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Abstract 

This work introduces and explores a novel model which 

incorporates Fetal Thymus Organ Culture (FTOG) from non-obese 

Diabetic (NOD) mice to replicate thymic development and function of 

diabetogenic T cells in vitro. NOD FTOG is shown to posses a 

predictable diabetogenic activity measured in vitro, and a protective, 

regulatory activity when adoptively transferred to genetically IDDM-

predisposed NOD mice. This in vitro IDDM (ivIDDM) activity is unique 

to NOD FTOC, and can be abbrogated by co-culture of developing 

NOD FTOC with FT from immunologically incompetent C.B-17 

scid/scid mice. Additionally, early exposure of NOD T cell precursors 

to islet antigens by co-culture with NOD Fetal Pancreas can 

negatively select for diabetogenic T cells or activate immuno-

regulatory cells that can suppress diabetogenic T cell activity. The 

addition of blocking F(ab')2 fragments of anti-CDSe monoclonal 

antibody to NOD FTOC/FP co-cultures prevented insulin reduction, 

implicating a role for TcR-mediated recognition in this "in vitro IDDM" 

model. Transfer of unprimed syngeneic FTOC cells to pre-diabetic 

NOD mice prevents the onset of IDDM while transfer of islet-cell 

primed FTOC/FP cells slightly increased disease incidence. 

Spontaneous proliferation to peptides of Glutamate Decarboxylase 

(GAD) was not detected in NOD FTOC in contrast to reports of such 

responses in pre-diabetic NOD mice. A marked response to GAD 

peptides is induced by priming NOD FTOG, and increases ivIDDM. 
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Proliferation is significantly diminshed by tolergenic early treatment of 

FTOC, as is ivIDDM activity. Offspring of GAD peptide-treated NOD 

mice have a lower incidence of IDDM indicating potenital beneficial 

tolerance to islet antigens by in utero exposure. Injection of identical 

GAD peptides to pre-diabetic NOD mice enhances the incidence of 

IDDM demonstrating the deleterious effects of inappropriate in vivo 

administration of autoantigenic peptides. NOD FTOC is shown to 

readily integrate and express retrovirus-delivered class II MHC l-Ea^ 

as measured by PGR and flow cytometry, respectively. The 

contribution to understanding the antigenic, genetic and regulatory 

basis of IDDM in NOD mice and humans is discussed. 
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CHAPTER 1: 

INSULIN DEPENDENT DIABETES MELLITUS; 
OUR CURRENT UNDERSTANDING 
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Diabetes meilitus is a chronic, complex disorder of 

carbohydrate, fat, and protein metabolism, resulting from a relative or 

complete lack of insulin secretion by beta cells of the pancreas, or of 

defects of the insulin receptors (1). In the case of Type I Diabetes 

(a.k.a. Juvenile Onset Diabetes), the body produces too little insulin as 

a result of autoimmune-mediated destruction of the insulin-producing 

p-islet cells, located in the islet of Langerhans of the pancreas. In 

1922, Drs. Frederick Banting and Charles Best isolated canine insulin 

and saved the life of a 14 year old patient by intravenously 

administering the crude preparation. Despite continuing world-wide 

efforts to develop a cure for Insulin-dependent Diabetes Meilitus 

(IDDM), modern elaborations of Banting and Best's treatment remain 

current medicine's only answer. 

In the United States, 16 million patients have diabetes, 800,000 

patients with IDDM take daily exogenous insulin injections to stay 

alive. Despite medically supervised insulin therapy, on average, 

these patients will die 20 years sooner, are 2-4 times more likely to 

have heart and vascular disease, 2.5 times more likely to have a 

stroke, and 60-70% will have mild to severe nerve damage. More 

than half of all leg amputation in the U.S. are due to diabetes, and it is 

the leading cause of new blindness in adults. Diabetes affects all 
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ethnic and racial groups, and 1 of 4 Medicare dollars, and 1 of 7 of all 

health care dollars are spent on diabetes or its complications^. 

In the 1980's significant insights into the autoimmune 

etiopathology of IDDM focused current research on determining the 

immunologic, genetic, and environmental basis for the causation of 

this disease. Type I diabetes is clearly an autoimmune disease that is 

ultimately the result of destruction of p-islet cells (2) by thymus-

derived T lymphocytes (T cells). Prior to clinical symptoms, 

individuals with IDDM, or those most susceptible to progressing to 

clinical IDDM, have increasing Islet Cell Antibody (ICA) and insulin 

antibody titers (3-7). Because the autoantibodies are detected to a 

greater number of targets in a serial fashion as one progresses to 

clinical symptoms, as well as studies that suggest diversification of T 

cell specificity during the development of IDDM (8-10), it is now 

considered that a finite number of antigenic stimuli (in concert with 

external pressures) initiate the cascade towards IDDM in a process 

referred to as determinant spreading (8,11,12 and Figure 1). Finally, 

extensive statistical comparisons in human IDDM patients and 

intricate experiments using animal models of IDDM have 

demonstrated that possession of certain genetic elements, 

particularly Major Histocompatibility Complex (MHC) alleles, 

contributes significantly to an individual's susceptibility to developing 

 ̂ Statistical sources NIODK, National Institutes of Health, 1995; World Health Organization, 1994 
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IDDM (13-15). Thus, the etiology of IDDM appears to be contingent 

upon complex interactions of the immune system at T cell 

development/regulatory, antigenic, and genetic levels. 
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Figure 1. 

Figure 1. The mosaic of presentation of dominant and cryptic 

peptides on APCs may be modified by local immune response-driven 

"determinant spreading". (A) Every protein contains potential 

epitopes that when (B) processed are commonly presented 

(dominant determinants), or presented rarely (cryptic determinants) 

unless a high level of antigen processing and loading onto MHC 

molecules is evoked. These peptide determinants are (C) presented 

by self MHC molecules that recognize various agretopic residues on 

the peptides, to TcRs of differing specificities because of their 

differing sequence and resulting "shape". As an immune response to 

dominant epitopes persists, antigen processing and presentation 

increases. This Increase in activity promotes greater display of cryptic 

peptide epitopes. This activity and resulting increase in diversity of 

epitopes presented allows new and different populations of T cells to 

become involved in the original immune response following the 

initiation by a different antigen target. 
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Figure 2. T cell development in the thymus. (1). CD4-CD8-CD3"c-

kit+ progenitors enter the thymus and proliferate rapidly under the 

influence of cytokines such as stem cell factor. (2); the proliferation of 

the cells slows down and they begin to rearrange their y chain or p 

chain genes of their T cell receptors (TCRs). If the cells make a 

productive y chain, they attempt to rearrange their 5 chain. If this 

rearrangement is successful, they become yd T cells. If they fail to 

rearrange the y chain or the 5 chain, they can attempt to rearrange 

their p chain. (3) (cells from stages 1-3 represent about 4% of all cells 

in the thymus). Some cells will try the other route. That is, they will 

attempt to rearrange their p chain genes first. If they are successful, 

they will express the p chain on their surface with the surrogate a 

chain. Such cells will undergo further development after "p selection" 

by binding to an unknown molecule on thymic stromal cells. Some of 

these cells will remain negative for CD4 and CDS, and will attempt to 

rearrange their a chain genes. If they are successful, they will 

become CD4/CDS negative ap T cells (4,0.5% of all thymocytes). 

Cells that fail to productively rearrange their p chain and therefore are 

not p selected may attempt to rearrange their y chain genes and their 

5 chain genes to become y6 T cells (5,0.5% of all thymocytes). 

However, the majority of T cells will express both CD4 and CDS 

together, and will start to rearrange their a chain genes (6, 40% of all 

thymocytes are "double positive" for CD4 and CDS without detectable 

expression of TCR, while 40% of all thymocytes are "double positive" 

for CD4 and CDS with a low level of expression of TCR). Steps 3-6 of 
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T cell development are supported by the cytokine IL-7, while the 

influence of SCF slowly wanes. However, if any of these cells fails to 

rearrange a fully functional y8 or ap TCR, the cell will die by 

programmed cell death. At (7), those cells that have productively 

rearranged an a chain now have CD4, CDS, and CDS on their 

surface, along with a functional ap TCR. These cells can now 

undergo positive selection based on the avidity of their TCRs for self-

peptides (shown in different colors) associated with self-MHC 

molecules. If the TCR cannot bind to a self-peptide-self-MHC 

complex, it will die from programmed cell death (S). However, if the 

TCR can bind with either high or low avidity, positive selection will 

occur to allow the cells to move on to the cortico-medullary junction 

(9,10,11). At the cortico-medullary junction, the cells will encounter 

dendritic cells and macrophages, that have high expression of self-

peptides and self-MHC. If the TCR of the previously positively 

selected T cells binds with high avidity to these self-peptide/self-MHC 

complexes, the potentially autoreactive T cell is negatively selected 

by induction of apoptosis (12). However, if the TCRs do not bind to 

the self-peptide/self-MHC complexes with high avidity (13,14), then 

they will be allowed to migrate into the peripheral circulation as 

mature, functional T cells (15). The approximate numbers of each to 

the T cell subpopulations present in the periphery is shown at the 

bottom of the figure (16). 
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As a model of T cell development, fetal thymus organ culture 

(FTOC) has provided an excellent in vitro assay system that closely 

mimics the pathways and cell to cell interactions found in an intact 

organism (16). Indeed, cells of mature phenotypes develop in proper 

temporal order indicating that FTOC applies the appropriate selective 

and developmental pressures, through cytochemical and membrane 

receptor interactions, to drive pluripotent hematopoietic stem cells to 

a terminal, highly differentiated phenotype (16). The key phenotypes 

of this developmental pathway are outlined in Figure 2. Of particular 

experimental value in this system, is the ability to easily manipulate 

the well-characterized and highly regular, developing populations 

using cytokines, soluble antigens, and infectious agents (17-22). 

Indeed, FTOC even provides a ready means of augmenting or wholly 

replacing cellular components of the endogenous thymus with murine 

or human hematopoietic or non-hematopoietic cells (23-27). The 

ease at which these cultures are manipulated is due to the in vitro, 

explant nature of the system (Figure 3A). 
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Fetal 
Thymus 

Millipore 
strip 

Fetal 
Pancreas 
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Figure 3A. Fetal Thymus/Fetal Pancreas Organ Culture 

construction. Tissue is exdsed from fetal pups and placed in an 

expiant system; shown here thymus and pancreas co-culture. 

Gelfoam sponge supplies nutrient media and supports Millipore strips 

X 25 mm) that provide a medium/air interface. Tissues are at the 

air/medium interface, thus facilitating physical access. 
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FTOC has already demonstrated its value in determining key 

dynamics of T lymphocyte repertoire generation in thymus. 

Thymocyte selection in the thymus is believed to be mediated by 

thymic stromal cells via interrogation a randomly generated T cell 

antigen recognition receptor, the T cell receptor (TcR). This selection 

(summarized in Figure 2) ultimately results in positive signals given to 

thymocytes to rescue them from death which results should no signal 

be given to avert programmed cell death, or actively sentences 

potentially autoreactive cells to programmed cell death (apoptosis) 

(28). It has been proposed that this selection, which occurs by 

presenting self peptides in the context of self-MHC, promotes the 

selection of T cells that demonstrate low avidity to self-derived 

peptides, and negative selection of those cells that interact strongly 

with self-peptides (28, 29). In studies using FTOC from transgenic 

mice, It was demonstrated that increasing avidity of MHC/peptide-

TcR Interactions from a low level to ever higher levels changed the 

signals given to immature T cells from positive selection to negative 

selection (30, 31). Further, studies showed that antigen angonists 

added to developing FTOC could cause the deletion of particular 

TcR-bearing cells in a highly predictable manner, suggesting possible 

therapeutic approaches to actively modifying the T cell repertoire 

(32). 
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The FTOC system has demonstrated the ability to accurately 

model the development of T cells and develop strategies of 

modulating the T cell repertoire. Further, FTOC has been used to 

characterize TcR-ligand interactions, and to identify key antigens 

involved in T cell repertoire development. With these founding 

conditions explained, and the understanding that IDDM is a T cell-

mediated disorder, the central focus of this work was to modify the 

FTOC system in order to the study development and function of T 

cells in the diabetic microenvironment, as well as develop a thymus-

directed gene therapy model. 
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CHAPTER 2 : 

NOD FETAL THYMUS ORGAN CULTURE 
AN IN VITRO MODEL OF T CELL 

DEVELOPMENT IN IDDM 
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INTRODUCTION 

The clinical manifestations of Type I diabetes are ultimately the 

result of autoimmune T cells recognizing and destroying insulin-

producing p cells (2, 33,34). It has been suggested that the 

development of diabetogenic T cells is at least partly due to the 

inappropriate selection of these cells in the thymus (35, 36). 

However, recent evidence also suggests that IDDM is prevented by 

immunoregulatory T cells active in the periphery (15, 37-43). Though 

progress in elucidating the etiology and defining treatments for 

diabetes continues to be made with current models, progress would 

be enhanced if a readily manipulated system were available that 

could be used to rapidly test the involvement of the thymus In the 

production of diabetogenic T cells or the T cells that regulate them. 

The availability of such a model could help to provide important 

information on the mechanisms underlying the generation of 

regulatory T cells in the thymus, as well as to screen potential 

therapies. 

The NOD mouse is an excellent model for IDDM because of the 

many important characteristics it shares with human diabetics (44-

46). NOD mice display pre-diabetic insulitis (45, 46), CD4 and CDS 

mediated |3 cell destruction (35)., disease control with 
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immunosuppression (35)., and spontaneous diabetes incidence 

correlated with particular MHC and non-MHC linked genes (35). 

Though NOD mice may provide the most comprehensive IDDM 

model, experiments using these mice are time-consuming, require 

large groups of animals, and are expensive. Cell suspension culture 

of diabetogenic clones or cells derived directly from NOD mice is 

much faster and seems better designed for many experiments, 

especially those requiring rapid screening to determine if a given 

drug/antigen is effective in preventing the diabetogenic response. 

However, cell culture studies do not allow for a straight forward 

approach to the question of the induction of T cell tolerance to islet 

antigens. For example, many strains of mice, regardless of their 

susceptibility to overt disease possess T cells that are capable of 

proliferating in response to (3 cells or their antigens (37). Clearly, the 

normal thymus must prevent the production of diabetogenic T cells, 

or induce the production of regulatory T cells to control them. In 

addition, the response of NOD T cells to putative diabetogenic 

antigens such as glutamic acid decarboxylase (GAD) appears to 

progress from a response against a limited sequence in the molecule 

to a more generalized response to other portions of the molecule, as 

well as to other antigens, later in the disease process (9,10). The 

initial response to islet-cell antigens may be crucial to the induction of 

disease, since the initial damage to the islets may be responsible for 

the release of diabetogenic antigens that are recognized later in the 
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disease process. The response to these antigens may be 

responsible for the final destruction of the islet cells. Thus, a system 

that allows for the study of the production of the earliest diabetogenic 

T cells in NOD mice as well as the inactivation/suppression of these 

ceils in normal mice would be most useful in gaining understanding of 

the mechanisms involved in these processes. 

FTOC offers a model system in which the cellular interactions 

involved in fetal thymocyte development can be readily monitored 

and manipulated. Starting from a non-lymphoid thymus containing 

approximately 20,000 cells, fetal thymus lobes from 14 day gestation 

(dg) mice can be grown individually in organ culture with yields of up 

to nearly one million mature cells per lobe (27,47-51). Thymic 

antigen presenting cells (APO) and epithelial elements that are 

involved in the negative and positive selection of T cells, respectively, 

and are thought to be dysfunctional in diabetes (35, 36), are also 

generated. 

