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Type 1 Diabetes (T1D) is characterized by a proinflammatory autoimmune 

mediated destruction of the beta cells located within pancreatic islets and results in 

decreased insulin production. Insulin replacement does not represent a cure for T1D; 

therefore therapeutic strategies have recently focused on disease prevention. Attempts to 

alter the immune response through the use of antibodies capable of manipulating the 

immune system, offers one attractive strategy. A second strategy could utilize gene 

therapy methods to deliver genes that encode proinflammatory antagonists. This project 

tested whether either of these two approaches could prevent the onset of T1D and shift 

the immune response away from islet destruction using the non obese diabetic mouse 

model of T1D. The work presented in this dissertation is a critical step in understanding 

the immune system’s role in the progress of T1D and will contribute to therapies to cure 

diabetes  
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CHAPTER 1 
INTRODUCTION 

This introduction discusses the manifestations and immune characteristics of type 1 

diabetes (T1D). It also discusses treatment options and the rational for using immune 

modulating molecules as a possible treatment option. 

Type 1 Diabetes 

Diabetes Mellitus is a group of metabolic diseases characterized by a partial or 

absolute deficiency in the secretion and/or action of the anabolic hormone insulin. Insulin 

is a dimeric protein produced by β cells within the islets of Langerhans in the pancreas 

and is responsible for inducing cellular uptake and storage of glucose from the 

bloodstream. In response to rising blood glucose levels, secretory granules within β cells 

release preformed insulin. The insulin then binds to and stimulates glucose transporters 

located on the surfaces of muscle and fat cells. Upon insulin activation, these transporters 

facilitate the movement of glucose across their respective cell membranes. Therefore, any 

disruption in this metabolic process, either by inefficiency or a deficiency in insulin, will 

disrupt the necessary homeostasis of blood glucose levels, leading to the common 

symptoms of diabetes mellitus (1, 2).  

An estimated 120 million people worldwide suffer from diabetes mellitus, with 10 

to 15% of these cases classified as T1D. The frequency of T1D ranges from a low of 1 

case per 100,000 individuals per year in regions of China and India, to a high exceeding 

50 cases per 100,000 persons in certain areas of Finland. In the United States, 
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approximately 20 million people have been diagnosed with diabetes, with more than  

1 million thought to be T1D (1, 3). 

Most of the long-term complications of T1D fall into four groups: cardiovascular 

disease, nephropathy, retinopathy, and neuropathy. According to the latest statistics from 

the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK), coronary 

heart disease is the leading cause of diabetes-related deaths, accounting for approximately 

one-half of the deaths in T1D patients. Each year, diabetes represents the leading cause of 

end-stage renal failure, new cases of blindness each year, and lower-limb amputations in 

the United States. Also, persons with diabetes are more susceptible to bacterial and viral 

infections, strokes, high blood pressure, and periodontal disease (4). Given the number of 

complications associated with diabetes, it is not surprising that people afflicted with T1D 

have a 33% reduced life expectancy (3). 

Terminology of Diabetes 

While a formal classification system for diabetes was not established until 1979, 

distinctions among various degrees of the disease were made as early as the nineteenth 

century. Before the isolation of insulin in the 1920s, patients suffering from diabetes were 

diagnosed as having either of two types, based solely on the age of the onset of symptoms 

(2). Patients becoming symptomatic during childhood were classified as having juvenile 

diabetes. This type of diabetes was considered more severe, and led to almost-certain 

death within 1 year of diagnosis. In contrast, patients afflicted with diabetes later in life 

were diagnosed as having adult-onset diabetes. This form of the disease was usually not 

immediately life threatening and could be treated with a combination of diet, exercise, 

and hypoglycemic agents. 
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After the introduction of exogenous insulin as a treatment, further classification of 

diabetes mellitus was further classified based on the varying requirements for insulin. As 

a result, diabetic patients were described as having either an insulin-dependent (IDDM) 

or non-insulin dependent (NIDDM) form of the disease (1, 2). Although the basis for 

classification became more pathologic, timing of onset was a key factor in classifying the 

severity of disease. 

Classification of diabetes mellitus was further refined, favoring a system based on 

the underlying pathogenesis of the disease rather than on age of onset or insulin 

requirement.  The new system established by the American Diabetes Association (ADA), 

the NIDDK, and the Centers for Disease Control and Prevention (CDC), uses T1D in 

place of IDDM and T2D in place of NIDDM (5). 

While hyperglycemia is the end result of all types of diabetes mellitus, distinct 

pathogenic mechanisms underlie each form. Persons with T1D often exhibit many of the 

hallmarks of an autoimmune disorder, such as the presence of auto-antibodies and genetic 

susceptibility associated with genes of the major histocompatibility complex (MHC). 

Their insulin deficiency is due directly to β cell destruction and is usually absolute. 

Natural History of Type 1 Diabetes 

Because of the rapid onset of its common manifestations, T1D was once considered 

a disease triggered by an acute pathogenic process, such as an acute viral infection (6). 

However, research provided strong evidence supporting a different concept involving 

rapid onset of symptoms after an extended period of autoimmune destruction (7). 

Autoimmunity results from the loss of tolerance to self-molecules (or antigens) by the 

immune system. In T1D, the insulin-producing β cells of the pancreas are the self-
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molecules that are slowly destroyed by the host’s immune system. Once a certain level of 

β cell destruction is reached (estimated at 50 to 80%) the classic symptoms of 

hyperglycemia and ketosis appear (8). Patients in the clinical phase (post-symptomatic) 

of the disease require daily insulin administration in order to return to marginally normal 

blood glucose homeostasis (9). 

Animal Models of Diabetes: Non-Obese Diabetic Mouse 

The non-obese diabetic (NOD) mouse is a well-established mouse model of human 

T1D. Developed by Makino et al. (10) in the late 1970s, the NOD mouse spontaneously 

develops hyperglycemia between 12 to 18 weeks of age, and showed immunological and 

clinical features of the human form of the disease, such as infiltration of the endocrine 

pancreas by autoreactive mononuclear cells, followed by the onset of hyperglycemia 

(11).  

The course of islet destruction has been well characterized in the NOD mouse. By 5 

weeks of age, these mice begin to show signs of insulitis (12). By 10 weeks of age, they 

show considerable insulitis and a complex myriad of immune infiltrates; mostly CD4+ T 

lymphocytes, but also CD8+ T lymphocytes, dendritic cells (DC), and B lymphocytes 

(13). At 18 weeks of age, essentially all of female and male NOD mice show signs of 

lymphocytic infiltration in the pancreas, but only 60 to 80% of females and 15 to 20% of 

males become overtly diabetic mice by 30 weeks of age (9). Environmental factors have 

also been shown to influence the incidence of T1D (including the conditions in which the 

mice are housed). Incidence of disease is higher when mice are maintained in a relatively 

germ-free environment, but decreases dramatically when mice are maintained in 

conventional housing facilities (14). The reason for this is unclear, but it is believed that 
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the immune system, under so-called “dirty” conditions, directs its actions to exposing 

foreign proteins, and protects the individual animal’s autoimmunity. However, when the 

environment is clean the inherent dysregulation in which the immune system attacks self 

antigens operates relatively unopposed, resulting in T1D (15).  

While T lymphocyte responses appear to be the leading cause of immune-mediated 

β cell destruction in the NOD model, other immune cells may play a role in the 

development of T1D. These include defective macrophage maturation and function (16), 

low levels of natural killer (NK) cell activity (17, 18), defects in NKT cells (19, 20), and 

deficiencies in regulatory CD4+CD25+ T lymphocytes (21). 

Immune Characteristics of Type 1 Diabetes 

Pancreata from patients recently diagnosed with T1D show a similar degree of β 

cell destruction; however, any intact islets remaining contain a large inflammatory 

infiltrate. The infiltrate (commonly referred to as insulitis) consists primarily of CD4+ T 

lymphocytes with fewer numbers of CD8+ T lymphocytes, macrophages, B lymphocytes 

and NK cells (22). The next section discusses immune processes involved in destruction 

of the β cells leading to T1D. 

Regulation of the Immune System 

An autoreactive T lymphocyte repertoire is a natural component of a healthy 

immune system. However, a complex regulatory system closely controls the activation of 

these self-reactive lymphocytes (23). At the center of this control circuit are immune 

regulating molecules known as cytokines. Cytokines are low-molecular-weight proteins 

that regulate the immune response by exerting a variety of effects on lymphocytes and 

other immune-system cells (24). Most cytokines are produced by two distinct subsets of 

CD4+ T lymphocytes, T helper 1 (Th1) and T helper 2 (Th2) cells (25, 26). Cytokines can 
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counter-regulate development of the opposing cellular subset, thereby enhancing a cell-

mediated or antibody-mediated immune response (24, 27). 

T Lymphocyte Mediated Response 

Based on their pattern of cytokine production and their functional responses, T 

lymphocytes are subdivided into those participating in cell-mediated immune responses 

such as inflammation, delayed type hypersensitive reactions, and macrophage activation 

(Th1 subset); from those releasing cytokines that induce B lymphocytes to secrete 

antibodies (Th2 subset). Since the original definition of the Th1/Th2 clones, several 

additional cytokines have become associated with each subset, such that Th1 

lymphocytes are defined by their production of interferon gamma (IFNγ) and tumor 

necrosis factor alpha (TNF-α,), while Th2 lymphocytes produce interleukin (IL)-4, IL-5, 

IL-10, and IL-13 (28, 29).  

A third CD4+ T lymphocyte subset, called T regulatory (Treg) lymphocytes, is 

described in a variety of different priming conditions. This CD4+ T lymphocyte subset 

constitutes 5 to 10% of peripheral CD4+ T lymphocytes and is capable of inhibiting the 

responses of CD4+CD25– and CD8+ T lymphocytes in vitro and in vivo (30). The 

CD4+CD25+ FoxP3+ regulatory T lymphocytes play a major role in maintaining immune 

tolerance to self and in controlling autoimmunity (31). Treg lymphocytes inhibit 

autoimmunity in a number of experimental models, including T1D (32). They have been 

shown to prevent onset of autoimmunity by being involved in regulation of effector T 

lymphocyte homeostasis. 

T Lymphocyte Responses in the NOD Mouse 

Cytokines’ role in the progression of T1D has been studied extensively in the last 

decade. The CD4+ T lymphocytes are essential both early and late in disease development 
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and act directly in immune-mediated destruction of islets in the NOD mouse (33). 

However, destruction of the islet is not solely a CD4+ T lymphocyte mediated process. 

Mathis et al. (34) have demonstrated that CD8+ T lymphocytes also contribute to islet 

destruction.  

NOD mice show unique cytokine production profiles that may alter Th1/Th2 

lymphocyte polarization. A number of studies have shown that antigen presenting cell 

(APC) populations from NOD mice may produce an array of cytokines that promote Th1 

responses (when compared to other strains of mice), including increased expression of 

IL-12 (35) and IFNγ (36). 

Activation capabilities of the T lymphocyte repertoire are critical in the formation 

of an autoimmune reaction. Regulating costimulation of naive T lymphocytes plays an 

important role in preventing autoimmune responses. Costimulation of secondary 

signaling molecules, CD28/B7, have been shown to be an important mediator of 

autoimmune T lymphocytes responses (37). However, analysis with CD28 knockout 

NOD mice identified a selective defect in the number and function of CD4+CD25+ 

regulatory T lymphocytes (38). Other costimulator molecules identified as being critical 

in the development of T1D include CD152 (39), CD140 (40), and CD154 (41). Not all 

costimulatory molecules are deleterious. Experiments with inducible costimulatory 

molecule (ICOS) (42) and programmed death-1 (PD-1) (43) showed these molecules help 

prevent autoimmunity. 

T lymphocyte trafficking between the pancreatic lymph nodes and the pancreas are 

a critical aspect in understanding the initiating events associated with the development of 

T1D. The development of insulitis and progression to overt T1D correlates with 
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expression of multiple chemokine/chemokine receptors including: monocyte 

chemoattractant protein-1 (MCP-1), macrophage inflammatory protein-1α (MIP-1α), 

MIP-1β, CCR5, RANTES, MCP-3, MCP-5, and IFN-inducible protein-10 (IP-10) (44).  

Regulatory T Lymphocytes 

More recently, regulatory CD4+CD25+ T lymphocytes have been investigated as a 

primary cell involved in the immune system ability to prevent the onset of T1D. In terms 

of effector function, it appears that naturally occurring Treg lymphocytes in the immune 

system produce IL-10 and IL-4 to mediate their suppressive activity of autoimmune cells. 

In addition to this, Treg lymphocytes are able to interfere with APC-effector T 

lymphocyte engagement and weaken the effector T lymphocyte activation, leading to 

antigen specific anergy. The NOD mouse may have a generalized defect in their ability to 

generate effective numbers of Treg lymphocytes. The percentage of Treg lymphocytes is 

approximately half that of other autoimmune resistant strains of mice (45). Alternatively, 

recent data suggests that the ability of CD4+CD25+ Treg lymphocytes’ ability to suppress 

in NOD mice is time dependent within the autoimmune response and to suppress 

CD4+CD25- T effector lymphocytes is time dependent (46). Therefore, to initiate a true 

therapy for the prevention of T1D, it may be necessary to control T lymphocyte 

responses by reducing the effector T lymphocyte response while increasing the Treg 

lymphocyte response. Experiments with polyclonal T lymphocyte deactivators such as 

anti-CD3 antibody (47) and low dose of nominal antigen (48) have been shown to induce 

the development of CD4+CD25+FoxP3+ T lymphocytes in normal and NOD mice and 

reduce the incidence of T1D onset.  
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Cytokine-Mediated Immunity 

Cytokines are a group of low-molecular-weight regulatory molecules that are the 

main mediators of signaling between cells in the immune response. The importance of 

cytokines in the development, maintenance, and regulation of the immune response 

cannot be understated. These molecules regulate facets from lymphocyte activation and 

deactivation, to trafficking of immune cells to sites of infection. The physiological 

function of individual cytokines is, however, extremely complex. A particular cytokine 

may either activate or deactivate cells of the immune system, depending on the time of 

expression and concentration at a specific stage of the immune response. Other factors 

that influence the degree of immune activation include cytokine receptor binding 

efficiency, the degree of redundancy, pleiotropy, synergy, and antagonism between 

different cytokines (49). In the following sections, the importance of two cytokines 

involved in the development of autoimmune T1D, IFNγ and IL-1β, will be discussed. 

Interferon gamma 

 IFNγ is a cytokine produced primarily by activated CD4+ Th1 lymphocytes, CD8+ 

T lymphocytes, and NK cells. IFNγ is recognized as chief mediator of innate as well as 

adaptive immunity (50). Among the biological activities of IFNγ, activation of 

macrophages is considered of key importance. Interferon gamma has been shown to have 

multiple proinflammatory effects such as upregulation of IL-12 (51), IL-15 (52), TNFα 

(53), inducible nitric oxide synthase (iNOS) (54), caspase-1 (55), and IL-6 (56). In accord 

with these functional characteristics, bioactivity of IFNγ has been identified as a 

prerequisite in several models of inflammatory and autoimmune diseases, including T1D. 

Interferon-γ has been shown to be a major mediator of induced islet cell death in mice. It 

has also been shown that IFNγ is cytotoxic to β cells in vitro (57). In experiments with 
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non-diabetes-prone IFNγ transgenic mice, overexpression of IFNγ in β cells resulted in a 

progressively severe insulitis, β cell destruction, and accelerated diabetes onset (58). 

Further experiments suggest it is an autoimmune response, because the IFNγ transgenic 

mice, when backcrossed to severe combined immunodeficient (SCID) mice, lacking 

lymphocytes, did not develop diabetes. Also MHC compatible islets grafted into IFNγ 

transgenic mice were rejected and the IFNγ transgenic mice developed circulating 

lymphocytes specifically cytotoxic to the engrafted islets (59). These IFNγ transgenic 

mouse studies establish that the normal mouse repertoire contains islet specific T 

lymphocyte, which become activated to islet antigens in the presence of IFNγ, produced 

locally in the islet. These effects can be reversed with the administration of either anti-

IFNγ monoclonal antibodies or soluble IFNγ receptors (sIFNγR) (60); factors that 

reduced lymphocytes infiltration to the islets and protected the mice from onset of 

disease. 

However, recent experiments have shown that IFNγ may be necessary in 

preventing T1D. This counter intuitive finding came from experiments involving IFNγ’s 

functional characteristics that show anti-inflammatory actions which include 

downregulation of monocyte chemotaxis (61), induction of CD8+ suppressor T 

lymphocytes (62), and induction of T lymphocyte apoptosis (63). Experiments with IFNγ 

knockout mice did not prevent either insulitis or T1D in the NOD mice, but it did 

increase the time to onset (64).  

Further experiments by Sobel et al. (65) have shown that injections of 

(r)ecombinant IFNγ in a dose dependent fashion, inhibited the development of T1D. The 
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maximal rIFNγ dose decreased the incidence of diabetes from 74% in control animals to 

42%.  

The expression of the costimulatory molecules B7-2 and CD54 were significantly 

increased in splenocytes of rIFNγ treated mice, while the expression of MHC class I was 

decreased. Other experiments show that IFNγ is necessary for blockade of CD28 and 

CD40 T lymphocyte costimulation (66).  

