken at different ages in 50 CDA
cases from Denver. (B) Distribution of IgA-tTG antibody level in the same samples in (A).
GIbl antibody peak occurred at about age 1-3 years and then declined. By contrast, IgA-
tTG antibodies appeared later and peaked at approximately 3-5 years of age. (C) IgG-Glbl
antibodies (green) appear before IgA tissue transglutaminase antibodies (yellow) in young
high-risk children.
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Figure 6. 12 Development of Glbl antibodies frequently precedes or coincides with
tTG-IgA seroconversion

Variation of Glbl-IgG antibody (--@--) and tTG-IgA level (—A—) at different ages was
compared in 24 Coeliac Disease Autoantibody (CDA) cases from Denver. In several cases a
peak with high level of Glbl is present years before the cases became positive for tTG.
There was frequently an inverse relation between tTG and Glbl, such that the level of
Glblantibody was high, tTG -IgA was low (e.g. cases No:1-7 and 10-12). Even in cases
when Glbl antibody level was low, a pattern was present in which Glblantibodies peaked
before tTG-IgA (e.g. cases No: 13-15 and 20-21). tTG-IgA level is expressed as an index
which is defined as: (unknown sample cpm — negative control cpm)/(positive control cpm -
negative control cpm)’.

! Bao, F., L. Yu, S. Babu, T. Wang, E. J. Hoffenberg, M. Rewers, and G. S. Eisenbarth. 1999. One
third of HLA DQ2 homozygous patients with type 1 diabetes express celiac disease-associated
transglutaminase autoantibodies. J Awtoimmun. 13:143-148.
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Summary and Discussion

Study Group 1 Young adult T1D patients

We evaluated immune reactivity against Glb1 in PBMC of young T1D patients. Glbl
was recently identified as the first diabetes-related wheat protein in diabetes-prone rats 8% T
cell reactivity to wheat proteins described in Chapter 3 of this thesis indicated that more than
45% of young adult T1D patients had abnormal T cell immune responses to WP. Here we
show in a small subset of T1D patients, around 40% of them have abnormal T cell reactivity
to GIbl (Figure 6.1). Interestingly, we found a positive correlation between WP and Glbl T
cell responses in some patients (Figure 6.3). Glb1 is a minor contaminant of WP, which is an
extract of wheat gluten. Therefore, we cannot necessarily attribute the immune reactivity to
WP in cases who also showed immune reactivity to Glbl to a small contamination of WP
with GIbl. In addition, nine individuals showed T cell reactivity to WP but not to Glbl
(Figure 6.3), confirming that Glbl is not the only immunogenic protein in the complex of
wheat proteins.

The HLA class II genes are the major genetic determinant of T1D and our data
demonstrate that monoclonal anti-DR antibodies blocked the T cell proliferative response to
GIbl in T1D patients (Figure 6.1 B) indicating that these T cell responses were associated
with HLA-DR.

There are several reports confirming the contribution of antibodies to the
pathogenesis of some autoimmune diseases, but to date there is no strong evidence to show a
direct contribution of antibodies to B-cell damage ''°. Previous studies from our laboratory

showed that antibody reactivity to Glbl was correlated with islet inflammation and damage
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in BBdp rats *®. Unpublished preliminary data from my ongoing study indicated that Glbl
antibodies generated in rabbit are able to bind to a 62 KDa protein from human islets.