This paper introduces a model which incorporates FTOC from 

control and NOD mice to replicate thymic development of potentially 

diabetogenic T cells. The cells produced by FTOC were functionally 

tested for their ability to cause specific dysfunction of p cells in a co-

cultured fetal pancreas (FP). Cells derived from these in vitro 

constructs were also transferred to NOD mice to assess their role in 

the initiation or propagation of IDDM. Because this model includes 
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the organs of the stimulator, antigen presenting, and effector ceils, it 

is hoped that most (if not all) relevant cells involved in the generation 

of autoimmune diabetes are represented. Also discussed is this 

systems' utility as an intermediate model between suspension 

cultures and in vivo systems that would allow rapid analysis of thymus 

and/or pancreas directed therapies for IDDM. 

MATERIALS AND METHODS 

Mice. BALB/C and 0576176 timed pregnant mice were purchased 

from Simonsen Labs (Gilroy, CA). C57BL/6 timed pregnant mice 

were also purchased from the National Cancer Institute (Fredrick, 

MD). Breeding pairs of NOD/Lt mice were obtained as a kind gift from 

the laboratory of Dr. E. Leiter at the Jackson Laboratory (Bar Harbor, 

ME). Breeding pairs of C57BU6 scid/scid and C.B-17 scid/scid mice 

were the gift of Dr. Leonard D. Shultz of the Jackson Laboratory (Bar 

Harbor, ME). Breeding pairs of NOD scid/scid mice were purchased 

from the Jackson Laboratory (Bar Harbor, ME). NOD, NOD scid/scid 

and C.B-17 scid/scid animals were then bred at the University of 

Arizona to produce timed-pregnant females. The fetuses were 

removed from pregnant females at the indicated time points (plug 

date = day 0). It was consistently found that animals arriving at our 

facility were variable with regard to their stage of development, even 

though they had been vaginally plugged on the same day. The 

animals were therefore re-staged the pups that we obtained based on 



33 

their developmental characteristics as given in "The Mouse, its 

Reproduction and Development" (52). Fetuses from pregnant mice 

that displayed any disease conditions were not used for tissue 

harvest. 

Fetal Thymus/Pancreas Organ Culture. The organ culture 

methods used have been described in detail by our laboratory and 

elsewhere (48-51). Briefly, at least 8 thymus lobes and/or equal 

numbers of pancreata (usually 10) dissected from 13-16dg fetal mice 

were placed on the surface of Millipore (25 |im thick, 0.45 jim pore 

size) filters which were supported on blocks of surgical Gelfoam 

(Upjohn Co., Kalamazoo, Ml) in 3 mL of medium in 10 x 35 mm plastic 

Petri dishes. Dulbecco's modified Eagle's (DMEM) medium (4.5 g/L 

D-glucose), supplemented with 20% fetal bovine serum (FBS, 

Hyclone Laboratories, Logan, UT) was used. The medium also 

contained streptomycin (100 p-g/mL), penicillin (250 mg/mL), 

gentamycin (10 |xg/mL), non-essential amino acids (0.1 mM), sodium 

pyruvate (1 mM), 2-mercaptoethanol (2 x 10^5 M), as well as 3.4 

g/Liter sodium bicarbonate. The cultures were grown in a fully 

humidified incubator in 5% CO2 in air at 37°C. Cells were harvested 

from FTOC and FPOC using collagenase digestion, as has been 

reported previously (27). Viability of all cells, including pancreatic 

tissue was consistently high (>90%). 
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Reagents. FITC and phycoerythrin (PE) hamster isotype controls, 

FITC anti-mouse CD3e and PE anti-mouse CDS were obtained from 

PharMingen, Inc. (San Diego, CA). Tri-color (TC) anti-mouse CD4 

was obtained from Caltag Laboratories (South San Francisco, CA). 

Whole antibody and the F(ab')2 fragments of anti-CDSe (clone 145-

2C11, (53)) were prepared as previously described (54,55) and was 

the kind gift of Dr. J.A. Bluestone of the University of Chicago. 

Flow Cytometry (PC) Analysis. Cell suspensions were stained 

with directly conjugated monoclonal antibodies specific for CD4 (Tri

color), CDS (PE) and CD3e (FITC) as previously described (27). After 

staining, the cells were fixed in 1% p-formaldehyde before FC 

analysis. Three-color FC analysis was performed using a FACScan 

(BDIS, San Jose, CA) equipped with photomultiplier tubes and optical 

filters as recommended by the manufacturer. FITC, PE, and Tri-color 

were excited by a 4SSnm argon laser. Fluorescence data were 

collected using 3-decade logarithmic amplification on 10,000 viable 

cells as determined by fonvard and 90° light scatter intensity. Data 

were collected and analyzed using Lysis II (Beckton-Dickinson) 

software. 

Supernatant recovery and insulin radioimmunoassay (RIA). 

In most of the experiments reported in this paper, cultures were 

maintained in the standard DME medium with 4.5 g/L glucose without 

any supplementation to maintain glucose levels. At the specified days 



35 

of culture, 300 of culture supernatant was removed from each 3 

mL culture dish for insulin RIA. In a few of the experiments, 300 ^.L of 

culture supernatant was removed from each 3 mL culture dish for RIA 

and 325 |xL of "high glucose replacement media" was then added to 

each dish. "High glucose" replacement media was prepared by 

adding 37.4 mg/mL D-glucose to standard DMEM (4.5 mg/mL)+ 20% 

FBS (see above) for a final concentration of 41.54 mg/mL. Adding 

325 îL "High Glucose" media supplies 13.5 mg of D-glucose to a 2.7 

ml (3.025 mL final volume) culture that may be fully depleted of D-

glucose. This maintained a D-glucose concentration of >4.5 mg/mL 

which is comparable to the concentration of original DMEM. It was 

found that more total insulin was produced when supernatant fluid 

was replaced with D-glucose-supplemented media. However, the 

percent differences in insulin production were comparable in cultures 

treated with or without "High Glucose" supplementation. 

MicroMedic® Insulin RIA kits were obtained from ICN MicroMedic 

Systems, Inc. (Horsham, PA) and used to measure the quantity of 

insulin in culture supernatants as directed by the manufacturer's 

instructions, and standardized to bovine insulin. After measuring the 

amount of insulin in a 300 ^L sample, the amount of insulin in the 3 

mL culture was determined. This value was divided by the number of 

fetal pancreata to give the nanograms of insulin secreted per 

pancreas (ng/pan). The total amount of insulin in each culture was 

measured without regard to the degradation of insulin in culture, and 
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represents the total accunfiuiation of insulin during the time interval 

reported. 

Histopathology. FTOC and FT/FP co-cultures from a 

representative experiment containing 10 lobes were fixed in formalin 

and embedded in paraffin. The samples were then sectioned and 

stained with hematoxylin and eosin. The sections were examined for 

lymphocytes, islets and infiltration of islets with lymphocytes. 

Adoptive transfers. 21-24 day old female NOD/Lt mice were 

Injected once IP with 1 x 10^ viable lymphocytes (as determined by 

trypan blue exclusion). FPOC alone Injections consisted of all cells 

recovered from equivalent numbers of FP used In FT/FPOC co-

cultures (10-15 FP from 15dg fetal mice). Cells from FT cultured 

alone, FT co-cultured with FP, and FP cultured alone were 

dissociated following organ culture (see FTOC methods above) using 

type V collagenase (Sigma, St. Louis, MO) and trypsin (Sigma, St. 

Louis, MO) as described elsewhere by our laboratory (27). Total cells 

from the dual enzyme digestion were quantified and then transferred 

in SOOfxL of sterile Dulbecco's phosphate buffered saline (CellGro, 

Medlatech, Washington, DC). Mice were monitored for signs of IDDM 

such as excessive urination or ketones in their cages until 43 weeks of 

age; those mice suspected of having hyperglycemia were sacrificed 

and blood glucose levels were measured. Mice with blood glucose 

levels greater than 250 mg/dL (13.9 mmol) were considered diabetic. 
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Statistical Analysis. Data were analyzed using StatView 4.5 from 

Abacus Concepts (Berkeley, CA). Experimental differences in IDDM 

incidence in treatment groups were assessed by Kaplan-Meier life 

table analysis using logrank test. Unpaired Student's t-test was used 

for final determination of the significance of the effects of transfer of 

cells and vehicle solutions to NOD mice. A p value < 0.01 was 

considered statistically significant. 
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RESULTS 

FTOC produces mature T cells. As expected from prior work by 

our laboratorywith other strains (27), NOD FTOC cultured for 12-15 

days produced mature phenotype populations of T ceils based on 

CD4/CD8 co-receptor expression (Figure 3B). Single positive (SP) 

CD4 (37.1 ±8.6%) and SP CD8 (34.7±7.5%) coexpressed high levels 

of TcR as demonstrated by positive CD3e staining of 97.9±2.3% and 

87.9±12.8% respectively (n=3). As with other strains, NOD FTOC also 

produces significantly higher levels of DN T cells (20.3±1.2%) than 

typical adult thymic or peripheral populations, of which 48.3±8.6% are 

GD3e-positive (n=3). 
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Figure SB. Flow cytometric analysis of CD4/CD8 co-receptor 

expression In a typical 12 day NOD FTOC (15 dg when removed from 

fetal mice). Expression of TcR as measured by anti-CD3 for each co-

receptor phenotype is also shown. The total CDSe expression for 

each phenotype is shown In parentheses and the distribution of those 

cells is Indicated by black histograms. The grey histograms represent 

the staining of an Isotype control antibody. 
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FPOC produces insulin. As measured by RIA of culture 

supernatants, insulin was detected from day 7 to day 35 of FPOC, but 

peak insulin production occurred in 14-16dg fetal pancreas after 

approximately 14 days of culture, followed by a gradual loss of insulin 

production (Figure 4). These general kinetic changes in insulin 

production by organ cultured fetal islets have been reported 

previously by other workers (56). The amounts of insulin measured is 

undoubtedly a low estimate, since 50-60% of insulin produced by 

FPOC is degraded within a 2-3d period (56). Pancreata from animals 

further along in gestation produced more insulin in the same culture 

period than those from gestationally "younger" animals. Absolute 

insulin amounts varied among individual cultures of the same 

gestational age, but more consistently high levels of insulin were 

obtained when high glucose levels were maintained in the culture 

media. Pancreas tissue from all mouse strains tested, regardless of 

diabetes-susceptibility, produced insulin. NOD mice often produced 

far greater amounts in identical culture conditions (Fig. 5A) than 

FPOC made from BALB/c or C57BLy6 (Fig. 5B). 
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Figure 4. Insulin produced by fetal pancreas tissue as measured by 

RIA of culture supernatants at various days of organ culture (see 

text). FP were removed from 13-16 dg fetal NOD (•) mice on day 0 

(Panel A). FP were also removed from 13-16 dg fetal C57BL/6 (c) 

and BALB/c (A) mice on day 0 (Panel B). Note that NOD FPOC 

consistently excrete greater amounts of insulin at equivalent days of 

organ culture. 
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Histologic analysis of NOD FTOC co-cultured with NOD FP 

indicates the presence of insulitic infiltrates. To determine if T 

cells produced in NOD FTOC are physically associated with co-

cultured NOD FP, 14d co-cultures were sectioned and stained with 

hematoxylin and eosin. In Figure 5, Panel A, FTOC that was cultured 

for a total of 28 days without ever being exposed to NOD FP is shown. 

The field shows thymic tissue that is essentially medullary in nature, 

and nearly devoid of cortical architecture. Panel B is identical thymic 

tissue cultured for 14d then co-cultured with NOD FP for an additional 

14 days. The section shows the presence of lymphocytes at the 

periphery of the islet; demonstrating early insulitic infiltrates. This 

result implies that the "in vitro IDDM" model reflects the initial stages of 

diabetes pathology normally seen in vivo. FP that was cultured in the 

absence of NOD FTOC had differentiated islets and ductal structure 

(not shown) that is comparable to previously reported 21 day FPOC 

(56). 
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Lymphocytes 

Figure 5. Hematoxylin and eosin staining of paraffin sectioned FTOC (A) 
and FTOC/FP co-culture (B). In panel A, FTOC that was cultured for a total 
of 28 days without ever t)eing exposed lo NOD FP is shown (bar = 100 pm). 
The field shows thymic tissue that is essentially medullary in nature, nearly 
devoid of cortical architecture. Panel B is a 14d FTOC that is then co-cultured 
for an additional 14 days (total culture of 28 days) with freshly isolated NOD 
FP. Early T cell insulitic infiltrates sunround the islet mass. 
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NOD FTOC/FP co-culture inhibits insulin production. We 

wished to determine if co-culture of NOD FP with a NOD FTOC that 

had produced phenotypicaily mature T cells could cause the NOD 

FPOC to produce less insulin. NOD FP were placed in contact with 

NOD FTOC that had been previously cultured for 12-15 days. 

Constructs of the non-diabetes-prone BALB/c FP were set up 

similarly with BALB/c FTOC as controls. Due to the variability of 

insulin production by FPOC (Figure 4), insulin production by FT/FP 

co-cultures were normalized to FP cultures alone (NOD FPOC; 8.2-

204.1 ng/pancreas, BALB/c; 1.5-58.0 ng/pancreas). 

The amount of insulin produced 7,14, and 21 days later in NOD 

FT/FP co-cultures was reduced to 26.1 ±8.3%, 26.7±5.7%, and 

33.93±0.2% (mean ± SEM) of control NOD FPOC at each time point. 

BALB/c FPOC co-cultured with BALB/c FT had a similar loss of insulin 

productivity at 7d of co-culture (29.2±15.8%), but there was no 

significant loss of insulin production at 14d and 21 d (127.6±44.0 and 

281.4±195.3% respectively), suggesting that only early in the culture 

period insulin production could be decreased non-specifically by co-

culture with a FT. These data suggest that phenotypicaily mature T 

cells produced by the NOD FTOC (and not BALB/c), which are 

considerably increased if FT from increasing gestational age were 

used (27), were capable of interfering with FPOC islet cell insulin 

production after co-culture. 
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Blocking TcR with F(ab')2 anti-CD3£ antibodies inhibits the 

diabetogenic effect of NOD FT. The TcR usage of the cells in the 

FT/FPOC co-cultures was investigated using monoclonal antibodies 

(mAbs) specific to a portion of the TcR complex to block or activate T 

cells through their TcR. F(ab')2 fragments of anti-CD3e (2C11) were 

used to block binding and signaling through the TcR by adding the 

antibody at the time that the FP were placed in co-culture with the 

FTOC. Controls consisted of NOD FTOC/FP co-cultures treated with 

isotype control hamster monoclonal antibodies (10D8) and FPOC 

cultured alone. 

The amount of insulin produced by NOD FT/FP co-cultures 

treated with the control antibody was inhibited approximately 60-70% 

compared to the pancreas alone, as was seen in untreated NOD 

FT/FPOC co-cultures. This "in vitro IDDM" effect was reduced in the 

presence of F(ab')2 fragments of anti-CD3e suggesting that TcR-

mediated recognition of islet cells by T cells in the culture was 

responsible for the loss of insulin production in this system. This 

reduction was less pronounced at the 7d time point, although 

reduction in the blockage of insulin production was evident overall 

(Figure 6A). In contrast, using whole anti-CD3e mAbs to non-

specifically activate FT cells greatly increased the capacity of NOD 

FTOC to inhibit insulin production by NOD FP such that very little or 

no insulin was detected at all time points (Figure 6A). 
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Figure 6A. Insulin produced per pancreas by NOD FPOC and NOD 

FP/FTOC co-cultures treated with hamster anti-CD3e mAb (2C11) 

relative to NOD FP/FTOC co-cultures treated with control hamster Ig 

mAb (10D8). At the initiation of FP/FTOC co-culture 1 ml of purified 

whole 2011 anti-CD3e (2.6 tig/ml), purified F(ab')2 fragments of 2011 

anti-CD3e (1.6 l̂g/ml), or hamster isotype control supernatant were 

added to the co-culture media. In addition, as a further control, NOD 

FP was cultured in the absence of mAb and/or NOD FTOO. Culture 

supernatants were removed for insulin RIA at 7,14 and 21 days of co-

culture. Percent of insulin made by FP/FTOC co-cultures treated with 

the hamster Ig control mAb ± SEM (n=3). The amount of insulin 

produced by these hamster Ig treated co-culture controls was 

12.6±3.1 ng/pancreas, 54.9 ±15.9 ng/pancreas and 59.8±37.7 

ng/pancreas at 7,14 and 21 d, respectively. 