The lack of IFNγ not only affects the stimulatory function of T lymphocytes, it also 

influences the ability of these cells to traffic in the body. Indeed, IFNγ influences immune 

and autoimmune responses by supporting the homing of activated T lymphocytes. 

Experiments by Chervonsky et al. (67) showed that adhesion of insulin-specific CD8+ 

lymphocytes to microvasculature was normal in IFNγ knockout mice, yet diapedesis was 

significantly impaired. This effect was reversible by treatment of the animals with rIFNγ. 

Further evidence also suggests the presence of IFNγ may be required for the 

formation CD4+CD25+ T lymphocytes. Mice challenged with donor alloantigen showed a 

5-fold increase in IFNγ mRNA expression in Treg lymphocytes, but not effector T 

lymphocytes, within 24 hours of re-encountering alloantigen in vivo. In addition, the 

generation and function of alloantigen-reactive Treg lymphocytes was impaired 

dramatically in IFNγ deficient mice (68).  

Interleukin-1 beta 

Interleukin-1β is a pleiotropic cytokine whose in vivo functions include induction 

of the acute-phase response to inflammation. IL-1β is also an endogenous pyrogen, 

induces the synthesis of other proinflammatory cytokines, including the hepatic acute 

phase protein inducer, IL-6, alters food intake, and promotes the wasting of lean tissue 

(69). IL-1β acts on a variety of tissue types through binding to two independent classes of 
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IL-1 receptors. Although the two IL-1 receptors are independent gene products, they both 

belong to the immunoglobulin super family and their extracellular domains are 

structurally similar (70). The distribution of IL-1 type I and type II receptors on various 

tissue types differs markedly. Type I receptors are found on most cell types including T-

lymphocytes, endothelial cells and hepatocytes, whereas type II receptors are limited 

primarily to blood neutrophils, monocytes, bone marrow progenitor cells and B-

lymphocytes (71). The intracellular portion of the type II receptor is truncated and recent 

in vitro studies suggest that IL-1β binding to the type II receptor does not result in signal 

transduction. 

IL-1β induces the production of NO by islets, and there is evidence to support a role 

for NO in T1D development. The incidence of diabetes induced by injections of multiple 

low-dose streptozotocin is reduced in iNOS deficient mice (54). Nitric oxide production 

may not be the only mechanism by which cytokines damage ß cells. IL-1β stimulates 

CD95 death receptor expression by ß cells in vitro, and CD95 activation has been 

implicated in β cell death caused by T lymphocytes in the NOD mouse (72). 

Therapeutic Strategies for Type 1 Diabetes 

At present, there are two ways people with T1D are treated, insulin replacement 

therapy and pancreas/islet cell transplantation. Each has advantages and disadvantages 

which will be discussed in the following section. 

Insulin Replacement Therapy 

The isolation of insulin in 1921 and its subsequent use as a treatment for diabetes 

mellitus has dramatically reduced the once acute-mortality of the disease, particularly in 

type 1 disease. However, the extensive list of chronic complications associated with the 

disease combine not only to enhance morbidity, but also to cause accelerated and 
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premature mortality, still manifest even with insulin therapy. Chronic complications of 

diabetes result from the loss of glucose homeostasis and usually develop 10 to 15 years 

after the onset of symptoms. 

Pancreas/Islet Cell Transplantation 

Transplantation of pancreas or purified islet cells have shown the potential to 

restore islet cells the insulin secretory responses to metabolic needs, correct glucose 

homeostasis, and thus limit the incidence and severity of the degenerative complications 

that are commonly seen in diabetic patients on insulin treatment (73). Over the past 20 

years, the surgical procedures for whole-pancreas transplantation have remarkably 

improved. This technique can now be performed with one-year success rates that are close 

to those for kidneys alone or for other solid organs. Pancreas graft survival after 1 year is 

82, 74, and 76% when the organ is implanted after the kidney, simultaneously with the 

kidney, or alone, respectively. The majority of one year-surviving grafts maintain 

functioning β cells for a decade (74). Pancreas graft survival is almost invariably 

associated with normalized glucose levels and states of insulin independence, which also 

improve the quality of life for the recipients. However, these benefits do not occur 

without risks. First, the surgical procedure is still technically cumbersome and associated 

with a high morbidity. Moreover, the need for chronic immune suppression carries the 

same infectious and tumorigenic risks as other organ transplantations. The decision for 

pancreas transplantation is therefore usually delayed until late in the course of T1D when 

renal failure raises the need for a kidney graft. At this later stage, simultaneous 

implantation of a pancreatic organ will not bring a major benefit in terms of prevention of 

secondary complications, as these are already advanced to an irreversible level (75). 
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Islet transplants have long since been proposed as a safer alternative to whole-organ 

transplants. Studies in rodents have demonstrated that islet grafts can be implanted in 

different sites using simple techniques. In several models they correct T1D, rapidly and 

for extended periods (76). For many years, none of these promising features could be 

reproduced in T1D patients. The reasons were probably multiple, ranging from technical 

difficulties in preparing viable and metabolically adequate grafts, to biologic obstacles of 

inflammatory and immune nature. Over the years, progress has been made in the isolation 

of human islet tissue and its use in auto- and allo-transplantations. Human islet grafts 

were shown to correct T1D in patients who had received a donor kidney prior to, or 

simultaneously with, the islet graft (77, 78). This gain in safety is, however, associated 

with a less favorable donor-to-recipient ratio. In the recently successful series of islet 

transplantations by the Edmonton group (showing 90% restoration of euglycemia at 1 

year post transplantation), metabolic correction required islet preparations from 2 to 4 

pancreata that were procured under optimized conditions (79). The shortage in donor 

organs, and in particular those that are procured under the better conditions, is currently a 

major limitation to the clinical future of islet cell transplantation. This combined with the 

same immune problems of rejection that plague whole pancreas transplantation, make the 

future use of islet transplantation difficult to conceptualize as a mass answer to a major 

therapeutic need. 

Immunomodulatory Regulation 

The ideal therapy for T1D, rather than treatment after onset, would be to prevent or 

limit islet destruction prior to overt disease. To accomplish this, it would be necessary to 

manipulate the immune response against the islet cells. Operationally, this would mean 

the establishment of immunological tolerance in a mature immune system; in other 
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words, a state of durable antigen-specific unresponsiveness in the absence of generalized 

immune mediated islet destruction.  

Therapeutic Antibodies  

Recently, the use of recombinant antibodies in the treatment of T1D in the NOD 

mouse has shown considerable promise. Antibodies directed against lymphocytes or 

molecules specific to the surface membrane have been instrumental to this effect. These 

antibodies potentially suppress T lymphocyte activation that would lead to rapid islet 

destruction, while allowing formation of Treg lymphocytes that needed for long-term 

islet survival in the absence of a sustained immunosuppressive therapy. Most successes in 

animals have been obtained after nonspecific depletion by total lymphoid irradiation, 

anti-lymphocyte/anti-thymocyte antibodies (80), or after specific monoclonal antibody 

therapy such as anti-CD3 antibody (81); associated with a transient fall in lymphocyte 

count. However, administration of monoclonal antibodies that block activation of T 

lymphocytes at the level of the IL-2 receptor (82) or costimulatory signals such as CD154 

(83), may also allow for efficient suppression of the destructive process without 

lymphocyte depletion. Other approaches that have seen success have focused on the 

modulation of cytokine signaling between immune cells including the administration of 

monoclonal antibodies that block IFNγ (83) and IL-12 (84). In addition, the use of 

soluble receptors has shown similar abilities as monoclonal antibodies to modulate 

cytokine levels and prevent T1D in the NOD mouse. For example, previous experiments 

with soluble IL-1 receptor (85), soluble IFNγ receptor (60), and soluble TNFα receptor 

(86) have shown promising results. 

In addition to the use of monoclonal antibodies and soluble receptors, the use of 

polyclonal antibody preparations has been shown to regulate autoimmune T1D. The use 
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of anti-thymocyte globulin (ATG) to deplete lymphocytes in vivo is well established and 

has been used in transplantation research for over 40 years (87).  

Anti-thymocyte globulin induces a rapid and profound lymphocytopenia classically 

attributed to several mechanisms such as complement-dependent cytolysis, cell-mediated 

antibody-dependent cytolysis, as well as opsonization and subsequent phagocytosis by 

macrophages (88). It has also been suggested that ATG recognizes and cross-links 

multiple cell surface receptors and co-stimulatory molecules on T lymphocytes leading to 

weakened activation and anergy (89). Since the demonstration of efficacy for ATG, many 

applications have been investigated and applied to medical use including renal 

transplantation (90), graft versus host disease (91), and aplastic anemia (92). Rabbit ATG 

(rATG) used for experiments in mice is prepared by immunizing rabbits with pooled 

lymph node cells prepared from NOD, C3H/He, DBA/2, and C57BL/6 mice (93). More 

recently, the use of ATG (or like agents) has been investigated in the prevention and 

treatment of T1D in the NOD mouse (53, 94). Makino et al. (95) showed that the anti-

lymphocyte serum (ALS) could be used in NOD mice. The incidence of T1D was greatly 

reduced in female mice following intravenous injection of ALS compared to control 

mice.  

However, little is known about the physiological functions of ATG and the specific 

target molecules the antibodies recognize. Several studies have been conducted which 

show that ATG affects a wide range of immune cell types, producing antibodies against 

many different cell surface molecules (96). The ability of ATG to down modulate T 

lymphocyte responses is a key role in effectiveness as an immunomodulatory therapy. 

Experiments by Michallet et al. (96) showed that ATG contains functional antibodies to 
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CD11a/CD18 (leukocyte function-associated antigen-1 [LFA-1]) which down-modulates 

cell surface expression of this β2 integrin on lymphocytes, monocytes, and neutrophils. 

Additional studies shown that ATG contains antibodies specific to CD49d/CD29 (VLA-

4), α4β7 integrin, CD50, CD54, and CD102; but not to CD62L. Anti-thymocyte globulin 

also binds to CXCR4 and CCR7 on lymphocytes, and CXCR4, as well as CCR5 on 

monocytes. This binding has been shown to down-modulate cell surface expression of 

CCR7 and decrease the monocyte chemotactic response to CCL5 (RANTES) and 

lymphocyte chemotactic response to CCL19 (MIP-3β), greatly reducing the ability of 

lymphocytes to traffic in vivo.  

In addition to affecting T lymphocytes, ATG has been shown to induce apoptosis in 

B lymphocytes and plasma cells. Binding of ATG was observed against numerous B 

lymphocyte surface proteins including CD30, CD38, CD95, CD80, and HLA-DR (97).  

Anti-thymocyte globulin is also able to bind and interfere in DC function. ATG 

bound to DC at least in part by recognizing CD1a, MHC I, MHC II, CD11a, CD86, 

CD32, CD11b, CD29, and CD51/61 (126). This binding was more relevant in mature 

DCs, and initiated induced complement-mediated lysis. In mixed lymphocytes reaction 

(MLR) assays, ATG was able to significantly inhibit T lymphocyte proliferation by 

binding on them but not on DCs, implying ATG affects DC activation but not 

proliferation (126).  

The ability for ATG to interfere in the activation, trafficking, and proliferation of T 

lymphocytes, as well as the ability to block B lymphocyte and DC function make it an 

effective method for inhibiting the development of autoreactive immune responses. 
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Gene Therapy 

Gene therapy offers the opportunity to deliver immunomodulatory proteins via a 

single dose whose transgene provides life long expression of therapeutic protein. There 

are many different methods to deliver transgenes, including both viral and non-viral 

methods. Each method has advantages and disadvantages. The following section will 

discuss one such vector, the recombinant adeno associated virus (rAAV).  

Recombinant Adeno-Associated Viral Vectors 

Adeno-associated virus (AAV) is a member of the dependovirus genus of the 

Parvoviridae family of small DNA animal viruses. As a dependovirus, AAV requires 

helper virus such as adenovirus, herpes virus or vaccina for a productive viral lytic 

infection (98). In the absence of a helper virus, AAV establishes a latent infection 

preferentially integrating into human chromosome 19 at a specific location called the 

AAVS1 site (99). The long-term latent phase has made AAV an appealing vehicle by 

which to deliver recombinant gene products in vivo. Other critical characteristics of AAV 

contribute to its appeal as a gene therapy vector. It was demonstrated that AAV infection 

in humans results in the absence of any pathological consequences and no evidence of 

disease has been attributed to it. AAV can infect both dividing and quiescent cells and it 

has a broad host and tissue tropism (100). While the cloning size is limited to 

approximately 4.7 kilobases, this vector is ideally suited for delivery of small transgenes 

such as cytokines (101). 

Basic Biology of AAV 

The AAV genome consists of 2, 145 base pair inverted terminal repeats (ITR), and 

2 overlapping reading frames that encode Rep and Cap proteins. Rep transcripts are 

produced from the p5 and the p19 promoters. These encode for Rep 78 and 52 proteins. 
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Alternative splicing of both transcripts allows for the translation of smaller Rep proteins, 

Rep 68 and 40. Rep 78 and 68 complete DNA excision and replication functions that are 

necessary for the lytic phase of the viral life cycle. Two alternatively spliced transcripts 

are transcribed from the p40 promoter. They encode the three viral capsid proteins (VP1, 

VP2, and VP3). The proteins VP2 and VP3 are translated from the same transcript using 

different initiation sites (98, 102). These proteins are provided in trans when rAAV 

vectors are produced. 

 

Figure 1-1.  Recombinant AAV genomic structure.  A) Genomic structure of wild type 
AAV. B) rAAV vector with rep and cap genes removed and replaced with 
transgene. 

Recombinant AAV Serotypes 

As the field of AAV gene therapy has advanced, so too has the number of different 

serotypes and favored tissue tropisms. As of October 2004, 8 distinct AAV serotypes 

have been isolated from primates, with 7 being distinct serotypes based on antibody 

cross-reactivity studies (103, 104). Pseudotyping has become the standard approach to 

generating alternative rAAV serotypes using the gene expression cassette with rAAV 

serotype 2 (rAAV2) ITRs in the capsid of the alternative serotype. Pseudotyping is a 
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favorable approach to creating rAAV, as there is more experience and information 

concerning the safety, chromosomal integration efficiency, and specificity with rAAV2 

ITRs in animal models and humans (105). Many studies have proven the efficaciousness 

of psudotyped vector expression. Studies have been performed to compare transgene 

expression levels in specific tissues from different serotypes cross-packaged with AAV2 

ITRs. For example, serotype1 has been shown to be far more efficient at muscle 

transduction than serotype 2 (106). Equally important is that is was observed that 

transgene expression from an rAAV1 vector was seen 1 week post injection, 3 weeks 

earlier and at levels two logs higher than rAAV2 (107, 108).  

Muscle-Directed Gene Therapy 

The advantage of muscle directed transduction for secreted proteins over targeting 

other organs is that that skeletal muscle is highly vascularized and efficient at protein 

production and secretion (109, 110). However, several studies demonstrated formation of 

antibodies to the transgene after intramuscular factor 9 (FIX) rAAV delivery (111, 112, 

113). The risk for such immune responses depends on the route of vector administration, 

vector dose and serotype (114). In experiments, studying FIX, mice showed either 

complete absence or only a transient (in the first two months after vector administration) 

anti-FIX formation following rAAV1 gene transfer at high doses to skeletal muscle (111, 

115). Because of the increased expression levels of rAAV1, the total number of vector 

genomes necessary to obtain a therapeutic effect on the order of two to three logs lower 

then rAAV2 (111, 116). This decreased dosage results in a decrease anti-AAV capsid 

antibody titer (117). 
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Summary 

The potential of immunotherapy for prevention and treatment of autoimmune 

disease can provide a powerful tool for people suffering from such disorders. Clinical 

evaluation of a number of treatments is underway. However, the complexities of immune 

responsiveness in autoimmune disease are multifaceted and temporally complex. To 

understand the potential of such therapies, we focused on two specific aspects of immune 

response in autoimmune T1D; cytokine mediated activation and lymphocyte mediated 

destruction. One of the proposed methods, cytokine mediated immunomodulation, uses a 

gene therapy based approach: rAAV-mediated delivery of soluble IL-1 receptor IgG 

fusion protein and anti-IFNγ antibody to the muscle. Both are designed to achieve 

systemic reduction of proinflammatory cytokines. The second method utilizes polyclonal 

ATG. We investigated the potential for and consequences, both forms of treatment in an 

in vivo NOD model of inflammatory and autoimmune disease. These findings provide us 

with both a new appreciation for the potential of cytokine and T lymphocyte modulation 

by protein and gene therapy methods to regulate immune responses and may, in the 

future, lead to treatments for autoimmune T1D. 
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CHAPTER 2 
GENERAL METHODS  

Many methods were used in the experiments presented in this dissertation. In this 

chapter, general procedures are described in significant detail to enable researchers to use 

the experiments presented. Any modifications to these procedures are explained in the 

ensuing chapters. In addition, molecular cloning methods are included in Chapter 4. 