In the present study, we evaluated the GIb1 antibody level in serum of T1D patients.
As many as 26% of T1D patients had abnormally high Glbl antibody levels. In these
patients we observed both increased T cell and antibody response to Glbl (Figure 6.6). Five
out of 6 T1D patients, who had a positive T cell response to Glbl also showed a positive
level of antibody. Some Thl diseases such as rheumatoid arthritis, multiple sclerosis and
diabetes could be mixed Th1/Th2 conditions '**'**, Interestingly, in the current study we
showed strong T cell reactivity to Glbl and cytokine analysis in a subset of T1D patients
revealed that some individuals with high GIb1 T cell reactivity also produced high levels of
IFN-y and IL-6 in response to Glbl (Figure 6.4). Notably, the Th2 cytokine, IL-4, was also
higher than the cutoff value (mean + 3 SD of control subjects) in response to Glb1 indicating
the presence of a Th2 response in parallel with the high level of the Thl cytokine, IFN-y (10-
20 fold higher than IL-4 level). This might explain in part the presence of a strong IgG
reactivity to Glb1l in some of our patients. Thl cells are relatively poor initiators of antibody
responses but they participate in isotype switching by producing IFN-y, which drives B cells
to secrete Thl-associated IgG2a and IgG3 '®°. The biological functions of IgG antibodies
depend on their subclass. IgG1l and IgG3 subclasses have been shown to be mediators for
antibody dependent cell cytotoxicity (ADCC). They are also able to bind complement factor
C1 with high efficiency. In contrast IgG2 and IgG4 are weak activators of the complement
system, and it has been suggested that these subclasses of antibodies prevent ADCC by
masking target cells '*. It has also been suggested that in autoimmune diseases high-avidity

autoantibodies may play a role in the pathogenesis of disease '*’. Further study is required to
y pathog y q
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evaluate the subtype of antibodies in individuals with high GIb1 antibody levels to determine
the avidity of these antibodies in samples, collected before and after development of islet

autoimmunity.

Study Group 2 Children with islet autoimmunity (DAISY)

To evaluate whether the immune reactivity to GIbl was present in a younger high
risk population, we analyzed Glbl antibody levels in archived sera from children at
increased genetic risk for T1D from the DAISY study. Results showed that the mean Glbl
antibody level was higher in children who became positive for islet autoantibodies compared
with high risk controls, but this difference was not statistically significant (Figure 6.7). The
simplest interpretation of this finding is that Glb1l antibodies do not differentiate children
with islet autoimmunity from controls coming from a high risk population. However, several
points need to be considered. There are two distinct populations in the control group based
on GIbl antibody level (Figure 6.7). The control group was actually chosen from high
genetic risk children, who did not develop autoimmunity during 4.3 years of follow-up.
Because the mean age at onset of T1D is 13 years %, we do not know whether the high GIbl
individuals will go on to develop T1D autoimmunity or overt diabetes at a later age.
Another point is that the control sample group was age matched with samples collected at
the time when islet autoimmunity was first detected. However these samples were not
matched with samples collected at earlier ages (Table 6.2). Therefore, it will be important to

follow up control individuals to monitor the development of IA at a later age. Alternatively,

117



it will also be important to use non-high risk controls to ascertain whether Glbl antibody
concentration could be a predictor of diabetes risk in some individuals.

Evaluation of samples from IA cases, showed three different patterns for Glbl
antibody levels. Two samples were collected from each individual, one at the negative visit
and another at a later time point when they became positive for islet antibodies. Figure 6.8 A
clearly shows a strong increase in Glbl antibody level between the two sample points in
some individuals but not in others (Figure 6.8). These patterns of GIbl antibody changes
with time suggest a relationship between GIbl antibody and development of islet
autoimmunity in a subset of individuals. To clarify this relationship we need to expand this
study and analyze several prospective samples from cases and controls. These results could
help answer the question whether Glbl antibody level can be used as an early marker of
diabetes risk before appearance of islet autoantibodies.