47 

Non-1 DDM-susceptible BALB/c FTOC/FP co-cultures treated 

with the control 10D8 antibody produced less insulin than FPOC 

alone at the 7d time point, again suggesting that there is some non

specific loss in insulin production at this early stage of culture. 

However, this result was not obtained at the other time points, in 

contrast to the NOD FTOC/FP co-cultures in which insulin levels were 

readily inhibited (Figure 6B). Since the F(ab')2 fragments of anti-

CD3e can only block the activation of T cells (54, 55), these results 

suggest that the reduction of insulin production by NOD FP with NOD 

FTOC, particularly by late co-cultures, was due to a TcR-mediated 

immune recognition of Islet cells during co-culture. In contrast, a 

portion of the inhibition of insulin production seen in early cultures 

(7d), including the non-1 DDM-susceptible BALB/c co-cultures (7d), 

appeared to be non-specific since it could not be prevented by 

F(ab')2 fragments of anti-CD3e (Figure 6B). 
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Figure 6B. Insulin produced per pancreas by BALB/c FPOC and 

BALB/c FP/FTOC co-cultures treated with anti-CD3e mAb (2C11) 

relative to BALB/c FP/FTOC co-cultures treated with control hamster 

Ig mAb (10D8). At the initiation of FP/FTOC co-culture 1 ml of purified 

whole 2C11 anti-CD3e (to give a final concentration of 2.6 |Lig/ml), 

purified F(ab')2 fragments of 2C11 anti-CD3e (1.6 îg/ml), or hamster 

isotype control supernatant were added to the co-culture media. In 

addition, as a further control, BALB/c FP was cultured in the absence 

of mAb and/or BALB/c FTOC. Culture supernatants were removed for 

insulin RIA at 7,14 and 21 days of co-culture. Percent of insulin made 

by FP/FTOC co-cultures treated with the hamster Ig control mAb ± 

SEM (n=3). The amount of insulin produced by these hamster Ig 

treated co-culture controls was 13.3±6.6 ng/pancreas, 10.8 ±4.2 

ng/pancreas and 7.9±4.8 ng/pancreas at 7, 14 and 21 d, respectively. 
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As with the NOD organ cultures, BALB/c FTOC/FP treated with 

whole anti-CD3e mAbs also reduced the amount of insulin produced 

by BALB/c FP to extremely low or to undetectable levels, suggesting 

that even non-diabetic mouse strains had T cells in FTOC that when 

activated through their TcR, cause a loss of insulin production in this 

In vitro system (Figure 6B). 

Co-culture of FP with NOD FT before the development of T 

cells prevents the induction of the diabetogenic effect. The 

data presented above suggests that the reduction of insulin 

production in NOD FP/NOD FTOC co-cultures is due to a specific T 

cell mediated event. Using the NOD in vivo model, it has been shown 

that intrathymic injection of islets can prevent the induction of IDDM 

(57). Presumably, the presence of diabetogenic antigens in high 

concentration in the thymus causes negative selection, anergy, or 

suppression of diabetogenic T cells. To determine if a similar 

treatment would result in a loss of diabetogenic activity in our in vitro 

model, we co-cultured NOD FT with NOD FP at d=0 of FTOC to allow 

the fetal NOD T cells to develop in the presence of putative islet cell 

antigens. After 14-21d of culture to allow for T cell development in 

FTOC, the insulin produced by the NOD FTOC/FP co-cultures were 

compared to the insulin production of NOD FP alone. The amount of 

insulin produced by these cultures was virtually identical to that made 

by the unmanipulated NOD FP. In three experiments, the NOD FPOC 
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cultures alone produced 114.4,43.9 and 42.3 ng of Insulin/pancreas. 

The respective NOD FTOC/FP co-cultures produced 135.1, 34.8 and 

30.0 ng of insulin/pancreas. These data suggest that the presence of 

P islet antigens from the beginning of the FTOC prevented the 

generation, or mediated the inactivation, of othenA l̂se diabetogenic T 

cell populations. These data also suggest that the presence of a NOD 

FTOC, by itself, is not responsible for the loss of insulin production in 

FT/FP co-cultures given the FP after the development of T cells 

through some non-specific metabolic effect 

To determine the strength and duration of the tolerance effect 

of early co-culture of NOD FT with NOD FP, the cultures were 

challenged with another NOD pancreas, and the amount of insulin 

produced was determined. A NOD fetal pancreas was co-cultured at 

the onset of NOD FTOC to determine if the presence of fetal islet 

antigens in the FP tissue could prevent the development of 

diabetogenic T cells. After 14d in vitro, a second FP was added to the 

co-culture, and the total amount of insulin produced was measured 

14 and 21 days later. Controls consisted of two FPOC's co-cultured 

together without a NOD FTOC, as well as a NOD FTOC cultured 

alone for 14d then challenged with two FP and co-cultured an 

additional 14-21 days. As shown in a representative experiment 

(Figure 7, n=3), the reduction of insulin production normally caused 

by NOD FTOC after 14d of co-culture was inhibited by pre-culture 

with NOD FP. At 21 days of culture, insulin production was reduced in 



the cultures that had been pre-cultured with NOD pancreas, 

indicating that the tolerogenic effect was incomplete. This partial 

"tolerance" effect mimics in vivo experiments that use intrathymic 

injection of Islets to prevent IDDM (57). 
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Figure 7. Partial protection of FPOC insulin production by pre-

culture of NOD FTOC with NOD FP before T cell development Partial 

protection of FPOC insulin production by pre-culture of NOD FTOC 

with NOD FP before T cell development (representative experiment 

shown, n=3). NOD FT were placed in co-culture with NOD FP 

immediately after being removed from fetal NOD mice (middle bars). 

NOD FT and NOD FP from fetal litter mates were also placed in 

culture separately (bottom bars). After 14 days of culture, NOD FP 

were placed on the NOD FTOC/FP co-culture and the NOD FT 

cultured separately from NOD FP, giving the same total amount of 

NOD FP tissue in each culture. An equal number of NOD FP were 

also cultured in the absence of NOD FT (top bars). Culture 



supernatants were removed for insulin RIA at 14 and 21 days of co 

culture. Insulin production was partially restored in the "Protected" 

pre-cultured NOD FTOC/FP at 14d of culture, but not at 21 d of 

culture. 
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Co-culture of NOD FT with C.B-17 scid/scid FT stroma 

prevents the development of diabetogenic T cells. One 

possible explanation for the induction of IDDM in vivo is the inability of 

the thymic stroma of NOD mice, particularly thymic macrophages and 

dendritic cells, to induce negative selection of T cells in the thymus 

specific for putative diabetogenic antigens, or to support the 

production of immunoregulatory T cells to prevent IDDM (35,58). We 

reasoned that co-culture of NOD FT with a source of normal thymic 

stromal elements might prevent the development of diabetogenic T 

cells. Accordingly, we co-cultured NOD FT with FT from C.B-17 

scid/scid mice. The FT of these mice do not produce significant 

numbers of T cells in FTOC (27), since they cannot complete 

rearrangement of their T cell receptors (59). They also have 

abnormalities in their medullary epithelial cells (60) but they 

presumably posses relatively normal thymic macrophages and 

dendritic cells Involved in negative selection. 

As shown in Figure 8, co-FTOG of NOD FT with C.B-17 scid/scid 

FT prior to the addition of NOD FP reduced the diabetogenic effect 

compared to NOD FTOC alone. Co-FTOC of C57BLy6 FT with NOD 

FT were also capable of reducing the diabetogenic effect (not shown). 

These results suggest that the differentiation of NOD-derived T cells, 

which made up nearly all of the TcR positive cells recovered from the 

cultures, in the presence of C.B-17 scid/scid -derived thymic stroma 
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prevented the development of diabetogenic T cells. Also shown In 

Figure 8 is the effect of co-culture of a C.B-17 scld/scid FTOC with a 

NOD FP. As expected, the immunologically incompetent C.B-17 

scid/scid FTOC was incapable of reducing the insulin production by 

the NOD FP. This result supports the idea that the "in vitro IDDM" 

effect is due to immunologically competent T cell recognition. NOD 

FTOC was incapable of causing a loss of insulin production when it is 

co-cultured with a C.B-17 scid/scid FTOC, thus it should not have 

been able to cause "in vitro IDDM" through some non-specific 

metabolic effect. 
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Figure S.Protectlon of FPOC insulin production by co-culture of NOD 

FTOG with C.B-17 scid/scid FT before T cell development. NOD FT 

were placed in co-FTOC with C.B-17 scid/scid FT for 14 days. NOD 

FP were then added to the NOD FT/C.B-17 scid/scid FT co-FTOC 

(bottom bars), C.B-17 scid/scid FTOC (middle bars), and to NOD 

FTOC (top bars). Supernatants were taken at 14 and 25 days of 

FTOC/FP co-culture and insulin production was measured by RIA. Of 

three comparable experiments performed, insulin made by NOD FP 

(ng/FP) from a representative culture is shown. 
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Adoptive transfer of cells from NOD FTOC prevents IDDM. 

It has been suggested that cells which initiate IDDM may also be 

those that cause critical early islet cell damage (61). Thus, we 

reasoned that transfer of cells with this specificity into pre-disposed 

NOD mice could cause a release of islet antigen that would stimulate 

endogenous clones in the animal to accelerate IDDM induction. Since 

cells that are able to decrease insulin production in vitro in an 

immunologically relevant fashion are present in NOD FTOC 

stimulated with NOD pancreas tissue in co-cultures, these cells were 

transferred to pre-diabetic NOD mice in order to augment the onset of 

IDDM (Figure 9). Interestingly, animals treated with a single IP 

Injection of 1 x 10® FTOC cells that had not been exposed to any FP 

tissue during culture (unprimed in vitro) did not progress to diabetes 

at all (0/9) as compared to animals injected with identical numbers of 

cells from FPOC alone (5/8) (p = 0.01). These data suggest that T 

cells derived from NOD FTOC were capable of suppressing the 

induction of IDDM. NOD FT organ cultured long enough to develop 

mature T cells and then co-cultured with NOD FPOC (equivalent to 

those cultures that could lower insulin production in vitro) appeared 

to slightly accelerate the onset of IDDM, in striking contrast to mice 

treated with "in vitro unprimed" FTOC (p < 0.001). The final frequency 

of diabetic animals given NOD FTOC co-cultured with NOD FPOC 

(7/11) was not higher than the untreated control mice, nor the mice 
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receiving the injection vehicle (6/10) at 44 weeks of age. The ability of 

organ culture-derived T cells to prevent the progression of IDDM In 

pre-disposed NOD mice was compromised by exposing these cells to 

pancreatic antigens in vitro. Presumably, those diabetogenic T cells 

present in the FTOC could be stimulated with pancreatic antigens 

displayed by the FPOC, causing them to overcome the innate 

suppression produced In unmanipulated FTOC. 
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Figure 9. Incidence of diabetes (percent) in groups of mice injected 

once IP at 3 weeks of age with organ culture-derived cells. Incidence 

of diabetes (percent) in groups of mice injected once IP at 3 weeks of 

age with media alone (n=10) (•), 1x10® FT/FP co-culture cells 

(n=11) (•), 1 X 10® FTOC cells cultured alone (n=9)(0), and FP cells 

cultured alone (n=8) (A). Animals symptomatic for diabetes were 

tested for hyperglycemia. Those with a blood glucose level ^50 

mg/dL were considered diabetic. Unpaired Student's t-test 

comparison between FPOC alone and FTOC alone groups p = 0.01 

(#); between FT/FP co-cultures and FTOC alone p < 0.001 (##). 
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DISCUSSION 

NOD FTOG produces a more phenotypically mature population 

of T cells than do similar cultures of non-diabetic strains (27), The 

production of higher numbers of mature T cells by NOD FTOC 

correlates with the slow thymic involution seen in NOD mice (62, 63), 

and it may be hypothesized to be due to a generalized defect in 

negative selection of immature thymocytes by this strain (27). Organ 

culture of NOD FP produce readily detectable amounts of insulin as 

measured by RIA. Interestingly, NOD FP produce more insulin than 

FP of other strains. It has been noted that NOD mice have an 

increased |3 islet cell mass, which is unrelated to insulitis, compared to 

such strains as BALB/c or C57BLy6 (62), and this may explain the 

reason for the increased insulin production seen in FPOC. Organ 

cultures of fetal pancreata from CBA mice (which also have large 

islets) gave comparable levels of insulin to those reported here for 

NOD mice (56). Thus, although the organ culture conditions and the 

methods for measuring insulin production were different between this 

study and ours, it is likely that an increased amount of insulin 

production in FPOC is not limited to NODs. 

Co-culture of NOD FTOC with NOD FP results in a T cell 

mediated reduction of insulin production, which was accompanied by 

peri-islet T cell infiltration by 14d of culture. Early co-culture (7d) of 
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FTOC/FP from other strains that are not genetically susceptible to 

diabetes, such as BALB/c or C57BL/6, could cause a similar reduction 

of insulin production in BALB/c or C57BL/6 pancreas, suggesting that 

the close proximity of a developing thymus may be sufficient to cause 

some loss in islet cell activity at the early stages of co-culture. 

However, longer term co-cultures using non-1 DDM-susceptible tissue 

showed no reduction in islet activity, suggesting that at later stages of 

culture, non-specific losses of insulin production were negligible. The 

response could be blocked with non-activating monoclonal F(ab')2 

antibodies directed to the CD3E portion of the TcR, suggesting that 

TcR-mediated recognition of islet antigens was involved in the 

specific loss of insulin production. This conclusion is supported by the 

fact that immunologically incompetent C.B-17 scid/scid FTOC could 

not cause a decrease in insulin production by NOD FPOC. 

To further rule out a non-specific decrease in insulin production 

caused by the mere presence of NOD FTOC cells, constructs such as 

NOD FTOC co-cultured with C.B-17 scid/scid FT, B6 FT, or NOD 

FPOC at the initiation of organ culture were analyzed. Neither fetal 

thymus chimeras nor FTOC exposed to FP at the initiation of culture, 

prior to mature T cell development, reduced the production of insulin 

in challenge FP (Figures 7 and 8). However, the non-specific loss In 

insulin manifested in both NOD and BALB/c co-cultures at 7d was not 

as readily blocked with F(ab')2 anti-CD3e as are NOD specific 

responses seen later in the culture period. This result suggests that 
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the close proximity of a growing FTOC to an FPOC can cause a non

specific loss of insulin production, possibly mediated by cytokines 

known to be produced by FTOC such as IL-1 (49). IL-1 has been 

shown to be cytotoxic to islets in vivo (64). The increase in the NOD 

specific response with time is consistent with the time delay expected 

for a specific immune response. 

The addition of the T cell activating form of the anti-CD3e 

monoclonal antibodies to co-cultures of NOD FP and NOD FTOC 

resulted in a complete ablation of insulin production by the NOD FP. 

Of interest is that a similar response was also induced by whole anti-

CD3e in non-diabetic BALB/c and C57BL-/6 FTOC/FP co-cultures. 