Western Blot Analysis of Protein Expression 

Protein to be run on for Western Blot was denatured at 100°C for 5 minutes. Then 

100 nanograms (ng) of protein was loaded onto a precast 10% Tris/Glycine 

polyacrylamide gel (Invitrogen; Carlsbad, CA) along with a broad range protein marker 

The gel was run in an electrophoresis apparatus (BioRad; Hercules, CA) for 2 hours at 

110 volts in 1X SDS running buffer (1.5 M TrisHCl / 0.4% Sodium Dodecyl Sulfate 

(SDS), pH 8.8). The gel was then transferred onto a nitrocellulose membrane and placed 

in between two pieces of filter paper and 4 sponges. It was then placed a transfer box and 

placed back into the electrophoresis apparatus. The transfer was run at 25 volts for 1.5 

hours in transfer buffer (200 mL methanol, 1.45 g Tris, 7.2 g Glycine, H20 to 1 liter). The 

nitrocellulose paper was removed and washed with blocking solution (1x phosphate 

buffered saline (PBS), 0.1% Tween20, 5% nonfat dry milk) on a shaker at 75 revolutions 

per minute (rpm) overnight at 4°C. The next morning the buffer was poured off and the 

membrane was washed 3 times with PBS/Tween20 for 10 minutes on a plate shaker at 

room temperature. After the final wash, the primary antibody, diluted in 10 mL of 

blocking buffer, was applied to the membrane. After one hour incubation, the membrane 
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was washed 3 times again with PBS/Tween20. After the third wash, 1 µL of secondary 

horse radish peroxidase (HRP) antibody diluted in 10 mL of blocking buffer was applied 

to the membrane at incubated at room temperature on a shaker for 30 minutes. The 

secondary antibody was then poured off and washed 3 times with PBS/Tween20. The 

membrane was then placed on a piece of saran wrap and blotted dry with filter paper. The 

ECL® developing solution (Amersham; Uppsala, Sweden) was applied (2 mL solution A 

and 50 µL solution B) and incubated in the dark at room temperature for 5 minutes. The 

membrane was then blotted with another piece of filter paper to dry and the membrane 

was wrapped in saran wrap. The membrane was then brought to the dark room and 

developed using x-ray film. 

Large-Scale Preparation of Plasmid DNA for Packaging into rAAV Vectors 

A loopfull of bacterial glycerol stock containing plasmid DNA was inoculated into 

a 1 liter flask containing Luria-Bertani (LB) broth with 100 µg/mL (amp)icillian and 

incubated in 37°C shaking at 200 rpm incubator overnight. The next morning the cells 

were pelleted cells at 4000 (4K) rpm, 4°C for 30 minutes. The broth was poured off and 

the cells were resuspended in 10 mL of lysozyme buffer (25 mM Tris/Cl pH 7.5, 10 mM 

ethylenediamine-tetra-acetic acid (EDTA), 15% sucrose). After transferring the 

suspension to a new bottle, the original bottle was washed out with an additional 10 mL 

of lysozyme buffer and transferred to the new bottle for a total combined volume of 20 

mL. Next, 4 mL of lysozyme (12 mg/mL in lysozyme buffer) was added and incubated 

on ice for 5 minutes. Then, 48 mL of 0.2 N NaOH-1% SDS was added and mixed with a 

pipette. After a 10 minute incubation on ice, 36 mL of 3 M Na-acetate buffer, pH 4.8 was 

added followed by 0.2 mL of chloroform and mixed again with a pipette. The tube was 
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incubated on ice for 20 minutes and then centrifuged at 9K rpm, 4°C for 20 minutes. The 

supernatant was then transferred to a fresh bottle by straining (using gauze) and 33 mL of 

40% polyethylene glycol was added. After 10 minutes of incubation on ice, the tubes 

were centrifuged at 9K rpm at 4°C for 10 minutes. The supernatant was discarded and the 

pellet was dissolved in 10 mL of H20 followed by 10 mL of 5.5 M LiCl. After incubation 

on ice for 10 minutes, the tubes were again centrifuged at 9K rpm, at 4°C for 10 minutes. 

The supernatant was then transferred in equal amounts into two 50 mL conical tubes and 

6 mL of isopropanol was added to each tube. After a 10 minute incubation at room 

temperature, the tubes were centrifuged at 4K rpm at room temperature for 20 minutes. 

The supernatant was discarded and the tubes allowed to air dry. The pellet was the 

dissolved into 3.7 mL of TE (10 mM Tris/0.1 mM EDTA buffer, pH 7.4) buffer. For each 

conical tube, 4.2 g of CsCl and 0.24 mL of ethidium bromide (10 mg/mL) was added and 

mixed to dissolve the CsCl. The solution was then transferred the into a 4.9 mL 

OptiSeal® centrifuge tube (Beckman; Fullerton, Ca). The tube was topped off with TE 

buffer to make sure there were no air bubbles. The tubes were placed in a NVT90 rotor 

and placed into a Beckman ultracentrifuge. The tubes were then centrifuged at 55K rpm 

for 18 hours.  

The next day, the lower plasmid band was removed with a needle and an 18 gauge 

syringe and placed into a 15 mL conical tube. An equal volume of isoamyl alcohol was 

added to the tube and vortexed to mix. After a 5 minute centrifugation at 4K rpm, the 

organic phase was discarded. This was repeated until the solution contained no pink 

coloration (approximately 4 extractions). The bottom layer was then transferred into a 50 

mL conical tube, and 2.5 volume of H2O was added followed by 2 of the combined 
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volumes with 100% ethanol (EtOH). The tube was then mixed by swirling and incubated 

on ice for 30 minutes. Next, the plasmid DNA was centrifuged at 10K rpm for 15 minutes 

at 4°C. The supernatant was discarded and the pellet was resuspended in 1 mL TE buffer. 

To the tube containing the dissolved DNA, 500 µL of phenol-chloroform was added, 

vortexed, and centrifuged for 5 minutes at 4K rpm. The top aqueous layer was transferred 

to a new tube. This was repeated once more with phenol-chloroform and then once with 

only chloroform. After the final extraction, 1/10 the solution volume of 3 M Na-acetate 

and two times the solution of 100% EtOH was added to the tube and mixed gently. The 

precipitated DNA was then pelleted for 5 minutes at 2K rpm. The supernatant was 

discarded and the pellet was washed with 75% EtOH. After pelleting the DNA for an 

addition 5 minutes at 2K rpm, the supernatant was removed and the DNA was air dried 

for approximately 10 minutes. The pellet was then dissolved in 1 mL of TE buffer and 

the DNA concentration was calculated using a spectrophotometer. 

Packaging of rAAV Serotype 1 Virus  

Briefly, a cell factory (Nalge Nunc International; Rochester, NY) of 80% confluent 

HEK 293 cells was cotransfected with the rAAV vector plasmid and the helper plasmid 

pXYZ1 using CaPO4 transfection. Forty-eight hours later the cells were harvested and 

lysed by resuspending the cells in lysis buffer (20 mM Tris, 150 mM NaCl, pH 8), 

freezing and thawing 3 times, followed by Benzonase digestion (25 Units/mL). 

Following digestion, the lysate centrifuged at 3,500 times (g)ravity for 20 minutes and 

the supernatant loaded onto the iodixanol step gradient (105). Following Optiprep® 

iodixanol (Optiprep® Co; Oslo, Norway) gradient centrifugation, the vector-containing 

fraction was collected by side puncture of the centrifugation tube and diluted 1:1 using a 
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low salt (20 mM Tris, 15 mM NaCl, pH 8.5) buffer. The diluted iodixanol fractions were 

loaded onto a 5 mL HighTrap Q HP® column (Amersham) at a flow rate of 5 

mL/minute.  The column was washed at a flow rate of 5 mL/minute with 50 mL of low 

salt buffer. The virus was then eluted at a flow rate of 5 mL/minute from the column 

using the elution buffer (20 mM Tris and 350 mM NaCl, pH 8.5) and collecting the peak. 

Buffer exchange and concentration of the final stock was accomplished using a 

Centrifugal Spin Concentrator, Apollo® 20 mL High-Performance (Orbital Biosciences; 

Topsfield, MA). Discontinuous diafiltration was performed three times and resulted in a 

final formulation of the vector in lactated Ringer's solution. 

Splenocyte Purification 

Mice were sacrificed by CO2 affixation followed by cervical dislocation. The body 

was then cleaned with ethanol (EtOH) and the spleen removed with sterile instruments. 

The spleen was placed on a nylon membrane, attached to a 50 mL conical tube and a 3 

mL syringe filled with Hanks buffered saline solution (HBSS) was used to break the 

splenic membrane and dislodge the cells. In addition to this, the cells were further 

dislodged by massaging the spleen with the plunger of the syringe. The membrane was 

rinsed with 5 mL HBSS by pipetting to push the remaining cells through the membrane. 

The 50 mL conical tubes were filled up to 35 mL volume with HBSS and centrifuged at 

500 g for 10 minutes at 4°C. The HBSS was poured off and the cells were resuspended 

by tapping the side of the tube. To lyse red blood cells, the cells were resuspended in 2 

mL 1x ammonium chloride (StemCell Technologies). After a 5 minute incubation on ice, 

28 mL HBSS was added to the conical tube and centrifuged again for 10 minutes at 500 g 

at 4°C. The HBSS was poured off and the cells were again resuspended by tapping the 

bottom of the conical tube. A second wash with 30 mL HBSS was performed and the 
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cells were resuspended in 5 mL RPMI 1640 media supplemented with 10% FBS, 200 

mM L-glutamine, 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid  (HEPES), 

100 units/mL Penicillin / 100 µg/mL Streptomycin (P/S) 1 µL β-mercaptoethanol (BME). 

The cells were then counted using a hematocytometer. Briefly, 10 µL of resuspended 

cells were diluted into 90 µL 0.4% (w/v) Trypan Blue dye. Ten microliters of the 

resuspended cells were then placed on the hematocytometer and the cells on the center 

were counted. The number counted equaled the number multiplied by 105 (e.g., 162 cells 

would be 162x105 or 16.2 million cells per mL). 

Immune Profiling by Flow Cytometry  

For each sample, 1x106 cells were aliqoted into 5 mL Falcon® tubes (Becton 

Dickinson Inc; Palo Alt, Ca) per test. In addition, 1x106 cells were added for each test’s 

isotype control. For calibration purposes, one tube for each individual florescent-tagged 

antibody used, and one tube of cells with no antibodies was prepared containing 1x106 

cells. The cells were then centrifuged at 500 g for 10 minutes at 4°C. The media was 

aspirated out and the cells were resuspended in 1 mL of flow cytometry staining buffer. 

(1x PBS, 0.1M bovine serum albumin (BSA), and 0.09 M Na Azide) followed by lightly 

vortexing the tube. The cells were centrifuged again and resuspended in 100 µL flow 

buffer. To each tube, 10 µL of normal rat serum was added and the tubes were incubated 

for 15 minutes at 4°C in the dark. The fluorescently labeled antibody mixtures were then 

added to the appropriate tubes. The cells were then vortexed lightly and incubated with 

the antibodies at 4°C for 30 minutes in the dark. After 30 minutes, 2 mL of flow buffer 

was added to each tube and then centrifuged for 10 minutes at 500 g. The buffer was 

removed and the cells were washed once more with an additional 2 mL flow buffer. The 
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cells were then resuspended in 400 µL of flow buffer and made ready for reading on the 

flow cytometer. 

Flow cytometric analysis of prepared cells was carried out using the FACScan® 

Flow Cytometer (Becton Dickinson Inc). First, unlabeled cells were placed into the 

cytometer and the forward scatter/side scatter setting was made. This was followed by the 

fluorescein isothiocyanate (channel-1), phycoerythrin (channel-2), peridinin chlorophyll-

a protein (channel 3), and allophycocyanin (channel-4) markers. Alternatively, ten 

minutes before the cells were read by the flow cytometer, 5 µL of 7-amino-actinomycin 

D (7-AAD) was added to measure the number of dead cells in for each sample. The 7-

AAD was then added to a tube of unlabeled cells and calibrated in channel 3. Once the 

calibration settings were established, the settings were stored, and 50-100,000 cells were 

counted from each sample. The files were saved to the computer and analyzed using FCS 

Express® Flow Cytometer analysis program. (De Novo Software; Thornhill, Canada). 

Intracellular Cytokine Staining Flow Cytometry 

For intracellular cytokine staining the protocol follows much as the extracellular 

protocol above. However, just before the final 400 µL resuspension in flow buffer, the 

cells were instead resuspended in 1 mL of cold eBioscience fixation and permeabilization 

buffer (eBioscience, San Diego, CA) for each sample. After a quick pulse vortex, the 

cells were incubated at 4°C overnight in the dark. The following morning the cells were 

washed once by adding flow buffer followed by centrifugation at 500 g for 10 minutes 

and then decanting the supernatant. The cells were then washed with 2 mL of 

eBioscience permeabilization buffer and centrifuged for 10 minutes at 500 g. The 

permeabilization buffer was removed and the wash repeated with another 2 mL of 

permeabilization buffer. The cells were then resuspended in 100 µL of flow buffer 
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containing 2% normal rat serum for 15 minutes. After 15 minutes, intracellular antibody 

was added and the tubes were diluted in 100 µL of permeabilization buffer and incubated 

at 4°C for 30 minutes in the dark. The cells were then washed with 2 mL of 

permeabilization buffer and centrifuged for 10 minutes at 500 g. The supernatant was 

decanted and the cells were washed with an additional 2 mL of permeabilization buffer. 

Finally, the cells were resuspended in 400 µL of flow buffer and analyzed on the flow 

cytometer. 

CD4+CD25+ T Lymphocytes Suppression Assay 

Once the CD4+CD25+ regulatory T (Treg) lymphocytes were purified using a 

MACS® (Miltenyi Biotec Inc; Auburn, CA) magnetic bead purification system, they 

were applied to a 96 well tissue culture dish at varying ratios to effector CD4+CD25- T 

(Teff) lymphocytes. To the peripheral wells of the plate, 200 µL of RPMI 1640 media 

was added to reduce evaporation. In six replicates, 1x105 total cells were added for each 

of the in the following (Treg:Teff) ratios: 2:1, 1:0, 1:1, 0.5:1, 0.25:1, and  0:1. To each 

well, 5 µg of anti-CD3 antibody and 2.5 µg of anti-CD28 antibody were added diluted to 

20 µL with RPMI 1640 media. In addition to the combinations of Treg and Teff 

lymphocytes, 5x104 accessory cells irradiated with 3300 rads were added to each well. In 

other wells, accessory cells were plated alone with and without 5 µg of anti-CD3 

antibody/ 2.5 µg of anti-CD28 antibody in six replicates. The cells were then incubated at 

37°C, 5% CO2, 95% humidity for 5 days. After 5 days, 20 µL of media from each sample 

was taken for cytokine ELISA and frozen at -20°C. To each well, 0.5 µCi H3 thymidine 

was added diluted to 20 µL in RPMI 1640. After 18 hours of incubation, the cells were 

lysed and the H3 incorporation measured with a 1450 Microbeta Trilux® β-scintillation 

counter (Wallace Inc.; Turku, Finland). Briefly, the cells were transferred to a filter 
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bottom 96 well dish and placed on a media suction plate. The media was sucked through 

and the cells were osmotically lysed by washing them four times with diH20. After the 

final wash the filter paper was allowed to air dry for 30 minutes, at which time 25 µL of 

scintillation fluid was added. After two hours the plate was read on the β-scintillation 

counter and the results were calculated on a spread sheet for analysis. 
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CHAPTER 3 
PREVENTION OF T1D BY USE OF ANTI-THYMOCYTE GLOBULIN 

Methods 

ATG Administration 

For in vivo experiments, 3 week old non-obese diabetic (NOD)/Lt mice were 

ordered from Jackson Labs Inc. (Bar Harbor, MA). All the mice were housed in the 

special pathogen free Pathology Animal Core facility and followed Institutional Animal 

Care and Use Committee (IACUC) and Animal Care Services (ACS) protocols. Upon 

arrival, the mice were tagged with a subcutaneous FriendChipTM (AVID) so that each 

mouse could be tracked with a 9 digit code via a scanner. This was carried out under 

isoflorane® (Abbott Labs, North Chicago, IL) inhalant anesthetic utilizing the 

commercial vaporizer at a dose of 2 to 3% based on manufacturers specifications. 

At 4 weeks of age, 12 mice were injected intraperitoneally with 500 µg of ATG 

(Genzyme Corp; Farmingham, MA) diluted into 200 µL of saline. After 72 hours, a 

second dose of 500 µg was delivered as before. In parallel to the ATG injections, 12 mice 

were also injected with two occasions of 500 µg rabbit IgG, (Jackson Immuno; Milpitas, 

CA) which served as the negative control for all experiments.  

This injection scheme was repeated with 3 other experimental groups, 12 mice at  8 

weeks of age, 12 mice at 12 weeks of age, and 12 mice at the time of T1D onset as 

determined by two consecutive blood glucose readings over 240 mg/dL over  2 

consecutive days. Nine mice from each group were followed until onset of T1D for the 

mice injected with rATG or rIgG at 4, 8, and 12 weeks of age. Progression of T1D was 
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also followed for mice injected at the time of onset. In addition to these mice, 3 BALB/c 

mice were immunized with ATG for strain comparison purposes, and 12 more NOD mice 

were immunized with rIgG or ATG for immunoprofiling at day 7 and day 14 post 

therapeutic administration. 

