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ABSTRACT

Novel “humanized” mice to test therapeutics for human type 1 diabetes

Luis Alberto Pow Sang, PhD, 2014

Thesis directed by: Teodor-Doru Brumeanu, MD, Professor
Department of Medicine
Uniformed Services University of the Health Sciences
4301 Jones Bridge Road, Bethesda, MD 20814

The human MHC class 11 molecules HLA-DR*0401 and HLA-DQ8 have been
associated with several cases of T1D as well as other autoimmune disorders.
Nevertheless, some studies suggest that there is a potential tolerance effect of the HLA-
DR*0401 molecule in humans and transgenically expressed in mice that delays and even
exempts them from developing autoimmunity.

Our laboratory has previously reported that genetically-engineered, soluble MHC
class I1-peptide chimeras prevent, and more importantly reverse early T1D induced by
autoreactive T-cells in the NOD mice (16; 60). To validate the therapeutic efficacy of a
new soluble HLA-DR4/GADG65 chimera (termed DEF-GADG65 reagent) for human use,
we have generated a new humanized mouse model for T1D in the laboratory. Initially, we
generated a humanized transgenic NOD (H-2%") mouse expressing the human MHC class
Il molecule HLA-DR*0401 (NOD/HLA-DR4 Tg mice), which surprisingly does not
develop T1D, nor pancreatic insulitis. We found that NOD/HLA-DR4 humanized

transgenic mice have an altered T-cell compartment as compared to their NOD non-

Vi



transgenic littermates. We describe a number of experiments demonstrating the resistance
of this mouse strain to T1D. Our results strongly suggest that the T1D resistance is due to
a combination of several factors such as high number of Foxp3 Treg cells at young age,
low INF-y inflammatory response to polyclonal and antigen-specific stimulation, and an
unusually high CD4 to CD8 ratio in the thymus and peripheral lymphoid organs. Our
results indicated that the human MHC class 1l, HLA-DR*0401 has regulatory potency at
an early stage of T cell development by altering the thymic output in favor of immune
tolerance. In addition to this mouse strain, we generated a NOD/HLA-DR4 strain
expressing the human co-stimulatory molecule B7-1(CD80) in pancreatic islets under the
rat insulin promoter, by crossing the transgenic NOD/HLA-DR4 and NOD/B7-1 mice.
Close to 70% of the F1 hybrids NOD/HLA-DR4/B7-1 double transgenic mice developed
an aggressive, spontaneous T1D by 3-4 months after birth, and regardless of gender. In
this study we also report that about 75% of the pre-diabetic humanized NOD/HLA-
DR4/B7-1 mice treated with a human DEF-GADG65 chimeric reagent remained
euglycemic, and that the pancreatic infiltration was stabilized for up to 6 months after

treatment interruption by means of Th2/TR-1 polarization in the pancreas.
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Chapter 1: Dissertation Introduction, Hypothesis and Aims

TyYPE 1 DIABETES

Type 1 diabetes (T1D) is an autoimmune disorder resulting from the destruction
of insulin producing pancreatic B-islets by T-cells (107; 112), ultimately triggering a life
threatening state of hypoinsulinemia and extreme hyperglycemia (112). There are several
complications that arise after the onset of diabetes such as ketoacidosis, kidney failure,
heart disease, stroke and blindness. It has been the goal for many years to find
appropriate therapies early in the disease development. Unfortunately, many immune
events silently take place early in life with no symptoms before patients seek help from
the physician, which is late since the pancreas is severely damaged and thus unable to
regulate the blood glucose level (19; 112).

The incidence of T1D is globally rising so that during the past decades reached as
much as 5.3% increase in new cases annually in the United States (20). The current trend
predicts a doubling in new cases of T1D in European children younger than 5 years
between 2005 and 2020, and an alarming prevalence in individuals younger than 15 years
will rise by 70% (112). The rising incidence of T1D in the past decade is too rapid to be
completely attributed to an increase in genetic susceptibility (113). Reports from
different parts of the world indicate that the proportion of youth with T1D having the
highest risk human leukocyte antigen (HLA) genotype (DR3/DR4) has not change over
time(113). In contrast several changes in lifestyle and environmental factors possibly
associated with T1D risk have occurred globally, such as early life infectious disease
patterns, changes in diet and physical activity patterns, climate changes, vaccination rates

and use of pharmaceuticals (113). The epidemiology of T1D suggests that varying gene—
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environment interactions are likely triggering and/or accelerating the autoimmune
destruction of the -cells leading to complete insulin deficiency (113).

The etiology of T1D is still a puzzle mainly because several immunologic events
remain silent before the patient shows any signs of disease. Historically many studies
point to a genetic component (112) mainly due to early studies that have shown a higher
concordance rate of T1D among monozygotic twins than dizygotic twins studied in
different populations (46; 53; 77). Though genetic factors were always associated with
T1D, they are not sufficient in explaining the increase in previous years of T1D new
cases. Certain viruses and nutritional molecules known may trigger B-cell destruction by
autoreactive CD8 T cells.

Viral and bacterial infections that may target the pancreatic cells have been also
found to trigger T1D in animal models as well as in humans. In animal models, there is
evidence for damage to the p-islets caused by viral infections such as
encephalomyocarditis virus and coxsackievirus (74; 120). In 2007 Dotta et al.(29) was
able to confirm that in humans, coxsackievirus is able to infect the pancreas and cause
inflammation triggering T1D. The B-islets could release a variety of antiviral responses
for host protection, but in the process may also trigger a host immune-mediated and islet-
directed damage (78).

Humoral immunity generating circulating autoantibodies against 3-islet antigens
such as insulin and glutamic acid decarboxylase (GAD) has been well documented (41,
90; 106), and detection of these autoantibodies serves today as early surrogate markers of

disease.

15



Animal models have been extremely helpful in letting us elucidate the role of
cellular mediated immunity in T1D (2; 19; 42; 50; 52; 55). Several experiments
performed in non-obese diabetic (NOD) mice, the closest animal model for human T1D,
have identified different immune cells involved in pancreatic $-cell destruction, including
CD4" and CD8" T cells, macrophages, dendritic cells (DC) and natural killer cells (NK)

(30; 52; 80; 104; 117).

RoLE oF MHC CLAss 11 INT1D

MHC class Il molecules are essential for immune activation such as responses
against infections and cancer (74). Nonetheless, they are also essential in catalyzing
autoimmune disorders by activating self-reactive (autoreactive) T cells. That is because
peptide-MHC (pMHC) class 1l complexes are formed in professional antigen presenting
cells (APCs) when they encounter exogenous proteins and engulf them through
endocytosis or phagocytosis. Afterwards, the APCs present these protein antigens to the
T-cells, which become activated.

It has been well established that pMHC class Il complexes activate T-cells
through physical contact with the TCR. The activation of CD4" T-cells by pMHCs
requires presentation of 14 to 20 amino acid-long peptide antigens (74; 78). The structure
of MHC class Il molecules consists of two membrane chains o and 3 non-covalently
linked by strong hydrophobic interactions (74). MHC molecules are indeed essential for
the adaptive immune system during education of T cells in the thymus or periphery. Each
MHC class Il chain contributes to the formation of a groove where the peptide is

embedded (78).
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The polygenetic factor underlying susceptibility of certain individuals to T1D is
associated with a genetic polymorphism occurring in different areas across the genome.
In the NOD mouse model there are more than 20 genes called, insulin-dependent diabetes
loci (I1dd) genes that are collectively essential to develop spontaneous diabetes (117). In
humans there are also indications of genetic polymorphism found in early studies in two
regions of chromosome 6p21 that encodes for MHC class 11 molecules (HLA-DR, DQ,
DP) (IDDML1 loci) and for insulin in chromosome 11p15 (73; 117).

Currently, there are genome-wide association studies (GWAS) ongoing in
different groups across the globe. Early reports from these studies proved that the disease
etiology is remarkably complex, since there are more than 40 validated T1D-risk
associated loci that explain some 80% of genetic variations in T1D (99). Furthermore,
50% of these alterations were found in the MHC region (IDDM1) (99).

Interestingly, a striking similarity shared by mice and humans with T1D was
found in the MHC class Il I-A B1 chain and HLA-DQ 1 chain respectively, at position
57 where there is a mutation from Asp to Ser residue (57). This report underscores the
conservation among species of MHC molecules function and structure. It also stresses on
the importance of the NOD mouse as a model to study T1D. Indeed, thanks to all these
studies performed in the last half century, it is now generally accepted that an important
genetic contributor to the disease are the major histocompatibility (MHC) complexes and
the T cells whose functions are activated by the pMHC complexes.

MHC class Il molecules are mostly found attached to the external surface of cell
membrane of professional antigen presenting cells (APCs) such as dendritic cells and

macrophages (78) and B cells. However, some other cells may express MHC class Il
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molecules in an inflammatory environment (i.e. epithelial cells, microglia, myocytes,
fibroblasts, etc.) (12; 14; 64; 98).

Data suggest several different outcomes in T1D onset when the human DR or DQ
molecules are co-expressed in different genetic backgrounds, or co-expressed with other
MHC class Il molecules. Thus, functional studies in a NOD/DQ8 Tg mouse for HLA-DQ
or HLA-DR molecules by Taneja et al. (105), and by Gebe et al. (35) in a C57BL/6 (H-
2°)-HLA-DR4 Tg mouse, showed a lack of spontaneous diabetes in these mice even if
primed with GADG5 protein (a common B-islet autoantigen in NOD and human T1D),
though the mice developed mild insulitis. However, these studies did not address the
mechanisms of a possible HLA-DR/DQ interplay that may be responsible for induction
of tolerance to the T1D onset. Studies performed by Wen et al. (115) suggests a
regulatory mechanism in mice expressing the human HLA-DR4 MHC Il molecule. They
showed an increased expression of Th2 cytokines that may potentiate a regulatory effect
leading to abrogation or delay of T1D in double transgenic DQ8/DR4 mice in a C57BL/6
background. Part of my work presented in this report addresses the potential regulatory
role of HLA-DR4 in T1D using our humanized NOD/DR4 transgenic mouse generated in

the lab.

ROLEOF T CELLS INT1D

Even though many argue that CD8+ T cells are essential for triggering 3-cell
destruction; it remains unclear what the initial culprits of T1D onset are. Several
infiltrating cell types have been found to invade the pancreas at different stages of disease
development. B cells, dendritic cells, and macrophages serve as the initial activators of

autoreactive CD8 and CD4 T cells through peptide presentation by MHC class | and 11,
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respectively. Also, there are secondary signals that the T-cell receives through the co-
stimulatory molecules like CD28 and CTLA-4, and tertiary signals mediated by an array
of cytokines such as IL-2, IL-12 and INFy. These three signals—MHC presentation, co-
stimulation and cytokines—are all essential in generating and sustaining an effective
immune activation of T helper and CTL cells (37; 112).

A CD4" T cells major contribution to T1D is perpetuation of an autoreactive CTL
activity. After receiving signal from APCs in the pancreatic lymph nodes, activated CD4"
Th1 cells infiltrate the B-islets and command other cells to attack the pancreas by
releasing cytokines such as IL-2 and INF-y. INF-y production generates a positive
feedback loop to increase Th1l cell activity by inducing APCs to release more I1L-12,
which in turn stimulates the Th1l cell to produce more INF-y (37).

A certain percentage of activated CD8" T cells become activated into CTLs and
enter islet lesions in greater numbers only when aided by CD4+ T cells and recognize
islet antigens. After activation, they enter the pancreatic -islets becoming the major
infiltrating cell population of T cells. After binding to the MHC class I-peptide complex,
they form an immunological synapse which prompts them to release cytotoxic enzymes,
perforin, granzyme B, and INF-y (37; 112). These events generate even more destruction
within the islets. In turn there is more release of islet antigens that are internalized by
surrounding APCs then taken to the pancreatic lymph nodes. APCs will present islet
peptides through MHC class | and 11 to CD8+ and CD4+ T cells respectively. Activated
CD4+ T cells will help B cells to become plasma cells releasing an increased amount of

autoantibodies, a process known as “epitope spreading” (37). This set of events
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eventually overwhelms the pancreatic islets ultimately making them unable to produce

insulin enough to sustain normal levels of blood glucose.

SOLUBLE PMHC CHIMERAS ARE PROMISING THERAPEUTICS FOR T1D

Scoring the frequency of self-reactive T cells would be a valuable approach to
identify the nature of auto-antigens and to follow the evolution of a T cell mediated
autoimmune process. Several decades ago, approaches to score B cells secreting
antibodies in blood or in vitro were designed based on the ability of the B-cell Ig receptor
(BCR) to bind the labeled native antigens (27). Such approaches were inadequate for
measuring the frequency of antigen-specific T cells, since the Ig receptor on B cells
recognizes linear as well as tridimensional peptide structures (epitopes) on native
antigens, whereas the T cell receptor (TCR) on T cells recognizes only short peptide
epitopes derived from antigen processing in association with MHC or CD1 gene
products. A first attempt to measure the frequency of antigen-specific T cells by flow
cytometry used soluble pMHC molecules prepared from APC membranes (92) or
recombinant MHC molecules loaded with peptides in vitro (36). Later on, Abastado et al.
(1) have genetically engineered soluble single-chain MHC class | molecules by fusing the
extracellular domain of a murine or human class | molecule to the murine 3,-
microglobulin, and then loaded with peptides in vitro. These constructs could stimulate
IL-2 secretion by peptide-specific T cell hybridomas, and induced activation of cytotoxic
CD8 T cells (CTL), but only when they are dimerized or able to form aggregates (1).
These studies spearheaded the generation of a set of dimers or multimeric constructs of

soluble pMHC-I or pMHC-I1I by other groups.
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The advance in molecular biology opened the door for designing a novel platform
for pro-drugs endowed with immunomodulatory properties based on soluble, dimerized
pMHC chimeras on immunoglobulin scaffold, in which the peptide is covalently linked
via a flexible linker to the 3-chain of class I MHC or 3,-microglobulin of MHC class |
(28; 89). In our laboratory, dimerization was accomplished by fusion of the a3 chain of
the MHC class Il molecule to a sequence encoding hinge region, CH2 and CH3 domains
of the Fc2y fragment of murine or human IgG (4). The disulfide bonds between two Fc
fragments of the immunoglobulin component allows for the generation of a stable,
soluble dimeric molecule as a surrogate of a naturally pMHC molecule expressed on the
surface of APCs (4; 32).

In vivo studies on the effects of our genetically engineered, soluble pMHC 11
dimers (generically termed as Diabetes Eliminating Factor, “DEF”) were pioneered in our
laboratory in 1995 using a T1D mouse made of double transgenic (dTg) mice obtained by
crossing BALB/c mice transgenic for Hemagglutinin (HA) protein of influenza virus
expressed in the B-islets under the rat insulin promoter (RIP-HA Tg mice) and BALB/c
mice expressing a transgenic HA-specific TCR on T-cells (16). The resulting F1 dTg
mice (TCR-HA/RIP-HA dTg mice) develop hyperglycemia in about 10 weeks after birth
(16). Treatment of pre-diabetic TCR-HA/RIP-HA dTg mice with a MHC-11-HA110-120
chimera (DEF-HA) prevented diabetes, and more importantly restored normoglycemia in
mice with recent onset of diabetes (16). DEF-HA protection relied on the induction of
anergy of CD4 T helper cells and stimulation of Th2 and TR-1 secreting IL-10 regulatory
cells (16). The CD4 T-cell anergy induced by DEF-HA-mediated TR-1 cells occurred in

an antigen specific manner by negative regulation of ZAP-70 and p56Ick kinases critical
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for early signaling of T cell activation (16). DEF-HA effect on TR-1 cells was supported
by several findings including high IL-10 secretion of pancreatic T cells and on the
suppressive effect on diabetogenic CD4" T cells, which could be inhibited by anti-1L-10
antibodies (16). DEF-HA treatment enhanced expression of CD62L, which play an
important role in the migration of T cells including TR1 cells into the pancreas where
they exert IL-10 mediated suppression of diabetogenic T-cells (16). In the same T1D dTg
mouse model our lab demonstrated that DEF-HA treatment protects the syngeneic
pancreatic islet transplants against islet-reactive CD4" T cells and prolonged the survival
of transplanted islets (17). Protection of transplanted pancreatic islets occurred by
polarization of antigen-specific memory CD4" T cells toward a Th2 anti-inflammatory
response (17).