Several reports indicate increased gut permeability in an animal model of diabetes
and in human T1D patients %1% Tncreases in zonulin, a protein secreted by gut
epithelial cells, could increase intestinal permeability by disassembling the intercellular tight
junctions '*®. There is one report indicating that increased gut permeability is required for

191 Furthermore, Sapone et al. *" reported that 42% of

development of T1D in BBdp rats
T1D patients had increased serum zonulin levels and zonulin levels were associated with
increased intestinal permeability in a subgroup of T1D patients. Unpublished data from our
group and Dr. Norris’s group in Denver indicate there were no significant differences in
GIb1 antibody and zonulin level between children with and without IA. However, in children
with IA, zonulin and GIbl antibodies were significantly correlated both before and at the

first positive samples (respectively, Spearman r=0.60, p=0.0013 and r=0.46, p=0.005). In

remarkable contrast, no relation was observed in children without IA (r=0.15, p=0.61). Co-
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variation of zonulin and GIb1 antibodies in IA cases but not in IA negative controls suggests
that high-risk children who develop diabetes or became positive for islet antibodies may
have gut abnormalities related to tight junctions. On the other hand, it is possible that a
combination of GIbl antibody and zonulin level could be a biological marker of diabetes-

related gut abnormality.

Study Group 3 Children at risk of developing coeliac disease

The abnormal immune response to Glbl in the case of a highly wheat sensitive

patient described in chapter 5 '**

raised the question whether the response was associated
with T1D or CD. In general, globulins including Glbl are not considered to be coeliac
antigens '®. In addition, Glb1 was discovered by screening a wheat cDNA library with sera
from diabetic rats **'”. Therefore, we evaluated Glbl antibody level in cases of young
subjects at high risk for T1D who developed coeliac disease autoimmunity. Cases who
became positive for tTG showed higher Glbl antibody levels compared with controls who
did not develop CD autoimmunity despite having the same high genetic risk background
(Figure 6.9). The presence of a distinct population in the control group including seven
individuals with high GIbl antibody levels (Figure 6.9 and 6.10) will re-open our previous
discussion, that some of these control individuals could develop diabetes and/or CD at a later
age.

Comparing Glbl and tTG antibodies at different ages (Figure 6.11 A, B and C and
Figure 6.12) indicated that Glbl antibodies peaked at an earlier age than tTG antibodies.

Therefore, an increase in GIbl antibody before the appearance of coeliac disease

autoimmunity in a subset of individuals suggested these antibodies could reveal early
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abnormal response to a dietary antigen in those who are asymptomatic but at high risk for
T1D who go on to develop CD. This interpretation must be tempered by the small sample
size. Our data suggest that the value of GIb1 antibodies as a biomarker of risk for CD or T1D

is age related.

Conclusion:

The Gut-Associated Lymphoid Tissue (GALT) is the largest lymphoid organ in the
body and is responsible for providing a first line of defense. In addition, it is a highly
developed adaptive immune system that regulates the responses to antigens within the gut
lumen and those that have crossed the gut barrier. The intestinal immune system is designed
to develop oral tolerance to harmless soluble dietary proteins or commensal bacteria ''.
Several factors can influence oral tolerance including, nature and dose of antigen, maturation
of immune cells specifically DC as a key APC for priming of naive T cells '**?°!. Evidence
is accumulating in support of a key role for a dysfunctional gut barrier and the presence of a
pro-inflammatory condition in the gastrointestinal tract in a variety of human diseases
including diabetes, Crohn’s disease, coeliac disease, atopic dermatitis, rheumatologic
conditions and irritable bowel syndrome '°"'*2%292 Entry of excessive amounts of dietary
antigens via a leaky gut barrier could cause an imbalance in the gut immune system resulting
in a breakdown of tolerance and development of one or more of these diseases depending on
the presence of risk genes.