Blood Glucose Analysis 

The mice administered ATG or rIgG were bled by tail perforation for blood glucose 

levels once a week. After two consecutive blood glucose readings above 240 mg/dL over 

two days the mouse was classified as diabetic and euthanized. This was accomplished by 

means a carbon dioxide chamber followed by cervical displacement and dissection of 

organs. Mice injected at onset of T1D were monitored for progress/reversion of their 

diabetes. These mice were also evaluated for blood glucose levels. At the time of 4 

consecutive weekly readings of blood glucose levels higher than 250 mg/dL, the mouse 

was euthanized as before and the organs were harvested for histopathological evaluation. 

Immunohistochemistry 

The organs (heart, lungs, liver, pancreas, kidney, intestine, skeletal muscle, gonad, 

and spleen) from euthanized mice were harvested for immunohistological analysis. They 

were placed into cassettes, then in 10% formalin, and sent to the UF Pathology Core 

facility. H&E staining was carried out on all organs for general pathology. Insulitis 

scoring was carried out on H&E stained pancreas. The spleen and pancreatic lymph 

nodes from the 3 mice were pooled for flow cytometry analysis. The pancreas and spleen 

were stained for B220 and CD3 for analysis of lymphocytes profile in these organs. This 

was done according to established protocols and carried out under sterile conditions 

whenever possible. 
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Total Lymphocyte Counting 

In addition to monitoring blood glucose, these mice were bled via tail prick with a 

#11 scalpel at the following times; day 0, 1, 7, 14, 30 post-injection. Ten microliters of 

blood was collected via capillary tube and placed into an EDTA tube (Amersham) for 

lymphocyte counts, which were than read on a MASCOT Hemavet 850 CBC Analyzer 

(Drew Scientific; San Diego CA).  

Serum Cytokine Analysis 

 In addition to the 10 µL of blood taken for lymphocyte counting at all time 

points, 50 µL blood was taken via capillary tubes and placed into a serum separation 

tubes. The blood was then centrifuged for ten minutes at 5500 g and the serum placed 

into a 1.5 mL microcentrifuge tube and then frozen at -80°C for cytokine analysis. The 

Luminex® 10-plex cytokine system determined serum cytokine concentration for 

interleuin-1 beta (IL-β), IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, granulocyte-macrophage-

colony stimulating factor (GM-CSF), tumor necrosis factor alpha (TNFα), and interferon 

gamma (IFNγ). 

Glucose Tolerance Testing 

Thirty days after the first injection, 3 mice underwent intraperitoneal glucose 

tolerance testing on the day before euthanasia was performed. It was performed on 

conscious mice that had been fasted for 5 hours, by removal to clean cage without food at 

the end of their dark (feeding) cycle. Following fasting, glucose levels were obtained 

from blood from a small tail incision. Glucose (1 mg/gm body wt) was injected 

intraperitoneally in saline diluted to 200 µL volume. Blood glucose values were obtained 

at 0, 5, 15, 30, 60, and 120 minutes after glucose administration using an OneTouch 

Ultra® (LifeScan) meter.  
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Purification of Immune Cells from Spleen and Pancreatic Lymph Nodes 

At the time of necropsy, the spleen and pancreatic lymph nodes were placed in 

solution of Hanks buffered saline solution (HBSS) and placed on ice. Single cell 

suspensions of these organs were then prepared as described in chapter 2. The isolation of 

the pancreatic lymph node cells followed a similar protocol to the isolation of the 

splenocytes with the exception of the ammonium chloride step. 

Splenocyte Stimulation Assay. 

For each mouse, a 96 well plate was prepared with 100 µL of RPMI 1640 

supplemented with 10% FBS, 200 mM L-glutamine, 25 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid  (HEPES), 100 units/mL penicillin/ 100 µg/mL 

streptomycin (P/S) 1 µL β-mercaptoethanol (BME). In six wells, 0.2 µg lipopolysaccaride 

(LPS) was diluted into the media. Into another 6 wells, 1 µg/mL of anti-CD3antibody and 

1 µg/mL of anti-mouse CD28 antibody were added to the RPMI 1640 media. The outside 

wells of the 96 well plate, 200 µL of media served to minimize evaporation on the plate. 

To each well, with either 1 µg/mL LPS or 1 µg/mL anti-CD28/anti-CD3 antibody, 1x105 

splenocytes were added diluted into 100 µL RPMI 1640 media. To an additional 6 wells, 

splenocytes were added without any stimulant. These wells served as the experimental 

negative control. The cells were then incubated for 72 hours at 37°C, 5% CO2 at 95% 

humidity. After 72 hours incubation, 20 µL of media was taken and frozen for future 

cytokine analysis using the Luminex 100 system and the final concentrations wre 

calculated by this method. Then to each well, 0.5 µCi of H3 thymidine diluted into 20 µL 

RPMI 1640 and was added to the cells. After 16 hours, the cells are then harvested and 

counted in a ß-scintillation counter as described previously. 
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CD4+CD25+ T Lymphocyte Suppression Assay 

Splenocytes from each mouse were plated into a 96 well plates and six replicates 

from each mouse underwent a CD4+CD25+suppression assay as described in chapter 2. 

Media samples from the assay at the day 5 time point were analyzed by the Multi-

Cytokine ELISA using Lumine100TM System. 

Flow Cytometry Analysis of Splenocytes and Pancreatic Lymph Node Cells. 

Lymphocytes isolated from spleen and pancreatic lymph nodes were stained for 

flow cytometric analysis. For each mouse, 1x106 cells per test, with the following 

fluorescein isothiocyanate (FITC), phycoerythrin (PE), and allophycocyanin (APC) 

florescent antibodies along with 7-amino-actinomycin D (7-AAD) (BD Pharminigen), 

and the appropriate isotype controls were prepared. To each test 50,000 cells were read 

on the flow cytometer. In addition to the experimental tubes,  control tubes were prepared 

for the individual antibodies: 

anti-CD3-FITC, anti-CD8-PE, 7-AAD, and anti-CD4APC 
anti-CD3-FITC, anti-CD28-PE, 7-AAD, and anti-CD4-APC 
anti-CD3-FITC, anti-CD28-PE, 7-AAD, and anti-CD8-APC 
anti-CD3-FITC, anti-CD25-PE, 7-AAD, and anti-CD4-APC 
anti-CD3-FITC, anti-CD25-PE, 7-AAD, and anti-CD8-APC 
anti-CD3-FITC, anti-CD154-PE, 7-AAD, and anti-CD4-APC 
anti-CD3-FITC, anti-CD154-PE, 7-AAD, and anti-CD8-APC 
anti-CD3-FITC, anti-CCR5-PE , 7-AAD, and anti-CD4-APC 
anti-CD3-FITC, anti-CCR5-PE, 7-AAD, and anti-CD8-APC 
 

The results from the individual tests were then analyzed using the flow cytometry 

analysis program FCS Express software (De Novo Software).  The isotype controls and 

the dead cells were subtracted out to calculate the values for each experimental condition 

tested. The samples were then run on the flow cytometry machine and the results were 

then analyzed with a computer program that allowed for the results to be plotted into a 

graphical program.  
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Adoptive Transfers 

For adoptive transfer experiments, 3 week old non-obese diabetic Rag knock-out 

(NOD-Rag (-,-)) mice (Jackson Labs) were ordered and housed in the SPF Mouse 

Pathology facility, following IACUC and ASC protocols. Upon arrival the mice were 

tagged with a subcutaneous FriendChipTM (Avid) in which each mouse could be tracked 

with a 9 digit code via a scanner. This was carried out under isoflorane® (Abbot Labs) 

inhalant anesthetic as described previously. 

Splenocytes obtained from survivors of each treatment group at 30 weeks of age, 

were adoptively transferred via intravenous injection under isoflorane® anesthesia. Four 

NOD-Rag (-,-) mice, each had 20x106 splenocytes from T1D mice, adoptively 

transferred. These mice served negative controls. Five NOD-Rag (-,-) mice, each had 

20x106 splenocytes from rIgG treated mice, adoptively transferred. Seven NOD-Rag (-,-) 

mice, each had 20x106 splenocytes from ATG treated mice, adoptively transferred. Seven 

NOD-Rag (-,-) mice, each had 10x106 splenocytes from T1D mice and 10x106 

splenocytes from rIgG treated micex adoptively transferred. Seven NOD-Rag (-,-) mice 

each had 10x106 splenocytes from T1D mice and 10x106 splenocytes from ATG treated 

mice, adoptively transferred. 

All the mice were followed for onset of T1D by weekly blood glucose readings as 

described previously. At time of diabetes onset, the mice were euthanized and the 

pancreas was removed for histopathology. This was done by removing the organ and 

placing it in 10% formalin, followed by 75% ethanol. The organs were then sent to the 

UF Pathology Core facility where they were stained for immunopathology and 

immunohistochemistry. 
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Results 

Survival Curves of In Vivo Treated NOD mice 

The incidence of T1D through 30 weeks post-injection, in female NOD/LtJ mice 

treated at either 4, 8, or 12 weeks of age, with either ATG or control rIgG are shown in 

Figure 3-1. 

 

Figure 3-1.  Kaplan Meier curve for ATG treated mice.  A) Comparison of different 
experimental groups administered with ATG or rIgG at A) 4 weeks of age, B) 
8 weeks of age, or C) 12 weeks of age. 

There was not a significant difference between the negative control rIgG treated 

mice and the ATG treated mice. NOD mice treated at 12 weeks of age with ATG did 

show a significant decrease in the rate of disease onset (p<0.004) as compared to rIgG 

treated littermates. At 30 weeks of age, 89% of the ATG treated mice were remained 

euglycemic while only 22% of rIgG treated mice remained euglycemic. 
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Figure 3-2.  Total lymphocyte count.  A) Lymphocyte count for mice treated with either 
ATG or rIgG at 12 weeks of age.  B) Lymphocyte count for NOD and 
BALB/c mice treated with ATG at 12 weeks of age. 
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Total Lymphocyte Count 

Blood was taken at 0, 1, 3, 7, 14, and 30 days following administration of ATG or 

rIgG control from the different experimental age treatments, as well a control BALB/c 

mice. The total lymphocyte count calculated using a CBC machine. The average of the 

lymphocytes (see figure 3-2) were then calculated and graphed according to 

concentration at the different time points.  

Treatment with ATG caused a transient lymphocytopenia that, by day 14 post 

administration began to return to normal lymphocyte numbers. This pattern was seen in 

both NOD and BALB/c treated mice. The lymphocyte count of the rIgG treated mice was 

reduced; however, these mice never became lymphocytopenic. There was a significant 

decrease (p<0.04) of lymphocyte count in ATG treated mice (2950 to 520 

lymphocytes/µL) verse the rIgG control (3517 to 1357 lymphocytes/µL) mice. 

Total lymphocyte count for mice treated at 4 weeks of age and 8 weeks of age 

showed similar patterns as those treated at 12 weeks of age (data not shown). 

Flow Cytometry Analysis of CD3+ CD4+ and CD8+ T lymphocyte Populations 

Using flow cytometry, the specific CD3+ lymphocyte populations were calculated 

at day 7, 14, and 30 from 12 week old treated mice. For comparison, the pancreatic 

lymph nodes and the thymus were also taken and the lymphocytes were purified for flow 

cytometry analysis. Splenocytes from these mice were harvested and the cells were 

stained for with the appropriate antibodies for flow cytometry. Just before the cells were 

run on the flow cytometer, 7-AAD was added to account for and subtract out the dead 

cells for analysis. The cells were run on the flow cytometer and 50,000 cells were 

allowed to be read by the analysis program that then calculated the specific lymphocyte 

subtypes.   
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Figure 3-3.  Flow cytometric analysis of specific T lymphocyte populations after 
therapeutic administration.   Representative A) CD3, B) CD4, and C) CD8 
staining of mice treated with ATG or rIgG at 7 days post therapeutic 
administration. 

 
Figure 3-3 calculates the amount of different T lymphocyte sub populations with in 

the spleen at 7 days post ATG treatment. In addition to the ATG treatment, rIgG control 

is also displayed as well as an isotype control. These figures are gated on lymphocytes 

and 7-AAD to analyze only the living lymphocyte subpopulations. The data presented 

here demonstrates that there is a reduced amount of CD3, CD4, and CD8 T lymphocytes 

found in the spleen after treatment with ATG, but not rIgG up to 14 days post treatment. 

By 30 days post therapeutic administration, the levels of lymphocytes returned back to 

the same levels as the negative control treated mice. The same pattern was seen in all 

treatment groups. 
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Figure 3-4.  Average of flow cytometric analysis of specific T lymphocyte populations 
after therapeutic administration.   Average A) CD3, B) CD4, and C) CD8 
staining of mice treated with ATG or rIgG at 7, 14, and 30 days post 
therapeutic administration. 

Treatment of ATG caused a transient CD3+ T lymphocyte depletion (12.1% vs. 

53.7%; p<0.01), that by day 30 post administration, returned to normal numbers. This 

pattern was seen both CD4+ (8.5% vs. 38.4%; p<0.001) and CD8+ (2.6% vs.16.1%; 

p<0.001) T lymphocytes. The CD4:CD8 ratio of the ATG treated mice did not alter 

significantly (Data not shown) from rIgG control mice at all time points. Mice treated 

with rIgG had slightly reduced CD3+ T lymphocyte, yet there was not a significant 

decrease during the time points studied. This same pattern was seen in all treatment 

groups including mice treated at 4 and 8 weeks of age. 
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Flow Cytometry Analysis of CD11c+ CD11b+ and B220+ Populations 

Splenocytes from mice treated with ATG and rIgG at 12 weeks of age and 

euthanized 7 days later were stained for flow cytometric analysis. For each mouse, 1x106 

cells per test using fluorescently labeled antibody mixtures (BD Pharminigen) were 

prepared, according to the protocol is described in chapter 2, testing for anti-B220-FITC 

(RA3-6B2), anti-CD11b-PE (M1/70), 7-AAD, and anti-CD11c-APC (N418) along with 

the corresponding isotype controls. The results were then analyzed using the FCS 

Express® (De Novo) flow cytometry analysis program. 

 

Figure 3-5.  Flow cytometric staining for antigen presenting cells 7 days after therapeutic 
treatment.  Flow cytometric staining for A) CD11c+ dendritic cells, B) 
CD11b+ macrophages, and C) B220/CD45R+ B lymphocytes. 

Flow cytometry showed no statistical difference in the concentration CD11c+ 

dendritic cells, CD11b+ macrophages, or B220/CD45R+ B lymphocytes. This same patter 

was seen in all treatment groups including mice treated at 4 and 8 weeks of age and 

BALB/c treated mice. 
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Insulitis Scoring  

The organs from euthanized mice were harvested for immunohistological analysis. 

Organs were placed into cassettes, and stored in 10% formalin. The tissues were sent to 

the UF Pathology Core facility, where H&E staining was carried out on all organs for 

general pathology. In addition insulitis scoring was carried out on H&E stained pancreas. 

 

Figure 3-6.  Insulitis scoring of ATG treated mice.  The pancreas from euthanized mice 
harvested, placed into cassettes and stored in 10% formalin. Blinded insulitis 
scoring was carried out on H&E stained pancreas.  

No pathologies were recognized in any mice in histology from H&E stained organs. 

Insulitis scoring of the pancreas showed a reduced lymphocyte infiltrate in ATG treated 

mice over controls. This same pattern was seen in all treatment groups including mice 

treated at 4 and 8 weeks of age as well as BALB/c treated mice and mice treated at 12 

weeks of age and euthanized at day 7 and day 14 post therapeutic treatment with ATG or 

rIgG negative control.  
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Glucose Tolerance Testing 

Thirty days after the first injection, 3 mice underwent intraperitoneal glucose tolerance 

testing. Blood glucose values were obtained at 0, 5, 15, 30, 60, and 120 minutes after 

glucose administration. 

 

Figure 3-7.  Intraperitoneal glucose tolerance testing.  IPGTT of A) 4 week old mice,  B) 
8 week old mice, and C) 12 week old mice 30 days after therapeutic 
administration. 

Intraperitoneal glucose administration did not show a significant average difference 

in the 4 week or 8 week old treated mice, 30 days after therapeutic administration. Mice 

treated at 12 weeks of age and IP glucose tolerance tested at 30 days after therapeutic 

treatment did show a significance (p<0.05) average divergence between the ATG and 

rIgG control treated mice at the early time points measured from 5 to 15 minutes post 

glucose administration. While mice from both treatment groups had an average fasting 
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glucose levels of 135 mg/dL, upon glucose administration rIgG treated mice average 

glucose levels rose to 307 mg/dL while ATG treated mice glucose levels rose only to 244 

mg/dL. 

Splenocyte Stimulation Assay. 

For each mouse, 1x105 splenocytes were stimulated with anti-CD28/anti-CD3 

antibody. Following 3 days incubation, H3 thymidine was added for an addition 16 hours 

and then the H3 thymidine incorporation was read on a β-scintillation counter. 

 

Figure 3-8.  Splenocyte stimulation assay of ATG treated NOD mice.  Splenocytes from 
different experimental groups were stimulated with αCD3/αCD28 and H3 
thymidine incorporation was measured. A) Comparison of H3 thymidine 
incorporation of treated mice at 4, 8, and 12 weeks of age and splenocytes 
isolated 30 days following therapeutic administration. B) Comparison of H3 
thymidine incorporation of treated mice, 12 weeks of age with splenocytes 
isolated 7, 14, and 30 days following therapeutic administration. 