It was then important to evaluate the therapeutic effect of DEF-like molecules on
T cells specific for a dominant B-islet antigen such as the glutamic acid decarboxylase
(GADB65), and to determine the bystander tolerogenic effect of DEF molecules on the T
cells specific for other minor islet antigens. Unlike the dTg mice in which T1D is
mediated by a monoclonal population of autoreactive T cells, polyclonal autoreactive T
cells cause T1D in wild type NOD mice as well as in humans. Therefore, NOD mice in
which T1D is triggered by a polyclonal population of T-cells were treated with murine
constructs of pMHC class 11, I-A%-GAD65 (217-230) (DEF-GAD) or with A phage
peptide (12-24) control (DEF-A) at an early age (less than 10 days old). Treated mice with
a single dose of DEF-GADG5 showed a delay in hyperglycemia onset by roughly 10

weeks when compared with mice treated with control DEF-A. Another group of pre-

diabetic female NOD mice was treated with four doses of 2 ug DEF-GADG5 or control
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DEF-\. Females treated with DEF-GADG5 showed a delay in hyperglycemia while the
control DEF-A treated mice did not (60). It was thus concluded that treatment with a DEF
reagent such as DEF-GADG5 targeting a single peptide-specific T-cell population was
able to prevent the onset of diabetes in a mouse T1D model in which the disease is
triggered by a polyclonal population of T-cells specific for a large number of self-
antigens. Furthermore, DEF-induced secretion of IL-10 by TR-1 cells can suppress
indiscriminately a number of T-cells specific for different antigens, a mechanism that we
called “single-epitope bystander suppression” (see ref.(60)). Furthermore, in T1D
reversal type of experiments, a single 5ug administration of DEF-GADG5 in diabetic
NOD mice at the early onset (glycemia =250-350 mg/dL) was able to restore
normoglycemia within 2 days. The pancreata of normoglycemic mice treated with DEF-
GADG65 showed a reduced degree of pancreatic insulitis as compared with those treated
with DEF-A control that remained hyperglycemic (60).

Recently in our lab, human pMHC molecules termed as hDEF have been
genetically-engineered for the purpose of testing the therapeutic effect of DEF-like
reagents in human T1D. The hDEF reagents were made of DRB1*0401 human MHC
class 11 molecules with covalently linked human GAD65 (271-285) peptide and
dimerized through the human 1gG1 (hDEF-GADG65) (83). The hDEF-GADG65 molecule
was first used to score the frequency of GAD65-specific T cells in the peripheral blood of
diabetic patients and to test its capacity to activate in vitro GAD65-specific T cells (83).
FACS analysis using peripheral T-cells double stained with hDEF-GADG65 and a CD3
antibody showed that GADG65-specific T cells are present in the blood of 19 out 30

patients of 1 to 17 years old with T1D, and in 6 out 7 of their close relatives (83). A
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sharp increase in the number of cells binding hDEF-GADG5 reagent was observed upon a
short in vitro stimulation with GADG65 peptide of peripheral blood cells and reanalyzed
by FACS. Using this screening method for diabetic patients it we found that 40-600 T-
cells/10°cells have high avidity for GADG5 antigen (83), a much greater frequency than
previously reported by others (10-125/10°cells) (6-8; 21; 48; 94).

The hDEF-GADG5 also stimulates in vitro the secretion of 1L-10 by PBMC from
patients with T1D, first degree relatives, and some unrelated controls expressing
DRB1*0401 molecules (83). In contrast, IL-10 secreted by hDEF-GADG5 stimulated T
cells from diabetic patients exhibited a suppressive effect on tetanus toxoid stimulated
cells when hDEF-GADSG65 and tetanus toxoid were co-incubated with PBMC from
diabetic patients (83). These observations indicated again that hDEF-GADG5 reagent can
trigger a “single-epitope bystander suppression” of T-cells specific for GAD65-unrelated
antigens by means of IL-10 secretion, which strongly suggested that hDEF-GADG65
reagent may regulate a polyclonal population of auto-reactive (diabetogenic) T cells in

T1D patients.

HYPOTHESIS

To test the efficacy of our newly engineered hDEF-GADG5 chimeras, we had to generate
a new humanized strain of NOD mice in which the human pMHC class Il molecules are
transgenically expressed, namely the NOD/DR4*0401 Tg mice. To our surprise, the
NOD/DR4 Tg mice neither develop T1D, nor can the disease be induced in these mice.
Previous studies with mice expressing the human HLA-DR4 and HLA-DQ8 in a

C57BL/6 background also revealed a potential protective effect by the HLA-DR*0401
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gene by shifting the population of Th1 cells to Th2. Thus, we hypothesized that unique

regulatory events induced by the HLA-DR4 allele take place in our NOD/DR4 Tg mice.

We have recently expressed in the NOD/DR4*0401 Tg mice resistant to T1D, the

co-stimulatory molecule B7-1 under the insulin promoter. More than 70% of

NOD/DR4/B7-1 dTg mice develop hyperglycemia in 10-15 weeks after birth, regardless

gender. Based on observations and data presented above, we further hypothesize that

treatment of NOD/DR4/B7 dTg mice with hDEF reagents will delay T1D in these mice by

inducing IL-10-secreitng TR-1 cells in the pancreas.

AIMS WITH RATIONALE

1. We have addressed the mechanism of HLA-DR4-induced tolerance to

2.

T1D in humanized NOD/DR4 Tg mice. We found significant immunologic
differences between the NOD/DR4 Tg mice resistant to T1D and their NOD
non transgenic littermates that develop T1D. Specifically, we found a higher
frequency of Foxp3+ Treg cells at an early age and a significantly lower
frequency of CD8" T cells in the NOD/DR4 Tg mice resistant to T1D. Based
on our preliminary data, we demonstrated that the human HLA-DR*0401
allele exerts a regulatory (protective) effect against T1D development. In
chapter 2, | am presenting a detailed series of experiments used to investigate
the role of several T-cell subsets in T1D progression such as the CD4" Th
cells, Foxp3+ Treg cells, TR-1 cells, and the recently described DN (CD3+4-
8-double negative) T regulatory cells in our lab (31).

We have assessed the therapeutic efficacy of a soluble pMHCII-GADG65

chimera in T1D using our newly generated NOD/DR4/B7-1 double
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transgenic mice that develops spontaneous T1D. We and others reported
that soluble pMHC Il chimeras engineered on a murine IgG scaffold can
prevent and reverse early T1D in animal models. Herein, we carried out pilot
experiments to address whether treatment with a human pMHC 1l (HLA-DR4)
chimera can protect against T1D. This work is described in detail in chapter 3.
The work presented below has been compiled in two manuscripts submitted

for publication, as follows:
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Chapter 2: Multi-point T-cell regulation by human MHC class Il (HLA-
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ABSTRACT

Background: Human MHC class 1l (HLA) molecules are involved in the development of
several autoimmune diseases including type 1 diabetes (T1D). The HLA-humanized mice
offer the advantage of studying the function of individual HLA alleles expressed in an
autoimmune background.

Methodology/Principal findings: The HLA-DR*0401 allele transgenically expressed in a
NOD (H-291-E™") diabetogenic background (NOD/DR4 transgenic mice) abrogated the
disease in the context of multiple T-cell alterations such as: (i) skewed CD4/CD8 T-cell
ratio, (ii) decreased size of CD4*CD44"9" T memory pool, (iii) aberrant TCR VB

repertoire, (iii) increased neonatal number of Foxp3™ and TR-1" regulatory cells, and (V)
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reduced IFN-y inflammatory response vs. enhanced IL-10 suppressogenic response to
polyclonal T-cell stimulation. The NOD/DR4 T-cells were unable to induce or suppress
diabetes in a NOD/RAG deficient system. In contrast, antigen-specific B-cell responses
remained unaltered in the NOD/DR4 Tg mice.

Conclusions/Significance: This study argues for regulatory functions of HLA-DR*0401

allele that can unable the T-cell compartment to uphold the T1D development.

Keywords: NOD humanized mice, HLA-DR*0401, T-cell regulation, Type 1 Diabetes

suppression.

INTRODUCTION

Type 1 diabetes (T1D) is an organ-specific autoimmune disease mediated by a
polyclonal self-reactive population of T-cells leading to the destruction of pancreatic
insulin-secreting B-cells. The disease is strongly associated with gene polymorphism at
twenty insulin-dependent diabetes (Idd) loci, among which the Idd1 locus encoding for
MHC class Il molecules (HLA in humans) plays a critical role (74; 75; 110). The
polymorphism in MHC genes accounts for 40-50% of the T1D familial aggregation (54;
76) with the highest risk linked to complementation between the DQA1*0501 and
DQB1*0302 genes (54). The most common trans-complementing haplotype found in
T1D patients is the DRA1*0101-DRB1*0401 (DR4) and DQA1*0301-DQB1*0302
(DQ). We found that 30% of T1D Caucasian patients express the HLA-DR*0401 allele
(83). Studies performed on a large number of families with different ethnicities
suggested that the proportion between DR4 and DQ alleles (odds ratio, OR) is an
important parameter to predict the HLA-dependent susceptibility vs. protection in T1D.
Thus, a DR4:DQ8 OR higher than 1 would indicate low risk, whereas a lower OR than 1
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would indicate protection (97). It thus appears that the DQ8 predisposition to T1D is
regulated by its closely linked DR alleles (70; 112) such as DRB1*0401, 0403, and 0405
(34).

HLA-humanized mouse models for autoimmunity offer the advantage of studying
the function of individual HLA alleles and generation of murine T-cell hybridomas
restricted to human epitopes. The concern of CD4 species barrier in the HLA-humanized
mice (9; 95; 114) for a proper interaction of the murine CD4 with HLA molecules has
been recently underrated by studies demonstrating the presence of murine CD4 T-cell
responses to antigen challenge in a HLA-specific fashion (118; 119). Conversely,
transgenic human CD4 molecules were able to rescue the development and function of
murine CD4 T-cells in mice lacking endogenous CD4 molecules (47). Generation of
murine/human MHC class 11 chimeric molecules preserving the murine CD4 binding
domain and the HLA antigen binding site (44; 69) has minimized the concern of CD4
species barrier, and increased the value of HLA-transgenic mice for functional studies.

Herein, we used a new transgenic (Tg) NOD mouse expressing the MHC class |1
HLA-DRA1-DRB1*0401 molecule to study its role in autoimmune diabetes. Data
presented argues for T-cell regulatory functions of HLA-DRA1-DRB1*0401 molecules
that are able to obviate the disease development in the NOD diabetogenic background.

The mechanisms underlying the HLA-DR4-induced resistance to T1D are discussed.

METHODS

Ethics statement
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Mice were housed in pathogen-free conditions at the USUHS/LAM facility.
Experiments and care/welfare were in agreement with local and federal regulations and
an approved protocol by the USUHS IACUC committee.

Mice

The humanized NOD/DR4 Tg strain was generated by inter-strain breeding. The
C57BL/6 mice deficient for MHC class 11 molecules (H-2"", IAB/IEq) and transgenic for
a human/murine chimeric HLA-DR4-IE molecule (HLA-DRA-IE%/HLA-DRB1*0401-
IE“B) (Taconic, NY) were backcrossed for 12 generations into the NOD diabetogenic
background (1A%, IE%u, H-2") to generate the NOD/DR4 Tg strain (HLA-DRA-
IE%a/HLA-DRB1*0401-1EB*, 1A, IE%.u, H-2%"). Full recovery of the NOD
background was confirmed by microsatellite analysis, and selection of NOD/DR4 Tg
offspring was carried out by PCR using specific primers for HLA-DR*0401 (forward:
GTTTCTTGGAGCAGGTTAAACA, reverse: CTGCACTGTGAAGCTCTCACQC).
Internal control PCR primers for DNA quantification were specific for mouse 1gG3 gene
(forward: ACAACAGCCCCATCTGTCTAT,; reverse: GTGGGCTACGTTGCAGATGA
C). The NOD/Ragl KO mice used in adoptive transfer experiments were purchased from
Jackson Laboratories (Bar Harbor, ME).

In Vivo Protocols
Adoptive cell transfer experiments.

Various numbers of splenic T-cells (10-50x10° cells) from NOD/DR4 Tg mice
and/or 5-6 month-old, hyperglycemic non transgenic NOD littermates were infused i.p.
either alone or together into 3 month-old NOD Ragl KO female recipients. Control

diabetes groups were the NOD Ragl KO recipient mice infused i.p. with 10x10° or
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50x10° splenic cells from 5-6 month-old, hyperglycemic NOD mice. In some
experiments, 50x10° splenic cells from diabetic NOD wt mice were infused i.p. into
NOD/DR4 Tg mice. The onset of diabetes in recipient mice was monitored bi-weekly
based on blood glucose levels using Accu-Check glucose meter and glucose test strips
(Roche, Indianapolis, IN, USA). Mice were considered diabetic after two consecutive
readings higher than 200 mg/dL.

Cyclophosphamide treatment.

Three month-old, normoglycemic NOD non Tg females and their NOD/DR4 Tg
female littermates were injected i.p. with 3 doses of cyclophosphamide (200 mg/kg) in
saline (Baxter, Deerfield, IL) every other fifth day, and followed bi-weekly for the
hyperglycemia onset.

Viral immunization.

Three month-old, normoglycemic NOD non Tg females and their NOD/DR4 Tg
female littermates were immunized i.p. with 50 pg of UV-inactivated A/PR/8/34
influenza virus in saline (Charles River, Wilmington, MA) or saline alone. Three weeks
later, blood serum was collected from individual mice and measured by ELISA for PR8-
specific antibodies and by Hemagglutination Inhibition Assay (HIA) for titers of anti-
viral neutralizing antibodies as we previously described (100). Experiments were carried
out at USUHS under the MED-11-655 and MED-11-805 IACUC protocols and according
to EU Directive 2010/63/EU.

In vivo BrdU labeling.
2 month-old NOD/DR4 Tg mice and NOD non Tg littermates were injected i.p.

with 0.8 mg of BrdU, and spleens were harvested 1 hr post injection. Spleen cells were

31



prepared for flow cytometry analysis following the manufacturer’s instructions BrdU-
FITC flow kit staining protocol (Cat No 559619 BD Pharmingen, San Diego, CA), and
stained with an CD4 Ab-AlexaFluor or CD8 Ab-PE conjugate for 30min BD
PharMingen). Cells were then fixed, permiabilized, treated with DNAse, incubated with
BrdU Ab-FITC conjugate, and analyzed in a BD LSR-II flow cytometer as described
below.
Glucose tolerance test

Mice were fastened overnight, injected i.p. with 60 mg of glucose in saline. Blood
glucose levels were monitored at various time-points after injection using an Accu-Check
glucose meter and glucose test strips (Roche).
Single-Cell Flow cytometry

Single-cell suspension of splenocytes (10° cells) harvested from individual mice
from different groups were stained 30 min at 4°C for various cell surface markers using
specific Ab-dye conjugates or their isotype controls. In some experiments, splenocytes
were stained for TCR V families and co-stained for intracellular IL-10, or for
intranuclear Foxp3 protein using specific antibody-dye conjugates and their isotype
controls (BD Biosciences, San Jose, CA). Some 10*-10° cell events were acquired in
FACS experiments using a LSR Il Becton-Dickinson instrument equipped with the
WINLIST analysis software (Verity, Topsham, ME, USA), or with a BD FACS DIVA
software (BD Biosciences).
Antibody Assays

Anti-PR8 influenza antibody response in pre-diabetic NOD non Tg mice and

NOD/DR4 Tg littermates were measured by ELISA and Hemagglutination Inhibition
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Assay (HIA), as we previously described (100). Duplicate 1/100 serum dilutions in 0.1%
BSA/PBS from individual mice in each group were measured for PR8-specific Ab titers
in ELISA using anti-mouse 1gG (H+L) Ab-Biotin conjugate (Abcam, Cambridge, MA) in
PR8 virus-coated 96-well plates. Bound IgG Ab-Biotin conjugates were revealed by a
streptavidin-HRP conjugate (Jackson ImmunoResearch) developed in 3,37,5,5"-
tetramethylbenzidine (TMB) substrate (BD Biosciences). The OD units corresponding to
the Ab titers were measured at 450 nm in a 96- well ELISA reader (Molecular Devices
Vmax, Sunnyvale, CA). The Hemagglutination Inhibition Assay (HIA) was carried out in
the same individual mice from each group using serial dilutions of serum pre-treated
overnight at 37°C in phosphate buffer (containing 5mM of CaCl2, pH=7.4) with
neuraminidases (from Arthrobacter ureafaciens and Clostridium perfringens, 50 mU
each/ml, Calbiochem, Bibbstown, NJ, USA). Neuraminidase-treated serum dilutions (50
ul/sample) were then incubated in 96-well plates for 4 h at room temperature with 50 uL
of 1% sheep red blood cells in saline (Innovative Research, Novi, MI) in the presence or
absence of 25 uL of UV-inactivated PR8 virus (3 ug/well). The HIA titers were
expressed as the one serum dilution above the first dilution showing inhibition of
hemagglutination.
Cell isolation

CD4 T-cells were isolated from the spleen of mice by negative sorting on CD4
mouse column kits (BD PharMingen). In some experiments, splenic CD3" T-cells were
sorted on CD3 magnetic immunobeads according to the manufacturer’s instructions
(Miltenyi Biotech), washed, and rested at 37°C and 5% CO2 for 24 h in RPMI medium

containing 10% FCS before use. Dead cells were removed by 10 min centrifugation at
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1,000 rpm and cell viability in trypan blue staining was measured microscopically. Cell
preparations with viability higher than 85% were used in the assays.
Cytokine measurement

Single-cell suspensions of splenocytes from individual mice in each group were
incubated at 5% CO; and 37°C in RPMI complete media containing 10% FCS and
CD3/CD28 mAbs (2 pg/mL each/10° cells/well), or recombinant GADG5 protein (10
1g/10° cells), or synthetic GAD65ss5-567 peptide (20 ng/10° cells), or in medium alone.
Cells were cultured in flat-bottom 96-well plates for 24 h to measure IL-2 secretion, and
respectively 72 h to measure the IL-4, IL-10, and IFN-y secretion. Cytokine secretion in
the cell culture supernatants was measured in triplicate wells using Multiplex mouse
cytokine kits and a Luminex instrument (Luminex Corporation, Austin, TX). A 5-
parameter logistics model equation was used to measured cytokine concentration
according to the manufacturer’s instructions (MasterplexQT software, Miraibio, San
Francisco, CA).