This result suggests that FTOC from normal strains contain the 

precursors that can develop into T cells that can be non-specifically 

activated by anti-CD3e antibodies to destroy p islet cells. Using in vivo 

and in vitro models, other investigators have also found that normal 

animals have T cells that can be activated by islet cell antigens (37, 

38). However, workers using the streptozotocin-induced diabetes 

model have found that both whole and F(ab')2 antibodies directed to 

the CD3E molecule can block diabetes (65,66). Therefore, it is 

possible that non-specific activation of T cells with the whole anti-

CD38 in our experiments induced the production of cytokines that 

could have caused the reduction of insulin production in our cultures. 
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The ability of NOD FTOC to respond to NOD FP in co-cultures 

can be inhibited by beginning the co-culture with fresh NOD FT that 

has not yet begun to develop T cells. Presumably, the presence of 

pancreatic antigens during the genesis of T cells caused partial 

immunologic tolerance of the diabetogenic T cells (57,67). If the co-

cultures were re-challenged with fresh pancreas tissue later in the 

culture period, the T cells in the cultures were still somewhat tolerized, 

but the tolerance was incomplete in that insulin production was 

eventually reduced in the NOD FTOC that were pre-cultured with 

NOD FP. Incomplete tolerance induction was also noted in vivo when 

4 week NOD mice were intrathymically injected with NOD pancreas 

tissue In that insulitis was observed in the tolerant mice, even though 

these animals did not develop overt diabetes (57). Presumably, 

exposure of developing T cells in the NOD thymus to high doses of 

islet antigens caused at least partial negative selection, anergy or 

suppression of diabetogenic T cells, in spite of the poor antigen 

presenting ability of NOD macrophages (58). It seems likely that the 

inability of NOD APC's to deliver strong activating signals to T cells 

may be responsible for the incomplete tolerance induction to |3 islet 

cell antigens, even when they are given directly to the thymus. It will 

be of interest to determine if increased doses of these antigens can 

overcome the incomplete tolerance seen in both the in vivo and the in 

vitro models. 



It has been shown using In vivo bone marrow chimera models 

that the induction of tolerance to diabetogenic T cells can be induced 

by bone marrow derived APCs expressing MHC haplotypes different 

from that of NOD (36). In our system, C.B-17 scid/scid FT (Figure 8) 

and 0578176 (not shown), which contain such thymic stromal 

macrophages and dendritic cells, were capable of inducing tolerance 

to developing diabetogenic T cells in NOD FTOC. In this system, the 

NOD prothymocytes were also developing in a normal epithelial 

microenvironment of the C.B-17 scid/scid. The defects in the C.B-17 

scid/scid medullary epithelial microenvironment that has been 

documented previously, should have been corrected by the presence 

of functional T cells (60). Thus, the tolerance induction caused by the 

development of NOD T cells in C.B-17 scid/scid thymus may have 

been due to anergy, or an increase in the development of suppressor 

cells caused by epithelial cells or macrophage/dendritic thymic 

stromal cells. The presence of normal thymocytes in the C57BL/6 + 

NOD FT co-cultures complicates the interpretation of the data, since 

the B6-derived T cells may have produced their own 

immunomodulatory effects on the NOD-derived T cells. However, the 

results are consistent with the idea that the NOD-derived T cells were 

tolerized when they developed in the B6 thymic microenvironment. In 

any case, the abrogation of the "in vitro IDDM" effect of NOD FT by 

C.B-17 scid/scid co-culture argues against a metabolic artifact 

specific to NOD FTOC as being responsible for the loss of insulin in 

this system. 
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Injection with FTOC cultured without the presence of NOD FP 

actively prevented the development of diabetes in all recipient NOD 

mice (0/9, Figure 9). This is an intriguing observation in that it 

suggests FTOC has inherent suppressive effects on the endogenous 

NOD mouse immune system. These studies do not provide adequate 

data to determine the mechanism of suppression, but a recent report 

showed that injection of purified populations of DN apTcR T cells 

prevented IDDM in NOD mice (68). All FTOC (NOD included) 

produces high levels of DN TcR-positive cells (27), and may thus 

have a large regulatory population that prevents clinical IDDM. It will 

be of great interest to determine the suppressive component of NOD 

FTOC that confers such profound IDDM suppression in the absence 

of any obvious immunologic perturbation. 

Given the ability of unmanipulated NOD FTOC to prevent IDDM 

after transfer into NOD mice, it is curious that these same cells can 

induce "in vitro IDDM". Clearly, transfer of NOD FTOC could at least 

allow the normal induction of IDDM in the NOD mouse recipients, if 

not accelerate the kinetics of disease induction, when exposed to fetal 

pancreas tissue in vitro before transfer (Figure 9). This may be due 

simply to the requirement for stimulation, by pancreatic antigens, of 

those few diabetogenic T cells before the inherent suppressive 

effects of NOD FTOC can be overcome. 



T ceils harvested from pre-diabetic NOD mice begin to show 

proliferation responses to antigens involved in the etiopathology of 

diabetes at or before 3 weeks of age In vivo (9,10). Therefore, It 

seems reasonable to hypothesize the existence of anti-|3 cell directed 

T cells much earlier in the etiology of the disease than the detection of 

insulltis. It Is possible that IDDM begins as a response of a few T cells 

to early Islet antigens such as glutamic acid decarboxylase (GAD), but 

through determinant spreading to other epitopes on other antigens 

(69-71) this Initial response may be amplified to cause the ultimate 

destruction of p Islet cells. A 12d FTOC may produce T cells that 

mimic cells at this early stage, and therefore may be able to mount a 

diabetogenic response given the exposure to p cells. Also, the 

response In vitro need not consist of large numbers of active T cells to 

produce a diabetes-like decrease In insulin output, simply because of 

the scarcity of p cells present In developing NOD FPOC. 

Another consideration In the evaluation of the "In vitro IDDM" 

FTOC system Is the aforementioned results suggesting that non-

diabetic strains of animals possess potentially diabetogenic T ceils 

(37, 38). These results, as well as other evidence using class II 

transgenic NOD mouse models In which the expression of a MHC 

class II transgene other than I-A97 prevents IDDM (15, 39-41), 

suggest that peripheral mechanisms may be responsible for 

preventing IDDM in vivo. The mechanisms responsible for the 

Induction of Islet cell dysfunction in the "in vitro IDDM" FTOC system 
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are not clear. While our results, particularly those involving the 

induction of tolerance, suggest that an important mechanism in 

controlling "in vitro IDDM" is negative selection, the results are also 

consistent with the induction of T cell suppressor activity. This 

suggestion is strongly supported by the suppression of IDDM in NOD 

mice by NOD FTOG (Figure 9). These suppressor cells may be 

involved in the regulation of the diabetogenic response in the 

periphery, and their function in the "in vitro IDDM" FTOG system of 

non-diabetic mice is to prevent islet cell dysfunction. 

Thus, while unmanipulated NOD FTOC posses suppressive 

activity, this suppression can be overcome by the activation of 

functional diabetogenic T cells in 12d NOD FTOC to pancreatic 

antigens by co-culture with NOD FP. "In vitro IDDM" is the result. 

These diabetogenic T cells, on the other hand, can be made tolerant 

to pancreatic antigens by culturing the Od NOD FTOC with NOD FP. 

In this case, "in vitro IDDM" does not occur. 

This paper reports the ability of NOD FTOC to cause insulitis 

and to decrease the insulin production of co-cultured NOD FP. The 

decreased insulin production caused by the co-cultured T cells 

appears to be mediated by close cell proximity and the specific 

Immunologic response of diabetogenic NOD T cells. This system may 

therefore provide an alternative model of Type I diabetes that can be 

performed in as little as 5 weeks (14 days FTOC + 21 days FTOC/FP 
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co-culture), and can be easily manipulated by the addition of various 

cellular components of the thymic microenvironment (e.g. thymic 

APC's). It may also be used to rapidly test the efficacy of different 

preparations of p cell antigens (57, 67), peptides (9,10, 72) or cells 

(68) that may be capable of preventing the onset of IDDM. 
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CHAPTER 3: 

THE EFFECTS OF GLUTAMATE 
DECARBOXYLASE PEPTIDES ON IN VITRO 

AND IN VIVO MODELS OF IDDM 



INTRODUCTION 

The precise etiology of IDDM remains unknown, but it has been 

widely considered that early immune insults to the insulin-producing 

cells of the pancreas are the result of self-reactive T cells recognizing 

an Islet specific antigen. Indeed, pre-clinically-diabetic patients 

display immunoglobulin reactivity to a wide range of islet-associated 

proteins such as carboxypeptidase, insulin, glutamate 

decarboxylase, and others (73, 74). An enticing possibility Is that one 

of the known antigens that are recognized by autoantibodies at the 

earliest stage of diabetes is also the first antigen that initiates a more 

clinically dangerous immune onslaught on islet ceils. An initiating 

event may be critical in beginning an immune response cascade from 

a limited number of p cell antigenic targets to antigenic cell targets 

being recognized by many T cells totaling a wide range of 

specificities, a process known as determinant spreading (11,12, 75). 

This amplification process permits an immune response to epitopes, 

proteins, and even tissues that were not previously targeted. It is 

important to consider then that recognition of one of the suspect 

antigens may be a required step very early In IDDM (8-10). While 

experiments have shown that both diabetes-prone and diabetes-

resistant strains of mice have the capacity to mount an immune 

response to several islet antigens (37), it is still important to consider 

that targeted deletion of the first cells that recognize autoantigens 

may provide significant therapeutic benefit. 
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Recently, NOD mice were studied to determine what islet 

associated proteins were recognized early in disease. Several 

antigens were found, but the earliest spontaneous responses in pre

clinical mice were from peptides of human glutamate decarboxylase 

(GAD) (9,10). The fact that mice spontaneously developed reactivity 

to these peptides prior to the development of reactivity to other islet 

associated components lead researchers to hypothesize that GAD65 

may play a role in disease initiation (9,10). Additionally, neonatal 

mice treated with doses of GAD65 protein, that should induce a state 

of unresponsiveness to the immunodominant peptides, were 

protected from spontaneous IDDM induction (10). This result 

combined with the data temporally placing immunity to GAD65 prior to 

other islet autoantigens suggests that autoimmune reactivity to 

GAD65 is a necessary step for the antigenic spreading and 

progression to clinical disease in NOD mice. 

One criticism of the NOD model is the observed ability to block 

IDDM induction by general immune stimulation. Indeed, reports exist 

that demonstrate IDDM-protection by treatment of NOD mice with 

LPS (76) or poly 1:0 (77,78). Indeed, NOD mice that are not kept in 

pathogen-free environments succumb to IDDM at a significantly 

reduced rate (63). Thus, a second interpretation of the protective 

effects of GAD65 tolerance induction was that the high dose of the 

protein (and not the specific action of GAD) used to induce peripheral 
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tolerance sinnply invoked the immune system's antigen presentation 

system which non-specificaliy protected the animal.. 

Thus, to explore the role of GAD65 reactivity more closely, 

several experiments using peptides of GAD65 to affect IDDM in NOD 

FTOC and NOD mice were constructed. FTOC that has been 

cultured for 14 days can inhibit the production of insulin in FPOC (79). 

The inhibitory activity of these cultures can be attenuated by culturing 

the developing FTOC in the immediate presence of NOD FPOC 

material; presumably inducing tolerance by high dose exposure of 

pre-T cells to islet antigens and precipitating their inactivation. To 

determine if GAD65 peptides could confer the same protective effects 

in vitro, FTOC was treated with increasing doses of soluble peptide 

from the initiation of culture. Those T cells that were cultured in the 

presence of GAD65 peptides (which may become tolerant to the 

determinants) were compared to those from NOD FTOC that were 

cultured with control peptides or in the absence of high dose peptides 

to determine if GAD65 treatment could alter the ability of NOD FTOC 

to inhibit NOD FPOC insulin production. 

In addition to in vitro studies, pre-diabetic NOD mice were 

Inoculated with peptides of GAD65 and unrelated control peptides in 

increasing doses. This experiment was designed to determine if 

tolerance to GAD65 peptides (not proteins as in (10)) had beneficial 

effects, but more importantly, to determine if stimulation to these 
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suspected autoantigens could accelerate the onset of disease in pre-

diabetic individuals. Further, we wished to determine if use of multiple 

peptides would increase the protective effect of GAD65 peptides, as 

the response to two dominant determinants (p34 and p35) were 

found to co-develop in very young mice. The exploration of this 

possibility is currently lacking in published reports. Finally, we wished 

to determine if NOD mice could be tolerized during the earliest point 

of T cell development. To this end, we injected high doses of 

immunodominant GAD65 peptides into mid-gestation NOD mice and 

followed their offspring for the onset of IDDM. 

MATERIALS AND METHODS 

Peptides. For the initial in vivo study (see Results), 

Immunodominant peptides of GAD65, p34 (GAD65 519-533) and p35 

(GAD65 529-543), and the control peptides from MBP (MBP 123-

137) and prostate surface antigen (PSA 95-109), were provided as a 

kind gift of Dr. Eli Sercarz (UCLA). Othenvise, GAD65 pi 7 

(NMYAMMIARFKMFPEVKEKG), GAD65 p34 

(IPPSLRYLEDNEERMSRLSK), GAD65 p35 

(SRLSKVAPVIKARMMEYGTT) peptides were synthesized by Biosyn 

Biotechnology using standard and proprietary Fmoc chemistry (80), 

and a purity of >85% was established by HPLC and mass 

spectrometer measurements. All peptides were dissolved in HPLC 
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water prior to injection or addition to FTOC in sterile carrier PBS (in 

vivo) or DME (in vitro). 

Mice. Breeding pairs of NOD/Lt mice were obtained as a kind gift 

from the laboratory of Dr. E. Leiter at the Jackson Laboratory (Bar 

Harbor, ME). Our colony was maintained in a specific pathogen free 

vivarium at the University of Arizona Central Animal Facility, and 

propagated by brother-sister mating. Mice are allowed free access to 

standard breeder chow and autoclaved drinking water. The incidence 

of IDDM in NOD/Lt females is 40-70% by 40 weeks of age (noted in 

Results per experiment). NOD/Lt mice were then bred at the 

University of Arizona to produce timed-pregnant females. The 

fetuses were removed from pregnant females at the indicated time 

points (plug date = day 0). We consistently found that animals arriving 

at our facility were variable with regard to their stage of development, 

even though they had been vaginally plugged on the same day. We 

therefore re-staged the pups that we obtained based on their 

developmental characteristics as given in "The Mouse, its 

Reproduction and Development" (52). Pregnant mice that displayed 

any disease conditions were not used for organ culture tissue harvest. 

NOD/Lt mice assessed for the development of IDDM were tested 

every 10-14 days, after 10 weeks of age, for glucosuria. Those mice 

that were found to have a urine glucose reading >200 mg/dL 

(GlucoStix) were removed from the colony and re-tested for 

hyperglycemia using a digital blood glucose monitor. Those mice with 
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a confirmed blood glucose level >250 mg/dL were considered 

diabetic. 

Fetal Thymus/Pancreas Organ Culture. The organ culture 

methods used have been described in detail by our laboratory and 

elsewhere (27) Briefly, at least 6 thymus lobes and/or equal numbers 

of pancreata (usually 10) dissected from 13-16dg fetal mice were 

placed on the surface of Millipore (25 mm thick, 0.45 mm pore size) 

filters which were supported on blocks of surgical Gelfoam (Upjohn 

Co., Kalamazoo, Ml) in 3 mL of medium in 10 x 35 mm plastic Petri 

dishes. Dulbecco's modified Eagle's (DMEM) medium (4.5 g/L D-

glucose), supplemented with 20% fetal bovine serum (PBS, Hyclone 

Laboratories, Logan, UT) was used. The medium also contained 

streptomycin (100 mg/mL), penicillin (250 mg/mL), gentamycin (10 

mg/mL), non-essential amino acids (0.1 mM), sodium pyruvate (1 

mM), 2-mercaptoethanol (2 x 10"5 M), as well as 3.4 g/liter sodium 

bicarbonate. The cultures were grown in a fully humidified incubator 

in 5% C02 in air at 37°C. Cells were harvested from FTOC and FPOC 

using collagenase digestion, as has been reported previously (27) or 

by manual dissociation by teasing tissue from the millipore strips in 

HBSS + 5% PCS solution. Viability was consistently high (>90%), 

even for pancreatic tissue, as determined by trypan blue exclusion. 