Therapeutic treatment with ATG significantly reduced average splenocyte 

proliferation as measure by H3 thymidine incorporation over rIgG control for the 8 and 12 

week old treated mice 30 post administration. There was not a significant reduction in 

proliferation of mice treated with ATG at 4 weeks of age verse the control. In addition, 
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12 week old ATG treated mice showed a significant reduction average reduction in H3 

thymidine incorporation in splenocytes isolated 7, 14, and 30 days following therapeutic 

treatment. 

Luminex for Cytokines In Vivo 

Serum sample from mice were taken at 0, 1, 3, 6, 12, 24, 72, 168, 336, and 720 

hours following therapeutic treatment with ATG or rIgG. A 21-plex Luminex® Cytokine 

System was run on the serum for cytokine profiling. 

.  

Figure 3-9.  Serum IL-2 concentration following therapeutic treatment of 12 week old 
NOD mice.  Serum samples from mice were taken at 0, 1, 3, 6, 12, 24, 72, 
168, 336, and 720 hours following therapeutic treatment with ATG or rIgG.  

Mice immunized with ATG had an early average increase in IL-2 concentration 

from baseline of less than 20 pg/mL up to 145 pg/mL by 12 hours. By day 3, the 

concentration of IL-2 returned back down to the negative control levels of expression that 

never varied at any experimental time point. Age matched NOD mice treated with rIgG 

never showed a significant increase in serum concentrations of IL-2 throughout the 

measured time points.  
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There was increased concentration of other cytokines as measured by the 21-plex 

Luminex® Cytokine System including the chemokines, MIP-1β, MCP-1, and KC (Data 

not shown). 

CD4+CD25+Suppression Assay 

Purified CD4+CD25+ T lymphocytes from different experimental groups 

administered with therapeutic antibody at 4, 8, and 12 weeks of age were mixed with 

varying ratios to effector CD4+CD25- T lymphocyte proliferative ability was measured 

by H3 thymidine incorporation in a β-scintillation machine. 

 

Figure 3-10.  Suppression assay 30 days post therapeutic administration.  A) Suppression 
assay for A) 4 week old treated mice, B) 8 week old treated mice, and for 12 
week old treated mice. 
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Mice treated with ATG at 4 weeks of age and sacrificed 30 days later showed a 

decreased, albeit not statistically significant ability to suppress effector T lymphocyte 

proliferation after stimulation with anti-CD3antibody/anti-CD28 antibody. Mice treated 

with ATG at 8 weeks of age showed a slight average increased ability to suppress 

stimulated effector T lymphocytes. Mice treated at 12 weeks of age showed a statistically 

significant decrease in average proliferation of effector CD4+ lymphocytes in the 

presence of regulatory T lymphocytes at a 2:1, 1:1, and ½:1 ratios. The greatest 

differences count be seen at 1:1 ratio, in which CD4+CD25+ T lymphocytes from mice 

treated with ATG could suppress lymphocyte average  proliferation by 80% (p<0.01) as 

compared to only 40% suppression with CD4+CD25+ T lymphocytes purified from mice 

treated with rIgG.  

Flow Cytometry Analysis of T lymphocyte Costimulatory Signal Molecules 

Lymphocytes isolated from spleen were stained for flow cytometric analysis. For 

each mouse, 1x106 cells per test using fluorescently labeled antibody mixtures were 

prepared, according to the protocol is described in chapter 2. 

 

Figure 3-11.  Example of gating scheme for flow cytometry analysis of CD25, CD28, 
CD154, and CCR5 on CD4+ and CD8+ T lymphocytes. 
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Using the same gating scheme for all experimental groups, the concentration of the 

different T lymphocytes populations were calculated. 

Table 3-1. Flow cytometric analysis of CD25, CD28, CD154, and CCR5 on CD4+ and 
CD8+ T lymphocytes. 

 

Flow cytometry analysis showed statistically increased average expression of 

CD4+CD25+ (16.85% vs. 8.30%; p<0.01), CD4+CD28+ (3.58% vs.1.12%; p<0.05), 

CD8+CD28+ (2.78% vs. 0.89%; p<0.01) at day 7 post therapeutic treatment. There was a 

statistically decreased average expression of CD4+CCR5+ (14.41% vs. 31.73%; p<0.01) 

and CD8+CCR5+ (12.89% vs. 23.33%; p<0.01) in mice treated with ATG when 

compared to rIgG control littermates. All other experimental groups showed no statistical 

difference in cell surface costimulatory molecules. 

There was an increased average expression 14 days post therapeutic treatment for 

CD25+ on CD4+ lymphocytes (11.05% vs. 8.26%; p<0.05) in ATG treated mice over 

rIgG controls. There was no significant difference of expression in all other experimental 

groups.  
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There was no significant difference of expression of any of the cell surface 

costimulatory molecules in ATG treated mice 30 days post treatment as compared to 

rIgG controls. 

Adoptive Transfers 

Splenocytes obtained from survivors of each treatment group at 30 weeks of age in 

protocol were transferred via intravenous injection into NOD-Rag (-,-) mice and followed 

for onset of diabetes as described previously. 

 

Figure 3-12.  Adoptive transfers experiments. Adoptive cotransfer of 10x106 splenocytes 
from 30 week old ATG or rIgG surviving mice with 10x106 splenocytes from 
T1D mice transfered into NOD (rag-/-) mice. B) Adoptive single transfer of 
20x106 splenocytes from 30 week old ATG or rIgG surviving mice transferred 
into NOD (rag-/-) mice.  

Adoptive transfer of splenocytes showed an increased survival in mice that were 

transferred with splenocytes from ATG treated groups. This same pattern was seen in 

both the single adoptive splenocyte transfer as well as the adoptive cotransfer 

experiments. 

Discussion 

In these studies, we showed that prevention of T1D in the NOD mouse using ATG, 

achieved complete remission in over 90% of treated mice. This treatment is age 

dependent, with suppression of T1D occurring only in mice treated at 12 weeks of age. 
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Evidence from these studies suggests that treatment with ATG at 4 weeks of age may 

accelerate diabetes. Mice treated with ATG at this age developed diabetes at faster rate 

than mice treated at 8 and 12 weeks. Indeed, even mice treated at onset of diabetes with 

only ATG experience a reversal of diabetes (Data not shown). In mice with extreme 

diabetes (blood glucose >400 mg/dL) this reversal was transient, and with in one month 

of treatment, these mice returned back to hyperglycemic. CD25+CD4+ regulatory T 

lymphocytes demonstrated a reduced capacity in four week old treated mice to suppress 

effector T lymphocytes in suppression assays. However, there was significant increase in 

12 week old treated mice Treg lymphocyte function in comparison to age matched rIgG 

control mice. This suggests that an effective ATG treatment is extremely age dependent 

and optimal treatment of T1D prevention may be linked to a developmental checkpoint in 

immune system’s maturation and progress to T1D.  

In contrast to treatment with depleting anti-T lymphocyte antibodies, where disease 

prevention depends on maintenance of T lymphocyte depletion, a short course of ATG is 

sufficient to establish long-term tolerance and confer permanent protection from T1D. 

The efficacy of ATG in preventing T1D in these studies is attributed to its direct action 

on T lymphocyte activation and proliferation. This coupled with a short term increase of 

a cytokine milieu, could allow for a weakened immune activation and the subsequent 

expansion of regulatory T lymphocytes. 

Flow cytometric analysis demonstrated a significantly reduced concentration of 

CD28 and CD154 on CD4+ T lymphocytes in the spleen, indicating a reduced effector 

capacity. The selective down-regulation of splenic and pancreatic lymph node T 
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lymphocyte CCR5 expression may be significant due to its association with Th1 immune 

responses.  

Adoptive transfer of splenocytes from ATG treated mice into NOD (rag-/-) mice 

conferred protective immunity against onset of T1D when cotransferred with splenocytes 

from diabetic mice suggesting a permanent alteration of lymphocytes rendering them 

anergic.  

Conclusions  

Our findings provide in vivo evidence for a role of ATG as a possible therapy in the 

prevention of T1D. The role of ATG in lymphocyte depletion resulted in a greatly 

reduced insulitis in NOD mice and prevention of T1D. The window by which the 

treatment allows for effective results is extremely small and effective treatment in a 

clinical setting may require more detail on the best time at which the therapy should be 

given. Promising work in the future may join therapies to widen the window at which 

treatment can be given. Possible combination therapies include adding rapamycin to the 

treatment or combining with immunomodulatory rAAV therapies. These promising 

findings allow for future work that may one day, lead to a therapy for T1D. 
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CHAPTER 4 
MOLECULAR CLONING OF RECOMBINANT AAV VECTORS 

Construction of rAAV Vectors Expressing Chimeric Mouse Anti-Mouse-Interferon 
Gamma IgG1 

The variable regions of the heavy chain (pUC18 AM7-Vh) and light chains 

(pUC18 AM-Vl) were graciously sent by Protein Design Labs (Fremont, Ca). These 

fragments were cloned using an anchored PCR method from a hybridoma cell line 

expressing a well characterized neutralizing anti-murine IFNγ antibody (118, 119). 

The constant domain of the of the heavy chain and light chain were cloned by 

reverse transcriptase polymerase chain reaction (RT-PCR) from a hybridoma cells 

expressing an mouse immunoglobulin G1 (IgG1) kappa against human alkaline 

phosphotase (UF ICBR Hybridoma Core). Hybridoma cells were grown in suspension in 

RPMI 1640 media supplemented with 10% FBS and incubated at 37°C, 5% CO2. After 

48 hours, 1x106 cells were pelleted by centrifugation at 500 g for 10 minutes. The 

supernatant was removed and the RNA purified using TRIZOL® reagent (Invitrogen 

Corp.) from lysed cells. 

First strand synthesis utilized SuperScript II® RT PCR Kit (Invitrogen Corp) in 

which to a nuclease-free microcentrifuge tube, the following components were added: 1 

µL Oligo(dioxythymidine (dT))12-18 (500 µg/mL), 5 µg total RNA, and 1 µL 

dioxyucleotide-triphospate (dNTP) mix (10 mM each). The tube was then placed on a 

heat block at 65°C for 5 minutes and then placed on ice. After a quick centrifugation to 

bring the contents to the bottom of the tube, the following contents were then added to 
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the mixture: 4 µL 5X First-Strand Buffer, 2 µL 0.1M DTT, and 1 µL RNaseOUT (40 

units/µL). The contents were then mixed gently and incubated at 42°C for 2 minutes. 

Next, 1 µL (200 units) of SuperScript II® RT was added and mixed by pipetting gently. 

The tube was then brought up to 20 µL total volume with diethylpyrocarbonate (DEPC) 

H2O and incubated at 42°C for 50 minutes. Following the RT reaction, the mixture was 

inactivated by heating at 70°C for 15 minutes.  

 Following RT-PCR, the cDNA underwent further amplification using primers 

designed specific to the constant domains of the heavy chain and the light chain 

respectively. The cDNA was amplified using Platinum PCR SuperMix® (Invitrogen 

Corp). To 2 nuclease free PCR tubes, 45 µL Platinum PCR SuperMix® was added 

containing 22 units/mL complexed recombinant Taq DNA polymerase with Platinum Taq 

antibody, 22 mM Tris-HCl (pH 8.4), 55 mM KCl, 1.6 mM MgCl2, 220 µM dNTP mix, 

and stabilizers.  

For the light chain (Cκ) PCR tube, 200 nM of the following primers were added, 

based on the NCBI Accession # V01569, along with 1 µg of RT-PCR product: 

forward: 5’ CGGGCTGATGCTGCACCAA 3’ 
reverse: 5’ CTAACACTCATTCCTGTTGAAGCTCT 3’ 
  

For the heavy chain (Fc) PCR tube, 200 nM of the following primers were added based 

on the NCBI Accession # M60429, along with 1 µg of RT-PCR product: 

forward: 5’ GCCAAAACGACACCCCCATCT 3’ 
reverse: 5’ TTATTTACACAGGGAGGGGTG 3’ 
 
Sterile diH2O was then added to both tubes to bring the total volume to 50 µL. The 

tubes was capped and placed into the RoboCycler Gradient 96® thermocycler 

(Stratagene, La Jolla, CA).  
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For the light chain the reaction, after a 3 minute 95°C denaturation step, 30 cycles 

at 94°C for 30 seconds, 55°C for 30 seconds, and 72°C for 1 minute was performed. A 

final extension at 72°C for 10 minutes finished the reaction. For the heavy chain reaction, 

after a 3 minute 95°C denaturation step, 30 cycles at 94°C for 30 seconds, 58°C for 30 

seconds, and 72°C for 1 minute was performed. A final extension at 72°C for 10 minutes 

finished the reaction. 

 The PCR products were then run a 1% agarose gel with a 1 kilobase pair (kb) 

ladder at 100 volts for 1.5 hours. The 324 base pair fragment for the Cκ and the 1070 bp 

fragment for the Fc were was then cut out with a sterile scalpel and placed into a 1.5 mL 

centrifuge tubes. The DNA was purified from the agarose gel using the QIAquick® Gel 

Extraction Kit (Qiagen; Hilden, Germany).  

The next step was to move the RT-PCR product into a sequencing vector. It was 

ligated into the pCR2.1-TOPO® vector (Invitrogen Corp.) using the following procedure. 

To a sterile microcentrifuge tube, 4 µL RT-PCR product, 1 µL of sterile H2O, and 1 µL of 

pCR2.1-TOPO® vector added. Then the cells were mixed gently, incubated for 5 minutes 

at room temperature, and then placed on ice. To transform the DNA into bacterial cells, 2 

µL of the ligation reaction was pippeted into a vial of One Shot Chemically Competent 

TOP10® E. coli and mixed by gentle tapping. After a 30 minute incubation on ice, the 

cells were heat-shocked for 30 seconds in a 42°C waterbath. The tube was then 

immediately transferred to ice. Then, 250 µL of room temperature Luria-Bertani (LB) 

broth was added to the cells and incubated in a 200 rpm shaker at 37°C. After one hour, 

50 µL of the transformation was spread on a prewarmed LB agar plate containing 50 

µg/mL (amp)icillin and 40 mg/mL 5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside 
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in dimethylformamide and incubated overnight at 37°C. The next day, 10 white colonies 

were picked from each construct using sterile toothpicks and placed into 15 mL conical 

tubes containing 3 mL LB Broth (100 µg/mL amp). The tubes were then placed in a 200 

rpm shaking 37°C incubator overnight. The next morning, the colonies were screened 

using a QIAprep® miniprep (Qiagen Corp). 

A restriction enzyme digest was then performed on the DNA to screen for clones 

that have the PCR product inserts. To a 1.5 mL tube, 1 µg plasmid DNA, 1 unit 

restriction enzyme EcoRI (New England Biolabs Inc; Beverly, Ma), and 2 µL 10x NEB 

Buffer 2 was added. Then, diH20 was added to a final volume of 20 µL and the tubes 

were incubated in a 37°C water bath. After 2 hours, DNA dye was added to the tubes and 

they were run on a 1.2% agarose gel for 2 hours. Clones with bands at 342/3890 base 

pairs (bp) for the Cκ plasmid and 1065/3890 bp for the Fc plasmid were considered 

positive and sent to the sequencing core facility (ICBR, University of Florida) which used 

an ABI Prism 377XL sequencing system (Applied Biosytems Inc; Foster City, CA). The 

clones with the correct sequence were stored as pCR2.1-TOPO-IgG1 Cκ and pCR2.1-

TOPO-IgG1 Fc respectively. 

New primers were then designed to allow for the fusion of the variable region to 

the constant domain of both the heavy and light chains to produce the complete 

recombinant chimeric monoclonal mouse anti-mouse interferon gamma antibody. A 

Kozac consensus sequence was included in the forward 5’ primer of the variable regions 

prior to the start signal. The 3’ reverse primer of the variable domain was designed to 

include a short 5’ sequence of the constant domain. The 5’ forward primer of the constant 

domain was design to include the complimentary 3’sequence of the variable domain. 
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Four nuclease free PCR tubes containing 45 µL Supermix® were prepared. To the first 

tube, 0.1 µg pUC18-ALC and 200 nM primers were added as follows:  

forward 5’ CCACCATGAGTGTGCCCACTCA 3’ 
reverse: 5’ GCAGCATCAGCCCGTTTGATTTCCAGCT 3’ 
 

To the second tube, 0.1 µg pCR2.1-TOPO-Cκ and 200 nM primers were added as 

follows:  

forward 5’ AGCTGGAAATCAAACGGGCTGATGCTGC 3’ 
reverse 5’ CTAACACTCATTCCTGTTGAAGCTCT 3’  
 

To the third tube, 0.1 µg pUC-VHC and 200 nM primers were added as follows:  
 
forward 5’ CCACCATGTTCTCTCCACAGTCCCT 3’ 
reverse 5’AAATAGCCCTTGACCAGGCATCCCAG 3’ 
 

To the fourth tube, 0.1 µg pCR2.1-TOPO-IgG1 Fc, and 200 nM primers were added as 

follows:  

forward 5’ CTGGGATGCCTGGTCAAGGGCTATTT 3’ 
reverse: 5’ GCGGCCGCTCATTTACCAGGAG 3’ 
 

All 4 constructs then had H20 added to bring the final volume up to 50 µL. They were 

then amplified in the thermocycler using the following conditions. 