Confocal laser scanning microscopy (CLSM)

Plastic adherent cells (APCs) from the spleen of non-transgenic NOD mice and
NOD/DR4 Tg littermates were co-stained for 30 min at 4°C on ice with HLA-DR4-FITC
and I-A%Alexa Fluor conjugates (1.5 pg each/10° cells) (BD Biosciences). Cells were
washed twice in PBS/BSA 1% and mounted onto glass slides using Vectashield
containing DAPI (Vector Laboratories Inc., Birmingham, CA). Co-localization of HLA-
DR4 and 1-AY molecules and their density at the single-cell level was measured by

means of fluorescence intensity for each Ab-dye conjugate captured as a 2D image with a
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ZEISS 710 Confocal Laser Scanning Microscope equipped with ZEISS ZEN 2009
analysis software (Thornwood, NY, USA).
Histology and Immunohistochemistry

The pancreas from individual mice in each group was fixed overnight in 10%
phosphate-buffered formalin and embedded in paraffin. Serial 5u sections of pancreata
were stained with Hematoxylin-Eosin (H&E) to identify infiltrating lymphocytes, or
immunostained with a rabbit anti-insulin antibody (Santa Cruz Biotech, Santa Cruz, CA)
revealed by a goat anti-rabbit IgG-HRP conjugate (Southern Biotechnologies,
Birmingham, AL) to estimate the extend of insulin secretion and intra-islet distribution of
insulin granules. Between 15 and 20 pancreatic B-islets for each pancreas were analyzed
microscopically.
Biostatistics

T1D incidence in NOD non Tg mice and NOD/DR4 Tg littermates within the
same group and between groups of mice under various experimental conditions was
determined by the nonparametric Kaplan-Meier test for which p* values less than 0.05
were considered significant. Individual variations in the anti-PR8 virus-specific Ab and
HIA titers in the influenza immunized mice and the intra-assay variations in the cytokine
assays were measured by Student’s t-test and expressed as mean + standard deviation
(SD) at 99% interval of confidence.
RESULTS
Human HLA-DR*0401 and murine 1-AY” molecules are co-expressed on APCs in

NOD/DR4 Tg mice
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The HLA-DR*0401 molecules were expressed on about 30% of splenic
CD11c¢*CD19 dendritic cells and 40% of splenic CD19" B-cells in the NOD/DR4 Tg
mice regardless the gender, whilst I-A% expression was detected on ~ 90% of splenic
CD11c* CD19 dendritic cells and 98% of CD19" B-cells in both NOD/DR4 Tg mice and
NOD non Tg littermates (Fig. 2.1A). FACS analysis suggested that a large number of
APCs co-express both the HLA-DR4 and I-A% molecules in the NOD/DR4 Tg mice.
Indeed, CLSM analysis at single-cell level in enriched APCs preparations from the spleen
of NOD/DR4 Tg mice showed that most of human and murine MHC class 1l molecules
are co-expressed (Fig. 2.1B) and that the HLA-DR4 molecules have various levels of cell
density (fluorescence intensity) (Fig. 2.1B, upper panels). Few dendritic cells (= 1.5%)
and B cells (= 0.15%) showed a sole expression of human HLA-DR4 molecules (Figs.
2.1A and 2.1B, lower panels). These results indicated that the HLA-DR*0401 expression
level on the NOD/DR4 APCs was relatively high and it did not interfere with the
expression level of I-AY.

The NOD/DR4 Tg mice are resistant to spontaneous and inducible diabetes

Pancreatic insulitis is revealed as a lymphocyte infiltration in the pancreatic 3-
islets and it starts developing some 3-5 weeks after birth, and the hyperglycemia onset
can be detected 4-6 months after birth in the NOD wild (wt) females. In contrast to the
NOD non Tg littermates, none of NOD/DR4 Tg females and males (n=167) developed
pancreatic lymphocyte infiltration (Fig. 2.2A) or hyperglycemia. Consistent with the
results of microsatellite analysis, the spontaneous occurrence of diabetes in NOD non Tg
littermates clearly demonstrated that the diabetogenic NOD background was fully

recovered during the cross-breeding protocol. The insulin secretory function of f—cells in
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NOD/DR4 Tg mice remained unaltered according to the glucose tolerance test, whereas
the pre-diabetic and diabetic NOD non Tg littermates showed a delay in restoring
euglycemia after the glucose load (Fig. 2.2B).

To find out whether diabetes can be induced in the NOD/DR4 Tg mice, we
treated the mice with cyclophosphamide, a cytostatic drug known to accelerate T1D onset
in NOD wt mice (reviewed in ref (70)). None of the cyclophosphamide-treated
NOD/DR4 Tg mice developed pancreatic insulitis or hyperglycemia during a 4-month
follow-up. In contrast, 85% of non Tg littermates showed early hyperglycemia, some 5
weeks after the last cyclophosphamide injection (Fig. 2.2C). These results indicated that
the NOD/DR4 Tg mice, but not their NOD non Tg littermates are resistant to
spontaneous and inducible T1D.

T-cells from NOD/DR4 Tg mice are neither diabetogenic nor tolerogenic

To find out whether the T-cells from NOD/DR4 Tg mice may exhibit
diabetogenic effects or interfere with the diabetogenic function of T-cells from NOD wt
mice, groups of NOD/Ragl KO mice were infused i.p. with splenic T-cells from
NOD/DR4 Tg mice (50x10° cells/mouse), or co-infused i.p. with a 1:1 or 5:1 mixture of
splenic T-cells from NOD/DR4 Tg mice and hyperglycemic NOD wt mice. Control
groups were the NOD/Ragl KO mice infused with splenic T-cells from hyperglycemic
NOD wt mice (10x10° or 50x10° cells/mouse) (Fig. 2.2D). None of NOD/Ragl KO
recipients of T-cells from NOD/DR4 Tg mice developed hyperglycemia or pancreatic
insulitis. In contrast, NOD/Ragl KO mice infused with T-cells from hyperglycemic NOD
wt mice, or with mixtures of T-cells from NOD/DR4 Tg mice and hyperglycemic NOD

wt mice, developed hyperglycemia within 4 to 6 weeks. These experiments demonstrated
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that the T-cells from NOD/DR4 Tg mice do not exert diabetogenic or tolerogenic effects
in vivo.
NOD/DR4 Tg mice and their non Tg littermates express a different T-cell repertoire

It has been shown that the nature of MHC class I1-peptide complexes can shape
the phenotype and function of T-cells (43; 91). A number of T-cell aberrations have been
revealed in the NOD/DR4 Tg mice in this study. First, the frequency of CD4" thymocytes
was higher (*p = 0.006), whereas the frequency of CD8" thymocytes was lower (*p =
0.009) in the NOD/DR4 Tg mice than in non Tg littermates (Fig. 2.3A, upper panels),
though the absolute numbers of thymocytes was comparable in both strains (Fig. 2.3B,
upper left panel). Furthermore, the frequency of CD4 mature T-cells in the spleen of
NOD/DR4 Tg mice was also higher (*p = 0.0003), whereas the frequency of CD8 mature
T-cells was lower than in non Tg littermates (*p = 0.0003) (Fig. 2.3A, lower panels) in
the context of comparable absolute numbers of splenic T-cells between the two groups
(Fig. 2.3B, lower right panel). According to these measurements, a significant CD4/CD8
skewed ratio in the thymus and spleen of NOD DR4 Tg mice was constantly detected in
the NOD/DR4 Tg mice (Fig. 2.3B, upper and lower right panels). This raised the question
of whether unusual apoptosis or homeostatic rate of T-cells may play a role in the
CD4/CD8 skewed ratio in NOD/DR4 Tg mice.

Analysis of early and late apoptosis of CD4 and CD8 mature T-cells showed no
difference in the extend of cell death between the NOD/DR4 Tg mice and their non Tg
littermates (Fig. 2.3C). However, the fate of splenic CD4 and CD8 T-cells determined in
BrdU experiments was different between the two groups of mice, as the homeostatic rate

of mature CD4 T-cells was = 40% faster, and the homeostatic rate of mature CD8 T-cells
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was ~ 80% slower than in age-matched, non Tg littermates (Fig. 2.3D). Thus, the thymic
output and rate of homeostasis were much responsible for a CD4/CD8 skewed ratio in the
NOD/DR4 Tg mice.

We next questioned whether a skewed CD4/CD8 thymic output may also occur in
different genetic backgrounds expressing the HLA-DR*0401 transgene, and whether the
presence of endogenous expression of murine MHC class Il molecules may interfere with
the CD4/CD8 regulatory effect of HLA-DR*0401 transgene. HLA-DR*0401 expression
in the C57BL/6 (H-2°) background skewed the CD4/CD8 thymic output as observed in
the NOD background, regardless the endogenous co-expression of murine MHC class 11
molecules. This was also the case in the spleen of NOD and C57BL/6 mice, regardless
the co-expression of endogenous murine MHC class 11 molecules (Fig. 2.4). These results
indicated that the human HLA-DR*0401 allele exerts regulatory effects on the CD4/CD8
thymic output and peripheral CD4/CD8 ratio in different genetic backgrounds
independently of the endogenous expression of the murine MHC class Il molecules.

Since the CD4 and CD8 T-cell recall response to self-antigens are important in
T1D pathogenesis, we next compared the size of CD44"%" CD4* and CD8" T memory
pool in NOD/DR4 Tg mice (resistant to T1D) and NOD non Tg littermates (prone to
spontaneous T1D). The frequency of both the CD44"9" CD4" and CD44"%" CD8* T
memory cells was elevated in the NOD non Tg mice as compared with their DR4 Tg
littermates (28.9 £ 0.87% vs. 22 + 1.69%, and respectively 42.3 £ 10.9% vs. 28.86 +
3.79%) (Fig. 2.5), suggesting a less active process of T-cell stimulation by self-reactive
proteins in the NOD/DR4 Tg mice.

The NOD/DR4 Tg mice express an aberrant TCR Vp repertoire
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Like in the parental C57/BL6 (Abb KO)/HLA-DRA1-1Ea,/DRB1*0401-I1EB, Tg
mouse (44) used to generate our NOD/DR4 Tg strain, the TCR V5 family was poorly
expressed and the V317 family was deleted in the NOD/DR4 Tg mice. In contrast, the
VB11 and VB 12 families were highly expressed in the NOD/DR4 Tg mouse whilst
deleted in C57/BL6 Abb KO/HLA-DRAL-IEa,/DRB1*0401-1E, Tg mouse. The V35
family was poorly expressed (*p=0.01), whereas the V6, V12, and V14 families were
higher expressed in the NOD/DR4 Tg mice than in non Tg littermates (*p=0.002, 0.02,
and 0.003 respectively) (Fig. 2.6). Thus, as in the case of other human HLA transgenes
expressed in mice, the HLA-DR*0401 transgenic expression in NOD mice induced
quantitative alterations in some TCR V3 families.

IFN-y and IL-10 responses are altered in NOD/DR4 Tg mice

IFN-y pro-inflammatory T-cell responses to B-cell antigens can damage the
pancreatic islets, while the IL-10 responses can suppress the inflammatory process (60;
81). Splenic T-cells from the NOD/DR4 Tg mice showed a significantly reduced IFN-y
response and an increased IL-10 response to polyclonal stimulation with CD3/CD28 Abs
(*p=0.028) (Fig. 2.7, left panel). Similarly, the IFN-y response to recombinant GAD65
protein (major autoantigen in T1D (40; 116) was significantly low in the NOD/DR4 Tg
mice as compared with their non Tg littermates (*p=0.0065) (Fig. 2.7, middle panel).
Furthermore, stimulation of NOD/DR4 spleen cells with a major diabetogenic peptide
(GADG65/67555.567 (35)) failed to induce IL-2 secretion (Fig. 2.7, right panel). There was
no significant alteration in the IL-4 response to the CD3/CD28 polyclonal stimulation or

rGADG5 protein between the two groups of mice.
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These results revealed first, an intrinsic deficiency in the IFN-y inflammatory
response and a high IL-10 suppressogenic response to polyclonal T-cell stimulation in the
NOD/DR4 Tg mice. Secondly, the T-cell response to a major GAD65/675s5.567
diabetogenic epitope was absent in the NOD/DR4 Tg mouse.

The NOD/DR4 Tg newborns have a stronger Treg compartment than the NOD non
Tg littermates

The anti-diabetogenic roles of Foxp3 T regulatory cells (Treg) and IL-10-
secreting TR-1 cells in T1D have been widely demonstrated (16; 45; 60; 63; 85). We
found a significantly high number of Foxp3™ T-cells in the NOD/DR4 Tg newborns as
compared with their aged-matched, non Tg littermates (*p=0.035). However, the size of
Foxp3" T-cell pool in the adulthood was comparable to that of non Tg littermates (Fig.
2.8A\). In both groups of mice, Foxp3 expression was associated with all TCR Vj
families except VB17a. The highest Foxp3 expression in the NOD/DR4 Tg mice was by
V11 (*p=0.014) and the lowest by V14 family (*p=0.047) (Fig. 2.8B). Interesting
enough, these data revealed first, that the expression of HLA-DR*0401 allele in the NOD
diabetogenic background favored the development of a high number of Foxp3* Treg cells
in the neonatal stage, which coincides with a sensitive time-window when the
lymphocyte infiltration occurs in pancreas. Secondly, in vitro polyclonal stimulation of
spleen cells with CD3/CD28 Abs in the presence of exogenous IL-2 increased
significantly the number of Foxp3* CD8 mature T-cells preferentially in the NOD/DR4
Tg mice (*p=3.8x10"°) (Fig. 2.8C).

In contrast to the differential expansion of Foxp3™ Treg cells in NOD/DR4 Tg

neonates, the T-cells from both groups of mice showed comparable IL-10 synthesis in the
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neonatal and adult stages (Fig. 2.9A), with T-cells expressing TCR V3 and V313 having
the highest IL-10 synthesis (Fig. 2.9B). The fact that the IL-10+ T-cell frequency was
comparable in both groups of mice but the polyclonal 1L-10 response was higher in the
NOD/DR4 Tg mice, indicated that the T-cells from NOD/DR4 Tg mice have not only a
poor IFN-y inflammatory response (Fig. 2.7A), but also a suppressogenic response.

We have recently reported that the splenic CD3"4°8" double negative (DNCD3) T-
cells from NOD wt mice represent a unique T-cell population that can delay the onset of
diabetes in NOD/Scid mice infused with diabetogenic T-cells by a mechanism of
differentiation into IL-10-secreting TR-1 cells in the pancreas (31). Analysis of DNCD3
T-cells showed no quantitative difference between the NOD/DR4 Tg mice and their non
Tg littermates (Fig. 2.S1), which ruled out the role of these regulatory cells in T1D
resistance of NOD/DR4 Tg mice.

The NOD/DR4 Tg mice have unaltered antigen-specific B-cell responses

Since the NOD/DR4 Tg mice showed a number of quantitative and qualitative T-
cell aberrations critical for the development of diabetes, we lastly questioned whether the
B-cell responses are also altered in these mice. Both groups of mice were immunized
with influenza viral antigens (UV-inactivated A/PR8/34 influenza virus), and 21 days
later the virus-specific 1gG antibodies and their ability to neutralize the virus were
measured by ELISA, and respectively Hemagglutination Inhibition Assay (HIA). The
amount of total 1gG before immunization and titers of virus neutralizing antibodies in
sera were comparable in both groups of mice (Fig. 2.52). Thus, in contrast to the
phenotypic and functional alterations in the T-cell compartment, the antigen-specific B-

cell responses in the NOD/DR4 Tg mice remained unaltered.
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DiSCUSSION

This study revealed a number of alterations in the T-cell compartment of NOD
mice upon transgenic expression of human MHC class Il HLA-DR*0401 allele. These
alterations in the NOD/DR4 Tg mouse occurred in context of T1D resistance.