Supernatant recovery and insulin radioimmunoassay (RIA). 

At the specified days of culture, 300 ^1 of culture supernatant was 



removed from each 3 mL culture dish for insulin RIA. MicroMedic® 

Insulin RIA kits were obtained from ICN MicroMedic Systems, Inc. 

(Horsham, PA) and used to measure the quantity of insulin in culture 

supernatants as directed by the manufacturer's instructions, and 

standardized to bovine insulin. After measuring the amount of insulin 

In a 300 ^1 sample, the amount of insulin in the 3 mL culture was 

determined. This value was divided by the number of fetal pancreata 

to give the amount of insulin secreted per pancreas (p.iU/pan) The 

total amount of insulin in each culture was measured without regard 

to the degradation of insulin in culture, and represents the total 

accumulation of insulin during the time Interval reported. 

Proliferation Assays. Unless othen^ îse noted in the text, NOD 

FTOC were cultured for 14 days in standard FTOC, as described and 

as previously reported (27), to produce phenotypically mature 

populations of TcR-bearIng T cells (79). After this initial culture period 

either in the presence or absence of synthetic peptides (see Results), 

cells were removed from FTOC, dissociated, counted, and plated in 

triplicate at 2-4 x 10^ cells per well in 96 well plates. Cells were then 

immediately treated with 10 M.g/mL mixture of GAD65 peptides pi 7, 

p34, and p35 or 10 ^g/mL of the appropriate control peptides for 48 

hours (or left as untreated controls). After this stimulation period, 

FTOC cells were pulsed with 1 iiiCi ^H-thymidine for an additional 24 

hours, mechanically harvested and counted using a Packard Beta 

Scintillation Counter. In addition to GAD65 peptides and the non-



immunogenic PSA peptide (10 l̂g/mL), identical FTOC populations 

were also challenged with Concanavalin A (1 ^.g/mL) as a positive 

control. Stimulation index (SI) was calculated as the test counts 

divided by the background control standard (as defined in the text). 

RESULTS 

NOD FTOC does not specifically prime to GAD65 peptides. 

In previous work, it was reported that NOD mice spontaneously 

develop responsiveness to GAD65 peptides prior to that of other 

IDDM-related antigens (9,10). It was shown that this responsiveness 

develops in 3 week old NOD female mice. These data combined with 

the finding that whole GAD65 protein tolerance therapy prevented the 

onset of IDDM in treated mice, suggested that GAD65 was important 

in the initiation of IDDM. Here, we wished to determine if "in vitro 

IDDM" (ivIDDM) was similarly linked to reactivity to GAD. 

To determine If NOD FTOC was spontaneously primed to 

GAD65 peptides without any exogenous stimuli, NOD FTOC were 

cultured as described in Materials and Methods to produce 

phenotypically mature populations of TcR-bearing T cells. After this 

initial culture period, cells were removed from FTOC and placed in 96 

well plates. Cells were then tested for proliferative response toGAD65 

peptides pi 7, p34, and p35. In addition to GAD65 peptides, identical 
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FTOC populations were also challenged with a non-immunogenic 

peptide (PSA) and Concanavalin A 

As shown In Figure 10, NOD FTOC does not proliferate in 

response to GAD65 p17 (SI = 1.067 ±0.1), p34 (SI = 0.964 ± 0.047), or 

p35 (SI = 1.02 ± 0.06), significantly (p > 0.3) above the level of the non-

immunogenic control peptide PSA (SI = 1.0) or FTOC cells left 

unchallenged (SI = 1.0 ± 0.06). The cultures do respond to ConA 

stimulation (SI =4.24 ± 0.98), and are thus considered competent to 

respond in a receptor-mediated fashion. It was then determined 

whether NOD FTOC developed cells that had the potential to respond 

to GAD65 peptides. 
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ChallengeAg 

PrimeAg 

Figure 10. Mature NOD FTOC does not spontaneously prime to 

immunodonninant GAD65 peptides p17, p34, or p35. NOD FTOC 

were dissociated fronn culture and ciiallenged with 10 M.g/mL of each 

peptide, a control peptide (PSA), left untreated, or 2.5 ^g/mL ConA. 

Error bars represent the SEM. All groups have a proliferation index as 

compared to either untreated FTOC (n=3) or control peptide (n=5). 

Also shown are the statistically variable proliferation indices (SI =4.24 

± 0.98, p = 0.3) of ConA stimulation. 
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NOD FTOC can be primed to GAD65 peptides. To determine if 

mature phenotype NOD FTOC spontaneously develops T cells 

capable of responding to GAD65 peptides, NOD FTOC were 

exogenously primed and then challenged after 72 hours. 

NOD FTOC were cultured for 14 days in standard FTOC, as 

described in Materials and Methods and previously (79), to produce 

phenotypically mature populations of TcR-bearing T cells. Peptide 

solutions of either a mixture of the immunodominant GAD65 p17, 

p34, and p35 peptides (see Materials and Methods), or the control 

PSA peptide were then added to FTOC to produce a final 

concentration of 10 |xg/mL. After an additional 72 hours in organ 

culture , cells were removed from FTOC and challenged versus each 

peptide individually in proliferation assay as described above. 

As shown in Figure 11, NOD FTOC that is primed using the 

mixture of immunodominant GAD65 peptides is significantly more 

responsive to GAD65 peptides p34 (p < 0.05) and p35 (p < 0.02) as 

compared to identical cultures that were primed with control peptide 

or left untreated. Response to GAD65 peptide p17, however, was not 

significantly enhanced compared to control peptide or untreated 

cultures (p > 0.2). 
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With these data in hand, we wished to determine if NOD FTOC 

that could be specifically primed with GAD65 peptides could also be 

specifically rendered tolerant to the same peptides. 
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CO 
ChallengeAg 

PrimeAg 

Figure 11.Mature NOD FTOC can be primed to GAD65 peptides 

p34 and p35. NOD FTOC were cultured for 14 days and then primed 

in vitro with either a mixture of GAD65 peptides, a non-immunogenic 

control peptide, or untreated. After an additional 48 hours of culture, 

FTOC cells were dissociated and challenged with 10 |xg/mL of each 

peptide, a control peptide (PSA), left unchallenged, or 2.5 |ig/mL 

ConA (n=5). Error bars represent the SEM. All groups have a 

stimulation index as compared to unstimulated FTOC (not shown). 
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NOD FTOC can be rendered specifically unresponsive to 

GAD65 peptides. We wished to determine if priming and recall to 

GAD65 peptides as determined above, could be specifically inhibited 

by treatment with GAD65 peptides during the development of NOD 

FTOC. These studies are of particular interest in light of recent 

reports that propose the use of peptides to induce protective 

tolerance to early autoantigens by treatment of pre-diabetic 

individuals (8, 81). 

NOD FT were placed In standard FTOC and then Immediately 

treated with peptide solutions of either a mixture of the three 

immunodominant GAD65 peptides (see Materials and Methods), or 

the control PSA peptide at 10 M-g/mL. FTOC was then cultured for 14 

days in standard FTOC, to produce phenotyplcally mature 

populations of TcR-bearing T cells, this time in the presence of the 

above peptides. Peptide solutions of either a mixture of the three 

immunodominant GAD65 peptides (see Materials and Methods), or 

the control PSA peptide were then added to FTOC to produce a final 

concentration of 10 ^.g/mL. After an additional 72 hours in culture , 

cells were removed from FTOC and assayed for specific proliferative 

capacity in response to GAD65 and control peptide challenge. 
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As shown In Figure 12, NOD FTOC that develops into mature 

phenotype cell populations in the presence of GAD65 peptides is not 

significantly reactive to peptides of GAD65 (SI = 1.11 ±0.106) in 

standard proliferation assay as when primed to GAD65 peptides (Sl= 

2.45 ± 0.463), or as compared to FTOC challenged with control 

peptide (p > 0.3 for all peptides). As a positive control of 

responsiveness (82), and to confirm the continued ability of treated 

FTOC to proliferate, determination of ConA stimulation (not shown) of 

identically treated cultures was still intact as compared to untreated 

FTOC, and was significantly higher than all peptide-challenged FTOC 

(p < 0.05). 

With these data, we wished to determine the functional 

consequences on increased or diminished reactivity to QAD65 

peptides on the observed ivIDDM activity of NOD FTOC. 
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Figure 12. Mature NOD FTOC treated since day=0 of FTOC are no 

longer responsive to challenge when primed. NOD FTOC was 

treated with 10 jig/nnL of either a mixture of GAD65 peptides, a control 

peptide, or left untreated at the initiation of culture. NOD FTOC were 

cultured for 14 days and then primed in vitro with either a mixture of 

GAD65 peptides, a control peptide, or untreated. After an additional 

48 hours of culture, FTOC cells were dissociated and challenged with 

10 ^g/mL of each peptide, a control peptide (PSA), left unchallenged, 

or 2.5 |a,g/mL ConA (n=5). Error bars represent the SEM. All groups 

have a stimulation index as compared to unstimulated FTOC (not 

shown). ConA stimulated FTOC treated with each peptide at day =0 

retain the ability to respond to ConA stimulation (not shown). 
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FTOC that is primed specifically to GAD65 p35 displays 

greater "in vitro IDDM" (ivIDDIM) activity. To determine the 

functional impact of specific autoantigen stimulation on the ivIDDM 

model system, FTOC were primed with synthetic GAD65 peptides 

after the development of phenotoypically mature T cells, at the 

initiation of co-culture with FP (usually 14 days of culture). 

NOD FTOC were cultured 14 days to produce phenotypically 

mature populations of TcR-bearing T cells. Peptide solutions of either 

a mixture of the three immunodominant GAD65 peptides at 10 or 100 

îg/mL, or 100 îg/mL of the control PSA peptide were then added to 

FTOC, as was done previously to "prime" FTOC. This treatment 

increases FTOC proliferative responses to GAD65 peptides p34 and 

p35 (above Results and Figure 11). At this time, freshly procured 

NOD FP were added to each of the GAD65-treated and control 

FTOC. At 7,14, and 21 days post-stimulation/co-culture, 

supernatants were removed from the cultures and used to determine 

the effect stimulated and unstimulated FTOC had on insulin 

production in the FP in co-culture. 

As is shown in Table 1, at the peak of ivIDDM (day 14 or 21), 

priming NOD to GAD65 peptides p35 significantly increased the 

ivIDDM activity of NOD FTOC (bold type). Surprisingly, using this 
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"priming" protocol did not produce a significantly enhanced ivIDDM 

effect when using GAD65 p17 or p34. Indeed, in one experiment, 

both 10 îg/mL and 100 jig/mL of GAD65 pi 7, and 100 îg/mL of 

GAD65 p34, prevented ivIDDM at 21 days of FP co-culture (italics). 

This effect, however, was limited to 21 days of co-culture; and at 14 

days of co-culture in this experiment, or at any assay time point in 

previous experiments, no reduction in ivIDDM was seen (not shown). 

With these data, we wished to determine if the prevention of 

reactivity to GAD65 peptides, as demonstrated by previous identical 

protocols subjected to proliferation assay (Figure 12), was sufficient 

to decrease IvIDDM by mature NOD FTOC. 
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Experiment #1 

Construct Priming Peptide Insulin 

(ng/pan) 

tvlDDM 

(% control) 

FP Alone 

FT/FP 

Insulin Control (NONE) 

ivIDDM Control (NONE) 

326 

192.1 

100% 

59% 

FT/FP 

FT/FP 

100 ng/mL p34 

10 (ig/mL p34 

212.1 

196 

65% 

60% 

FT/FP 

FT/FP 

100 |xg/mL p35 

10 ng/mL p35 

65.4 

61.3 

20% 

19% 

Experiment #2 

Construct Priming Peptide Insulin (vIDOM 

FP Alone 

FT/FP 

Insulin Control (NONE) 

ivIDDM Control (NONE) 

212.8 

125.9 

100% 

59% 

FT/FP 

FT/FP 

100 jig/mL p17 

10 ng/mL p17 

279.4 

228.8 

131% 

108% 

FT/FP 

FT/FP 

100 jig/mL p34 

10 ng/mLp34 

272.8 

129.8 

128% 

61% 

FT/FP 

FT/FP 

100 ^g/mL p35 

10 ng/mL p35 

65.4 

45.4 

3 1 %  

21 % 

Table 1. Addition of GAD65 peptide p35 at the time of FP co-culture 

Induces a greater degree of "in vitro IDDM" activity from NOD FTOC. 
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Unresponsiveness to GAD65 peptides may alter incidence 

of ivIDDM. Reports from in vivo studies have indicated that selective 

tolerance to GAD65 protein prevents the onset of IDDM in NOD mice 

(9,10). In these studies, we wished to detennine if rendering FTOC 

unresponsive and presumably immunologically tolerant to 

immunodominant GAD65 peptides would similarly ablate ivIDDM. 

NOD FT were placed in standard FTOC and then immediately 

treated with peptide solutions of either a mixture of the three 

immunodominant GAD65 peptides (see Materials and Methods) at 

0.1 M-Q/mL to 100 |ig/mL, or 100 M-g/mL of the control PSA 95-109 

peptide. FTOC was then cultured for 14 days in standard FTOC, to 

produce phenotypically mature populations of TcR-bearing T cells (in 

the presence of GAD65 and control peptides). At this time, freshly 

procured NOD FP were added to each of the treated and untreated 

control FTOC. At 7,14, and 21 days co-culture, supernatants were 

removed from the cultures and used to determine the effect 

stimulated and unstimulated FTOC had on insulin production in the 

FP in co-culture. 

As is shown in Figure 13, early "tolerogenic" treatment of FTOC 

that was shown to rendered it unresponsive as measured in 

proliferation assays (Figure 12) may have prevented the observed 

ivIDDM activity of mature FTOC (n=3). This result is most evident if 



one obsen/es the dose responsiveness of insulin production in FP 

that is normally inhibited in untreated FT/FP co-cultures. 
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Figure 13. Possible tolerogenic activity of GAD peptides. At the 

onset of FTOC, cultures were treated with the indicated levels of a 

mixture of GAD65 peptides or left untreated. NOD FTOC were then 

stimulated with 10 ^g/mL of either a mixture of GAD65 peptides, or 

left untreated at the beginning of FP co-culture (14 days of culture). 

After additional FT/FP co-culture as indicated, insulin produced by FP 

was measured by RIA (see materials and methods and (79)). Shown 

is an experiment that best represents the dose-dependent protective 

effect (red line) at 21 d (n=3). Values are shown as insulin in culture 

supernatants (M-IU/FP). 
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Offspring of GAD-treated NOD mice display a significantly 

delayed onset of IDDM. Since early reports established that 

GAD65 responsiveness is found in 3 week old NOD mice (9,10), and, 

that tolerance to QAD65 was protective (10), it appears that specific 

tolerance to this early autoantigen may provide a critical point at 

which to avert a cascading autoimmune reaction. With the suggestion 

that GAD65 peptides diminish ivIDDM activity In our FTOC 

experiments (above), we wished to determine if extremely early 

tolerance induction in vivo had long term protective effects. 

At 15 days gestation, three groups of pregnant NOD mice were 

injected once IP with either 50 ^g of a mixture of GAD65 p34 plus 50 

GAD65 p35 (GAD65 mix), 50 M.g of GAD65 pi 7 (GAD65 single), a 

mixture of 50 fig MBP 123-137 plus 50 |j.g of PSA 95-109 (control 

mix), or 50 îg of MBP 123-137 (control single) in sterile injection 

saline. After weaning, male NOD mice were culled and female 

offspring mice were monitored for the development of hyperglycemia 

(see Materials and Methods). 