 For the pUC18-VLC construct after a 5 minute denaturation step at 95°C, 30 

cycles of at 95°C for 1 minute, at 58°C for 1 minute, and 72°C for 2 minutes. A final 

extension at 72°C for 10 minutes was then was performed.  

For the pUC18-VHC construct, after a 5 minute denaturation step at 95°C, 30 

cycles of at 95°C for 1 minute, at 55°C for 1 minute, and 72°C for 2 minutes was 

performed. A final extension at 72°C for 10 minutes was then was performed.  
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For the pCR2.1-TOPO-Cκ construct, after a 5 minute denaturation step at 95°C, 30 

cycles of at 95°C for 1 minute, at 62°C for 1 minute, and 72°C for 2 minutes was 

performed. A final extension at 72°C for 10 minutes was then was performed.  

For the pCR2.1-TOPO-Fc, construct after a 5 minute denaturation step at 95°C, 30 

cycles of at 95°C for 1 minute, at 60°C for 1 minute, and 72°C for 2 minutes was 

performed. A final extension at 72°C for 10 minutes was then was performed.  

The products were run on a 1% agarose gel and the 496 bp VHC, 403 bp VLC, 944 

bp Fc, and 331bp Cκ PCR products were cut out of the agarose gel. After purifying the 

DNA using a Qiaquick® Gel extraction Kit, the fragments underwent a second 

amplification to fuse the two products together. First, to a nuclease PCR tube 45 µL 

Supermix®, 5 µL of each Cκ and VLC PCR product was added and H2O added to final 

volume of 50 µL. To a second nuclease PCR tube 45 µL Supermix®, 5 µL of each Fc and 

VHC PCR product was added and H2O was added to a final volume of 50 µL. In the 

thermocycler, 3 cycles of 95°C for 1 minute, 15°C for 1 minute and 72°C for 3 minutes 

was performed to anneal and extend the 2 fragments together. The tube was removed and 

placed on ice. To the tube that will produce the complete light chain (CLC) 200 nM of 

the following primers were added:  

VLC primer 5’ CCACCATGAGTGTGCCCACTCA 3’  
Cκ primer 5’ CTAACACTCATTCCTGTTGAAGCTCT 3’.  
 

The tube was removed and placed on ice. To the tube that will produce the complete 

heavy chain (CHC) 200 nM of the following primers were added:  

VHC primer 5’ CCACCATGTTCTCTCCACAGTCCCT 3’  
Fc primer 5’ GCGGCCGCTCATTTACCAGGAG 3’.  
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The tubes were placed back into the thermocycler and after a 5 minute denaturation 

step at 95°C, 30 cycles of 95°C for 1 minute, 55°C for 1 minute, and 72°C for 2 minutes 

was performed. The PCR reaction was then run on a 1% agarose gel. The 1440 bp CHC 

fragment and 707 bp CLC fragments were cut out of the gel. After a gel purification 

using Qiaquick® gel extraction kit, the fragments were then ligated into the pCR2.1-

TOPO® vector and transformed into TOP10® cells. Colonies were picked using 

blue/white selection and clones were screened for the insert. After a Qiaprep® miniprep 

was performed on the overnight cultures; the DNA was digested with NEB Restriction 

enzymes (RE) for 2 hours. For pCR2.1-TOPO-CHC, DraII RE was used and for pCR2.1-

TOPO-CLC, the StyI RE was used. The digested DNA was run on a 1% agarose gel and 

screened for the proper insert size. For the pCR2.1-TOPO-CHC construct, clones with 

4752/743 bp (forward orientation) bands or 1795/3700 bp (reverse orientation) bands 

were kept for sequencing. For the pCR2.1-TOPO-CLC clone, the digest with 

1553/623/2442 bp (reverse orientation) or 1039/623/2956 bp (forward orientation) bands 

were kept for sequencing. Glycerol stocks were made of these constructs and DNA 

samples were sent to the UF sequencing core facility.  

To construct the final rAAV vectors, 5 µg pCR2.1-TOPO-CLC was digested with 

BamHI/NotI restriction enzymes. In parallel, 5 µg of pTR2-UF19 was digested with 

BamHI/NotI restriction enzymes. For the CHC construct, 5 µg of pCR2.1-TOPO-CHC 

was digested with XbaI/NotI and 5 µg of pTR2-UF19 was digested with XbaI/NotI 

restriction enzymes. The digests were run on a 1% agarose gel. The 5664 and 5791 bp 

fragments from the pTR2-UF19 were taken for the CHC and CLC constructs respectively 

for further subcloning. The 1556 and 786 bp fragments were taken from the pCR2.1-
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TOPO-CHC and pCR2.1-TOPO-CLC constructs respectively for further subcloning. The 

fragments were then gel purified using Qiaquick® gel extraction kit and ligated using the 

Rapid DNA Ligation Kit® (Roche; Indianapolis, IN). Once the concentration of the DNA 

was calculated by a spectrophotometer, a mixture of the insert and backbone was made 

using a 3:1 molar ratio. The mixture was then diluted in 1x concentration DNA Dilution 

Buffer to a final volume of 10 µL in a sterile microcentrifuge tube. To this, 10 µL T4 

DNA Ligation Buffer was added and mixed gently. Then, 1 µL T4 DNA Ligase was 

added and the mixture was incubated at room temperature for 5 minutes. After 5 minutes, 

the entire ligation was added to 100 µL of SURE2 ® cells (Stratagene Inc.) in a pre-

chilled 15 mL polypropylene round-bottom tubes. The cells were then incubated on ice 

for 30 minutes. After a heat-pulse in a 42°C water bath for 30 seconds, the cells were 

incubated for an additional 2 minutes on ice. Then, 0.9 mL of preheated (37°C) LB broth 

was added and the tubes were incubated at 37°C for 1 hour with shaking at 225 to 250 

rpm. The cells were then plated on LB/amp agar plates and incubated at 37°C overnight. 

The next day, colonies were grown up in LB/Amp broth and the DNA purified by 

Qiaprep® miniprep. In order to determine which clones had the proper insert, a 

restriction enzyme digest was performed on the clones with SmaI restriction enzyme. 

After a 2 hour digest at room temperature, the samples were run on a 1% agarose gel. The 

clone, pTR2-CBA-CHC-WPRE with fragment sizes 11, 2880, 580, 933, 11, and 3013 bp 

was selected for future experiments. The clone, pTR2-CBA-CLC-WPRE with fragment 

sizes 11, 2632, 933, 11, and 3013 bp also was selected for future experiments. Glycerol 

stocks were made and a large scale plasmid preparation performed. 
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Figure 4-1.  Schematic strategy for cloning of rAAV-CBA-anti-IFNγ-antibody.  A) 
Construction scheme of rAAV-anti-IFNγ antibody heavy chain vector. B) 
Construction scheme of rAAV-anti-IFNγ antibody light chain vector. 
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Construction of rAAV Vector Expressing Soluble Type I Interleukin-1 Receptor  

Whole blood was taken by a euthanized wild type C57BL/6 mouse via cardiac 

puncture. Blood was collected in a 1 mL syringe with a 27 gauge needle and then placed 

into a 10 mL BD Vacutainer® with sodium heparin. The lymphocytes were isolated 

using a Ficoll-Paque gradient (StemCell Technologies; Vancouver, Canada). First, the 

room temperature Ficoll was mixed thoroughly before use by inverting the tube several 

times and adding 1 mL to a 5 mL BD Falcon® tube. Then, 1 mL blood was diluted with 

1 mL phosphate buffered saline (PBS)/2% fetal bovine serum (FBS). The blood was 

lightly layered on Ficoll and centrifuged at room temperature for 30 minutes at 400 g 

with no brake. After the upper plasma layer was discarded, the mononuclear cell layer at 

the plasma-Ficoll interface was removed and placed into a clean 5 mL BD Falcon® tube. 

Lastly the cells were washed with 4 mL PBS/2% FBS, and centrifuged at 500 g for 5 

minutes at 4°C. The PBS was removed and the cell pellet was frozen at -80°C.  

Total RNA was the isolated from the lymphocytes using the TRIZOL® reagent 

RNA isolation procedure used to isolate RNA from the hybridoma cells as described 

earlier. First strand synthesis was accomplished by mixing 5 µg total RNA again 

following the same protocol use to isolate RNA from the hybridoma cells line. Following 

RT-PCR the cDNA then underwent further amplification using primers deigned specific 

to full murine IL-1 type I receptor. The cDNA was amplified using Platinum PCR 

SuperMix®. To the Supermix®, the following 200 nM of primers were added with 1 µg 

RT-PCR product based on NCBI Accession # M20658: 

forward: 5’ ATGGAGAATATGAAAGTGCTAC 3’ 
reverse: 5’ CTAGCCGAGTGGTAAGTGTGTTG 3’ 
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 Sterile diH2O was then added to bring the total volume to 50 µL. The tube was 

capped and placed into the thermocycler. After a 3 minute denaturation step, 30 cycles at 

94°C for 30 seconds, 58°C for 30 seconds, and 72°C for 1 minute was performed. A final 

extension at 72°C for 10 minutes finished the reaction.  

The RT-PCR product was then run on a 1% agarose gel at 100 volts for 1.5 hours 

with a 1 kb ladder. The 1730 bp fragment was then cut out with a sterile scalpel and 

placed into a 1.5 mL microcentrifuge tube. The DNA was purified from the agarose gel 

using the QIAquick® Gel Extraction Kit.  

The next step was to move the RT-PCR product into a sequencing vector. It was 

ligated into the pCR2.1-TOPO® vector and transformed into chemically competent 

TOPO10® E coli. Colonies were picked and grown up overnight in LB/amp. The 

following morning, the clones underwent a Qiaprep® miniprep, and screened for the 

insert. 

A restriction enzyme digest was then performed on the DNA to screen for the 

clones that have the PCR product inserts. To a 1.5 mL microcentrifuge tube, 1 µg 

plasmid DNA, 1 unit BamHI, and 2 µL 10x NEB Buffer 2 was added. Then, diH20 was 

added to a final of 20 µL and then tubes were incubated in a 37°C water bath. After two 

hours, DNA dye was added to the tubes and they were run on a 1.2% agarose gel for 2 

hours. Clones with bands at 98/5541 bp or 1713/3926 bp were considered positive and 

sent to the UF sequencing core lab. The clone with the correct sequence was stored as 

pCR2.1-TOPO-mIL-1r. 

In order to construct the smIL-1r-Ig fusion gene, new primers were designed. They 

utilized the same techniques previously used to construct the anti-IFNγ antibody fusion 
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constructs. Overlapping sequences on the 3’ end of the IL-1r gene and the 5’ end of the 

mouse heavy chain antibody were used. In addition, to the forward mIL-1r primer, a 

HindIII restriction enzyme site and a Kozac consensus sequence was added just 5’ to the 

start sequence. These primers fuse the beginning of the extracellular domain at proline 

338 to the first Asp residue in the mIgG1 hinge region. Platinum PCR SuperMix® was 

again used for amplification of the new constructs. Shortly, to a nuclease free PCR tube, 

45 µL Supermix®, 0.1 µL pCR2.1-TOPO-mIL-1r and 200 nM of the following primers 

were added: 

forward 5’ AAGCTTGCCACCATGGAGAATATGAAA 3’ 
reverse 5’ ATCCCTGGGCACCTTGAAAGTCAGGGAC 3’ 
 
The second reaction amplified the hinge, constant domain 2, and constant domain 3 

from pCR2.1-mIgG Fc used in the construction of the anti-IFNγ antibody vectors. Again, 

to a nuclease free PCR tube, 45 µL Supermix®, 0.1 µL pCR2.1-TOPO-mIgG-Fc, and 200 

nM of the following primers were added: 

forward 5’ GTCCCTGACTTCAAGGTGCCCAGGGAT3’ 
reverse: 5’ GCGGCCGCTCATTTACCAGGAG 3’  
 
The tubes were then filled with H2O to bring the final volume up to 50 µL. Both 

constructs were then amplified in a thermocycler using the following conditions. After a 

5 minute denaturation step at 95°C, 30 cycles at 95°C for 1 minute, 58°C for 1 minute, 

and 72°C for 2 minutes was performed in a thermocycler. The products were run on a 1% 

agarose gel and the 1004 bp mIL-1r extracellular domain and the 683 bp Fc (H-C2-C3) 

domain PCR products were cut out of the agarose gel. After purifying the DNA using the 

Qiaquick® gel extraction kit, the fragments underwent a second amplification to fuse the 

two products together. First, to a nuclease PCR tube 45 µL Supermix®, 5 µL of each 
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PCR product was added and H2O to a final volume of 50 µL. In the thermocycler, 3 

cycles at 95°C for 1 minute, 15°C for 1 minute, and 72°C for 3 minutes was performed to 

anneal and extend the two fragments together. The tube was removed and placed on ice. 

Then 200 nM of the following primers were added:  

mIl-1r primer 5’ AAGCTTGCCACCATGGAGAATATGAAA 3’  
mIgG-Fc primer 5’ GCGGCCGCTCATTTACCAGGAG 3’ 
 
The tube was placed back into the thermocycler and after a 5 minute denaturation 

step at 95°C, 30 cycles at 95°C for 1 minute, 60°C for 1 minute, and 72°C for 2 minutes 

was performed. The PCR reaction was then run on a 1% agarose gel and the 1697 bp 

fragment was cut out of the gel. After a gel purification using Qiaquick® gel extraction 

kit, the fragment was then ligated into the pCR2.1-TOPO® vector and transformed into 

TOP10® cells. Colonies were picked using blue/white selection and clones were 

screened for the insert. After a Qiaprep® miniprep was performed on the overnight 

cultures; the DNA was digested with XcmI for two hours. The digested DNA was run on 

a 1% agarose gel and screened for the proper insert size (2379/3247 bp-reverse 

orientation, 1291/4335 bp-forward orientation). The new construct in the reverse 

orientation was saved for further subcloning. Glycerol stocks were made of this construct 

named pCR2.1-TOPO-smIL-1r-Ig. To construct the final rAAV vector, 5 µg of pCR2.1-

TOPO-smIL-1r-Ig was digested with HindIII restriction enzyme. Given its convenient 

subcloning restriction enzyme sites, 5 µg of pTR2-CBA-CLC-WPRE was also digested 

with HindIII restriction enzyme. The two digests were run on a 1% agarose gel, the 1773 

bp fragment from the pCR2.1-TOPO-smIL-1r-Ig and the 5780 bp fragment from the 

pTR2-CBA-CLC-WPRE vectors were then cut out of the gel. They were then gel purified 

using Qiaquick® gel extraction kit, ligated using the Rapid DNA Ligation Kit®, and 
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transformed into SURE2® cells. The next day, colonies were grown up in LB/amp broth 

and the DNA purified by Qiaprep® miniprep. In order to determine which clones had the 

smIL-1r-Ig insert, a restriction digest was performed on the clones with HincII. After a 

two hour digest, the samples were run on a 1% agarose gel. Clones with fragments 1054 

and 6599 bp had the insert in the correct position. These clones subsequently underwent 

restriction digest with SmaI to determine whether the rAAV ITRs were still intact. The 

clone, pTR2-CBA-smIL-1r-Ig-WPRE with fragment sizes 84, 95, 3157, 4613, and 4624 

bp was selected for future experiments. Glycerol stocks were made and a large scale 

plasmid preparation performed.  

 

Figure 4-2.  Schematic strategy for cloning of rAAV-CBA-smIL-1r-Ig. 



67 

CHAPTER 5 
FUNCTIONAL ANALYSIS OF RECOMBINANT AAV IMMUNOMODULATORY 

MOLECULES 

In this section the results for in vitro expression of transgene products will be 

discussed. Following sequence conformation of rAAV vectors, they were then packaged 

into serotype 1 capsids by the University of Florida Vector Core facility.  

rAAV1-UF19-CLC                    1.70*1013 vector particles/mL 
rAAV1-UF19-CHC                   1.76*1013 vector particles/mL 
rAAV1-UF19-smIL-1r-Ig         4.00*1013 vector particles/mL 
rAAV1-CBA-mIL10                 4.98*1012 vector particles/mL 
 
Following packaging of rAAV vectors, the vectors were tested in vitro for 

confirmation of expression and functional capacity.  

Western Blot 

The C2C12 murine myoloma cells were transduced with rAAV1-UF19-CLC, 

rAAV1-UF19-CHC, rAAV1-UF19-smIL-1r-Ig, individually or as a combination of the 

CHC and CLC vectors.  rAAV1-CMV-GFP served as a negative control vector. Media 

was taken and the transgene protein was purified using a Protein G Column (Amersham) 

and or concentrated with a 100kD filter column (Millipore; Billerica, MA). 

Anti-IFNγ Antibody 

A Western Blot was carried out with 100 ng of rIFNγ as described in chapter 2. The 

purified anti-IFNγ antibody was applied as the primary antibody followed by anti-mouse-

HRP secondary antibody. The antibody was incubated for 30 minutes and then washed 

wih wash buffer. The blot was then photographed using x-ray film and the image was 

then used to calculate binding capacity. 
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Figure 5-1.  Interferon gamma western blot.  Purified antibody from C2C12 transduced 
cells served as a primary antibody in a Western Blot of IFNγ A) Protein G 
purified anti-IFNγ antibody. B) 100kD concentrator purified anti-IFNγ 
antibody. C) Positive control anti-IFNγ antibody (R&D Systems). D) Purified 
heavy chain and light chain transduced separately and mixed at time of 
primary antibody incubation. E) Media from GFP treated C2C12 cells. 