The NOD/DR4 Tg mice showed a skewed CD4/CD8 T-cell ratio at the expense of
CD8 T-cells due to deficient CD8 thymic output and CD8 T-cell homeostasis. Skewed
CD4/CD8 T-cell ratios have been reported in some mouse strains (3; 50), rats (26) and
humans (93). A suggested mechanism refers to the MHC polymorphism in discrete
regions encoded by exon 3 of human DRa or murine I-Ea chains (33; 55). However, this
mechanism has been ruled out, since the HLA-DRAl-DRBl*0401/I-Eda252 chimeric
transgene in the NOD/DR4 Tg mice does not incorporate the human and murine exon 3
of the HLA-DR gene. It has been also suggested that the TCR specificity (38; 58) and
nature of HLA haplotype (3; 26; 50) can dramatically change the CD4/CD8 T-cell ratio.
Another possible mechanism of a skewed CD4/CD8 ratio may refer to newly-generated
TCR specificities by HLA-DR4/murine I1-A% o/ hybrids though this is unlikely to occur
in NOD/DR4 Tg mice, since no such miss pairing events were detected in the parental
C57BL/6 (Abb KO), HLA-DRA1-DRB1*0401/ |-Eda252 Tg strain (44) used to generate
our NOD/DR4 Tg strain. Since the TCR specificities are selected in thymus through
MHC-peptide presentation (23; 43; 91; 96), and the human HLA molecules expressed in
mice can generate new TCR specificities by presenting a different set of self-antigens
than the murine endogenous MHC class Il molecules (52), it appears that this is the most

likely mechanism leading to a skewed CD4/CD8 T-cell ratio in the NOD/DR4 Tg mice.
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Since the HLA-DR*0401 and murine 1-A%” molecules are co-expressed on the
NOD/DR4 APCs without altering the number of APCs expressing I-A% or density of I-
AY molecules on cell surface, further investigation would be required to determine
whether competition for peptides binding between the two MHC class 1l molecules may
occur at the single-cell level, and whether this may lead to “diluted” I-AY presentation of
diabetogenic peptides. Our data showed that the NOD/DR4 T-cells failed to induce
diabetes in NOD/RAG deficient mice, and did not respond to a major GAD65s55.567
diabetogenic epitope. Aberrations in TCR specificities for GAD65ss5.567 reactivity due to
CD4 species barrier have been ruled out, because the murine CD4 binding site is
preserved in the HLA-DRA-IE%a,/HLA-DRB1*0401-1E°8, chimeric molecule in the
NOD/DR4 Tg mouse. The NOD/DR4 T-cells responded to CD3/CD28 polyclonal
stimulation by lower IFN-y secretion and higher IL-10 secretion as compared with the
non Tg littermates, indicating first a lack of T-cell anergy, and secondly, a shift from an
inflammatory to a suppressogenic T-cell response. Low IFN-y response in the NOD/DR4
Tg mice was attributed to a low number of CD8 T-cells secreting IFN-y, and up
regulation of Foxp3 expression in stimulated CD8 T-cells. Foxp3 can lower the IFN-y
synthesis by suppression of T-bet transcription required for IFN-y synthesis (49; 71; 103).
On the other hand, increased IL-10 secretion upon stimulation may be explained by an
overall increased pool of CD4 T-cells observed in the NOD/DR4 Tg mice.

The NOD/DR4 Tg mice expressed an aberrant TCR Vf3 repertoire, as reported for
some HLA transgenic mice including the parental C57BL/6 (Abb KO), HLA-DRA1-
DRBl*O4Ol/I-Eda252 Tg mouse (44) used to generate the NOD/DR4 Tg mouse. It has

been suggested that such aberrations are linked to endogenous mouse mammary tumor
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viruses (MMTYV) harbored in the C57BL/6 mouse (MMTV-8, -9, and -17) (56), that may
bind to the IE constant domains and preferentially delete T-cells expressing certain TCR
V3 families (88). First, no strong T1D-TCR Vf correlations have been reported in the
NOD mouse and humans, and thus the MMTYV hypothesis may not explain the T1D
resistance in NOD/DR4 Tg mice. Second, the MMTYV hypothesis cannot explain the lack
of an aberrant TCR V repertoire in IL-10" TR-1 progenitors as compared with the CD3"
T-cell pool, and why the TCR Vp aberrations in Foxp3™ Treg pool are not identical to
those detected in the CD3" T-cell pool.

In contrast to the phenotypic and functional alterations in the T-cell compartment,
the antigen-specific B-cell response in the NOD/DR4 Tg mice such as that to influenza
virus immunization tested in this study, remained unaltered. This was somehow expected,
since the primary anti-flu B-cell response occurs mainly in a T-cell independent manner
(13). In summary, this study revealed regulatory effects of human HLA-DR*0401 allele
that can shape a T-cell compartment unable to uphold the T1D development, and it
strongly suggests that T1D abrogation requires a simultaneous suppression of more than
one T-cell subset. Similar HLA-DR*0401 regulatory events like in the NOD/DR4 Tg
mice may occur in humans, but detection would be a hard task due to co-expression with
other alleles. For this reason, the HLA transgenic mice can provide valuable insights on
the role of individual HLA alleles in autoimmune disorders that are technically
unattainable in humans.
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Figure 2.1 HLA-DR4 expression by APCs in the NOD/DR4 Tg mice.
Panel A, FACS analysis for HLA-DR4 and I-A% expression on splenic CD11c*

dendritic cells and CD19" B-cells from NOD non Tg mice (n=4) and their NOD/DR4 Tg
littermates (n=>5). Cells were triple-stained with anti-mouse I-A%-Alexa Fluor, anti-human
HLA-DR-FITC, and anti-mouse CD11c-PE or anti-mouse CD19-PE conjugates. (Of
note, the anti-1-A® Ab recognizes the 1-A%” molecules which have only a replaced
Asparagine amino acid with a Serine amino acid at position 57 in the $-chain). Some
200,000 cell events were acquired for individual mice in each group. Shown is the %
mean £ SD values for positive cells in each group of mice. Panel B, CLSM single-cell
analysis of 1-A%” and HLA-DR*0401 expression on enriched population of splenic APCs

collected from 2 month-old NOD/DR4 Tg mice and NOD non Tg littermates; upper left
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panel, single-color stained APCs for nuclei with DAPI (blue color), anti-1-A* Ab-Alexa
Fluor 647 conjugate (red), anti-HLA-DR Ab-FITC conjugate (green). Shown is the I-AY’
and HLA-DR*0401 co-expression by double staining with anti-1-A® and anti-HLA-DR
Ab-dye conjugates (merged orange color, yellow arrow); upper right panel, MFI
measurements based on the average color intensity of 1-A%” and HLA-DR4 stained
molecules (n=3 mice per group) among 200 scored positive cells per mouse and using a
ZEISS ZEN 2009 analysis software. Shown are two representative cells (yellow arrows,
right lower panel) from one mouse in each group expressing different cell density of I-
AY (red color histogram) and HLA-DR4 molecules (green color histogram). MFI
absolute values for each color are shown in each quadrant, where X axis indicates the
fluorescence intensity, and Y axis indicates the absolute frequency of pixels; middle left
panel, group of splenocytes from a NOD non Tg mouse expressing only I-AY (red color),
and middle right panel, group of splenocytes from a NOD/DR4 Tg littermate expressing
both 1-AY” and HLA-DR4 molecules (merged, orange color). Of note, some cells staining
only in blue (DAPI) in each group of mice indicates the lack of I-A% or HLA-DR4
expression on the surface; lower panels, large number of APCs stained with the same Ab-
dye conjugates like in upper panels for a representative NOD non Tg mouse (lower left
panel) and a NOD/DR4 Tg mouse. Of note, very few APCs (2-3%) express only HLA-

DR4 molecules in the NOD/DR4 Tg mouse (lower right panel, green color).
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Figure 2.2 Resistance of NOD/DR4 Tg mice to T1D.

Panel A, a representative pancreatic -islet from a NOD/DR4 Tg mouse and a non
Tg littermate after staining with a rabbit anti-Insulin Ab-HRP conjugate to reveal the
intra-islet granules of insulin (brown color), and over stained with HE to reveal the
lymphocyte infiltration (blue color). Panel B, glucose tolerance test for adult NOD/DR4
Tg mice and NOD non Tg littermates’ females and males as described. Glycemia was
monitored every other hour after glucose load. Red arrow indicates the time of glucose
load, and the red dotted line indicates the upper level of normoglycemia established in a
cohort of 2-6 month-old NOD non Tg mice (n=25 mice). Panel C, 2 month-old NOD non
Tg mice (n=7) and NOD/DR4 Tg littermates (n=7) were treated with Cyclophosphamide
(CycloPh) as described, and the cumulative incidence of hyperglycemia (Y-axis) was
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monitored weekly after the last injection. Red arrow (X-axis) indicates the time of last
CycloPh injection. Panel D, 2 month-old NOD/Ragl KO mice (n=7 mice/group)
received i.p. splenic T-cells from hyperglycemic NOD wt mice in a mixture or not with
splenic T-cells from a pool of 4 month-old euglycemic NOD/DR4 Tg mice, and glycemia
was monitored on a weekly basis. Red arrow on X-axis indicates the time of cell infusion

or co-infusion.
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Figure 2.3 Frequency and phenotype of thymic and splenic CD4 and CD8 T-cells
populations and their homeostatic rates in NOD/DR4 Tg mice and non Tg
littermates.

Panel A, single-cell suspensions from the thymus or spleen of individual 2 month-
old, female NOD/DR4 Tg mice (n=6) and NOD non Tg mice (n=6) double stained with
CD4 Ab-PE and CD8 Ab-FITC conjugates (Invitrogen) analyzed by FACS. Panel B,
Total cell numbers in the spleen and thymus were comparable in both groups of mice
(n=6) (left). CD4/CD8 T cell ratios were significantly higher in the NOD/DR4 Tg mice
compared to their NOD non Tg littermates (right). Panel C, spleen cells from the same
mice in panel A were co-stained with CD4 Ab-PercP-Cy5.5 or CD8 Ab-Alexa Fluor 647,
and over stained with Annexin V-FITC (Abcam) and Propidium lodide (PI). Shown are

gated CD4 and CD8 cells undergoing early apoptosis (low-right quadrant in each
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histogram) and apoptotic cells (upper-right quadrant in each histogram). Panel D, single-
cell suspensions from the spleen of individual 2 month-old, female NOD/DR4 Tg mice
and NOD non Tg mice 1 hour after BrdU injection and analyzed for the rate of
proliferation as described. Cells collected post-injection were stained with CD4 Ab-
PercP-Cy5.5 or CD8 Ab-Alexa Fluor 647 and analyzed in individual mice in each group

for the percent of cells that uptake BrdU.
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Figure 2.4 Effect of HLA-DR4 transgenic expression on the CD4 and CD8 T-cell
frequency and ratio in the thymus and spleen of H-29" and H-2° mice.

Panel A, single-cell suspensions (10° cells) from the thymus of 2 month-old
C57BL/6 (H-2°, HLA-DR4) Tg mice, or C57BL/6 (Abb/, HLA-DR4) Tg mice, or NOD
(H-29", HLA-DR4) Tg mice, or NOD (H-2%") non Tg mice, or NOD (H-29")/C57BL/6 (H-
2°) F1 hybrid mice (4-6 mice/group) were individually co-stained with CD3 Ab-PE and
CD4 Ab-PerCP (or CD8 Ab-FITC) conjugates Upper panel indicates the CD3-gated
CD4" and CD8" T-cells frequency measured by FACS in individual mice from each
group, and lower panel the corresponding CD4/CD8 T-cell ratios . Panel B, single cell
suspensions (10° cells) from spleen from the same mice analyzed as in panel A. Upper
panel shows the mean percentage +SD of CD4 and CD8 T-cells in each group of mice
and the significant difference for these cell populations in the spleen of NOD (H-2%,
HLA-DR*0401) Tg mice and NOD (H-2%") non Tg mice (CD8, *p=0.035; CD4,
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*p=0.023). Of note, the HLA-DR4 expression altered significantly the CD4/CD8 ratio in
the H-29" and H-2° backgrounds. Lower panel shows the corresponding CD4/CD8 ratios
between each groups described above. Non paired capital letters on the top of each
column indicate the significant difference (p<0.005, t-test) between groups of mice, and

paired capital letters indicate no statistical significance.
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Figure 2.5 Frequency of T memory cells in NOD/DR4 Tg mice and non Tg littermates.
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Single-cell suspensions from the spleen of individual 2 month-old, female
NOD/DR4 Tg mice (n=4) and NOD non Tg mice (n=4) were triple stained with CD4 Ab-
PercP-Cy5.5, CD8 Ab-Alexa Fluor 647, and CD44 Ab-PE. Quadrants marking the 10°-
10 fluorescence intensity for CD44 staining show the mean + SD percent of memory

(CD44"9") CD4* and CD8" T-cells.
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Figure 2.6 TCR Vp repertoire in CD4 T-cells from NOD/DR4 Tg mice and non Tg
littermates.

Single-cell suspensions of splenocytes from 2 month-old NOD non Tg mice (n=5)
and NOD/DR4 Tg littermates (n=5) were co-stained with CD3-PE Ab, CD4 Ab-PercP-
Cyb.5, and TCR Vs Ab-FITC conjugates (Bioscience, Palo Alta, CA), and analyzed by
FACS for the mean + SD percent for each TCR V3 family in individual mice from each
group. Stars indicate significant differences (*p < 0.05) between the group of mice. Of
note, VB-17a family has not been detected in NOD/DR4 Tg mice and their non Tg

littermates.
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Figure 2.7 T-cell responses in NOD/DR4 Tg mice and NOD non Tg littermates.
10° splenocytes from individual 2 month-old NOD/DR4 Tg mice and their NOD

non Tg littermates (n=4/group) were stimulated in vitro with CD3 and CD28 mAbs (2 ug
mADb each) (left panel), or recombinant mouse GAD65 protein (10 pg/10° cells, middle
panel), or synthetic GAD65ss5.567 diabetogenic peptide (20 ng/10° cells, right panel), and
the cytokines secreted in cell culture supernatants were measured by Luminex.
Stimulation assays for IL-2 measurements were carried out for 24 h and for other
cytokines for 72 h. Shown are the significant *p values between the group of mice (IFN-y

in the left panel (*p=0.03) and in the middle panel (*p=0.02), and for IL-10 in the left

panel (*p=0.041).
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Figure 2.8 Frequency of Foxp3 Treg cells and TCR V[3 families expressing Foxp3 in the
NOD/DR4 Tg mice and NOD non Tg littermates.
Panel A, splenocytes (10° cells) from 2 and 8 week-old NOD/DR4 Tg mice (n=7)

and NOD non Tg littermates (n=5) were co-stained with CD3-PerCP and Foxp3 Ab-
FITC conjugates, and cell frequency of Foxp3 expressing cells was measured by FACS.
Shown is a significant difference between the mouse groups at 2 weeks of age
(*p=0.027). Panel B, splenocytes (10° cells) from 8 week-old NOD non Tg mice (n=4)
and NOD/DR4 Tg littermates (n=5) were co-stained with CD3-PerCP, Foxp3 Ab-PE, and
TCR Vs Ab-FITC conjugates, and the frequency of CD3 Foxp3™ cells in each V3
family from individual mice in each group was measured by FACS. Shown are

significant differences between the groups for VB11 (*p=0.02) and V14 (*p=0.03). Of
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note, VB-17a family has not been detected in NOD/DR4 Tg mice and their non Tg
littermates. Panel C, splenocytes (10°) from individual 8 week-old NOD non Tg mice
(n=5) and NOD/DR4 Tg littermates (n=5) were stimulated in vitro for 3 days with CD3
and CD28 Abs (2 ug each) in the presence of rIL-2 (100 mU), and then co-stained with
CD3 Ab-PerCP, CD4 Ab-APC (or CD8 Ab-APC), and Foxp3 Ab-FITC. Shown is the
mean + SD percentage of CD3"4"Foxp3™ cells and CD3"8"Foxp3™ cells measured by
FACS in each group of mice, and the significant difference for CD3"8"Foxp3™ cells

between the group of mice (*p=3.8x10°).
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Figure 2.9 Frequency of IL-10" TR-1 cells and TCR Vp families expressing IL-10 in the
NOD/DR4 Tg mice and NOD non Tg littermates.
Panel A, splenocytes (10° cells) from individual 2 and 8 week-old NOD non Tg

mice (n=4) and NOD/DR4 Tg littermates (n=5) were first stimulated in vitro for 2 days
with CD3/CD28 mAbs (2.5 ug mAb each/10° cells). Stimulated cells were treated for the
last 4 h with monensin (Golgi Stop, # 554715) according to the manufacturer instructions
(BD Biosciences, San Diego, CA), and then intracellularly stained with IL-10 Ab-APC
conjugate and surfaced stained with CD3 Ab-FITC conjugate. Shown is the mean + SD
percentage of 1L-10 positive T-cells analyzed by FACS for in individual mice from each
group. Panel B, splenocytes (10° cells) from 8 week-old NOD non Tg mice (n=4) and
NOD/DR4 Tg littermates (n=5) were stimulated as described in panel A, and co-stained
with CD3-PerCP, IL-10 Ab-APC, and TCR Vo Ab-FITC conjugates. Frequency of
CD3"IL-10" cells in each VB family was measured by FACS in individual mice from
each group. Of note, there are no differences among the CD3"I1L-10" VB families

between the two groups of mice.
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Figure 2.51 Frequency of CD3"4°8" double negative T regulatory cells in NOD/DR4 Tg
mice and NOD non Tg littermates.
Splenocytes (10°) from individual 2 week-old NOD non Tg mice (n=5) and

NOD/DRA4 Tg littermates (n=6) were stained for CD4, CD8 and CD3 markers, and the
mean + SD percentage of CD374°8" double negative T-cells (DNCD3 cells) was measured

by FACS.
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Figure 2.S2 B-cell response in NOD/DR4 Tg mice and NOD non Tg littermates to
influenza virus.
NOD/DR4 Tg mice and their NOD non Tg littermates (n=5/group) were

immunized with UV-inactivated influenza PR8/A/34 virus as described. Sera was
collected and measured 21 days later for the immunoglobulin and virus-specific antibody
titers by ELISA (panel A) and for the neutralizing anti-influenza Ab titers by HIA (panel

B), as described.
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ABSTRACT

Several human MHC class Il (HLA) molecules are strongly associated with high
incidence of autoimmune diseases including type 1 diabetes (T1D). The HLA-humanized
mice may thus represent valuable tools to test HLA-based vaccines and therapeutics for
human autoimmune diseases. Herein, we have tested the therapeutic potential of a soluble
HLA-DR4-GADG65,71-280 chimera of human use in a newly-generated NOD/DR4/B7
double transgenic (dTg) mouse that develops spontaneously an accelerated T1D early in
life and regardless the gender. The NOD/DR4/B7 dTg mice were generated by a two-step
crossing protocol, and they expressed HLA-DR*0401 molecules on 20% of antigen

presenting cells, human B7 molecules in the pancreas, and HLA-DR4/GADG65-specific T-
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cells in the blood. Some 75% of pre-diabetic NOD/DR4/B7 dTg mice treated with HLA-
DR4-GADG65;71-280 chimera (huNOD-GADG5 reagent) remained euglycemic and showed
stabilized pancreatic insulitis 6 months after treatment. The 25% non-responder mice that
developed hyperglycemia also survived 3-4 months longer than their untreated
littermates. T1D prevention by this reagent occurred by a Th2/TR-1 polarization in the
pancreas. This study strongly suggests that the use of soluble HLA-peptide reagents to
suppress/stabilize the T1D progression and to extend the life expectancy in the absence of
side effects is an efficient and safe therapeutic approach.