Most of the evidence linking the development of diabetes in human to wheat comes
from epidemiological studies. Results from this part of my study indicate that a large subset

of young adult T1D patients display an abnormal humoral and cellular immune response to
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Glbl, a dietary protein. Also, the correlation between Glbl antibody and zonulin, a marker
of gut permeability in a subset of individuals with islet autoimmunity, provides additional
evidence that the presence of this dietary antigen in the context of increased gut permeability
could induce abnormal immune responses. The abnormal immune responses to Glbl were
also present in children chosen on the basis of high genetic risk for diabetes and who
developed CD autoimmunity. It is notable that antibody response to Glbl was observed
before appearance of antibodies to the CD autoantigen, tTG '°>. Therefore, current data
suggest the presence of a dysfunctional gut barrier in T1D patients which could permit entry
of unusually high amounts of dietary antigens including Glbl to gut lumen. This excessive
amount of antigen could cause an imbalance in the gut immune system and breakdown of
tolerance resulting in an abnormal immunity to Glbl. Future study is required to evaluate,

whether abnormal immunity to Glbl may play a role in the pathogenesis of these diseases.
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Chapter Seven

Summary and discussion



Summary and general discussion

T1D is a complex, multifactorial autoimmune disease and similar to other
autoimmune diseases, it is influenced strongly by genetic factors. Different environmental
agents including dietary components have been proposed to promote the autoimmune
process 29. There are several reports that link wheat with increased risk of autoimmune
diabetes "*®"'*. Wheat is the most important source of protein in the human diet °. In
general, wheat and other dietary antigens are harmless in healthy individuals, because of oral
tolerance '/, a state of non-responsiveness that originates in the gut immune system. In
contrast, wheat can be harmful in some susceptible individuals. Wheat protein is a complex
mixture of at least 1300 polypeptides ¢, and is responsible for coeliac disease, IgE mediated

Baker’s asthma and other food allergies '"7%'*

. Wheat is particularly antigenic and
immunogenic in human. For instance, gluten proteins in wheat are involved in immune-
mediated damage to the gut in CD patients and also in food allergies due to different wheat
proteins such as a-, B-, y-, ©-gliadins and the albumin /globulin fraction ?***. In addition,
there are several reports that link wheat with increased risk of autoimmune diabetes
BT84 However, to date the identity of individual diabetes-related wheat proteins and
potential mechanisms involved in the pathogenesis of disease are not known.

The main question in this study was whether there is an abnormal immune response
to a mixture of wheat proteins as would be encountered in the daily diet or a purified
recombinant wheat storage globulin homologue, Glbl in T1D patients. In addition to

addressing this question, we determined the nature of immune reactivity to wheat proteins

and also assessed whether this reactivity was genetically controlled by specific HLA alleles.
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To evaluate immune responses to wheat proteins I measured T cell responses using a
sensitive CFSE proliferation assay, which we standardized in our laboratory. To date I am
only aware of one report that evaluated the T cell immune responses against wheat gluten in
T1D patients 3. In this study, a standard thymidine incorporation assay was used to measure
the PBMC response to a specific wheat gluten fraction, Frazer fraction IIl. The investigators
reported low responses in both patients and controls, possibly due to the technique used and
the presence of very high concentrations of wheat protein (400 ug/ml of pepsin and trypsin
digested wheat gluten), which are in the toxic range .

Our CFSE-based assay permitted us to analyze CD3" T cell proliferation over a
period of 8 days in culture (Figure 3.1). This technique has the added benefit of permitting
the detection of T cells present at very low frequencies with good reproducibility.
Therefore, it was possible to use very low, non-toxic concentrations of wheat protein (6.2
pg/ml; Figure 3.2).

In chapters 3 and 6 of this thesis, we demonstrated high T cell responses to WP and
GIbl in 48% and 40% of young adult T1D patients respectively (Figure 3.3 and 6.1 A).
Cytokine analyses of culture supernatants from PBMCs stimulated with WP and Glbl
showed a Thl type response with high concentrations of IFN-y and IL-6
(Figure 3.5 and Figure 6.4, patients number 1, 3 and 4). Patients who responded to wheat
protein were predominantly HLA-DR (Table 3.4) and immune response to WP and Glbl
was restricted to HLA-DR4 (Figure 3.7 and 6.1 B) and was not associated with HLA-DQ2

1 ¥ showed

(Table 3.4 and Figure 3.7). The only available similar report from Klemetti et a
increased cell-mediated immune response against wheat gluten in 24% of newly diagnosed

T1D patients and 15% of patients with longer duration of disease. Similar to our results,
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they did not link gluten-induced T cell responses to HLA-DQB1*02, the major risk allele for
coeliac disease or HLA-DQB1*03, a common risk allele in T1D.