As shown in Figure 14, NOD offspring treated with GAD65 pi 7 

singly (p < 0.06), or GAD65 p34/p35 mixture develop IDDM to a 

reduced overall level (p < 0.005), and at a significantly reduced rate of 

onset as compared to age-matched control mix-treated animals. As 
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compared to offspring of NOD nnothers treated mid-gestation with 

either a single control peptide or a mixture of control peptides, GAD65 

peptide-treated mice clearly display a delayed IDDM onset of 

approximately 10-15 weeks. A single mouse from the GAD65 single 

group developed IDDM quickly, and may represent unequal 

penetrance of the protective peptide, or a stochastic protective ability 

of GAD65 p17. Because the final IDDM incidence in GAD65 treated 

mice was only 10% lower than that of untreated control mice (70%), 

the long-term protective effects of in utero GAD65 tolerance were not 

statistically significant (p > 0.4). 
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Figure 14. In Utero treatment with GAD65 peptides delays the onset 

of IDDM in offspring mice. Fifteen day gestation NOD female mice 

were injected once IP with either a 50 ^g mixture of GAD65 peptides 

p34 and p35 (-f), 50 îg of GAD65 peptide p17 (•), 50 îg of a mixture 

of control peptides (O), or a single control peptide (•). Offspring 

female mice were monitored for the development of diabetes. 
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Offspring of mice treated with GAD65 p17 were significantly (#) 

delayed as compared to mice treated with a single control peptide (p 

< 0.06) or the control peptide mixture (p < 0.05). Offspring of mice 

treated with a mixture of GAD65 p34 and p35 with even more 

significantly (*) delayed as compared to mice treated with a single 

control peptide (p = 0.007) or the control peptide mixture (p < 0.005). 
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Treatment of pre-diabetic female NOD mice with a low dose 

of GAD65 peptides increases IDDM incidence. Our data from 

treating mature FTOO with GAD65 peptides indicated that specifically 

priming the response of NOD T cells to GAD65 p35 increased the 

ivIDDM activity of those cultures. To determine if IDDM severity in 

NOD mice could be similarly increased, GAD65 peptides were given 

in tolerogenic and stimulatory doses to pre-diabetic mice. 

Two independent experiments were performed. In the first, 

age-matched 3-4 week old littermate female NOD mice were injected 

once IP with either 50 |ig of a mixture of GAD65 peptides, 50 |ig of 

control peptide (an irrelevant 15 mer peptide of IgG, 

GCAQRASEAGATFTV). In the second experiment, age-matched 3-4 

week old littermate female NOD mice were again injected once IP with 

either 50 îg of a mixture of GAD65 peptides, 50 ^g of control PSA 95-

109 peptide. Mice were then followed for the development of 

hyperglycemia. 

In the first experiment, as shown in Figure 15, 70% of 

prediabetic female NOD mice treated with a low dose of GAD65 

peptides (n = 10) developed IDDM as compared to 30% treated with 

control peptide (n = 10). Only one of ten mice injected with a high 

dose of GAD65 peptides developed IDDM. These results, while 

instructive as to the effect of low dose GAD65 peptide injection (rapid 



induction of IDDM) also illustrate the lower final IDDM incidence in our 

early colony of NOD/Lt mice. For this reason, breeding procedures 

and measurement of IDDM incidence were re-evaluated and a colony 

of NOD/Lt mice was rederived that had a higher rate IDDM in female 

mice. 

A second experiment, using a new NOD/Lt colony with a higher 

constitutive rate of IDDM incidence, is shown in Figure 16. Again, 

prediabetic female NOD mice treated with a 0.5 ^.g dose of GAD65 

peptides (n = 5) developed IDDM at an accelerated rate as compared 

to control peptide (n = 5) treated groups (p < 0.05). Despite the 

appearance that high dose treatment had protective effects on 

treated NOD mice (n =4), the curve was not found to be statistically 

significant overall in student's-t unpaired comparison (p > 0.05). 
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Figure 15. A low dose of a mixture of GAD65 p34 and GAD65 p35 

injected into pre-diabetic NOD mice accelerates IDDM. Prediabetic 

female NOD mice were injected once IP with a mixture of GAD65 p34 

and p35 at a low (0.5 ^.g/mouse) or high (50.0 fig/mouse), or 50 

|j.g/mouse of an irrelevant control peptide (MAC53). Those mice 

treated with a low dose of GAD65 peptides (n = 10) developed IDDM 

at an accelerated rate as compared to control mice (p < 0.05, n = 10). 
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Figure 16. A low dose of a mixture of GAD65 p34 and GAD65 p35 

injected into pre-diabetic NOD mice accelerates IDDM. Prediabetic 

female NOD mice were injected once IP with a mixture of GAD65 p34 

and p35 at a low (0.5 l̂g/mouse) or high (50.0 M.g/mouse), or 50 

îg/mouse of an irrelevant control peptide (PSA). Those mice treated 

with a low dose of GAD65 peptides (n = 5) developed IDDM at an 

accelerated rate as compared to control mice (p < 0.05, n = 5). 

Despite the appearance that high dose treatment had protective 

effects on high dose-treated NOD mice, due to the number of mice (n 

=5) included in the experiments a p value of 0.27 (not considered 

statistically significant) was found in student's-t unpaired comparison. 
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DISCUSSION 

Recently, we reported that an In vitro FTOC system has been 

modified to study the development of diabetogenic T cells in NOD 

mice (79). Here, we wished to determine if correlations between the 

in vitro and in vivo studies could be found In the context of the IDDM-

linked (9,10) autoantigen GAD. The original intention of the 

adaptation of FTOC to the study of IDDM was to explore the exciting 

possibility of rapid determination of the efficacy of various T cell-

directed therapies to reduce the islet-damaging effects of the 

endogenous repertoire of NOD mice. 

Here, we have shown that, while FTOC does produce a 

phenotyplcally mature population of T cells, these studies suggest 

that they do not have a particularly enhanced endogenous reactivity 

to GAD65 peptides. However, because a large number of potentially 

immunogenic peptides were not screened, these studies do not rule 

out the possibility that FTOC does not spontaneously generate 

measurable levels of response to any peptides without priming. This 

lack of spontaneous GAD responsiveness is in contrast to reports In 

which enhanced GAD65 reactivity was observed in young NOD mice 

without any exogenous priming (9,10). A simple explanation may be 

that extrathymic events are the critical events that lead to IDDM in 
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NOD mice. Two lines of evidence support this possibility. First, all 

strains of mice, regardless of IDDM-susceptibility possess cells 

capable of responding to IDDM-associated antigens (lAAs) (37). 

Thus, all mice produce a T cell population with self-specificity, but 

NOD mice may fail to regulate these potentially pathogenic cells. 

Second, NOD mice (l-E""") that transgenically express surface MHC 

class II l-Ed are IDDM-resistant (83). If spleen cells from NOD l-E^ 

mice are transferred to immunodeficient NOD/scid mice, these mice 

do not develop disease. If however, APCs from l-E^-positive spleen 

cell populations are removed, NOD/scid mice become diabetic; 

Indicating that NOD l-E^ mice posses pathogenic T cells, and that the 

continuous presence of regulatory APCs in the periphery is the 

mechanisms of protection (83). Despite these compelling studies, it 

has recently been shown that particular T cell subsets are also potent 

regulatory populations via IL-4-driven diversion of Th1 responses 

(68). It is therefore of interest to develop a system of assaying the 

phenotype and functional capacity of T cells from the diabetic thymus 

in an effort to explore possible thymus-directed therapeutic protocols. 

Further, flow cytometric analysis of CD4/CD8 and TcR expression in 

NOD FTOC indicates that the cells produced after 14d of culture 

resemble peripheral populations more closely than those found in the 

adult thymus. This unique system may thus be used as a model of 

peripheral T cell development and function. 
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The priming experiments using NOD FTOG (Figure 11) in the 

present studies indicate that cells exist that will proliferate in response 

to GAD65 peptides presented on syngeneic APGs. High dose 

treatment of NOD FTOG during T cell maturation with GAD65 

peptides p34 and p35 inhibits the ability to prime cells to GAD65 

(Figure 12). Therefore, our studies that suggest the inhibition of 

ivIDDM using relatively high, "tolerogenic" doses of GAD65 peptides is 

quite interesting in context of a current report that suggest that 

tolerance to GAD65 in vivo also inhibits IDDM in NOD mice by a Thi 

to Th2 diversion (8). Combined with our previous reports that, as in 

NOD mice, thymic treatment with pancreas tissue prevents ivIDDM in 

our system (79), and islet cells prevent IDDM in NOD mice (57, 84), it 

appears that If NOD FTOC is made tolerant to an appropriate target 

(tissue in whole NOD FP pancreas), ivIDDM can be Inhibited; just as 

IDDM in NOD mice is inhibited with intrathymic injections of p-islet 

cells (57). 

In vivo reports of spleen cells from NOD that showed early 

reactivity to GAD pi 7, p34, and p35 were from 3 week old NOD mice 

(9,10). Thus, it may be assumed that the cells that were able to 

respond were generated at or before two weeks of age (42 days since 

conception). This is roughly the age of 14gd FTOC cultured for 4 

weeks. This time point is two weeks beyond that of the proliferation 

assay cell populations presented here. Thus, the assay we have 

reported likely represents cells that are from 1 week old NOD mice. 
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not 3 week old mice. We chose the 14d time point because the 

maximum number of cells in FTOC are found at roughly 14 days of 

culture, and, longer cultures, to our present knowledge, do not 

produce ceils with a more mature phenotype. Our cultures used in 

proliferation assay probably produce populations more akin to those 

in neonatal mice (1 week of age), commonly considered to be less 

immunologically developed (85). Thus, one explanation of why 

endogenous priming that leads to measurable GAD65 reactivity in 

NOD FTOC not seen, is that our model generates cells of a more 

limited response capacity than that of 3 week old NOD mice. 

The tested Immunodominant GAD65 peptides assayed in these 

experiments have been reported to be presented in a class II-

restricted manner (8). This may indicate that exogenous GAD65 

protein endocytosis and presentation on class II molecules that leads 

to reactivity is a down-stream event of a more primary (possibly class 

l-restricted) event (14). Indeed, because of the class ll-restricted 

nature of observed GAD65 peptide responses(9,10) another event is 

likely needed to initiate GAD reactivity. Such events hypothesized are 

pancreas damage due to occult pancreas infections, or infections with 

viruses such as Coxsackie B4 which may possess epitopes that are 

identical to some GAD peptides; thus inducing immunoreactivity to 

GAD by cross-reaction (molecular mimicry) (86, 87). Because FTOC 

represents the most primary T cell populations, it may be used to 

model extremely early islet-directed reactivity to other novel antigens 



104 

that in turn cause spreading to other lAAs (including GAD) and result 

in p-islet cell obliteration. 

Since NOD FTOC can be primed to respond to GAD65 

peptides, it may be considered that in the endogenous etiology of 

NOD IDDM, the earliest populations can respond to GAD, but do so 

only once primed by damage to the islet caused by another distinct 

antigen. This endogenous priming may also be a result of a 

generalized inflammatory defect. In either case, an extremely early 

event (preceding the generation of a response to GAD65) may lead 

to upregulation of processing and presentation of othen/vise cryptic 

peptides. This process of upregulation of presentation leading to 

exposure of previously cryptic peptide determinants on a protein have 

been extensively characterized in the EAE model of Multiple 

Sclerosis, another autoimmune disorder (11,12, 75). In EAE, 

reactivity to a cascade of sub-dominant peptides proceeds only after 

responses are first generated to an initiating immunodominant 

peptide (12, 75). 

Another possible mechanism for the initiation of IDDM in NOD 

mice that does not require the earliest reactivity to GAD65 peptides 

relies on the involvement of Fas-FasL killing. Chen^onsky, et. al. (88) 

have implicated Fas-mediated killing as the major pathogenic 

mechanism in autoimmune diabetes. In these studies, it was 

suggested that infiltration of islets by lymphocytes induced the 
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expression of Fas on p-islet cells, thus making them susceptible to 

lymphocyte-mediated killing (88). Clearly, our experiments do not 

provide any direct evidence of Fas involvement in ivIDDM Islet killing. 

Nonetheless, it is clear that in our system, activation of T cells by 

engagement of the TcR with whole anti-CD3 mAbs, is a potent 

mechanism of insulin inhibition. This combined with the myriad of 

reports that demonstrate the increased expression of Fas and FasL 

on activated T cells (89-94), raises the intriguing possibility that T cell 

activation by some means uniquely more common in NOD mice, 

causes a localized increase in killing of islets, release of antigens, and 

then, islet-antigen-specific killing by othen^vise quiescent effector 

populations. In our system, we may have exaggerated this effect 

because we place lymphocytes and p-islet cells in relatively close 

proximity, thus increasing the upregulation of Fas on p-islet tissues. 

This mechanism, however, may be limited to NOD mice as BALB/c 

FTOC does similarly mediated ivIDDM. It will be of obvious 

importance to study this potential mechanism of early p-islet cell 

pathology. 

We find that NOD FTOC can be induced to respond to a 

nominal antigen (GAD65 p35) to a level approximately 3 times 

greater than background proliferation levels. This is of interest 

because reports have demonstrated the presence of allogeneic CTL 

precursors in FTOC (95, 96), and the ability of FTOC to respond in 

MLC and IL-2 production assays (95, 97) but not the ability of these 
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ceils to be specifically reactive to nominal antigen. As compared to 

spleen cell preparations from adult mice, a three-fold proliferation 

index, as shown in Figure 11, is low. However, our results compare 

quite favorably in FTOC studies that showed a 2 to 28 fold (usually 3-

5 times control) in allogeneic MLC. It was also found that NOD FTOC 

was not effectively primed to the reportedly immunodominant GAD65 

peptide pi 7 ( p > 0.2) versus a control non-immunogenic 

peptide(PSA). This curious result may indicate an inherent limitation 

in the response diversity of NOD FTOC at this developmental age. It 

will be of paramount interest in future studies to determine to what 

antigens FTOC is capable of responding as compared to similarly 

aged NOD mice (1 week old). 

For future studies, the conditions of our FTOC proliferation 

assays may be improved by additional changes to the technique. 

One such change may be to first deplete the FTOC cells of all but T 

lymphocytes. Following this depletion, irradiated surrogate syngeneic 

APCs may be used to present the antigens in question. In these 

studies, FTOC populations were tested without depletion or 

irradiation. This left a large number of cells in the proliferation assay 

population that have endogenous proliferative capacities simply 

because of their neo-natal ontogenic status. The fact that a three-fold 

response to nominal antigen was able to be discriminated above 

background indicates that neonatal populations do indeed have T 

cells with the ability to respond to nominal antigen if given the 
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appropriate level of antigenic stimulation. This finding that neo-natal 

cells are able to respond to nominal antigen is in agreement with a 

recent report in Science by Ridge et. al. (85) that challenges the 

classic notion, established by Billingham, Brent, and Medawar, that 

neonatal immune populations are inherently non-responsive to 

antigenic stimulation (85). In fact, in our proliferation assay system, 

10 M-g/mL were used to challenge and restimulate NOD FTOC, a level 

half to one-tenth that of other reported proliferation assays. Using 

greater amounts of peptide antigen (or > 2.5 M.g/mL ConA) caused 

uniformly depressed proliferation index values (not shown). It will be 

of obvious importance to determine if responses to other nominal 

antigens at similar levels can also be generated by FTOC cells. But, 

this report now indicates that 14 day cultured FTOC is capable of 

responding to at least one early immunodominant antigen to a level of 

statistical significance, and, that doses of antigen that are normally 

benign to adult T cell populations are inhibitory to FTOC-derived 

responder populations. 