Keywords: Human HLA-peptide chimera, Humanized NOD mouse, T1D stabilization.
INTRODUCTION

Type 1 diabetes mellitus (T1D) is an organ-specific autoimmune disease induced
by a polyclonal population of self-reactive T-cells that lead to the destruction of insulin-
secreting pancreatic 3-cells (39). High incidence of T1D is strongly associated with the
expression of particular human MHC class I and 1l alleles (i.e., HLA-DR4, HLA-DQ8,
HLA-A2.1) and murine MHC class 11 (1-A%) in the NOD mice (30; 65). Some 60% of
the T1D patients in USA express HLA-DR4 alleles (83).

Several non-antigen specific immunosuppressive attempts to suppress T1D
progression showed minimal beneficial effects in experimental conditions or clinical
trials (25; 61; 67). Some of these approaches also raised safety concerns like induction of
systemic immune suppression (65) or pancreatic toxicity (79). We and others reported
that a new class of antigen-specific reagents, namely soluble peptide-MHC class 11
chimeras (DEF reagents, “Diabetes Eliminating Factor”) can delay the pre-clinical stage

of diabetes, and more importantly reverse the early T1D onset in mouse models in the
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absence of side-effects and more efficiently than the synthetic peptide preparations (16;
59; 60; 66). A murine DEF reagent was also able to protect grafted pancreatic islets
against the re-emerging diabetes (17). DEF reagents have a 2 to 3-day life-span in vivo
(82), do not require adjuvant to reach the therapeutic effect, and are devoid of side effects
(16; 17; 60; 82). On a molar basis, a soluble DEF dimer can deliver ~1,000-times more
tolerogenic peptide than the APC-expressing MHC class |1 molecules can naturally load
in vivo (109). DEF anti-diabetogenicity was shown to rely mostly on the induction of IL-
4-secreting Th2 cells and IL-10-secreting TR-1 suppressor cells in the pancreas (16; 17;
109).

We previously showed that a soluble dimeric HLA-DR*0401-GAD65,71-285
chimera (huDEF-GADG5 reagent) of human use can induce 1L-10-secreting TR-1 cells
by GADG65,71-285—specific T-cells in the peripheral blood lymphocytes of diabetic patients
(83). To test the therapeutic efficacy of this reagent, we have generated a suitable
humanized NOD strain expressing on the APCs the human MHC class Il HLA-DR*0401
molecules under the murine MHC class 11 I-E® gene promoter, and at the same time the
human B7.1 (CD80) costimulatory molecule under the rat insulin promoter in the
pancreatic B-islets (NOD/DR4/B7 dTg mouse). While the NOD/DR4 Tg parental mouse
used to generate our NOD/DR4/B7 dTg mouse does not develop diabetes (81), the
NOD/DR4/B7 dTg mice develop an aggravated, spontaneous disease early in life and
regardless the gender. These humanized NOD/DR4/B7 dTg mice were used in this study
to test the preventive capacity of hu DEF-GADG5 reagent.

RESULTS AND DISCUSSION
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The humanized NOD/DR4/B7 dTg mouse is a suitable model for testing the
therapeutic potential of hu DEF-GADG5 reagent.

The NOD wt mouse is the closest model for human T1D (30). Herein, we tested
the therapeutic effect of a hu HLA-DR4-GADG65,7;-2g5 chimera of human use in a newly-
generated, humanized NOD strain expressing the human MHC class Il HLA-DR*0401
molecule on APCs under the I-E? gene promoter and human B7.1 costimulatory molecule
under the rat insulin promoter in pancreas (NOD/DR4/B7 dTg mouse). The soluble
dimeric hu HLA-DR4-GADG65,71-285 chimera is referred thereafter as to huDEF-GADG5
reagent.

Full recovery of the NOD diabetogenic background in the parental NOD/DR4 Tg
mouse used to generate the NOD/DR4/B7 dTg mouse was confirmed by PCR and
microsatellite analysis (Fig. 3.1A). The HLA-DR*0401 requirement for the
NOD/DR4/B7 dTg mouse was to present the GAD65,71-2g5 Self-peptide to CD4 T-cells,
which in turn could be targeted by the hu DEF-GADG65,7;-2g5 reagent. The hu DEF-
GADG65,71.-285 reagent has been previously shown to recognize and score by FACS the
human GADG65,71.2gs-specific CD4 T-cells from HLA-DR*0401" diabetic patients (83).
FACS analysis confirmed the specific binding of hu DEF-GADG65,71.2g5 reagent to the hu
HLA-DR*0401 transgenic molecule on more than 20% of splenic cells (Fig. 3.1B), as
well as the presence of GADG65,7;-285-specific CD4 T-cells in the spleen of NOD/DR4/B7
dTg mice (Fig. 3.1C). On the other hand, pancreatic B7.1 costimulation of diabetogenic
T-cells was previously shown to accelerate the T1D onset and to aggravate the disease
progression in mouse models (18). PCR and immunohistochemical analyses confirmed

the hu B7.1 expression in the pancreatic islets of NOD/DR4/B7 dTg mouse (Fig. 3.1D).
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This mouse develops an aggressive, spontaneous diabetes by 3 to 4 months after birth and
regardless the gender (Fig. 3.2A). Together, these data confirmed the suitability of our
humanized NOD/DR4/B7 dTg mouse for testing the therapeutic potential of hu DEF-
GADG65,71-285 reagent.

Human DEF-GADG5 reagent delays the T1D onset in NOD/DR4/B7 dTg mice

The rationale of using a different GADG5 peptide sequences expressed by human
and murine DEF-GADG5 reagents is that the GADG65,17.230 peptide expressed by the
murine DEF-GADS5 reagent is recognized only by the MHC class 11 (I-A%) in NOD
mouse, whereas the GAD65,71-2g0 peptide expressed by the human DEF-GADG5 reagent
is recognized only by the HLA-DR4 molecules in humans.

Treatment with pre-diabetic NOD/DR4/B7 dTg mice with hu DEF-GAD65
reagent in saline or saline alone (control group) was initiated 3 months after birth when
mice show an euglycemic status and light pancreatic insulitis. Some 75% of the
NOD/DR4/B7 dTg mice (n=14) treated i.p. twice a week with 8 small doses (10 ug/dose)
of hu DEF-GADG5 reagent did not develop hyperglycemia for 6 months after treatment
(p=0.009) (Fig. 3.2A). In contrast, 75% of the NOD/DR4/B7 dTg littermates in the
control group (n=9) developed hyperglycemia shortly after the last i.p. injection of saline
alone (p=0.01). These data demonstrated that, like the murine DEF-GADG5 reagent (16;
60), the human DEF-GADG5 reagent exerted similar therapeutic effects in the humanized
NOD/DR4/B7 dTg mouse model.

Although our present focus was to test the T1D preventive ability of hu DEF-
GADSGD5 reagent, this study suggests the likability of this reagent to reverse the early T1D

onset. Thus, among the hu DEF-GADG65-treated mice with sustained euglycemic status, 1

67



mouse developed hyperglycemia 1 month after the last injection. This mouse responded
well to an additional i.p. injection of 20 ug of DEF-GADG5 reagent when hyperglycemia
scored 240 mg/dL and 270 mg/dL, as it returned next day to a stable euglycemic status
for another 3 months (Fig. 3.2B). In contrast, several mice in the saline-treated group
(control group) that have been also treated with a single dose of 20 ug hu DEF-GAD65
reagent when reaching higher sugar levels than 400 mg/dL, did not respond to the
treatment. This led to the conclusion that, like previously shown in animal models treated
with other murine DEF-like reagents, the hu DEF-GADG5 reagent may not be able to
reverse the disease when hyperglycemia reaches higher levels than 300 mg/dL.
Confirmatory therapeutic strategies using different protocols of immunization will be
further required to determine if indeed the hu DEF-GADG5 reagent is beneficial in the
late stages of disease.
Human DEF-GADG5 treatment improves the rate of survival in diabetic
NOD/DR4/B7 dTg mice

Although =25% of NOD/DR4/B7 dTg mice did not respond to hu DEF-GADG65
therapy, their overall life expectancy was significantly increased. Two of the
hyperglycemic non responders lived up to 4 more months after the interruption of
treatment. Also, most of the hyperglycemic NOD/DR4/B7 dTg mice in the saline-treated
group (control group) survived for 2 to 3 more months longer, and did not lose weight
(data not shown) when injected i.p. with a single dose of 20 ug of hu DEF-GAD65
reagent (Fig. 3.2B). This is a significantly long rate of survival as compared with the
untouched hyperglycemic littermates that succumb within 2 to 3 weeks after the onset of

hyperglycemia. The non-responder mice treated with a single dose of 20 ug hu DEF-
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GADG5 reagent maintained their sugar levels below 550 mg/dL and showed no body
weight loss (data not shown). The results indicated that, although in a hyperglycemic
stage, the mice survived longer with a limited progression of hyperglycemia when treated
with hu DEF-GADG5 reagent at a late stage of disease.

Human DEF-GADG5 reagent stabilizes the lymphocyte infiltration in the pancreas
of NOD/DR4/B7 dTg mice

We have previously reported that mice treated with murine DEF reagents show a
significantly reduced number of pancreatic B-islets with destructive intra-islet infiltration,
but rather a protective type of peri-insulitis (16; 17; 60). Indeed, prolonged survival
observed in the non-responder, hyperglycemic mice treated with hu DEF-GAD65 may be
explained by the formation of a protective, stabilized peri-islet pancreatic infiltration,
which in turn may provide a limited, but sufficient amount of insulin to stabilize
glycemia.

The NOD/DR4/B7 dTg mice protected by hu DEF-GADG5 treatment showed a
significantly increased number of peri-infiltrated p-islets (p=0.047), and a reduced
number of intra-infiltrated B-islets (p= 0.042) than those in the control group (Fig. 3.3A
& 3.3B). Although not significantly increased, the number of non-infiltrated B-islets in
euglycemic mice protected by hu DEF-GADG5 treatment was higher than in
hyperglycemic mice from the control group (p=0.063). This is because the overall
number of infiltrated B-islets (intra- and per-infiltrated f—islets together) in both groups
was similar, with the only difference that the ratio between the peri- vs. intra-infiltrated
B—islets was higher in the euglycemic treated mice (ratio= 4:1) than in hyperglycemic

mice from the control group (ratio= 1:3.5) (Fig. 3.3B). The results indicated that, likewise
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the murine DEF-GADSGS5 reagent (16; 17; 60), the human DEF-GADG5 reagent was able
to stabilize the pancreatic insulitis.

The therapeutic effects of hu DEF-GADG5 reagent rely on Th2/TR-1 polarization in
pancreas

We have previously reported that the mechanism of T1D protection by murine
DEF reagents relies on differentiation and expansion of IL-4" Th2 cells and IL-10-
secreting TR-1 suppressor cells in the pancreas (17; 18; 60). Also, the hu DEF-GADG65
reagent induced a population of 1L-4" Th2 cells and IL-10-secreting TR-1 cells in the
lymphocyte cultures of diabetic patients expressing HLA-DR*0401 molecules (83).
Herein, we tested whether the mechanism underlying T1D protection by the hu DEF-
GADG5 reagent in NOD/DR4/B7 dTg mice relies also on Th2/TR-1 polarization. The
Th2 response in stimulated cell cultures from the pancreatic lymph nodes of
NOD/DR4/B7 dTg mice treated or not with hu DEF-GADG5 reagent was estimated based
on IL-4 secretion, the TR-1 response based on IL-10 secretion, and the Th1 based on
IFN-y secretion.

CD4 T-cells from the pancreatic lymph nodes (pLN CD4 T-cells) mirror the
phenotypic and functional profile of pancreatic infiltrated T-cells in hyperglycemic mice
(15). The pLN CD4 T-cells from treated euglycemic mice that were stimulated in vitro
with hu DEF-GADG5 reagent 6 months after treatment interruption showed a significant
increase in IL-4 secretion (p=0.0001) and IL-10 secretion (p=0.018), whilst the IFN-y
secretion was drastically reduced (p=4.5x10") as compared with the hyperglycemic mice
in the control group. Also, the in vitro CD3 polyclonal stimulation of pLN CD4 T-cells

from euglycemic treated mice showed a significantly reduced IFN-y secretion (p=0.039)
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and increased IL-10 secretion (p=0.014) as compared with those from the hyperglycemic
control mice (Fig. 3.3C).

Together, these results showed that T1D prevention and stabilization in
NOD/DR4/B7 dTg mice occurred in the context of Th2/TR-1 polarization of peripheral
CD4 T-cells, much likely by a similar mechanism (single-epitope bystander suppression)
described for the murine DEF-GADG5 reagent (60). This mechanism refers as to the
ability of a single peptide-MHC class Il reagent (like DEF) to suppress a polyclonal
population of autoreactive T-cells of various peptide specificities through the
stimulation/expansion of non-antigen-specific 1L-10-secreting TR-1 suppressor cells at
the site of inflammation (60). In summary, this work suggests that human DEF-like
reagents targeting diabetogenic T cells in the absence of systemic immune suppression
may represent an efficient antigen-specific approach that can overcome the limitations of
conventional antigen-specific reagents for T1D therapy.

METHODS
The human DEF-GADG5 reagent.

Genetic engineering of human HLA-DR*0401-GAD65,71-25 soluble dimer (hu
DEF-GADG5 reagent) has been previously described.(4) The hu DEF-GADG5 reagent is
made of the extracellular domains of human HLA-DR*0401 (MHC class I1) molecules
on human Ig-Fcyl (hFcyl) scaffold, and it expresses the human GAD65,7;-2g5 peptide
covalently-linked at the N terminus of 3—chain. The hu DEF-GADG5 reagent was
produced in baculovirus-infected insect SF9 cells and purified from the cell culture

supernatant by affinity chromatography using an anti-human IgG1-Sepharose 4B column,

as described (4; 83).

71



The humanized NOD/HLA-DR4/B7 dTg mouse.

The humanized NOD/DR4/B7 dTg strain was generated by a two-step crossing
protocol. First, the C57BL/6 mice deficient for MHC class Il molecules (H-2b+, IAB"‘
/IEa) and transgenic for a human/murine chimeric HLA-DRA4-IE molecule (HLA-DRA-
IE%a/HLA-DRB1*0401-1E"B) (Jackson Labs) (44) were backcrossed for 12 generations
into the NOD diabetogenic background (IAY"*, 1E%., H-2") to generate the NOD-DR4
Tg strain (HLA-DRA-IE%a/HLA-DRB1*0401-1E%B*, 1AY*, IE% 1, H-2"). The
NOD/DR4 Tg mice were next crossed with NOD/RAG2™, hu B7.1""* Tg mice (Taconic)
to generate the NOD/DR4/B7 dTg mice used in this study (HLA-DRA-IE%a/HLA-
DRB1*0401-1E°8*, huB7.1*, IAY", [EY™D H-2%* Rag2"). Selection of NOD/DR4/B7
dTg mice was carried out by PCR using specific primers for HLA-DR4 and hu B7.1
genes (Fig. 3.1B).