In the last several years there are several reports indicating a link between intestinal
immunity and T1D '**. Reports confirm that dietary factors are able to modify diabetes in
animal models of autoimmune diabetes and in humans >7°%"#9 Increased gut permeability
is present in prediabetic and diabetic BBdp rats '***®°. Increased permeability in diabetes-
prone individuals could allow abnormal exposure to dietary antigens, which would be
expected to disrupt oral tolerance to certain dietary proteins 2% We have shown that T1D
patients also have an abnormal T cell response to other dietary antigens including OVA,
gliadin and gliadin 33-mer peptide (Figure 3.3). However, the magnitude of these responses
was much lower compared with the response to the WP mixture. In addition, the frequency
of individuals who were categorized as responders to these antigens was also lower
compared with WP and GIb1 2”7 (Chapter 3). This observation strongly suggests that the gut
is not functioning normally and raises the possibility of a defect in the gut barrier, an
immune imbalance and/or impaired oral tolerance.

Increased gut permeability in human T1D patients has been reported in several

studies 7719,

Zonulin, which regulates intercellular tight junctions, plays a key role in
pathogenesis of T1D in BBdp rats '°'. Blocking of the zonulin receptor reduced the T1D
incidence by 70% and prevented development of islet cell autoantibodies in these animals. A
human study showed that serum zonulin levels were high in 42% of type 1 diabetic patients
and this level was associated with increased permeability’?’. In the analyses of the DAISY
samples, zonulin levels in children with islet autoimmunity were significantly correlated

with GIb1 antibodies 2*® (Chapter 6). Importantly, co-variation of Glb1 antibody and zonulin

level was absent in IA negative controls. This supports the hypothesis that high-risk children
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who became positive for IA or developed diabetes could have increased gut permeability or
damage and this defect could in turn permit an excess amount of environmental non-self
antigens to stimulate the GALT followed by development of autoimmunity. Additional
studies will be necessary to determine whether Glb1 antibody and zonulin level together
represent a new biological marker of gut abnormality.

There is no strong evidence to support a direct contribution of antibodies to beta cell
damage ''°. Autoantibodies such as Insulin, GAD65 and IA-2 have been used to predict the
risk for development of T1D ''*!!® but they are less useful as surrogate markers for
monitoring disease progression ''®. In this thesis, we reported 26% of T1D patients had
abnormally high Glb! antibody levels (Figure 6.5)*”. Almost all individuals with high Glb1
antibodies also demonstrated high T cell responses to Glbl protein (Figure 6.6). Such a
presence of both humoral and Thl cell mediated immune response is similar to well known
responses to microbial pathogens and autoantigens. For example, the presence of both
antibody and specific T cells against diabetes autoantigens has been reported in T1D patients
15 Another observation consistent with this interpretation is the presence of low levels of
the Th2 cytokine, IL-4 in T1D patients. Nonetheless, these levels were present at higher

concentrations compared with supernatants from cells of control individuals (Figure 3.5).

Potential role of wheat reactive immune cells in T1D pathogenesis

Strong T cell reactivity to WP and Glb1 and antibody responses to Glbl in a patient
with TID/CD '* (Chapter 5) and also in a subset of young adult T1D patients 2*’(Chapter 3),
raises the question whether this abnormal immune response can promote beta cell
destruction. Alternatively, these immune responses may only reflect abnormalities in the gut

immune system or lack of immune tolerance in these patients. Previous studies from our
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laboratory showed that antibody reactivity to Glbl correlated with islet inflammation and
damage in BBdp rats *°.