Purified media for the C2C12 cells cotransduced with both the heavy chain and 

the light chain of the anti-IFNγ antibody was able to bind to the rIFNγ. Both the Protein 

G purified and 100 kD concentrated protein bound rIFNγ in the Western Blot. C2C12 

cells transduced with the heavy chain and light chain separately and the GFP transduced 

cells did not bind IFNγ. Anti-IFNγ antibody purchased from R&D Systems (Minneapolis, 

MN) served as a positive control. 

Soluble IL-1r-Ig 

Onto nitrocellulose, 100, 10, 1, 0.1, and 0 ng of R&D system’s rmIL-1β was 

applied to a Bio-Dot SF Microfiltration® Apparatus (BioRad). Purified media from the 

C2C12 cells was applied to the nitrocellulose followed by anti-mouse-HRP secondary 

antibody. As a negative control, 100 ng of IL-1β was applied to the dot blot and media 

from GFP transduced cells was used in place of smIL-1r-Ig purified media. 

 

Figure 5-2.  Interleukin-1β dot blot.  Dot Blot of IL-β using purified smIL-1r-Ig as the 
primary antibody. A) 100ng IL-1β. B) 10ng IL-1β. C) 1ng IL-1β. D) 0.1ng IL-
1β. E) 0ng IL-1β. F) 100ng IL-1β/GFP media. 
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The GFP transduced cells did not bind the IL-1β. Purified media from C12C12 

cells bound IL-1β in a dose responsive manner. 

IFNγ Competition ELISA: Binding Capacity of Anti-IFNγ Antibody 

Using a commercial mIFNγ ELISA kit (R&D systems), 1.0, 0.5, or 0.1 ng of IFNγ was 

loaded into each well of a 96-well plate and increasing amounts of purified mouse anti-

mIFNγ antibody was then added. A standard amount of kit supplied rabbit anti-mouse 

antibody was added, followed by kit supplied anti-rabbit-alkaline phosphotase (AP) with 

subsequent analysis on a spectrophotometer at 450 and 570 nm. 

 

Figure 5-3.  Calculating the binding capacity of anti-IFNγ antibody.  In 96 well IFNγ 
R&D systems ELISA plate, differing amounts of IFNγ standard was added 
along with purified anti-IFNγ antibody as a competitor to kit supplied 
antibodies. 

The purified anti-IFNγ antibody was able to block the kit supplied antibody in a 

dose dependent manner. These studies showed the binding capacity of the purified 

antibody as 100 ng antibody being necessary to bind 1 ng of IFNγ. This amount will 

suffice as the binding capacity of IFNγ to bind in a binding assay or future in vivo 

experiments.  
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IL-1β Competition ELISA: Binding Capacity of smIL-1r-Ig 

Using a commercial mIL-1β ELISA kit (R&D systems), 250 or 150 pg mIL-1β was 

loaded into each well of a 96-well plate and increasing amounts of purified mouse smIL-

1r-Ig was then added. A standard amount of kit supplied rabbit anti-mouse antibody was 

then added, followed by kit supplied anti-rabbit-AP, and read on a spectrophotometer at 

450 and 570 nm. 

 
Figure 5-4.  Calculating the binding capacity of smIL-1r-Ig.  In a 96 well mIL-1β R&D 

systems ELISA plate, differing amounts of mIL-1β standard was added along 
with purified smIL-1r-Ig as a competitor to kit supplied antibodies.  

The purified smIL-1r-Ig was able to block the kit supplied antibody in a dose 

dependent manner. Calculations showed binding capacity of the purified soluble receptor 

to be approximately 2 µg antibody for binding to 250 pg of smIL-1r-Ig. 

Functional Ability of Immunomodulatory Molecules to Prevent Apoptosis 

In order to determine whether the transgene products provided a functional affect, 

an apoptosis assay was performed using the insulinoma β-TC3 cell line. Apoptosis was 

induced with 100 units of rIFNγ or 10 units of rIL-1β with or without 10 µg purified 
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recombinant anti-IFNγ antibody or 3µg purified smIL-1r-Ig respectively.  Caspase-3 

concentration measured using the EnzChek® Caspase-3 ELISA (Invitrogen).  

 

Figure 5-5.  Caspase-3 assay on β-TC3 cells.  A) Apoptosis was induced in the mouse 
insulinoma cell line β-TC3 cells by addition of rmIL-1β (R&D systems), with 
or without purified smIL-1r-Ig. B) Apoptosis was induced in the mouse 
insulinoma cell line β-TC3 cells by addition of rmIFNγ (R&D systems), with 
or without purified anti-IFNγ antibody.  

There was a significant (15.3 vs. 6.3; p<0.05) average reduction in the florescence 

relating to caspase-3 concentration and to apoptosis of β-TC3 cells treated with both 

rIFNγ and anti-IFNγ antibody over the cells treated with rIFNγ only. The florescence of 

the cells treated with the anti-IFNγ antibody was comparable to cells not induced with 

rIFNγ. This same pattern was seen with the cells induced with IL-1β. There was a 

significant average reduction (16.3 vs. 8.0; p<0.03)  in the amount of caspase-3 measured 

in the cells administered with the smIL-1r-Ig in addition to the IL-1β over cells treated 

with IL-1β alone. 

Mixed Lymphocyte Reaction 

Splenocytes from C57/B6 (responders) mice were purified and 1x105 were plated 

(3 replicates) in a round-bottomed 96-well plates with 1x105 irradiated (2500 rads) 
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BALB/c splenocytes (stimulators) in a total of 200 µl RPMI 1640 media with 0.1 µg 

functional grade anti-CD3 antibody/ anti-CD28 antibody and with or without 10 (U)nits  

rIL-1β or 100 U rIFNγ respectively. After 72 hours incubation at 37°C (5% CO2), the 

cells were pulsed with 1 µCi/well of H3 thymidine for 18 to 24 hours, lysed, and H3 

incorporation was read on a β-scintillation counter. The results were calculated on a 

spread sheet for analysis. 

 

Figure 5-6.  Mixed lymphocyte reaction.  A) Isolated BALB/c and C57/BL6 splenocytes 
were mixed in the presence of αCD3/αCD28, with rIFNγ, and with or with or 
purified anti-IFNγ antibody. B) Isolated BALB/c and C57/BL6 splenocytes 
were mixed in the presence of αCD3/αCD28 antibody, with rIL-1β, and with 
or without purified smIL-1r-Ig. 

There was a significant (14140 vs. 2653; p<0.0006) average reduction of counts 

per minute (cpm) based on proliferation H3 incorporation treated with both rIFNγ and 

anti-IFNγ antibody over the cells treated with rIFNγ only. The proliferation of cells 

treated with the anti-IFNγ antibody was comparable to cell not induced with rIFNγ. This 

same pattern was seen with the cells induced with IL-1β. There was also a significant 
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average reduction (18692 vs. 1766; p<0.00006) of cpm in splenocytes treated with smIL-

1r-Ig in addition to the IL-1β over cells treated with IL-1β alone. 

Discussion and Conclusions 

In vitro experiments with both rAAV1-anti-IFNγ antibody and rAAV1-smIL-1r-Ig 

provided proof of effective cytokine binding as assayed by Western and dot blot 

respectively. When these transgene products were tested for physiologic activity by 

capsase-3 assay and mixed lymphocyte assays, both vector products were able to reduce 

apoptosis and suppress allo-immune mediated proliferation in the mixed lymphocyte 

proliferation assay. Based on the positive findings from in vitro experiments, the 

immunomodulatory activity of these vectors was then tested in a non-obese diabetic 

autoimmune mouse model. Those experiments will be discussed in the following 2 

chapters. 
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CHAPTER 6 
PREVENTION OF T1D BY USE OF RECOMBINANT AAV-CBA-ANTI-

INTERFERON GAMMA ANTIBODY 

The present chapter will discuss the methods and results used in the for the 

primary prevention experiments using rAAV vectors expressing the immunomodulary 

anti-interferon gamma (IFNγ) antibody. 

Methods 

For in vivo experiments, three week old non-obese diabetic (NOD)/Lt mice were 

ordered from Jackson Labs Inc. (Bar Harbor, MA). All the mice were housed in the 

special pathogen free animal care facility and followed Institutional Animal Care and Use 

Committee (IACUC) and Animal Care Services (ACS) protocols. Upon arrival, the mice 

were tagged with a subcutaneous FriendChipTM (AVID® Microcip I.D. Systems; Folsom, 

LA) so that each mouse could be tracked with a 9 digit code via a scanner. This was 

carried out under isoflorane® (Abbott Labs, North Chicago, IL) inhalant anesthetic 

utilizing the commercial vaporizer at a dose of 2 to 3% based on manufacturers 

specifications. 

Four week old female NOD mice (n=12 per study group) were injected 

intramuscularly into the caudal muscle of the pelvic limb diluted into 0.1 mL lactated 

ringers with different combinations of rAAV serotype 1 vectors (Table 6-1). In addition, 

3 mice per study group were injected for immunological analysis at 12 weeks of age. 

These mice were housed under SPF conditions and administration of vectors was carried 

out according to standard protocols. 
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Table 6-1. Injection scheme for immunomodulatory rAAV therapy of NOD mice to 
prevent type 1 diabetes: rAAV-CBA-anti-IFNγ antibody. 

Therapeutic Treatment Dosage (particles) 
Experimental 
Group 

rAAV1-anti-IFNγ antibody 1.7x1010   12 female NOD 
rAAV1-anti-IFNγ antibody 1.7x109   12 female NOD 
rAAV1-anti-IFNγ antibody/ 
rAAV1-mIL-10 1.7x1010 /5*109   12 female NOD 
rAAV1-CLC 1.7x1010   12 female NOD 
Saline                                                                N/A   12 female NOD 

 
Blood Glucose Analysis 

Treated mice from all experimental groups were bled by tail perforation for blood 

glucose levels once per week using an OneTouch Ultra® meter (LifeScan; Milpitas, CA). 

After two consecutive blood glucose readings above 240 mg/dL over two days the mouse 

was classified as diabetic and euthanized.  

Immunohistochemistry 

The organs (heart, lungs, liver, pancreas, kidney, intestine, skeletal muscle, gonad, 

and spleen) from euthanized mice were harvested for immunohistological analysis. 

Organs were placed into cassettes, stored in 10% formalin, and sent to the UF Pathology 

Core facility. H&E staining was performed on all organs for general pathology. Insulitis 

scoring was performed on H&E stained pancreas for mice euthanized at time of onset as 

well as mice euthanized at 12 weeks of age. The pancreas and spleen were stained for 

B220 and CD3 for analysis of the lymphocyte profile in these organs for mice euthanized 

at time of onset as well as mice euthanized at 12 weeks of age.  

Serum Cytokine Analysis 

Serum samples (n=3 per study group) were taken at 12 weeks of age for cytokine 

analysis. Enzyme linked immunosorbant assays (ELISA) (R&D systems) determined 

serum cytokine concentration for interleukin-1 beta (IL-1β), IFNγ, and IL-10. 
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Splenocytes Proliferation Assay 

Splenocytes from 12 week old treated mice (n=3 per study group) were isolated and 

plated into 96 well dishes at 1x105 cells/well (12 replicates) in RPMI 1640 media 

supplemented with 10% fetal bovine serum (FBS), 200 mM L-glutamine, 25 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 100 units/mL penicillin/ 100 

µg/ mL streptomycin (P/S) 1 µL β-mercaptoethanol (BME). To the experimental wells, 1 

µg/mL functional grade anti-CD3 antibody/anti-CD28 antibody was added. The cells 

were then allowed to incubate for 72 hours, at which time, 1 µCi H3 thymidine was added 

to the wells and incubated for a further 16 hours. The H3 thymidine incorporation was 

then measured using a β-scintillation counter. 

Splenocyte Cytokine Assay 

At the 72 hour time point following the addition of the functional grade anti-CD3 

antibody/anti-CD28 antibody, 20 µL of media was removed from each sample and stored 

for cytokine profiling using a Luminex100TM system (Luminex Corp; Austin, TX). 

Flow Cytometry 

 Splenocytes and pancreatic lymph node cells were harvested from 12 week old 

sacrificed mice and immunostained with anti-CD4-fluorescein isothiocyanate (FITC) 

(L3T4), anti-CD8-allophycocyanin (APC) (Ly-2), and 7-amino-actinomycin-D (7-AAD) 

(eBioscience Inc.) following immunostaining. The cells were then run on a 

FACSCaliber® (Becton Dickinson) to determine the percentage of T lymphocytes under 

the different experimental conditions. Flow cytometry analysis was performed by FCS 

Express® software (De Novo Software).  
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DO11.10 Transgenic Mice  

Three week old female DO11.10 ovalbumin (OVA) T-cell receptor (TCR) 

transgenic mice were ordered from Jackson Labs Inc (Bar Harbor MA). All the mice 

were housed in the special pathogen free animal care facility and followed IACUC and 

ASC protocols. Upon arrival the mice were tagged with a subcutaneous FriendChipTM 

chip under isoflorane® inhalant anesthetic. The DO11.10 OVA TCR transgenic mice 

(n=6 per study group) were injected intramuscularly into the caudal muscle of the pelvic 

limb diluted into 0.1 mL lactated ringers with different combinations of rAAV1-anti-

IFNγ-antibody vectors, in the same study groups as the experiments with the NOD mice. 

Four weeks following rAAV administration, the mice were manually restrained and 

immunized intraperitoneally with 5 µg of OVA, adsorbed onto 0.25 mg of incomplete 

Fruends adjuvant diluted in 0.2 mL of sterile phosphate buffered saline (PBS).  

Early Lymphocyte Activation Detection 

Five hours after OVA administration, three mice were sacrificed. The spleens were 

removed and the lymphocytes were purified using the same protocol as described 

previously. The cells were stained for flow cytometry analysis with the following 

florescent antibodies (BD Pharminigen; Franklin Lakes, NJ), along with the appropriate 

isotype controls:  

anti-CD3-FITC, anti-CD69-PE, 7-AAD anti-CD4-APC 
anti-CD3-FITC, anti-CD69-PE, 7-AAD anti-CD8-APC. 
 
The cells were then read on a flow cytometer as described previously. The cells 

were then analyzed using the flow cytometry program. 
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Late Immune Activation Detection 

For the remaining mice, 3 days after first OVA administration, an additional 

administration of 5 µg of OVA was carried out. Four days later, the 3 mice were 

euthanized and the spleen was removed. The lymphocytes were purified using the same 

protocols as described previously and the cells were stained for flow cytometric analysis 

with the following BD Pharminigen florescent antibodies along with the appropriate 

isotype controls: 

anti-CD3-FITC, anti-CD28-PE , 7-AAD anti-CD4-APC 
anti-CD3-FITC, anti-CCR5-PE, 7-AAD anti-CD4-APC 
anti-CD3-FITC, anti-CXCR3-PE, 7-AAD anti-CD4-APC 
anti-CD11b-FITC, anti-MHC-II-PE, 7-AAD, anti-CD11c-APC 

Results 

This section will discuss results from the primary prevention experiments using 

rAAV vectors expressing the immunomodulary transgene anti-IFNγ antibody.  

Four week old female NOD mice were injected intramuscularly with different 

combinations of 1x109 or 1x1010 vector particles (vp) of rAAV1-anti-IFNγ antibody 

vectors with 12 mice study per group. An additional three mice per study group were 

injected for immunological analysis at 12 weeks of age. 

Treated mice were bled by tail perforation for blood glucose levels. After two 

consecutive blood glucose readings above 240 mg/dL over two days, the mouse was 

classified as diabetic and euthanized.  

Survival Curves of In Vivo Treated NOD Mice 

The incidence of T1D through 30 weeks of age in NOD/Lt female mice provided with 

the different rAAV immunomodulatory vectors, negative control rAAV vector, or saline 
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are shown in figure 6-1. Injections of rAAV vectors were carried out at 4 weeks of age 

and followed for weekly blood glucose levels by tail perforation for 30 weeks of age. In 

addition to this statistical calculations were made for the different experimental groups 

based on their survival curves. 

 

Figure 6-1.  Kaplan Meier for rAAV1-anti-IFNγ antibody treated mice.  A) Comparison 
of different study groups administered with rAAV1-anti-IFNγ antibody 
vectors. B) Comparison of different experimental groups administered with 
combinational therapy of rAAV1-anti-IFNγ antibody and rAAV1-mIL-10 
vectors. 



80 

 

There was not a significant difference between the negative control rAAV1-CLC 

treated mice and the saline littermates. NOD mice treated with 1.7x109 particles of 

rAAV1-anti-IFNγ antibody displayed a significant decrease in the rate of disease onset by 

30 weeks of age (p<0.02) as compared to saline treated littermates. However, NOD 

treated with 1.7x1010 particles of rAAV1-anti-IFNγ antibody did not display a significant 

decrease in the rate of disease onset (p>0.39) as compared to saline treated littermates by 

30 weeks of age. Finally, mice treated with a combinational treatment of 1.7x1010 

particles of rAAV1-anti-IFNγ antibody and 5x1010 particles of rAAV1-mIL-10 displayed 

a significant decrease (p<0.01) in the onset of T1D over the negative control littermates 

by 30 weeks of age.  