Therapeutic protocol.

Pre-diabetic (euglycemic) NOD/DR4/B7 dTg mice were injected intraperitoneal
(i.p.) every other 4™ day with 8 doses of 10 ug of hu DEF-GADG5 reagent in saline
(n=14 mice) or saline alone (control group, n=9 mice) every other 4" day, starting 3
months after birth. Mice were followed weekly for the blood glucose levels using an
Accu-Check glucose meter and glucose test strips (Roche). Non-responder
hyperglycemic mice were also treated with a supplemental dose of 20 ug hu DEF-
GADSGS5 reagent after the hyperglycemia onset, and monitored for the blood glucose
levels and rate of survival. Experiments were carried out at USUHS under the MED-11-
655 and MED-11-805 IACUC protocols according to the federal, local regulations, and to

EU Directive 2010/63/EU.
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Flow cytometry.

Single-cell suspension of splenocytes (10° cells) from individual mice were
stained 30 min at 4°C for various cell surface markers using specific Ab-dye conjugates
or their isotype controls. Some 10 to10° cell events were acquired using a LSR I
Becton-Dickinson flow cytometry instrument equipped with the WINLIST analysis
software (Verity, Topsham, ME, USA), or with a BD FACS DIVA software (BD
Biosciences).

T-cell stimulation and cytokine assays.

Cells from the pancreatic lymph nodes of individual treated and saline-treated
mice were harvested on 5um strainers and stimulated in vitro for 1 and 4 days with CD3
mADb (#2C11 clone, ATCC, 2.5 ug Ab/10° cells/well) or hu DEF-GADS5 reagent (5 pg
reagent/10° cells/well). Cell viability scored microscopically in trypan blue stained cells
was higher than 90%. The supernatant from triplicates cell cultures was measured by
Luminex assay for cytokine secretion. IL-2 measurements were carried out 1 day after
stimulation, whereas other cytokines were measured 4 days after continuous stimulation.
Histology and Immunohistochemistry.

Pancreata from individual mice responsive or not to hu DEF-GADG5 treatment
were analyzed for the degree and morphology of insulitis among 20-25 paraffin-
embedded 5um sections stained with Hematoxilin-Eosin (HE). Serial 5pm sections of
pancreata were also stained with a rabbit anti-insulin Ab (Santa Cruz Biotech, Santa
Cruz, CA) revealed by a goat anti-rabbit IgG-HRP conjugate (Southern Biotechnologies,
Birmingham, AL) to estimate the extend of insulin secretion and intra-islet distribution of

insulin granules.
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Biostatistics.

Statistical significance for T1D incidence within the same group and between
groups of hu DEF-GADG65-treated and saline-treated mice was carried out by Log-rank
(Mantel-Cox) test, SPSS software version 21.0.0 (IBM Corporation 1 New Orchard
Road Armonk, New York 10504-1722 United States). The p values less than 0.05 were
considered significant. Individual variations in the number of infiltrated islets and
morphology (protective peri-insulitis vs. destructive intra-islet insulitis) between hu DEF-
GADG65-treated and saline-treated mice were analyzed by the Student’s t-test and

expressed as mean * standard deviation (SD) at 99% interval of confidence.
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Figure 3.1 Immunologic characterization of humanized NOD/DR4/B7 dTg mice.
Panel A, microsatellite analysis of the NOD genetic background in the parental

NOD/DR4 Tg strain (upper panel). Comparison between the genetic background in 2
representative NOD wt, C57BL/6 parental strains, and 8 out of 32 microsatelites in the
F12 generation of parental NOD/DR4 Tg strain shows fully transfer of the NOD
background in the parental NOD/DR4 Tg strain. Lower panel, identification of human
HLA-DR*0401 and B7.1 (CD80) transgenes by PCR using specific primers (forward:
GTTTCTTGGAGCAGGTTAAACA, reverse: CTGCACTGTGAA GCTCTCAC, and
respectively: forward: GCTTACAACCTTTGGAG ACCCAG;

reverse: CGTCACTTCAGCCAGGTG). Internal control PCR primers for DNA
quantification were specific for mouse 1gG3 gene (forward:
ACAACAGCCCCATCTGTCTAT,; reverse: GTGGGCTACGTTGCAGATGAC). Lane
1, DNA size markers; lanes 2-5, NOD mice expressing both the human HLA-DR*0401

and B7.1 transgenes; lanes 6-11, NOD/DR4 littermates lacking the hu B7.1 transgene.
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Panel B, expression of HLA-DR4 molecules on splenic APCs from NOD/DR4/B7 dTg
mice. Left panel, splenic cells stained with a rat 1gG isotype control Ab-FITC conjugate;
Right panel, splenic cells stained with a rat 1gG anti-HLA-DR4-FITC conjugate. Shown
are the mean = SD values as determined in 4 NOD/DR4/B7 mice. Panel C, FACS
detection of GADG65,71.25-specific CD4™ T-cells in the blood of NOD/DR4/B7 dTg mice.
Left panel, the signal-to-noise background of the secondary anti-human IgG1-FITC
conjugate; right panel, the mean frequency of GAD65,71.280-specific CD4™ T cells + SD
measured in 4 NOD/DR4/B7 dTg mice in spleen cells double-stained with hu DEF-
GADG5 reagent and revealed by a goat anti-human 1gG1-FITC conjugate, and anti-mouse
CD4 Ab-APC conjugate (clone #GK1.5, ATCC, BD PharMingen). Panel D,
immunohistochemical detection of human B7.1 (CD80) expression in the pancreatic -
islets of NOD/DR4/B7 dTg mice. Fresh pancreatic sections of 5u in OCT from a NOD
wt mouse (left panel) and NOD/DR4/B7dTg mouse (right panel) were stained with a rat
IgG anti-human B7 molecule (BD PharMingen) and revealed by an anti-rat IgG-HRP
conjugate (Jackson ImmunoResearch). Shown is the absence of B7 staining of a
representative p-islet from a NOD wt mouse, and the positive B7 staining for a
representative p-islet from a NOD/DR4/B7 dTg mouse. Dark arrows in each panel

indicate the position of pancreatic B-islets.
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Figure 3.2 T1D incidence in the NOD/DR4/B7 dTg mice treated or not with hu DEF-
GADGS reagent.
Panel A, Pre-diabetic, 2.5 month-old NOD/DR4/B7 dTg mice were selected from

4 different litters (n=14) and treated i.p. with 8 doses of 10 ug of hu DEF-GAD 65
reagent in saline (n=14 mice) or with saline alone (control group, n=9 mice) every other
4™ day. Glycemia was measured bi-weekly from the tail vein. Y axis indicates the

cumulative incidence of hyperglycemia calculated as a percent of mice developing
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hyperglycemia in each group at different time-points after treatment interruption.
Grouped arrows on the X axis indicate the time-points and number of hu DEF-GADG65
I.p. injections. Shown is the significant relevance (* p value) between the two groups at
the end of experiment. Panel B, hyperglycemia values in hu DEF-GADG65 non
responders (NOD/DR4/B7 dTg mice) in two representative mice (Mouse #1 and #3) with
stabilized hyperglycemia after one single dose of 20 ug hu DEF-GADG5 as followed up
for 8 more months after injection. Arrows indicate the time of supplemental hu DEF-
GADSGS5 injection (at 6 months of age) that failed to reverse hyperglycemia in mice #1
and #3. Also shown is a NOD/DR4/B7 dTg mouse (mouse #2) treated with hu DEF-
GADSG65 reagent under the same regimen as in panel A, which developed mild
hyperglycemia (250 and 270 mg/dL) some 1.5 months after treatment interruption. Arrow
indicates the time-point (6 month of age) when mouse #2 received a supplemental 20 ug
hu DEF-GADGS5 i.p. injection that reversed hyperglycemia. Grouped arrows on the X

axis indicate the time-points and number of hu DEF-GADG5 i.p. injections.
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Figure 3.3 Pancreatic and T-cell analyses of NOD/DR4/B7 dTg mice treated or not with
hu DEF-GADG5 reagent.

Panel A Comparative morphologic analysis of pancreatic islet infiltration in
NOD/DR4/B7 dTg mice treated or not with hu DEF-GADG5 reagent as in figure 3.2,
panel A. The pancreata from both groups of mice were analyzed at the end of experiment
when mice reached 11 months of age. Some 20-25 B-islets per pancreas were analyzed
from individual mice (n=5 mice/group). Of note, treated mice showed a significantly
higher number of pancreatic peri-infiltrated islets than those in the control group. The
small panel represents two representative, fully functional pancreatic B-islets lacking
lymphocyte infiltration (upper panels), or peri-infiltrated -islets (middle panels), or
intra-infiltrated B-islets from the group of NOD/DR4/B7 dTg mice treated with hu DEF-
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GADG5 reagent as in figure 3.2, panel A. Pancreata from both groups of mice were
analyzed after treatment interruption, when mice reached 11 months of age. Shown in
each panel are the HE staining of infiltrating lymphocytes (dark blue) and the presence of
intra-islet insulin granules stained with a rabbit anti-Insulin-HRP conjugate. Of note, the
peri-infiltrated islets show higher amount of insulin granules as compared with the intra-
infiltrated islets (small panel showing representative pancreas used in the scoring
process.) Panel B, cytokine analysis in stimulated cells from pancreatic lymph nodes
cultures from NOD/DR4/B7 dTg mice treated or not with hu DEF-GADG5 reagent. Of
note, the CD4 T-cells from NOD/DR4/B7 dTg mice treated in vivo with hu DEF-GADG65
reagent secreted a significantly higher amount of IL-4 and IL-10, and lower amount of
IFN-y than those from saline-treated animals (control group). Shown are the mean values

of cytokines = SD for 4 individual mice in each group.
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Chapter 4: Dissertation Summary and Discussion

T1D in no uncertain terms is a complex disease along with other immune
disorders. This should not come as a surprise, understanding how complex the immune
system is itself. The immune system helps us fight infections. At the same time, while
adaptive or innate immune mechanisms take place to overcome a viral, bacterial or
parasitic infection as well as to kill a cancerous cell, it needs to make sure it does not Kill
healthy functional cells and organs. Even though we have come a long way in our
understanding of how the immune system works, it remains to be clear how these
complex and very plastic immune cells are able to interact with each other to generate the
immune makeup that is unique to each individual. Fully comprehending the principles
that govern the immune system is our only way we could come with better methods to
treat disease when said system goes haywire.

MHC class Il has been shown extensively to be associated with T1D. Though, it
is more relevant to consider the numerous genes that together contribute to disease
susceptibility or resistance. Among the different MHC class 11 subclasses HLA-DR4 and
DR3 have been shown, many times, to be strongly associated with T1D in various types
of studies in association with DQ8 (33; 84; 86). The study performed by Wen et al. (115)
suggests a regulatory potential of the class Il MHC HLA-DR4. They generated a
transgenic diabetes model on a C57BL/6 mouse expressing the co-stimulatory B7-1 in the
pancreas and the human HLA-DR4 alone or associated with HLA-DQS8 in the absence of
endogenous murine MHC class I (Abb™) (115). They showed that the high incidence of
diabetes in mice bearing only DQ8 gene (73%) was markedly reduced by the introduction

of the DR4 gene (23%). However, around 25% of DR4/Abb”/B7-1 mice yet became
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diabetic whereas C57BL/6 DR4/B7-1(with endogenous MHC class Il) mice did not
become diabetic at all (115). They showed that the protective effects of HLA-DR4 are
due to a switch in the cytokine response after activation with known autoreactive proteins
in T1D such as GAD and insulin that is favorable to a Th2 type response when otherwise
is a Th1 type response in a diabetic mouse.

By generating a NOD mouse carrying the human HLA-DR4 our goal was to
generate a “humanized” mouse to study the role of DR4 in T1D. Remarkably, NOD/DR4
Tg mice were able to become diabetic only in the presence of the B7-1 costimulatory
molecule expressed in the pancreas (described in chapter 3). The NOD/DR4/B7-1 mice
became diabetic at a much higher frequency than the DR4/Abb™/B7-1 (75% vs. 25%).
This could be attributed to several idd genes from the NOD background and more
importantly the MHC class 11 I-A% which are not expressed in the C57BL/6. In the study
described in chapter 2 we aimed at determining the mechanisms of HLA-DR4 protection
of diabetes in NOD mice.

Similar to Wen’s et al. findings, we observed a reduced INFy response upon
stimulation of total splenocytes with known diabetogenic GAD65 and anti-CD3/CD28
indicating a reduced Th1 type of response. However, we did not detect a difference in IL-
4. Nevertheless, downregulation of INFy response suggests that DR4 protection is a result
of more than one type of regulatory events such as an increase of Th2 and Tr1 cells
which are potent suppressors of INFy production by expression of regulatory cytokines
such as IL-10 (121).

Trl cells are CD4+ T cells secreting high levels of IL-10. They have been

reported to protect against T1D in NOD mice by downregulating activity of antigen
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specific effector cells (10; 87). We found an increase in IL-10 release upon polyclonal
stimulation. Interestingly, we also found a high frequency of CD4" T cell IL-10+ (Tr1)
cells and CD4+Fox3+ Treg cells in 2 weeks old but not in adult 8 weeks old NOD/DR4
Tg mice compared to NOD non Tg littermates prone to T1D. These results suggest that
DR4 protection is carried out during the developmental stages of the mouse immune
system. During the first weeks of life the NOD develops autoreactive CD4+ and CD8+ T
cells that escaped clonal deletion during thymic selection and are expanded in the
periphery by pancreatic autoantigens presented by MHC (5). A higher number of T
regulatory cells during the first weeks of the NOD/DR4 Tg mice life might out-weight
the number of autoreactive T cells and arrest their activity early during the mouse
development in the periphery in NOD/DR4 Tg mice, thus preventing the onset of
diabetes.

The role of Foxp3 has been identified best in CD4+ T regulatory cells. Although
much less is known about CD8+ T cells, recent reports have emerged describing
CD8+Foxp3+ T cells with regulatory functions much as their CD4+ counterparts (11;
101; 102). Interestingly, immunosuppressive CD8+ T cells from heart transplant
recipients have been described to express high levels of HLA-DR (24; 101), thus their
activity is T cell specific much like a professional antigen presenting cells. They have
been shown to promote T cell anergy in effector CD4+ T cells (24; 101; 102). They were
shown to suppress CD4+ T cell activation by interfering with early steps in the TCR
activation cascade upstream of ZAP70 phosphorylation (101). We found CD8+ T cells
up-regulating the Foxp3 suppressogenic gene upon polyclonal stimulation in NOD/DR4

Tg mice but not in NOD non Tg littermates. Upregulation of Foxp3 expression in the
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CD8" T cells of NOD/DR4 Tg mice but not the NOD non Tg littermates may explain the
poor IFN-y response with these mice, since Foxp3 can lower the IFN-y synthesis by
suppression of T-bet transcription required for IFN-y synthesis (49; 71; 103)..

The nature of MHC class Il-peptide presentation during the thymic selection of T-
cells can shape the T-cell repertoire (43; 91). CD4+ T-cells in NOD/DR4 Tg mice are
selected in thymus by antigen presentation of human HLA-DR*0401 MHC class Il
molecules in addition to the murine endogenous I-A% molecules. The NOD non Tg mice
are characterized by the lack of expression of I-E because of a deletion mutation in the I-
Ea promoter region (5; 62). The HLA-DR4 molecule in NOD/DR4 Tg mice is expressed
as a chimeric transgene HLA-DRA-IEa with the HLA-DRB1*0401-1Ef3 (44). The genes
coded consist of the antigen binding domains of the HLA-DRA/DRB1*0401and the
remaining portion of the murine IE%a/IE®B chains (44). Addition of a new MHC
molecule like HLA-DR4 into the NOD mice could lead to the hypothesis that increased
levels of MHC class Il expression in the cell membrane results in skewing of the T cell
pool in favor of CD4+ T cells. Observations in different hybrid mice bearing HLA-DR4
and I-A% in association or not with I-A®, described in figure 2.4 supports that hypothesis.
Only the mice expressing HLA-DR4 in addition with murine MHC class 1l showed an
increased frequency of CD4+ T cells. However, MHC class Il expression is tightly
regulated by different mechanisms. Levels of expression of MHC class 11 in the cell
surface is carefully regulated by a ubiquitin ligase protein MARCH-1. In a report by
McGehee et al. (68), they showed that mice expressing a mutant on the cytoplasmic
region of MHC class 11 (K225R) that cannot be ubiquitinated have elevated levels of

MHC class 1l on cell surface of dendritic cells. These mutant mice have no alterations in
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the MHC-11 presentation and the CD4+ T cell population remained unaffected compared
to the wild type mice. Thus, even though there could be differential levels of MHC class
I1 in NOD/DR4 Tg mice; other mechanisms are involved in dictating the CD4/CD8 T cell
ratio. Such mechanisms must include the affinity of pMHC-TCR complex and the events
that take place downstream of TCR signaling.