Our studies indicate that the very earliest populations of T cells 

generated in or immediately emigrating from the thymus can be 

tolerized to GAD65 peptides, though this does not uniformly inhibit the 

progression to ivIDDM. In the context of IDDM therapy this is an 

important finding that is in agreement with studies by Cetkovic-Cvrije 

et. al. (84) that show that intrathymic injection of GAD65 peptides p35 

and/or p34 accelerates the onset of IDDM in 4 week old NOD mice 
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and that peripheral injection of these same peptides at very high 

doses has no effect on IDDM. Our studies, Indicate that thymic 

tolerance to GAD65 peptides may prevent IvIDDM, but it does not 

indicate that IvIDDM is exacerbated. Our Interpretation of the 

Cetkovic-Cvrlje et. al. findings then are that populations in the thymus 

of 4 week old mice that are tolerized to GAD65 peptides do not 

prevent IDDM, and that peripheral cells may in fact be activated by 

leakage to the periphery of low doses of these GAD65 peptides. In 

this report, we show that high dose GAD65 administration had mild, 

but not statistically significant protective effects on IDDM incidence. 

Together, one may reconcile that peripheral high dose tolerance to 

GAD65 has only marginal effects on IDDM protection. This is of 

course in contrast to assertions by other groups that have already 

shown that Thi to Th2 "Immune deviation" installations of GAD65 Is 

protective (81). In light of our studies and those by Cetkovic-Cvrlje et. 

al., a note of caution is warranted because of the distinct possibility of 

inducing the very malady that one wished to prevent, despite the 

assertions of those groups currently pursuing GAD65 administration 

to pre-diabetic individuals. 

We have shown that stimulation of NOD FTOC with GAD65 p35 

at the time of FP co-culture increased the level of IvIDDM. In principle, 

this may be corroborative evidence with the Cetkovic-Cvrlje et. al. 

study showing the acceleration of NOD IDDM with intrathymic GAD65 

Injections (84). Again, we conclude that while GAD65 tolerance is not 
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protective, GAD65 reactivity is an effective IDDM accelerant. 

Interestingly, groups that are now pursuing GAD65 tolerance as a 

therapy have not published evidence of the ability of GAD65 to 

accelerate disease (81). This oversight may be of critical importance 

as already discussed, but demonstrates the involvement of GAD65 in 

IDDM progression, underscoring the relevancy of studying the 

development of GAD65 (and other islet-associated antigen) 

reactivity, and its control. 

In efforts to leverage our understanding of the apparent ease at 

which neonatal mice are tolerized relative to young and adult mice, 

we wished to target GAD65 reactive cells at the earliest possible time 

In ontogeny. We considered this especially important as reactivity to 

GAD65 has been reported to be measurable by 3 weeks of age in 

NOD mice (9,10); thus indicating that the process of amplifying 

GAD65 reactivity in the T cell population has already begun at an 

earlier time. Here, we report that treatment of mid-gestation NOD 

mice with a high dose of immunodominant GAD65 peptides p35 and 

p34 has significant protective effects on offspring mice that were thus 

treated in utero. In this initial study, we did not determine the relative 

responsiveness to GAD65 peptides of treated mice as compared to 

untreated controls using an in vitro proliferation assay. While this lack 

of data cleariy weakens our assertion that in utero tolerance induction 

to GAD65 peptides is specifically protective, GAD peptides offer, at 

most, marginal protection to young NOD mice (Figure 15 and 16) 
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suggesting greater efficacy if used in utero. Future experiments will 

attempt to determine the relative proliferative ability to peptides used 

for in utero tolerance induction. As a note relevant to these plans, we 

have thus far been unable to detect regular, significant proliferation 

responses to GAD65 peptides in untreated NOD mice (not shown) as 

has been reported (9,10); thus, it may not be easily shown that 

reduced GAD65 reactivity is indeed the mechanism of protection by in 

utero tolerance induction. Nonetheless, these studies are in 

progress, and we await published corroboration of other groups using 

GAD65 peptides to demonstrate endogenous priming to GAD65 as 

was shown in the studies by Kaufman, et. al. and Tisch, et. al. (9,10). 

In contrast to studies by Cetkovic-Cvrlje et. al. (84), we have 

shown that peripheral injection of a low dose of GAD65 peptides p34 

and p35 as a mixture into pre-diabetic NOD mice significantly 

increase the onset of IDDM in these mice as compared to mice 

treated with control peptides (p < 0.05). In concert with other studies, 

our FTOC model data presented in which GAD65 stimulated NOD 

FTOC was more diabetogenic than untreated NOD FTOC may be 

most important to construction of potential peptide-based IDDM 

therapies. It is unfortunate that studies by other groups in which high 

dose GAD65 administration was shown to be protective (81) were not 

paralleled by low dose administration of identical peptides. From our 

data, and that from other studies in which GAD65 accelerated IDDM 

in NOD mice (84), we would postulate that protection and 
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acceleration of IDDM is both age and dose-dependent. Thus, a 

young NOD mouse with a very high dose may very well be protected, 

but a NOD mouse that is more immunologically advanced may 

become diabetic at an increased rate. Similarly, a lower dose in 

young mice causes IDDM while a high dose likely prevents IDDM. 

Undoubtedly, in NOD mice, the clinical outcome is greatly simplified 

as compared to outbred human populations, with a myriad of MHC, 

and other IDDM-related background genes. Thus, our data and 

others indicate that the use of GAD65 peptides at this point in our 

understanding of IDDM induction and regulation is at the very least, 

premature. 

Conclusion 

We have reported that in contrast to young NOD mice, in our 

NOD FTOC ivIDDM model system endogenous, spontaneous 

priming and recall proliferative response to GAD65 peptides does not 

occur at a significantly measurable level. We show that NOD FTOC 

does produce cells that can be stimulated to GAD65 peptides, but 

does not do so endogenously. We show that tolerance to GAD65 

peptides may alter the ivIDDM activity of mature NOD FTOC, and that 

priming to an immunodominant peptide of GAD65 (p35) significantly 

increases the severity of ivIDDM. We show that in utero treatment of 
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NOD mice has the ability to retard the onset of IDDM to a significant 

extent in mice that would othenvise become overtly diabetic. Finally, 

we show that while high dose administration of GAD65 peptides has a 

marginally protective effect on IDDM onset in NOD mice, low dose 

administration of these same peptides can profoundly increase the 

rate and overall incidence of IDDM, strongly urging cautionary use of 

such peptides in the prevention of IDDM in more complex, outbred 

human populations. 
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CHAPTER 4: 

TRANSDUCTION AND EXPRESSION OF MHC 
CLASS II L-EAD GENE IN NOD FTOC 

USING AN N2 RETROVIRAL VECTOR 
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INTRODUCTION 

Insulin-dependent diabetes mellitus (IDDM) is an autoimmune 

disorder that results from T cell-mediated destruction of the insulin-

producing B-islet cells of the pancreas (2). Non-obese diabetic (NOD) 

mice have been shown to be an excellent model of IDDM because of 

the spontaneous nature of disease onset and the MHC-linked 

incidence of disease in this strain that is shared with many human 

IDDM patients (2). NOD mice posses a unique MHC profile H2g7 (K^, 

Db, I-ANOD  ̂ I-E^UII; aka Iddl), that represents one of the most 

important factors in diabetogenesis (98). As an interesting correlate 

in humans, possession of particular HLA DO and DR combinations 

(equivalent to H-2 l-A and l-E, respectively) has a significant statistical 

impact on one's risk of developing diabetes (13, 99). The I-AQ^ allele 

in NOD mice, like the "high risk" human HLA DQp 0302 (100,101), 

posses a histidine-serine residue combination at positions 56 and 57 

instead of a more conventional proline-aspartic acid sequence as 

found in other inbred strains. This substitution permits binding to 

negatively charged carboxy terminus peptides not bound by other 

MHC class II molecules (102). It has been shown that the introduction 

of either l-Ap or l-Ea transgenes from non-susceptible mouse strains 

uniformly protects NOD mice from IDDM (103,104). Similarly, 

individuals that carry particular Hi-A-DQ or DR alleles (analogous to I-

A and l-E, respectively) have a greatly diminished chance of 
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developing IDDM (13, 99). Though the precise mechanism of 

protection imparted by l-E expression (or possession of a protective 

HLA-DR allele) is not clearly understood, those individuals that 

express "high risk" alleles may benefit from introduction of protective 

MHC alleles by "gene therapy", should this technology become safe 

and efficient. 

NOD mice fail to express the MHC class II l-E gene product on 

the cell surface of class ll-expressing cells due to a deletion within the 

l-Ea^ chain locus (100,101,105) thus preventing the formation of a 

complete heterodimer. MHC class II is usually restricted to 

professional APCs, such as macrophages, B cells, and dendritic cells, 

as well as thymic epithelial cells. While elegant studies have 

demonstrated the bone marrow-associated protection conferred by I-

E expression, we wish to determine if expression of l-E molecules in 

the thymic microenvironment has additional protective benefits. 

Studies have shown that thymectomized [NOD x NON] F1 mice 

(IDDM-free) transplanted with a thymus from the IDDM-resistant 

NON strain succumbs to IDDM induction by NOD bone marrow 

reconstitution (36). This suggests that the protective effects of l-E 

expression are exerted in the periphery by hematopoietically-derived 

APCs. Nonetheless, in consideration of the altered ability of APCs to 

bind peptides when they possess l-E (102), we wished to directly 

introduce a protective l-E gene product into the NOD thymic 

microenvironment during the formation of the T cell repertoire to 
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determine if ceil populations were altered due to positive or negative 

selection. Alternatively, since NOD FTOC produces T cells with 

peripheral phenotypes (79), FTOC may also be used to study the 

regulatory and developmental effects of recent thymic emigrants. 

Fetal thymus organ culture (FTOC) is in a state of rapid cellular 

division because of its ontogenic status and, without intervention, 

expands In total cellularlty from approximately 20,000 cells (freshly 

procured 14 dg FT) to a total recovery of a million or more cells by 12d 

of culture (27,48). Because of this high endogenous rate of cell 

division, we first wished to determine If l-E delivery could be 

accomplished by the use of an amphotrophic retroviral gene delivery 

system. 

Supernatants from packaging cell cultures producing retroviral 

constructs that contained Intact Eo^ gene cDNA under the control of 

Its endogenous class II promoter were collected. These virus 

containing supernatants were added to freshly procured NOD FT in 

standard organ culture. First, the integration of the proviral l-Eaf̂  

construct was determined by PGR of time-course harvests of FTOC, 

and Southern hybridization of FTOC using a probe specific for the 

construct neo-resistance gene. Next, we wished to determine the 

time at which the transgene (under the control of the endogenous 

promoter) was expressed on the surface of class II cells. To 

determine surface expression of the protein, we employed flow 
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cytometry of whole FTOC populations that were treated with the viral 

supernatants. These studies will be used as foundations to deternfiine 

the efficacy of gene delivery to FTOC by retroviral gene vectors 

without using cytokines that could skew the highly complex, 

endogenous cell populations that interact in the thymus to form the T 

cell repertoire. 
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MATERIALS AND METHODS 

Mice. Breeding pairs of NOD/Lt mice were obtained as a i<ind gift 

from the laboratory of Dr. E. Leiter at the Jackson Laboratory (Bar 

Harbor, ME). Our colony was maintained in a specific pathogen free 

vivarium at the University of Arizona Central Animal facility, and 

propagated by brother-sister mating. Mice are allowed free access to 

standard breeder chow and autoclaved drinking water. The incidence 

of IDDM in NOD/Lt females is 70% by 40 weeks of age. NOD/Lt mice 

were then bred at the University of Arizona to produce timed-

pregnant females. The fetuses were removed from pregnant females 

at the indicated time points (plug date = day 0). We consistently found 

that animals arriving at our facility were variable with regard to their 

stage of development, even though they had been vaginally plugged 

on the same day. We therefore re-staged the pups that we obtained 

based on their developmental characteristics as given in "The Mouse, 

its Reproduction and Development" (52). Pregnant mice that 

displayed any disease conditions were not used for organ culture 

tissue harvest. 

Fetal Thymus Organ Culture. The organ culture methods used 

have been described in detail by our laboratory and elsewhere (27) 

Briefly, at least 5 thymus lobes dissected from 13-16dg fetal mice 
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were placed on the surface of Millipore (25 mm thick, 0.45 mm pore 

size) filters which were supported on blocks of surgical Gelfoam 

(Upjohn Co., Kalamazoo, Ml) in 3 mL of medium in 10 x 35 mm plastic 

Petri dishes. Dulbecco's modified Eagle's (DMEM) medium (4.5 g/L 

D-glucose), supplemented with 20% fetal bovine serum (FBS, 

Hyclone Laboratories, Logan, UT) was used. The medium also 

contained streptomycin (100 mg/mL), penicillin (250 mg/mL), 

gentamycin (10 mg/mL), non-essential amino acids (0.1 mM), sodium 

pyruvate (1 mM), 2-mercaptoethanol (2 x 10"5 M), as well as 3.4 

g/liter sodium bicarbonate. The cultures were grown in a fully 

humidified incubator in 5% CO2 in air at 37°C. Cells were han^ested 

from FTOC using collagenase digestion, as has been reported 

previously (27) or by manual dissociation by teasing tissue from the 

millipore strips in HBSS + 5% FCS solution. Viability was consistently 

high (>90%) as determined by trypan blue exclusion. 

Retroviral Vector. A pEAA3 (106) subclone containing the 1.2 kb /-

Ecc^ cDNA was ligated via a Pvu I site to the Eq^ 1.2 Kb 5" genomic 

promoter sequence (107,108). This 2.4 kb construct was cloned into 

N2, a vector derived from a modified Moloney murine leukemia 

retrovirus. Using previously described techniques (109,110), the 2.4-

Kb Ea^ clone was ligated into the Xho-1 site between the neomycin 

resistance {necy) gene and the 3' LTR of N2 proviral DNA contained 

within the pBR322 plasmid. Recombinant plasmids were cloned in 
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JM109 E. CO//and vectors containing the complete construct were 

identified by DNA restriction enzyme analysis (not shown). 

Recombinant plasmids were transfected by calcium phosphate 

precipitation into amphotropic GP+envAM12 packaging cells (PA317 

containing the appropriate helper virus). Amphotropic packaging 

ceils were successfully transfected with recombinant N2 retroviral 

vector and, based on G418 resistance in 3T3 titer assays (not 

shown), produce virus (hence designated N2-IE) with titers ranging 

from 3-5x104 CFU/ml. In addition, supernatants containing PA317-

derived LXSN amphotropic retroviral vectors (1.3 x lO'̂  CFU/mL) 

which possessed only nee (no gene insertion) where the kind gift of 

Dr. Emmanuel Akporiaye (University of Arizona, Tucson). Both vector 

constructs are illustrated in Figure 17. 
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LXSN 

-AAA' 

N2-IE 

LTR \|/+ SV mo 

Figure 17. Schematic representation of the retroviral vector 

constructs LXSN and N2-IE. Aside from the neomycin resistance 

gene {ne(y) under control of the SV40 promoter (SV), LXSN contains 

no additional insert. N2-IE contains the inserted Ea^ cDNA under the 

control of the class II endogenous promoter (EP). LTR, long terminal 

repeat; \\f, extended retroviral packaging signal; AAA'; polyadenylation 

signal. Arrows indicate transcriptional start sites and their orientation. 
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DNA isolation. Two to 6 million cells were centrifuged and 

resuspended in PBS. DNA was then extracted from cell suspensions 

using the commercially available QIAamp Blood Kit (Qiagen, Santa 

Clarlta, CA) according to manufacturers instructions. Briefly, cells 

were lysed in microfuge tubes with QIAGEN Protease and RNase A at 

70°C for 10 minutes. After lysis, ethanol was added and QIAamp spin 

columns were loaded with the sample solutions. After centrifugation 

and two washes with buffer, DNA was eluted from the columns at 

70°C with Buffer AE (Qiagen, Santa Clarita, CA). 