To address the potential role of wheat reactive immune responses to promote beta
cell damage, I would like to discuss possible mechanisms that could be involved in wheat-
induced immune destruction of beta cells in the pancreas. If we expect a pathogenic role for
WP-induced cells in the diabetic process, those cells should be capable of trafficking to PLN
and the pancreas and further promote islet endocrine pathology. Some reports indicate that
adoptive transfer of immune cells isolated from the MLN of NOD mice and BBdp rats can
traffic to the pancreas and promote diabetes ***'°. In addition, T1D patients displayed

autoreactive T cells expressing the gut-associated homing receptor a4p7 integrin *°.

In our
study this homing receptor was expressed on 50-60% of WP-reactive T cells. Although the
percentage of 47 was not significantly different between reactive and non reactive T cells
(data not shown), this still is an indication that most of wheat reactive T cells in PBMC have
a gut homing receptor.

Molecular mimicry is one of the suggested mechanisms as a trigger for autoimmunity
291 This is a phenomenon whereby some environmental antigens evoke an immune response
that cannot distinguish self from non-self antigens, resulting in an autoimmune reaction ',
There are reports that foreign antigens could accelerate the autoimmune attack on target cells

by this process 2

. Some proposed examples of molecular mimicry in T1D and CD are as
follows: an epitope in bovine serum albumin in cow milk, termed ABBOS was shown to be
similar to the beta cell protein ICA69 . An epitope in NADH ubiquinone from wheat and

213

soybean displays some homology with the T1D autoantigen, IA-2 “*°. Also, recently it was

reported that anti-gliadin antibodies in immunized animals and CD patients cross react with
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the synapsin I protein 214 Preliminary results from my studies, and those of my colleagues
indicate that GIb1 antibodies generated in rabbit or purified from sera of our index patient
with both T1D and coeliac disease are able to bind to 62 KDa protein in human islets.
Further study is required to evaluate and characterize the potential role of Glb1 antibodies in
mimicry recognition of self-antigen and potential role in development of diabetes.

Another possible mechanism is immune activation of specific autoimmune cells by
bystander lymphocyte activation. This mechanism proceeds when the immune response to a
non-self antigen causes the activation of autoimmune cells which normally circulate at low
frequency in the same micro-environment 2°. This process could occur in the gut immune
system in response to WP in genetically predisposed individuals, simply, B cell specific
immune cells that normally circulate at very low frequency become activated following

changes in the microenvironment of the gut immune system.

Model for involvement of dietary wheat proteins in development of T1D

The data from this thesis are consistent with previous reports suggesting a role for
wheat proteins in diabetes-prone animals and humans29. Most of the evidence linking the
development of diabetes in human to wheat comes from epidemiological studies. We
propose a model in which dietary wheat protein is one possible pathway of disease
progression in a subset of T1D patients (Figure 7.1). Based on the general model of
environmental modification of gut immune system **, the effect of environmental agents on
genetically predisposed individuals depends on age of exposure and dosage. The
combination of these conditions will prevent or promote diabetes pathogenesis. As
summarized in the legend of my current model (Figure 7.1), damage to the gut epithelium in

some individuals permits entry of excessive amounts of dietary antigens including WP to the
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GALT. Specific dietary proteins could promote an immune reaction, which causes secretion

of pro-inflammatory cytokines and activation and proliferation of different subtypes of cells

including T cells, B-cells and professional antigen presenting cells. One possibility is that the

immune response to dietary antigens modifies the immune attack on beta cells in the

pancreas either by a direct or bystander mechanism.

The following points are highlights of some novel findings in this study which

support such a model.

In this study we reported more that 40% of T1D patients showed abnormal immune
responses to WP and Glbl. The gut is the main entry point for these antigens, therefore
the abnormal immune responses which we detected in peripheral blood likely also reflect
abnormal immune responses in the gut immune system.