The CD8" T cell population was significantly reduced in the NOD/DR4 Tg mice
and showed a slight increase in the population of CD4" T cell population in the thymus as
well as in the periphery. The different CD4/CD8 peripheral T cell ratio in the NOD/DR4
Tg mice was mostly the result of a combined, altered CD4/CD8 thymic output and
defective homeostatic mechanism. One suggested mechanism for these observations is
that polymorphism occurring in higher rates in diverse regions of the MHC class Il alleles
according to a GWAS analysis determined the CD4/CD8 T cell ratio in favor of higher
frequency of CD4+ T cells and it correlated to protection against diabetes (33). The
results suggested that protection could be a result of selection of more regulatory rather
than effector T cells (33). Our results confirmed this hypothesis. We observed an increase
in regulatory (Tr1) and Foxp3+ CD4" T cells possibly enough to abrogate the incidence
of diabetes in the NOD/DR4 Tg mice.

The master regulator for class I MHC is the class Il transactivator (CIITA) (22;
72). CIITA is recruited to the X1, X2 and Y box elements in the MHC locus by a
complex of transcriptional factors directly bound to the box elements (72). Levels of
CIITA directly impact levels of MHC class Il expression and are tightly regulated by
post-translational modifications and factors that are mainly active in immune cells (72).

After translation MHC class Il undergoes posttranslational modifications that involve
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loading with peptide in the MHC class 1l compartment (MIIC) (22; 72). Then, it is
transported to the cell membrane. In the cell membrane the MHC class 11 is waiting to get
in contact with CD4+ T cell receptors or it is ubiquitinated by the ubiquitin ligase
membrane associated RING-CH | (MARCH-1). MARCH-I is active predominantly in
immature dendritic cells but later blocked by CD83 in mature dendritic cells (72).
Ubiquitination is an important mechanism cells employ to regulate trafficking of MHC
class 11, thus regulating levels of MHC class Il expression via ubiquitination (68).

Some autoimmune disorders such as EAE are correlated to higher expression,
lower or no expression of certain TCR V3 families (51). Albeit, a recent attempt to
determine a significant difference in the TCR Vf repertoire of patients with T1D was
made (111); the study was limited by the population size (15 children recently diagnosed
with T1D). Nonetheless, they observed a significant increase of TCR V4 in children
recently diagnosed with T1D. Herein, we observed differences in the TCR V[ repertoire
that are similar to previous reports in studies done with several HLA transgenic mice
including the C57BL/6 which does not express murine MHC class 11 but expresses the
chimeric HLA-DRAL-I-Ea2 and DRB1*0401-1-EB2 (44) transgene (the mice used to
generate the NOD/DR4). These results indicate that HLA-DR4 is capable of inducing
changes in the TCRvp repertoire. However, it remains to be answered what the clinical
relevance of this finding is in the pathology of T1D. So far at this time no T1D Vf family
correlation has been reported yet in the NOD “wild type” mouse.

Clearly disease protection by HLA-DR4 is more complex and the result of several
mechanisms that originate during thymic development of T cells. Such mechanisms

include an increase in selection of regulatory CD4+ T cells including Trl and Foxp3+ T
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cells early in the mouse life. Subsequently, driving the cytokine profile in the NOD/DR4
Tg towards a regulatory profile with lower levels of INFy responses induced by an
increased in regulatory IL-10 production.

There is no available mouse model similar to ours with a different human MHC
class 11 such as DQ8 in a NOD background to confirm if indeed the results we see are
unique to HLA-DR4. A NOD expressing human HLA-DQ8 and CD4 was generated by
R. Flavell. Unfortunately these mice were not formally characterized.

It is important to consider the extreme similarities between the murine 1-AY” with
the human HLA-DQ8 and the I-E with HLA-DRA4. For this very reason the NOD is
considered the best model for human T1D (5; 112). However, it also very important to
note that NOD develops spontaneous diabetes whereas in humans the increased incidence
over time has led researchers to look for environmental triggers (112). Our NOD/DR4
does not develop spontaneous diabetes but it does only after expression of the co-
stimulatory molecule B7-1 in the pancreas. In humans pancreatic 3 cells are conditioned
by the genetic makeup and environmental events to express inflammatory molecules such
as TNFa and also MHC class I and co-stimulatory molecules B7-1/2 (112). We have not
tested the possibility of inducing diabetes in our NOD/DR4 Tg mice by infection such as
with coxsackievirus or other suspected triggers to induce T1D. Nonetheless, the
NOD/DR4 mouse is an excellent tool to investigate the pMHC processing and
presentation in the context of two different and seemingly counteractive MHC alleles.

The work described on chapter 3 was aimed at testing the therapeutic efficacy of a
genetically-engineered pMHC class I1-GADG65,71-285 chimera (DEF-GADG5 reagent) of

human use to prevent the T1D onset. Thus, 75% of pre-diabetic humanized
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NOD/DR4/B7 dTg mice treated with 8 small doses of hu DEF-GADG5 reagent remained
euglycemic and showed a stabilized pancreatic lymphocyte infiltration for up to 6 months
after treatment interruption.

Early during the course of T1D onset the NOD mice pancreatic cells are
surrounded by lymphocytes such as dendritic cells and macrophages which then are
followed by B and T lymphocytes (112). This stage has been denominated as peri-
insulitis. At this point (3 cells are functional and there are no signs of destruction. By 4 to
6 months T cells progress to invade the islets and aggressively destroy it. This stage is
known as insulitis. Remarkably, mouse [-cells proliferate due to expression of
immflamatory molecules, however not enough to overcome T cell destruction.

Stabilization of T1D progression in NOD/DR4/B7 dTg mice occurred by
mechanisms of Th2/TR-1 polarization. The ability of hu DEF-GADG65,7;-25 reagent
targeting only the GADG65,71-280-Specific CD4 T-cells to inhibit the response of a
polyclonal T-cell population as demonstrated in the CD3 stimulation experiments, is
similar to that of its murine DEF-GAD®65,17-230 reagent (60). Our results demonstrate that
our treatment protected pancreatic 3 cells by preventing T cell destruction but did not
eliminate thymic development of autoreactive T cells, as seen with the persistence of
peri-insulitis. This suggests the need for a prolonged period of treatment.

Non-responder mice recovered glycemia levels very soon after treatment. This
could be explained by the up-regulation of IL-10 in pancreatic islets which in turn

reduces the levels of inflammatory molecules such as INFy. INFy has been shown to

inhibit B-cells production of insulin (108). Hence, reducing the levels of INFy in
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pancreatic islets immediately could increase production of insulin enough to stabilize
glycemia to basal levels.

We denominated this novel therapeutic concept as to “single-epitope bystander
suppression”, due to the ability of a single peptide-specific reagent (like DEF) to suppress
a polyclonal population of autoreactive cells through the stimulation/expansion of IL-10-
secreting TR-1 suppressor cells at the site of inflammation (i.e., pancreas) (60). In
conclusion, the results of this work strongly suggest that human DEF-like chimeras
targeting diabetogenic T cells in the absence of systemic immune suppression may
represent an alternative antigen-specific approach that can overcome the limitations of

conventional antigen-specific reagents in T1D therapy.

89



10.

11.

12.

13.

14.

15.

16.

REFERENCES

Abastado JP, Lone YC, Casrouge A, Boulot G, Kourilsky P. 1995. Dimerization
of soluble major histocompatibility complex-peptide complexes is sufficient for
activation of T cell hybridoma and induction of unresponsiveness. The Journal of
experimental medicine 182:439-47

Adorini L, Gregori S, Harrison LC. 2002. Understanding autoimmune diabetes:
insights from mouse models. Trends in Molecular Medicine 8:31-8

Amadori A, Zamarchi R, De Silvestro G, Forza G, Cavatton G, et al. 1995.
Genetic control of the CD4/CD8 T-cell ratio in humans. Nat Med 1:1279-83
Amrani A, Verdaguer J, Serra P, Tafuro S, Tan R, Santamaria P. 2000.
Progression of autoimmune diabetes driven by avidity maturation of a T-cell
population. Nature 406:739-42

Anderson MS, Bluestone JA. 2005. THE NOD MOUSE: A Model of Immune
Dysregulation. Annual review of immunology 23:447-85

Arif S, Tree TI, Astill TP, Tremble JM, Bishop AJ, et al. 2004. Autoreactive T
cell responses show proinflammatory polarization in diabetes but a regulatory
phenotype in health. The Journal of clinical investigation 113:451-63

Atkinson MA, Eisenbarth GS. 2001. Type 1 diabetes: new perspectives on disease
pathogenesis and treatment. Lancet 358:221-9

Atkinson MA, Kaufman DL, Campbell L, Gibbs KA, Shah SC, et al. 1992.
Response of peripheral-blood mononuclear cells to glutamate decarboxylase in
insulin-dependent diabetes. Lancet 339:458-9

Barzaga-Gilbert E, Grass D, Lawrance SK, Peterson PA, Lacy E, Engelhard VH.
1992. Species specificity and augmentation of responses to class Il major
histocompatibility complex molecules in human CD4 transgenic mice. The
Journal of experimental medicine 175:1707-15

Battaglia M, Stabilini A, Draghici E, Migliavacca B, Gregori S, et al. 2006.
Induction of tolerance in type 1 diabetes via both CD4+CD25+ T regulatory cells
and T regulatory type 1 cells. Diabetes 55:1571-80

Bisikirska B, Colgan J, Luban J, Bluestone JA, Herold KC. 2005. TCR
stimulation with modified anti-CD3 mAb expands CD8+ T cell population and
induces CD8+CD25+ Tregs. The Journal of clinical investigation 115:2904-13
Bland P. 1988. MHC class Il expression by the gut epithelium. Immunology
Today 9:174-8

Brumeanu TD, Casares S, Bot A, Bot S, Bona CA. 1997. Immunogenicity of a
contiguous T-B synthetic epitope of the A/PR/8/34 influenza virus. Journal of
virology 71:5473-80

Buttice G, Miller J, Wang L, Smith BD. 2006. Interferon-gamma induces major
histocompatibility class 11 transactivator (CIITA), which mediates collagen
repression and major histocompatibility class Il activation by human aortic
smooth muscle cells. Circ Res 98:472-9

Casares S, Brumeanu TD. 2001. Insights into the pathogenesis of type 1 diabetes:
a hint for novel immunospecific therapies. Curr Mol Med 1:357-78

Casares S, Hurtado A, McEvoy RC, Sarukhan A, von Boehmer H, Brumeanu TD.
2002. Down-regulation of diabetogenic CD4+ T cells by a soluble dimeric
peptide-MHC class Il chimera. Nature immunology 3:383-91

90



17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Casares S, Lin M, Zhang N, Teijaro JR, Stoica C, et al. 2008. A peptide-major
histocompatibility complex Il chimera favors survival of pancreatic beta-islets
grafted in type 1 diabetic mice. Transplantation 85:1717-25

Casares S, Zong CS, Radu DL, Miller A, Bona CA, Brumeanu TD. 1999.
Antigen-specific signaling by a soluble, dimeric peptide/major histocompatibility
complex class Il/Fc chimera leading to T helper cell type 2 differentiation. The
Journal of experimental medicine 190:543-53

Castafio L, Eisenbarth GS. 1990. Type-I Diabetes: A Chronic Autoimmune
Disease of Human, Mouse, and Rat. Annual review of immunology 8:647-79
Centers for Disease and Control Prevention. 2011. National Diabetes Fact Sheet:
National Estimates and general infomation on Diabetes and Pre-Didabetes in the
United States, 2011, U.S. Department of Health and Human Services, Centers For
Disease Control and Prevention, Atlanta

Chao CC, Sytwu HK, Chen EL, Toma J, McDevitt HO. 1999. The role of MHC
class Il molecules in susceptibility to type | diabetes: identification of peptide
epitopes and characterization of the T cell repertoire. Proceedings of the National
Academy of Sciences of the United States of America 96:9299-304

Choi NM, Majumder P, Boss JM. 2011. Regulation of major histocompatibility
complex class Il genes. Curr Opin Immunol 23:81-7

Chu HH, Moon JJ, Takada K, Pepper M, Molitor JA, et al. 2009. Positive
selection optimizes the number and function of MHCII-restricted CD4+ T cell
clones in the naive polyclonal repertoire. Proceedings of the National Academy of
Sciences of the United States of America 106:11241-5

Colovai Al, Mirza M, Vlad G, Wang S, Ho E, et al. 2003. Regulatory
CD8+CD28- T cells in heart transplant recipients. Human immunology 64:31-7
Couri CE, Oliveira MC, Stracieri AB, Moraes DA, Pieroni F, et al. 2009. C-
peptide levels and insulin independence following autologous nonmyeloablative
hematopoietic stem cell transplantation in newly diagnosed type 1 diabetes
mellitus. JAMA : the journal of the American Medical Association 301:1573-9
Damoiseaux JG, Cautain B, Bernard I, Mas M, van Breda Vriesman PJ, et al.
1999. A dominant role for the thymus and MHC genes in determining the
peripheral CD4/CD8 T cell ratio in the rat. J Immunol 163:2983-9

Davie JM, Paul WE. 1974. Antigen-binding receptors on lymphocytes.
Contemporary topics in immunobiology 3:171-92

Davis MM, Boniface JJ, Reich Z, Lyons D, Hampl J, et al. 1998. Ligand
recognition by aff T cell receptors. Annual review of immunology 16:523-44
Dotta F, Censini S, van Halteren AGS, Marselli L, Masini M, et al. 2007.
Coxsackie B4 virus infection of  cells and natural killer cell insulitis in recent-
onset type 1 diabetic patients. Proceedings of the National Academy of Sciences
104:5115-20

Driver JP, Serreze DV, Chen YG. 2011. Mouse models for the study of
autoimmune type 1 diabetes: a NOD to similarities and differences to human
disease. Seminars in immunopathology 33:67-87

Duncan B, Nazarov-Stoica C, Surls J, Kehl M, Bona C, et al. 2010. Double
Negative (CD34°'8") TCRap Splenic Cells from Young NOD Mice Provide Long-
Lasting Protection against Type 1 Diabetes. PloS one 5:€11427

91



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Fahmy TM, Bieler JG, Edidin M, Schneck JP. 2001. Increased TCR avidity after
T cell activation: a mechanism for sensing low-density antigen. Immunity 14:135-
43

Ferreira MA, Mangino M, Brumme CJ, Zhao ZZ, Medland SE, et al. 2010.
Quantitative trait loci for CD4:CD8 lymphocyte ratio are associated with risk of
type 1 diabetes and HIVV-1 immune control. American journal of human genetics
86:88-92

Ge X, James EA, Reijonen H, Kwok WW. 2011. Differences in self-peptide
binding between T1D-related susceptible and protective DR4 subtypes. J
Autoimmun 36:155-60

Gebe JA, Unrath KA, Yue BB, Miyake T, Falk BA, Nepom GT. 2008.
Autoreactive human T-cell receptor initiates insulitis and impaired glucose
tolerance in HLA DR4 transgenic mice. Journal of Autoimmunity 30:197-206
Godeau F, Luescher IF, Ojcius DM, Saucier C, Mottez E, et al. 1992. Purification
and ligand binding of a soluble class | major histocompatibility complex molecule
consisting of the first three domains of H-2Kd fused to beta 2-microglobulin
expressed in the baculovirus-insect cell system. Journal of Biological Chemistry
267:24223-9

Gojanovich GS, Murray SL, Buntzman AS, Young EF, Vincent BG, Hess PR.
2012. The use of peptide-major-histocompatibility-complex multimers in type 1
diabetes mellitus. Journal of diabetes science and technology 6:515-24
Gulwani-Akolkar B, Posnett DN, Janson CH, Grunewald J, Wigzell H, et al.
1991. T cell receptor V-segment frequencies in peripheral blood T cells correlate
with human leukocyte antigen type. The Journal of experimental medicine
174:1139-46

Haller MJ, Atkinson MA, Schatz DA. 2009. The road not taken: a path to curing
type 1 diabetes? Eur J Immunol 39:2054-8

Harfouch-Hammoud E, Walk T, Otto H, Jung G, Bach JF, et al. 1999.
Identification of peptides from autoantigens GADG65 and IA-2 that bind to HLA
class 11 molecules predisposing to or protecting from type 1 diabetes. Diabetes
48:1937-47

Heras P, Mantzioros M, Mendrinos D, Heras V, Hatzopoulos A, et al. 2010.
Autoantibodies in Type 1 diabetes. Diabetes Research and Clinical Practice
90:e40-e2

Hunziker R, Margulies DH. 1991. Mice transgenic for a gene that encodes a
soluble, polymorphic class | MHC antigen. Biotechnology 16:175-85

Huseby ES, White J, Crawford F, Vass T, Becker D, et al. 2005. How the T cell
repertoire becomes peptide and MHC specific. Cell 122:247-60

Ito K, Bian HJ, Molina M, Han J, Magram J, et al. 1996. HLA-DRA4-IE chimeric
class Il transgenic, murine class l1-deficient mice are susceptible to experimental
allergic encephalomyelitis. The Journal of experimental medicine 183:2635-44
Jaeckel E, von Boehmer H, Manns MP. 2005. Antigen-specific FoxP3-transduced
T-cells can control established type 1 diabetes. Diabetes 54:306-10