Polymerase Chain Reaction and Agarose Gel 

Electrophoresis. Primers (NBI Research, Plymouth, MN) were 

designed to detect the presence of the Ea^ cDNA incorporated into 

FTOC cells. The 23-mer upper primer pEEA3:11U23 (TGA ACC CAC 

CAA ACA CCC AA) used was located in a region of Ea exon 1 

endogenously deleted in NOD/Lt mice. The 24-mer lower primer 

(GAC ATT GAC CAC TGG AGG GGA GAA) was designed to produce 

a 459 bp PCR product. Four microliters of isolated DNA from each 

sample was added to a 50 ^1 reaction mixture that consisted of 5 ^1 of 

10X PCR Buffer (Gibco), 0.2 mM of each dNTP, 0.2 ng of each primer, 

and 1 U of Taq polymerase. PCR began with 3 minutes at 94°C, a 

brief cooling at 80°C for 10s when Taq was added. After this "hot 

start", 39 cycles each consisting of 15s at 94°C, 30s at 60°C, 35s at 75 

°C, ending with a single 5 minute step at 75°C, and a 4°C cycle for 30s 
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using an MJ Research mini-thermocycler. Products of PGR reactions 

were mixed with dye and loaded onto 1% agarose gels containing 0.5 

p.g/mL Ethidium bromide, and run at 120V for -60 minutes. 

Southern Hybridization. Genomic DNA from cells was isolated 

using Puregene DNA Isolation Kit (Gentra Systems, Research 

Triangle Park, NC). To study integration of the provirus, neo specific 

sequences were amplified from genomic DNA template by PGR using 

25 pmole primer (neo 3 and neo 5), 200 tiM dNTP, 1x PGR buffer 

(Promega, Madison, Wl), 2.25 mM MgGI2, 2.5 U Taq DNA 

polymerase in 25 |j,l reaction mixture (111). PGR reactions were 

electorphoresed and transferred to a nylon membrane. Neo specific 

PGR product was radiolabelled using Primer-It II Kit (Strategene), 

[32P]-alpha dGTP (Amersham). Excess nucleotides were removed 

using NucTrap Probe Purification Golumns (Stratagene). 

Membranes were baked at 80°G for 2 hours, washed in 

0.1 xSSG/0.5%SDS for 1 hour at 65G. Membranes were incubated 

overnight at 42G in 40% formamide prehybrid solution containing 2x 

Denhardts' solution, 1 mM NaPyroP04, 0.25 mg/ml salmon sperm 

DNA, 5x SSPE, 5% dextran sulfate, 0.25% SDS before addition and 

incubation of radioprobe overnight at 42G. Membrane was washed 

2X at RT and 1x at 68G in 2x SSG/0.1% SDS and exposed to X-ray 

film (112). 



124 

Flow Cytometry (FC) Analysis. Ceil suspensions were stained 

with directly conjugated monoclonal antibodies as previously 

described (27). FITC and phycoerythrin (PE) hamster isotype 

controls, FITC anti-mouse l-Ab, I-Ak, and l-Ad, and PE anti-mouse 

MAC-1 were obtained from PharMingen, Inc. (San Diego, CA). After 

staining, the cells were fixed in 1 % p-formaldehyde before FC 

analysis. Two-color FC analysis was performed using a FACScan 

(BDIS, San Jose, CA) equipped with photomultiplier tubes and optical 

filters as recommended by the manufacturer. FITC and PE were 

excited by a 488nm argon laser. Fluorescence data were collected 

using 3-decade logarithmic amplification on 10,000 viable cells as 

determined by fonA^ard and 90° light scatter Intensity. Data were 

collected and analyzed using Lysis II (BDIS) software. Net expression 

of I-ENOD and net I-ANOD was determined by measuring the percent 

total cells that had expression higher than isotype control mAb levels. 

RESULTS 

Integration of Ea^ construct by retroviral infection of NOD 

FTOC in the absence of exogenous cytokines or selection. 

We wished to determine If NOD FTOC could be genetically modified 

to express a potentially curative MHC class II element (l-E^) by 

retroviral transduction. NOD mice normally do not express MHC class 

II l-Ed because of a deletion mutation in exon 1 (113). Thus, FTOC 

treated with retrovirus can be assayed for successful gene transfer by 
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the detection of an intact Ea^ gene. This is possible since the 

gene in NOD mice is normally expressed, allowing for pairing and 

expression of the intact ap heterodimer molecule protein on the ceil 

surface. 

Five to 10 NOD FT were procured from 14-16 dg fetal pups and 

placed in standard organ culture (27). Retroviral supernatant 

solutions were then added directly over the lobes in 100 ^1 aliquots 

per day for 5 consecutive days without any other changes to the 

normal FTOC procedure (27). After an additional 9 days of culture 

(total = 14 days), FTOC cells were han^ested. Cells were labeled with 

fluorescent monoclonal antibodies for flow cytometric analysis and/or 

DNA was isolated, and detection of integration was performed by 

PGR and Southern hybridization (see Materials and Methods). 

As shown in Figure 18, DNA isolated from 6.1 x 10^ cells from a 

representative NOD FTOC (n=3) that is left untreated (lane 1) does 

not produce a PGR product when primers specific for a sequence 

within the deletion are used. In Figure 18, lane 2, NOD FTOC 

treated with N2-IE retroviral supernatants produce detectable 

products of the appropriate size (459 bp) using the designed EĴ  

specific primers (5.8 x 106 cells). As a positive control, packaging cell 

DNA that contained the proviral DNA construct was also amplified 

(lane 3) from 0.78 x 106 N2-IE packaging cells. In all three separate 

experiments in which PCR was performed, a product of an 
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appropriate size was detected in the 5-10 pooled NOD FT treated 

with N2-IE supernatant in organ culture. It is possible that PGR 

products were produced from amplification of non-integrated, 

retrovirally-encoded reverse transcription of the cDNA construct 

exisiting as an episomal element. However, with collaborative 

expression data (below), PGR detection provided a rapid analysis of 

stable cDNA presence in cells that were infected and cultured. It is 

impossible to determine the precise efficiency of infection from these 

data as each FT lobe was not individually examined for viral 

integration. Future experiments may endeavor to do so, and will rely 

heavily on the sensitivity of PGR, as a single organ cultured lobe while 

producing up to a million cells, may supply far fewer cells potentially 

carrying retrovirus-delivered l-Ea^. 
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1 2  3  4  

Figure 18. Gel electrophoresis of PGR products amplified using Ea^ 

primers from a representative experiment (n=3). DNA products from 

PGR amplification of 6.1 x 106 cells from untreated FTOG (lane 1), 5.8 

X 106 cells from NOD FTOG treated with N2-IE retrovirus (lane 2), 0.78 

X106 packaging cells (lane 3). The positive bands represent a 459 bp 

product (expected), lane 4 is a 100 bp molecular weight ladder. 
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To confirm the integration of retroviraily delivered genes 

detected by PGR, the neomycin resistance gene that is also encoded 

in the N2 construct (see Materials and Methods, Figure 17) was 

detected using Southern hybridization of PGR amplyfied products 

(see Materials and Methods). Figure 19 shows the results of probing 

FTOC that was treated with N2-IE or a PA317 LXSN construct (114) 

with a neo'' specific radioprobe. In Figure 19, Lane 1, FTOG that was 

left untreated does not display a significant band. The culture treated 

with LXSN supernatants (Figure 19, lane 2) shows an intense 

hybridization signal. The culture treated with N2-IE (Figure 19, lane 

3) shows a faint band that is visible. The faintness of the band may 

reflect a lower efficiency of gene delivery in FTOC treated with N2-IE 

as compared to identical LXSN-treated FTOG, but present data 

incompletely explains the different detection strength. Nonetheless, 

these data corroborate with previous PGR data to suggest that 

retroviral vectors are effective at transducing cells in FTOG. 
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Figure 19. Southern hybridization of FTOC treated with LXSN and 

N2 vectors probed for neomycin phosphotransferase gene {neof). 

DNA from PGR amplifications (see Materials and Methods) of FTOC 

left untreated (lane 1), treated with LXSN from PA317 packaging cells 

(lane 2), or N2-IE retrovirus (lane 3). A negative PGR control 

amplification (lane 4), and a positive control (lane 5) are also shown. 
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EcfC'integration is detected by PCR as early as 7 days of 

culture. To determine the earliest time point that E^was present in 

detectable quantities, serial harvests of FTOC treated with N2-IE 

were subjected to PCR amplification. 

Figure 20 shows the gel electrophoresis analysis of PCR 

products derived from amplifications of FTOC treated with 100 îl x 5 

days of N2-IE or treated with control vector supernatants. Lanes 1, 3, 

5, 7, 9 correspond to FTOC treated with LXSN and han/ested on days 

5, 7, 9,11, and 14 respectively. Lanes 2, 4, 6,8, and 10 correspond 

to identical NOD FTOC treated with N2-IE for 5 days and then 

harvested on days 5,7, 9,11, and 14 respectively. PCR products of 

the appropriate size are detected using a high number (39) of PCR 

cycles (see Materials and Methods) as early as 7 days of FTOC (2 

days after the last 100 |xl N2-IE addition). The high efficiency of 

infectivity of the N2-IE retroviral delivery vector in FTOC is clear as at 

least 4 of 5 treated (days 7,9,11 ,and 14) cultures in this experiment 

had PCR-detectable levels of Eô . 
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Figure 20. Gel electrophoresis of PGR products of a serial harvest 

of N2-IE treated and LXSN treated FTOC. No product is detected in 

FTOC treated with LXSN retrovirus and harvested on day 5, 7, 9,11, 

and 14 (lanes 1, 3, 5, 7, and 9, respectively). PGR amplifications of 

FTOC treated with N2-IE and harvested on day 5, 7, 9,11, and 14 

(lanes 2, 4, 6, 8, and 10, respectively) show products as early as 7 

days of culture (2d after the last of 5 daily virus treatments). 
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Surface protein expression of l-E^ is detectable by flow 

cytometric analysis. Because of an endogenous gene deletion In 

the Eaf' gene, NOD/Lt mice are incapable of expressing an l-E MHC 

class II gene product on the cell surface (l-Enull) (ioo, 101,105). it 

has been demonstrated that introduction of an intact Ea^Tgene 

construct restored the expression of i-Ed on APCs of NOD/Lt-iE 

transgenic mice (104) presumably by allowing the transgenic Ead 

gene product to heterodimerize with the intact endogenous l-Ep 

chain. We wished to determine, by flow cytometric analysis, if the 

same retroviral treatments that caused the integration of the Ea^ also 

restored the expression of the l-E^ protein on the surface of class ll-

expressing cells in FTOC. 

Table 2 shows the surface expression of all cells in four 

individual experiments (n=4) in which NOD FTOC was treated with 

N2-IE retrovirus in supernatants. The net expression of the class ii 

molecule l-Aî  (background level subtracted) indicates the number of 

class ll-expressing ceils present in these cultures (positive control). 

Of these four experiments, two clearly indicate l-Ed-positive cells 

(experiment #2 and #4) whereas one was clearly negative 

(experiment #3), and one was weakly positive, or negative 

(experiment #1). Together, these data suggest that half of those 

FTOC treated with supernatants express a protein capable of being 

transported and present on the cell surface. Figure 21 shows a 
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representative experiment in which flow cytometric histograms were 

generated for l-Ed and background control staining for treated and 

untreated cultures. 
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Expt. Vector Net Net Detection of Ea^ 

% \-ANOD O/^ |.E/VOD by PGR 

N2-IE 4.42 0.75 nd 

1 LXSN 3.08 (0.31) nd 

NONE 2.35 0 nd 

N2-IE 12.61 8.18  ++ 

2 LXSN 15.11 0.00 -

NONE 10.02 0.21 -

N2-IE 6.38 0.39 + 

3 LXSN 4.30 0.25 -

NONE 10.10 0.01 -

N2-IE 14.79 2.16  +++ 

4 LXSN 14.04 0.27 -

NONE 15.15 0 . 

Table 2. Flow cytometric analysis of l-Ed expression on untreated, 

LXSN-treated, and N2-IE-treated FTOG. The net percent expression 

of l-Ab (cross reacts with I-ANOD) and l-E^ are shown. Bold figures 

are considered significantly positive (2/4 experiments) for l-E^ 

expression. Detection of Eaf^ integration by PGR amplification is also 

shown. While PGR was not done in a strictly quantitative manner, the 

table indicates strong to detectable bands (+++ to +, respectively) or 

no band (-) on agarose gel for each experiment. 
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Figure 21. Expression of IE protein on non-iymphold cells of NOD 

FTOC by the transduction of the Ea^ gene. 14d gestation NOD fetal 

thymus lobes were either untreated (A and B) or treated for 5 d with 

culture supernatants from packaging cells producing the N2 retroviral 

vector containing the Ead gene (C and D). Cells were harvested after 

12d of organ culture, and stained with either an isotype control FITC-

labeled monoclonal antibody (A and C) or FITC-labeled anti-IE 

monoclonal antibody (B and D). Only the cells from NOD FTOC 

treated with the Ea î gene vector specifically stained for the 

expression of IE protein. 
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DISCUSSION 

While the precise etiopathology of IDDM is still being elucidated, 

it has beconris clear that MHC inheritance is a key factor in 

determining an individual's susceptibility to this disease. Just as 

certain MHC elements appear to contribute to susceptibility, other 

MHC elements seem to correlate just as strikingly with protection from 

IDDM (13,14, 99). Here, we have demonstrated the ability of an 

amphotropic retroviral vector N2 to transduce developing NOD cells 

in vitro without exogenous cytokine addition to increase infectivity, nor 

selective pressure to increase the population of successfully 

transduced cells. 

improvements in retroviral construction have led to increased 

gene transfer efficiencies, approaching 100% even in primary cells 

(115) with retroviruses such as the N2 vector used in this study. 

Indeed, this study confirms the high rate of integration of our target 

gene; 7 of 8 FTOCs treated with N2-IE supernatant were positive for 

integration of detected by PCR amplification. This correlates 

with a recent study that used an identical N2 vector to transfer p-

glucouronidase cDNA to approximately 85% of a purified 

hematopoietic stem cell population (116). The successful integration 

of the construct did not, however, ensure the proper expression of the 

gene. In two of the three experiments in which integration of Eâ  

cDNA was detected by PCR (Table 2), some surface expression was 
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detected by mAb staining and flow cytometric analysis. None of the 

cultures expressed the transduced gene to a level equivalent to 

endogenous class II Thus, a possible caveat in using the 

current amphotropic vector construct may be the failure of 

transduced cells to express the cloned gene at sufficiently high levels 

to overcome deleterious effects of the diabetogenic l-Ao^ allele. 

Indeed, in transgenic mouse studies, NOD mice that transgenically 

expressed \'B^ at levels comparable to l-E^-positive control strains 

only display partial protection, whereas those NOD mice that 

overexpressed l-E^ were completely IDDM-resistant (83). 

By successfully transducing at an efficient rate, and more 

importantly, causing the expression in a majority of FTOC treated with 

retrovirus, these studies indicate that rapid in vitro analysis of the 

effects of gene introduction in the thymic microenvironment are now 

feasible. As this system is better characterized, the exact cell 

populations most amenable to this rapid retrovirus transduction 

protocol will be determined allowing for a greater understanding of 

potential effects. Indeed, the functional significance of the expression 

of l-E in NOD FTOC remains to be determined; but because the 

general architecture and cell populations have not been physically 

disturbed, we have already begun such investigations and expect to 

gain important insights. 
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Here, we have shown that packaging cell supernatants that 

contain replication-defective N2 retrovirus particles are capable of 

transferring a 2.4 kb cDNA construct connposed of the murine Eâ  

gene and its endogenous promoter into NOD FTOC without the use 

of exogenous cytokines or selection cytochemicals. Further, we have 

demonstrated that in 2 of 3 experiments that were analyzed by PGR, 

transduced NOD FTOC cells were able to express MHC class II l-E^ 

on the cell surface at levels detectable by flow cytometry. The ability 

to rapidly transfer genes to NOD FTOC provides a means to study the 

effects of various genes on the development of T cells that cause and 

prevent IDDM. This methodology should also be applicable to the 

transduction of other genes into FTOC that may be of general 

Importance to T cell development. 
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