The finding that WP responders were predominantly HLA-DR4 (>95%) and not HLA-
DQ2, supports the interpretation that this effect was diabetes-specific (Chapter 3). This
result is similar to that reported by Outi Vaarala et al. *® indicating that intestinal immune
activation in T1D was not restricted to patients with the HLA-DQ2 genotype.

Antibody response to GIbl was abnormally high in a subset of T1D patients and
interestingly both T cell and antibody responses to GIbl were correlated in this subset
(Chapter 6).

We showed a strong T cell reactivity to WP and Glbl with a predominant Thl cytokine
pattern in the supernatant of PBMC cultures (Chapter 3 and 6). IL-4 was also increased
in response to GIlbl indicating the presence of a Th2 response in parallel with the
dominant Thl response, which may explain in part the presence of a strong IgG

reactivity to Glb1 in some of our patients (Chapter 6).
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The high concentrations of IL-6 in the supernatant of WP and Glbl stimulated cultures
were not inhibited by anti-DR antibody, suggesting that IL-6 was secreted from other
cell types. The high level of IL-6 produced in response to WP (4-6 fold higher than IFN-
v) further suggests a mechanism by which wheat can promote the development of T1D
through induction of powerful pro-inflammatory cytokines.

The abnormal immune response to Glbl in the case of a highly wheat sensitive patient
presented in chapter 5'* raised the question whether these responses were associated
with T1D or CD.

The correlation between Glbl antibody and zonulin in young subjects at high risk for
T1D raised the possibility that the presence of this dietary antigen in the context of
increased gut permeability induced abnormal immune responses.

Increased immune responses to Glbl were also found in children with high genetic risk
for diabetes who developed CD autoimmunity. Interestingly, antibody response to Glbl
was observed considerably before the appearance of antibodies to the CD autoantigen,

tTG (Chapter 6).

Overall, these data provide evidence that selected dietary antigens could induce

abnormal immune responses in some individuals at risk for T1D. One focus of our

laboratory is to investigate molecular mimicry as a possible mechanism in T1D

pathogenesis. Preliminary results from ongoing research in our laboratory suggest that Glb1l

antibodies generated in rabbit or isolated from serum of our index patient can bind to

specific proteins in human islets. These intriguing data require confirmation. In order to

clarify the proposed model, it is important to investigate trafficking of specific WP or Glbl

T cells to pancreatic lymph nodes and islets. In addition, the possible role of Glbl
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antibodies and wheat specific T cells in beta cell function and pathology should be

determined.

Despite ongoing research in the field of T1D, the pathogenesis of this disease in
human remains unclear and data on environmental interactions are conflicting and sparse.
Although, we do not expect that all cases of diabetes are wheat-related, it does appear to be
involved in some patients. Identification of a subset of T1D individuals who have abnormal
humoral and cellular immune responses to wheat proteins, raises the possibility that these
immune responses play a role in the Thl-based insulitis, which can lead to T1D. Further
studies are required to determine whether these diet antigen specific T cells and antibodies

have direct effects on target tissues such as the gut and pancreas.

Future directions

In humans, the link between the gut immune system and T1D has been suggested by

68.87.9596.216 * Byidence is also accumulating in support of a wheat-T1D link.

several reports
For example, the coincidence of T1D and coeliac disease has been well documented. In
general, in most cases of TID/CD, coeliac disease is diagnosed after T1D onset. In contrast,
in individuals who develop coeliac disease first, the chance of T1D development is lower,
suggesting that a gluten free diet, which is the treatment for CD, can prevent the
development of diabetes *>2'”. There is additional evidence supporting the gut-wheat-T1D
link: (1) long-term exposure to wheat protein was associated with development of T1D '8,
(2) antibodies to the endomysial autoantigen, tissue transglutaminase were present in 20-

30% of T1D patients '°, (3) the gut associated homing receptor a4 7-integrin was present

on autoreactive T cells from T1D patients *°, and (4) intestinal immune activation that was
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not HLA-DQ restricted was observed in T1D patients. Therefore, the main approach for
future studies should focus on understanding how dietary proteins including wheat, interact
with the gut immune system in normal and diabetes-prone individuals and understanding
how this process could affect islet biology.