Kaprio J, Tuomilehto J, Koskenvuo M, Romanov K, Reunanen A, et al. 1992,
Concordance for Type 1 (insulin-dependent) and Type 2 (non-insulin-dependent)

92



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

diabetes mellitus in a population-based cohort of twins in Finland. Diabetologia
35:1060-7

Killeen N, Sawada S, Littman DR. 1993. Regulated expression of human CD4
rescues helper T cell development in mice lacking expression of endogenous
CDA4. The EMBO journal 12:1547-53

Kirberg J, Baron A, Jakob S, Rolink A, Karjalainen K, von Boehmer H. 1994.
Thymic selection of CD8+ single positive cells with a class Il major
histocompatibility complex-restricted receptor. The Journal of experimental
medicine 180:25-34

Koch MA, Thomas KR, Perdue NR, Smigiel KS, Srivastava S, Campbell DJ.
2012. T-bet(+) Treg cells undergo abortive Th1l cell differentiation due to
impaired expression of IL-12 receptor beta2. Immunity 37:501-10

Kraal G, Weissman IL, Butcher EC. 1983. Genetic control of T-cell subset
representation in inbred mice. Immunogenetics 18:585-92

Kuchroo VK, Collins M, al-Sabbagh A, Sobel RA, Whitters MJ, et al. 1994. T
cell receptor (TCR) usage determines disease susceptibility in experimental
autoimmune encephalomyelitis: studies with TCR V beta 8.2 transgenic mice. The
Journal of experimental medicine 179:1659-64

Kudva YC, Rajagopalan G, Raju R, Abraham RS, Smart M, et al. 2002.
Modulation of insulitis and type 1 diabetes by transgenic HLA-DR3 and DQ8 in
NOD mice lacking endogenous MHC class Il. Human immunology 63:987-99
Kyvik KO, Green A, Beck-Nielsen H. 1995. Concordance rates of insulin
dependent diabetes mellitus: a population based study of young Danish twins.
BMJ 311:913-7

Lambert AP, Gillespie KM, Thomson G, Cordell HJ, Todd JA, et al. 2004.
Absolute risk of childhood-onset type 1 diabetes defined by human leukocyte
antigen class 11 genotype: a population-based study in the United Kingdom. J Clin
Endocrinol Metab 89:4037-43

Lawrance SK, Karlsson L, Price J, Quaranta V, Ron Y, et al. 1989. Transgenic
HLA-DR alpha faithfully reconstitutes IE-controlled immune functions and
induces cross-tolerance to E alpha in E alpha 0 mutant mice. Cell 58:583-94

Lee BK, Eicher EM. 1990. Segregation patterns of endogenous mouse mammary
tumor viruses in five recombinant inbred strain sets. Journal of virology 64:4568-
72

Lee KH, Wucherpfennig KW, Wiley DC. 2001. Structure of a human insulin
peptide-HLA-DQ8 complex and susceptibility to type 1 diabetes. Nature
immunology 2:501-7

Legoux F, Debeaupuis E, Echasserieau K, De La Salle H, Saulquin X, Bonneville
M. 2010. Impact of TCR reactivity and HLA phenotype on naive CD8 T cell
frequency in humans. J Immunol 184:6731-8

Li L, Yi Z, Wang B, Tisch R. 2009. Suppression of ongoing T cell-mediated
autoimmunity by peptide-MHC class 11 dimer vaccination. J Immunol 183:4809-
16

Lin M, Stoica-Nazarov C, Surls J, Kehl M, Bona C, et al. 2010. Reversal of type 1
diabetes by a new MHC Il-peptide chimera: "Single-epitope-mediated

93



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72,

73.

74.

75.

suppression” to stabilize a polyclonal autoimmune T-cell process. Eur J Immunol
40:2277-88

Louvet C, Szot GL, Lang J, Lee MR, Martinier N, et al. 2008. Tyrosine kinase
inhibitors reverse type 1 diabetes in nonobese diabetic mice. Proceedings of the
National Academy of Sciences of the United States of America 105:18895-900
Lund T, O'Reilly L, Hutchings P, Kanagawa O, Simpson E, et al. 1990.
Prevention of insulin-dependent diabetes mellitus in non-obese diabetic mice by
transgenes encoding modified I-A beta-chain or normal I-E alpha-chain. Nature
345:727-9

Marek-Trzonkowska N, Mysliwec M, Siebert J, Trzonkowski P. 2013. Clinical
application of regulatory T cells in type 1 diabetes. Pediatric diabetes

Martin M, Schwinzer R, Schellekens H, Resch K. 1989. Glomerular mesangial
cells in local inflammation. Induction of the expression of MHC class Il antigens
by IFN-gamma. The Journal of Immunology 142:1887-94

Marzorati S, Bocca N, Molano RD, Hogan AR, Doni M, et al. 2009. Effects of
systemic immunosuppression on islet engraftment and function into a
subcutaneous biocompatible device. Transplantation proceedings 41:352-3
Masteller EL, Warner MR, Ferlin W, Judkowski V, Wilson D, et al. 2003.
Peptide-MHC class 11 dimers as therapeutics to modulate antigen-specific T cell
responses in autoimmune diabetes. J Immunol 171:5587-95

Mastrandrea L, Yu J, Behrens T, Buchlis J, Albini C, et al. 2009. Etanercept
treatment in children with new-onset type 1 diabetes: pilot randomized, placebo-
controlled, double-blind study. Diabetes care 32:1244-9

McGehee AM, Strijbis K, Guillen E, Eng T, Kirak O, Ploegh HL. 2011.
Ubiquitin-dependent control of class II MHC localization is dispensable for
antigen presentation and antibody production. PloS one 6:€18817

Merger SR, Leslie RD, Boehm BO. 2013. The broad clinical phenotype of Type 1
diabetes at presentation. Diabetic medicine : a journal of the British Diabetic
Association 30:170-8

Monos DS, Mickelson E, Hansen JA, Baker L, Zmijewski CM, Kamoun M. 1988.
Analysis of DR and DQ gene products of the DR4 haplotype in patients with
IDDM: possible involvement of more than one locus. Human immunology
23:289-99

Nazarov-Stoica C, Surls J, Bona C, Casares S, Brumeanu T-D. 2009. CD28
Signaling in T Regulatory Precursors Requires p56lck and Rafts Integrity to
Stabilize the Foxp3 Message. The Journal of Immunology 182:102-10

Neefjes J, Jongsma ML, Paul P, Bakke O. 2011. Towards a systems
understanding of MHC class | and MHC class Il antigen presentation. Nature
reviews. Immunology 11:823-36

Nejentsev S, Howson JM, Walker NM, Szeszko J, Field SF, et al. 2007.
Localization of type 1 diabetes susceptibility to the MHC class | genes HLA-B
and HLA-A. Nature 450:887-92

Nepom GT, Erlich H. 1991. MHC Class-1l1 Molecules and Autoimmunity. Annual
review of immunology 9:493-525

Noble JA, Valdes AM. 2011. Genetics of the HLA region in the prediction of type
1 diabetes. Current diabetes reports 11:533-42

94



76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Noble JA, Valdes AM, Cook M, Klitz W, Thomson G, Erlich HA. 1996. The role
of HLA class Il genes in insulin-dependent diabetes mellitus: molecular analysis
of 180 Caucasian, multiplex families. American journal of human genetics
59:1134-48

Olmos P, A'Hern R, Heaton DA, Millward BA, Risley D, et al. 1988. The
significance of the concordance rate for Type 1 (insulin-dependent) diabetes in
identical twins. Diabetologia 31:747-50

Parham P. 2009. The Immune System. 270 Madison Avenue, New York, NY
10016: Garland Science, Taylor & Francis Group, LLC. 608 pp.

Pedotti R, Sanna M, Tsai M, DeVoss J, Steinman L, et al. 2003. Severe
anaphylactic reactions to glutamic acid decarboxylase (GAD) self peptides in
NOD mice that spontaneously develop autoimmune type 1 diabetes mellitus.
BMC immunology 4:2

Podolin PL, Pressey A, DelLarato NH, Fischer PA, Peterson LB, Wicker LS.
1993. I-E+ nonobese diabetic mice develop insulitis and diabetes. The Journal of
experimental medicine 178:793-803

Pow Sang LA, Surls J, Kehl M, Casares S, Brumeanu TD. 2013. Multi-point T-
cell regulation by human MHC class 11 (HLA-DR*0401) allele obviates the 1-A%
diabetogenecity. PlosONE, submitted

Preda-Pais A, Stan AC, Casares S, Bona C, Brumeanu T-D. 2005. Efficacy of
clonal deletion vs. anergy of self-reactive CD4 T-cells for the prevention and
reversal of autoimmune diabetes. Journal of Autoimmunity 25:21-32

Preda I, McEvoy RC, Lin M, Bona CA, Rapaport R, et al. 2005. Soluble, dimeric
HLA DR4-peptide chimeras: an approach for detection and immunoregulation of
human type-1 diabetes. Eur J Immunol 35:2762-75

Pugliese A. 2013. The multiple origins of Type 1 diabetes. Diabetic medicine : a
journal of the British Diabetic Association 30:135-46

Rajagopalan G, Kudva YC, Sen MM, Marietta EV, Murali N, et al. 2006. IL-10-
deficiency unmasks unique immune system defects and reveals differential
regulation of organ-specific autoimmunity in non-obese diabetic mice. Cytokine
34:85-95

Ricafo-Ponce I, Wijmenga C. 2013. Mapping of Immune-Mediated Disease
Genes. Annual Review of Genomics and Human Genetics 14:325-53

Roncarolo MG, Gregori S, Battaglia M, Bacchetta R, Fleischhauer K, Levings
MK. 2006. Interleukin-10-secreting type 1 regulatory T cells in rodents and
humans. Immunological reviews 212:28-50

Scherer MT, Ignatowicz L, Pullen A, Kappler J, Marrack P. 1995. The use of
mammary tumor virus (Mtv)-negative and single-Mtv mice to evaluate the effects
of endogenous viral superantigens on the T cell repertoire. The Journal of
experimental medicine 182:1493-504

Schmidt J, Dojcinovic D, Guillaume P, Luescher 1. 2013. Analysis, Isolation, and
Activation of Antigen-Specific CD4(+) and CD8(+) T Cells by Soluble MHC-
Peptide Complexes. Frontiers in immunology 4:218

Schmidt KD, Valeri C, Leslie RDG. 2005. Autoantibodies in Type 1 diabetes.
Clinica Chimica Acta 354:35-40

95



91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Scott B, Bluthmann H, Teh HS, von Boehmer H. 1989. The generation of mature
T cells requires interaction of the af3 T-cell receptor with major histocompatibility
antigens. Nature 338:591-3

Sharma SD, Nag B, Su XM, Green D, Spack E, et al. 1991. Antigen-specific
therapy of experimental allergic encephalomyelitis by soluble class Il major
histocompatibility complex-peptide complexes. Proceedings of the National
Academy of Sciences of the United States of America 88:11465-9

Sim BC, Aftahi N, Reilly C, Bogen B, Schwartz RH, et al. 1998. Thymic skewing
of the CD4/CD8 ratio maps with the T-cell receptor alpha-chain locus. Current
biology : CB 8:701-4

Skyler JS. 2010. Immunomodulation for type 1 diabetes mellitus. International
journal of clinical practice. Supplement:59-63

Sonderstrup G, Cope AP, Patel S, Congia M, Hain N, et al. 1999. HLA class 1l
transgenic mice: models of the human CD4+ T-cell immune response.
Immunological reviews 172:335-43

Starr TK, Jameson SC, Hogquist KA. 2003. Positive and negative selection of T
cells. Annual review of immunology 21:139-76

Steenkiste A, Valdes AM, Feolo M, Hoffman D, Concannon P, et al. 2007. 14th
International HLA and Immunogenetics Workshop: Report on the HLA
component of type 1 diabetes. Tissue Antigens 69:214-25

Stemme S, Fager G, Hansson GK. 1990. MHC class Il antigen expression in
human vascular smooth muscle cells is induced by interferon-gamma and
modulated by tumour necrosis factor and lymphotoxin. Immunology 69:243-9
Stranger BE, Stahl EA, Raj T. 2011. Progress and Promise of Genome-Wide
Association Studies for Human Complex Trait Genetics. Genetics 187:367-83
Surls J, Nazarov-Stoica C, Kehl M, Olsen C, Casares S, Brumeanu TD. 2012.
Increased membrane cholesterol in lymphocytes diverts T-cells toward an
inflammatory response. PloS one 7:e38733

Suzuki M, Jagger AL, Konya C, Shimojima Y, Pryshchep S, et al. 2012.
CD8+CD45RA+CCR7+FOXP3+ T cells with immunosuppressive properties: a
novel subset of inducible human regulatory T cells. J Immunol 189:2118-30
Suzuki M, Konya C, Goronzy JJ, Weyand CM. 2008. Inhibitory CD8+ T cells in
autoimmune disease. Human immunology 69:781-9

Szabo SJ, Kim ST, Costa GL, Zhang X, Fathman CG, Glimcher LH. 2000. A
novel transcription factor, T-bet, directs Thl lineage commitment. Cell 100:655-
69

Tai N, Yasuda H, Xiang Y, Zhang L, Rodriguez-Pinto D, et al. 2011. I1L-10-
conditioned dendritic cells prevent autoimmune diabetes in NOD and humanized
HLA-DQ8/RIP-B7.1 mice. Clinical Immunology 139:336-49

Taneja V, David CS. 1999. HLA class Il transgenic mice as models of human
diseases. Immunological reviews 169:67-79

Taplin CE, Barker JM. 2008. Autoantibodies in type 1 diabetes. Autoimmunity
41:11-8

The Juvenile Diabetes Research Foundation International. 2011. JDRF 2011
Annual Report, JDRF, New York

96



108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Thomas HE, Darwiche R, Corbett JA, Kay TW. 2002. Interleukin-1 plus gamma-
interferon-induced pancreatic beta-cell dysfunction is mediated by beta-cell nitric
oxide production. Diabetes 51:311-6

Tisch R, Liblau RS, Yang XD, Liblau P, McDevitt HO. 1998. Induction of
GADG65-specific regulatory T-cells inhibits ongoing autoimmune diabetes in
nonobese diabetic mice. Diabetes 47:894-9

Todd JA, Wicker LS. 2001. Genetic protection from the inflammatory disease
type 1 diabetes in humans and animal models. Immunity 15:387-95

Tzifi F, Kanariou M, Tzanoudaki M, Mihas C, Paschali E, et al. 2013. Flow
cytometric analysis of the CD4+ TCR Vbeta repertoire in the peripheral blood of
children with type 1 diabetes mellitus, systemic lupus erythematosus and age-
matched healthy controls. BMC immunology 14:33

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

Vehik K, Dabelea D. 2011. The changing epidemiology of type 1 diabetes: why is
it going through the roof? Diabetes/metabolism research and reviews 27:3-13
Vignali DA, Moreno J, Schiller D, Hammerling GJ. 1992. Species-specific
binding of CD4 to the beta 2 domain of major histocompatibility complex class Il
molecules. The Journal of experimental medicine 175:925-32

Wen L, Chen N-Y, Tang J, Sherwin R, Wong FS. 2001. The regulatory role of
DR4 in a spontaneous diabetes DQ8 transgenic model. The Journal of clinical
investigation 107:871-80

Wicker LS, Chen SL, Nepom GT, Elliott JF, Freed DC, et al. 1996. Naturally
processed T cell epitopes from human glutamic acid decarboxylase identified
using mice transgenic for the type 1 diabetes-associated human MHC class 11
allele, DRB1*0401. The Journal of clinical investigation 98:2597-603

Wicker LS, Todd JA, Peterson LB. 1995. Genetic Control of Autoimmune
Diabetes in the Nod Mouse. Annual review of immunology 13:179-200
Yamamoto K, Fukui Y, Esaki Y, Inamitsu T, Sudo T, et al. 1994. Functional
interaction between human histocompatibility leukocyte antigen (HLA) class Il
and mouse CD4 molecule in antigen recognition by T cells in HLA-DR and DQ
transgenic mice. The Journal of experimental medicine 180:165-71

Yeung RS, Penninger JM, Kundig TM, Law Y, Yamamoto K, et al. 1994. Human
CD4-major histocompatibility complex class 11 (DQw®6) transgenic mice in an
endogenous CD4/CD8-deficient background: reconstitution of phenotype and
human-restricted function. The Journal of experimental medicine 180:1911-20
Yoon JW, Onodera T, Notkins AL. 1978. Virus-induced diabetes mellitus. XV.
Beta cell damage and insulin-dependent hyperglycemia in mice infected with
coxsackie virus B4. The Journal of experimental medicine 148:1068-80

Zhu J, Paul WE. 2009. Heterogeneity and plasticity of T helper cells. Cell Res
20:4-12

97



	Type 1 Diabetes
	Role of MHC Class II in T1D
	Role of T cells  in T1D
	Soluble pMHC chimeras are promising therapeutics for T1D
	Hypothesis