Identification of diabetes promoting environmental antigens, specifically wheat
antigens will provide the potential to develop preventive treatments using foods lacking or
low in specific antigens; it may also be possible to engineer new cereal products with low
diabetes-promoting capacity. It will be important to: (1) expand these studies with more
individuals, (2) choose appropriate control subjects to evaluate whether immune responses to
Glbl are a general marker of gut damage or more specifically can be used as a predictor of

development of T1D, CD or cases who have both diseases.
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Figure 7. 1. A model for involvement of dietary wheat proteins in development of T1D

In genetically predisposed individuals, entry of an excessive amount of dietary antigens,
specifically wheat proteins (possibly whole proteins and peptides) occurs via a leaky gut
barrier to the lamina propria and the draining mesenteric lymph nodes. Dietary peptides can
also pass through the normal route of uptake via the M cells that coat the Peyer’s patches.
Professional antigen-presenting cells (APC) including dendritic cells, macrophages and B
cells take up wheat protein antigens and present the peptides on MHC class II molecules to
CD3" (CD4" and CD8") T cells. Wheat activated T cells secrete pro-inflammatory Thl
cytokines and IL-6. Because of the pro-inflammatory state of the gut and the presence of
excess dietary antigens, regulatory T cells are less able to suppress the effect of pro-
inflammatory Th1 cytokines on T cells, B cells, and APCs. In parallel, B cells sample dietary
peptides and present them to previously activated CD4" T-helper cells. Activated B cells
proliferate and produce immunoglobulins. Therefore, these various populations of activated
cells expand probably in the draining mesenteric lymph nodes and potentially in the
pancreatic lymph nodes. Activated immune cells migrate to the pancreas where they could
promote destruction of B-cells.
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Conclusions

A sensitive CFSE proliferation assay was optimized and adapted to measure CD3" T
cell responses to wheat proteins (chymotrypsin-treated, heat-inactivated wheat gluten) and
GIbl recombinant protein in PBMC of T1D patients (Chapter 2 and 3). Our data are
consistent with previous reports linking wheat proteins with diabetes development in
diabetes-prone animals and humans. Results from this study indicate that a subset of young
adult T1D patients display an abnormal humoral and cellular immune response to Glbl, a
dietary wheat protein. T cell responses to WP and Glbl were associated with the diabetes
risk allele HLA-DR (Chapter 3, 6), such that WP-responders were predominantly HLA-
DR4, and not HLA-DQ2 (Chapter 3), suggesting that this effect was diabetes-specific. An
abnormal immune response to Glbl was observed for the first time in a human patient who
was highly wheat sensitive with both CD and T1D, and this raised the question whether this
response was associated with T1D or CD (Chapter 5) . GIb1 antibody and zonulin level
were correlated in a subset of young individuals with islet autoimmunity ®®. In children at
high genetic risk for diabetes who developed CD autoimmunity, increased Glbl antibody

level was observed before antibodies to the CD autoantigen, tTG '

appeared. These data
further suggest the possibility that gut barrier dysfunction is present in some T1D patients.
This could permit entry of unusually high amounts of dietary antigens including Glbl,
causing an imbalance in the gut immune system associated with a breakdown of tolerance.
Further studies are required to evaluate whether immune responses to Glbl are a general

marker of gut damage or more specifically can be used as a predictor of development of

T1D. It also remains to be determined, whether abnormal immunity to Glbl or other
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components of wheat may affect the immune attack on the pancreas by a process .that

remains to be elucidated.
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