Immunohistochemisty 

Organs from mice classified a T1D and 12 week old euthanized mice were 

harvested for immunohistological analysis. The organs were placed into cassettes, stored 

in 10% formalin, and sent to the UF Pathology Core facility for further processing.  H&E 

staining for general pathology and immunostaining was performed.  

 

Figure 6-2.  Insulitis scoring of mice treated with rAAV1-anti-IFNγ antibody.  A) 
Example of insulitis scoring of islets. B) Insulitis scoring of different 
experimental rAAV treated groups at 12 weeks of age. 
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General pathological analysis was performed on heart, lungs, liver, gonads, skeletal 

muscle, intestine, kidney, and spleen. There was no unusual pathology observed in any of 

the experimental groups at 12 weeks of age or mice euthanized at onset of T1D for all 

organs analyzed. There was no significant difference in general insulitis of rAAV1-anti-

IFNγ antibody treated mice over negative saline or rAAV1-CLC controls, in mice 

euthanized at 12 weeks of age.  

In addition to insulitis scoring that was carried out on H&E stained pancreas, 

immunostaining for B220+ and CD3+ lymphocytes was conducted on 12 week old 

euthanized mice, for analysis of specific lymphocyte infiltration. 

 

Figure 6-3.  Pancreatic immunostaining for B220 and CD3 lymphocytes. A) Example of 
infiltrate scoring of islets. B) B220 scoring of different experimental rAAV 
treated groups. C) CD3 scoring of different experimental rAAV treated 
groups. 
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There was no difference in B220 infiltration in the pancreas in any of the 

experimental groups. There was a difference (semi-quantitative analysis) of CD3+ T 

lymphocyte infiltrating the pancreas. Specifically, there was a reduced relative amount of 

CD3+ T lymphocytes infiltrating into the islet of mice treated with 1.7x1010 v.p. rAAV1-

anti-IFNγ-antbody, but not 1.7x109 v.p. rAAV1-anti-IFNγ-antibody, as compared to 

saline and rAAV1-CLC treated mice. 

Serum Cytokine Analysis 

In order to confirm expression of rAAV vectors, serum samples (n=3 per study 

group) were collected at 12 weeks of age for cytokine analysis. Serum cytokine 

concentration was determined by ELISA (R&D systems) for IFNγ and IL-10.  

There was a significant average decrease in serum concentration of IFNγ in all 

experimental groups with rAAV1-anti-IFNγ antibody treatment (Figure 6-4 A). IFNγ 

levels were reduced from an average of 585 pg/mL in the rAAV1-CLC treated group to 

35.7 pg/mL in the mice treated with 1.7x1010 particles of rAAV1-anti-IFNγ antibody. 

Mice treated with 1.7x109 particles of rAAV1-anti-IFNγ antibody contained an 

intermediate mean IFNγ concentration of 118.0 pg/mL and the combination treatment 

group with rAAV1-anti-IFNγ antibody and rAAV1-mIL-10 had an average reduced IFNγ 

concentrations of 55.6 pg/mL. 

Mice treated with rAAV1-mIL-10 vector had an average significant increase (110.9 

pg/mL vs.2.2 pg/mL) of serum IL-10 over other treatment groups (Figure 6-4 B). The 

same pattern of cytokine levels was seen for all of the individual experimental mice and 

resulted in statistically relevant average concentration of the different serum cytokines. 

The statistical significance of these experimental conditions was calculated using a 

student t test. 
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 Figure 6-4.  Serum cytokine concentrations.  Serum cytokine concentrations of rAAV 
treated mice at 12 weeks of age measured using Luminex100TM system. A) 
IFNγ concentration. B) IL-10 concentration 
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Splenocyte Proliferation Assay 

Splenocytes from 12 week old rAAV treated mice were isolated and stimulated 

with 1 µg/mL anti-CD3/anti-CD28 antibody. After 72 hours, H3 thymidine was added to 

the wells and incubated for a further 16 hours. The H3 thymidine incorporation was then 

measured using a β-scintillation counter. 

 

Figure 6-5.  Recombinant AAV treated NOD mouse splenocyte proliferation assay.  
Splenocytes from 12 week old rAAV treated mice were isolated and 
stimulated with αCD3/αCD28 and H3 thymidine incorporation were then 
measured using a β-scintillation counter. 

The proliferative ability of the isolated splenocytes from the different experimental 

groups was calculated as counts per minute (cpm) based on H3 thymidine incorporation. 

NOD mice treated with 1.7x1010 particles of rAAV-anti-IFNγ antibody showed a 

significantly decreased average proliferation. (72205cpm vs. 22823cpm; p=0.04) as 

compared to saline control. Mice treated with 1.7x109 particles of rAAV1-anti-IFNγ 

antibody had an intermediate average reduction (72205cpm vs. 57571cpm) in 
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proliferation. The combinational treatment group with rAAV1-anti-IFNγ 

antibody/rAAV1-mIL-10 also had significantly reduced average proliferation. 

(72205cpm vs. 7509cpm; p=0.002). 

Splenocyte Cytokine Assay 

Media from cells in previous experiment were taken at 72 hour time point and 

analyzed for cytokine profile using Luminex100TM system.  

 
Figure 6-6.  Cytokine expression from splenocytes stimulation assay.  Splenocytes from 

12 week of rAAV treated mice were stimulated with αCD3/αCD28. After 72 
hours the media was tested for cytokine profile using Luminex100 TM system. 
A) IFNγ concentration. B) IL-2 concentration. C) IL-10 concentration. D) IL-
4 concentration. 

 
Expression of IFNγ by all the experimental groups was reduced as compared to the 

saline and rAAV1-CLC controls. As compared to the rAAV1-CLC all three experimental 

groups showed a significant average reduction in IFNγ concentrations. The mice treated 

with 1.7x1010 vp rAAV1-anti-IFNγ antibody, 1.7x109 vp rAAV1-anti-IFNγ antibody, and 

with the combinational therapy of rAAV1-anti-IFNγ antibody/rAAV1-mIL-10 had 
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stimulated splenocyte media average IFNγ concentrations reduced from 1366 pg/mL, for 

rAAV1-CLC mice, to 732 (p<0.05), (p<0.05), and 254 pg/mL (p<0.01) for each of the 

experimental groups respectively.  

Expression of IL-2 by all the experimental groups was reduced as compared to the 

saline and rAAV1-CLC controls. As compared to the rAAV1-CLC all 3 experimental 

groups showed a significant reduction in average IL-2 concentrations. The mice treated 

with 1.7x109 vp rAAV1-anti-IFNγ antibody, 1.7x1010 vp rAAV1-anti-IFNγ antibody, and 

with the combinational therapy of rAAV1-anti-IFNγ antibody/rAAV1-mIL-10 had 

stimulated splenocyte media average IL-2 concentrations reduced from 319.08 pg/mL, 

for rAAV1-CLC mice, to 195.69 (p<0.05), 204.46 (p<0.05), and 142 pg/mL (p<0.05) for 

each of the experimental treatment groups, respectively. 

Expression of IL-10 by experimental groups treated with 1.7x1010 vp, but not 

1.7x109 vp rAAV1-anti-IFNγ antibody was reduced as compared to the saline and 

rAAV1-CLC controls. The mice treated with 1.7x109 vp rAAV1-anti-IFNγ antibody, 

1.7x1010 vp rAAV1-anti-IFNγ antibody, and the combinational therapy of anti-IFNγ 

antibody/mIL-10 had stimulated splenocyte average media IL-10 concentrations range 

from 136.81 pg/mL for rAAV1-CLC treated mice to 139.81, 62.84 (p<0.05), and 36.43 

pg/mL (p<0.01) for each of the experimental treatment groups, respectively. 

Expression of IL-4 by experimental groups treated with 1.7x1010 vp, but not 

1.7x109 vp rAAV1-anti-IFNγ antibody was reduced as compared to rAAV1-CLC 

controls. The mice treated with 1.7x109 vp, rAAV1-anti-IFNγ antibody, 1.7x1010 vp, and 

the combinational therapies of rAAV1-anti-IFNγ antibody and rAAV-CBA-mIL-10 had 

average stimulated splenocyte media IL-4 increased in experimental treated mice. 
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Figure 6-7.  Flow cytometric analysis of splenocytes and pancreatic lymph nodes.  Flow 
analysis of A) CD4+ T cells and B) CD8+ T lymphocytes. 
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Flow Cytometry 

Splenocytes and pancreatic lymph node cells were harvested from 12 week old 

sacrificed mice and immunostained with anti-CD4-FITC (L3T4), anti-CD8-APC (Ly-2) 

cells, and 7-AAD. 

Cells from pancreatic lymph nodes had a significantly reduced average 

concentration of CD4+ (12.5% vs. 33.6%; p<0.03) and CD8+ (4.2% vs. 11.5%; p<.0.01). 

T lymphocytes in mice treated with 1.7x1010 vp rAAV1-anti-IFNγ antibody over saline 

or rAAV1-CLC negative control mice. However, there was no significant difference in 

CD4+ and CD8+ T lymphocyte counts between mice treated with 1.7x109 vp, rAAV1-

anti-IFNγ antibody and saline or rAAV1-CLC negative control mice. 

DO11.10 Ovalbumin TCR Transgenic Mice 

Five hours after OVA administration, three mice were sacrificed. The spleens were 

removed and the lymphocytes were purified using the same protocol as described 

previously. The cells were stained for flow cytometric analysis with BD Pharminigen 

florescent antibodies for CD69 on CD3+, CD4+, and CD8+ T lymphocytes. The cells were 

counted on a flow cytometer and this is really repetitive, but I need to fill up space so this 

entire page is full. The cells were then analyzed using a flow cytometry program and the 

results plotted on scatter plot to determine the number of cell under the given therapeutic 

conditions. The results were then prepared and given a distinctive assignment to compare 

the different numbers for the different experimental conditions. This was repeated for all 

experimental groups including the 4 and 8 week treatment groups.  In addition to the 

experimental tests, the appropriate isotype controls were also prepared. The cells were 

then read on a flow cytometer as described previously.  
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Figure 6-8.  Example of flow cytometric analysis of CD69 staining. A) Representative 
staining of CD4+ CD69 staining. B) Representative staining of CD8+ CD69 
staining. 
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Figure 6-9.  Average flow cytometry analysis of CD69 staining. Average CD69 staining 
on A) CD4+ and B) CD8+ T lymphocytes. 

The experimental mice treated with 1.7x1010 vp rAAV1-anti-IFNγ antibody had a 

significant decrease in average CD69 expression on CD4+ (12.4% vs. 1.9%; p<0.001) and 

on CD8+ (3.17% vs. 0.23%; p<0.001) T lymphocytes. There was no significant difference 

in mice treated with 1.7x109 vp rAAV1-anti-IFNγ antibody and saline or rAAV1-CLC 

negative control mice. 

Late Immune Activation Detection 

Three days after first OVA administration, an additional administration of 5µg of 

OVA was performed. Then 4 days later, the remaining three mice were sacrificed and the 

spleens were removed. The lymphocytes were purified using the same protocols as 

described previously and the cells were stained for flow cytometric analysis for CD28 on 

CD4+ T lymphocytes and MHC-II on CD11b+ macrophages. The same procedure was 

carried out for all experimental groups to determine the relative concentrations between 

the different experimental groups. 
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Figure 6-10.  Flow cytometric analyses of CD4+CD28+ and CD11b+MHCII+ splenocytes.  
Representative staining of A) CD28 and B) MHC staining. Average MHC 
staining on C) CD11b+ macrophages and average D) CD28 staining on CD4+ 

T lymphocytes. 

The experimental mice treated with 7x1010 vp rAAV1-anti-IFNγ antibody had a 

average significant decrease in both CD4+CD28+ T lymphocytes (28.1% vs. 37.9%; 

p<0.03) and CD11b+ MHCII+ macrophage expression (26.9% vs. 34.8%; p<0.05) as 

compared to saline control mice. There was not a significant difference in either 

CD4+CD28+ T lymphocytes or CD11b+MHCII+ macrophage expression in mice treated 

with 7x109 vp, rAAV1-anti-IFNγ antibody as compared to saline control littermates.  . 

Chemokine Receptor Staining 

In addition to staining for activation markers splenocytes and pancreatic lymph 

node cells were also stained for chemokine markers CCR5 and CXCR3. The percent 
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positive of each cell type was calculated for the spleen and the pancreatic lymph nodes 

and the ratio calculated. 

 

Figure 6-11.  Flow cytometry analysis of CD3+CXCR3+ and CD3+CCR5+ T 
lymphocytes.  The percent positive of each cell type was calculated for the 
spleen and the pancreatic lymph nodes and the ratio calculated. A) Spleen to 
PaLN ratio of CD3+CXCR3+ T lymphocytes. B)  Spleen to PaLN ratio of 
CD3+CCR5+ T lymphocytes. 

There was a significant shift in the average ratio of CD3+CXCR3+ T cells (9.1 vs. 

2.8; p<0.05) in the spleen in 7x1010 vp rAAV-anti-IFNγ antibody as compared to saline 

control littermates. This difference was not seen in mice treated with 7x109 vp, rAAV-

anti-IFNγ antibody. There was no significant difference in any treatment group in the 

spleen to pancreatic lymph node ratio of CD3+CCR5+ T lymphocytes. 

Discussion 

Numerous studies suggest that IFNγ is a key proinflammatory cytokine involved in 

progression of T1D. Interferon gamma neutralizing monoclonal antibodies or soluble 

receptors are frequently protective in this disease (83,120,121). Conversely, transgenic 

mice expressing IFNγ in the islets of Langerhans develop severe insulitis and diabetes 

(122). This is associated with a loss of immunologic tolerance to islet-cell antigens.  
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However, contradictory results have plagued the history of investigation of the role 

of interferon gamma in the progression of T1D. Recent studies have shown that IFNγ 

knockout mice do not have reduced incidence the incidence of T1D (123). To confound 

the situation further, IFNγ may be necessary for the down regulation of immune mediated 

destruction of islets and subsequent progression of T1D. 

In this study, we constructed a rAAV1 vector expressing a chimeric monoclonal 

neutralizing mouse anti-mouse IFNγ antibody. For insertion into the vector, we chose 

heavy chain elements (part of CH1, hinge, CH2 and CH3) of the murine IgG1 isotype, 

instead of other isotypes, because IgG1 has a long half-life in serum and does not activate 

complement (49). The activation of complement would be particularly undesirable due to 

release of several inflammatory mediators, possibly negating the effects of therapy. 

In vitro studies using the insulinoma cell line β-TC3 cells showed direct reduction 

of caspase-3 mediated apoptosis when treated with purified anti-IFNγ antibody. In vivo 

experiments found that the concentrations of circulating IFNγ are critical in regulating 

immune responses. Further experiments with mixed lymphocyte reactions showed a 

reduced proliferation and lower stimulatory cytokine production when treated with 

purified anti-IFNγ antibody verves negative control treated mice. 

In the NOD mice treated with a low dose of rAAV1-anti-IFNγ antibody resulting in 

only a 5-fold reduction in circulating IFNγ, resulted in a statistically significant reduction 

in the onset of T1D by 30 weeks of age. Mice treated with a higher dose of rAAV1-anti-

IFNγ antibody that resulted in undetectable levels of circulating IFNγ resulted in a no 

significant difference in the prevention of T1D verses negative control NOD mice at 30 

weeks of age. 
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Histological analysis of the pancreas from experimental groups showed no 

difference in insulitis scoring yet when the tissues were stained for in specific 

lymphocytes markers showed that the infiltrate was predominately a B220+ B 

lymphocyte infiltrate and that there was no difference in numbers of B220+ B 

lymphocytes infiltrating the islets. However, tissues stained with anti-CD3 antibody 

showed a decrease in the amount of infiltrating CD3+ T lymphocytes in animals treated 

with high dose rAAV1-anti-IFNγ antibody when compared to low dose and negative 

control animals. 

The trafficking of inflammatory cells into the pancreas is mediated by multiple 

proinflammatory cytokines and chemokines such as IL-8, MIP-1α, and RANTES (124). 

A shift in the expression of these molecules has been shown to modulate the type of 

immune cells that migrate between the tissues. Our studies show that treatment with 

rAAV1-anti-IFNγ antibody lead to a lower respective expression of T lymphocytes 

expressing chemokine receptors CXCR3 but not CCR5, two chemokine receptors critical 

in lymphocyte daipedisis. This disparity in chemokine receptor expression may be a 

cause of insulitis despite the therapeutic treatment. 

IFNγ may play an important role in stimulating antigen presentation by the APC, 

and/or in inducing Th1 differentiation of effector T cells. Clinically, the neutralization of 

IFNγ could be beneficial in preventing immune stimulation (125, 126, 127). Our results 

using ovalbumin specific TCR transgenic DO11.10 mice showed a down regulation of 

MHCII on macrophages.  

Reduced activation of immune cells was not limited to reduced activation of APCs. 

Treatment with rAAV1-anti-IFNγ antibody also leads to reduced activation of T 
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lymphocytes. Administration of ovalbumin to mice previously immunized with rAAV1-

anti-IFNγ antibody had a reduced T lymphocyte capacity. These mice had reduced 

number of CD69 activated CD4+ and CD8+ T lymphocytes at 5 hours post ovalbumin 

administration and significantly reduced CD28 expression on CD4+ T lymphocytes after 

7 days post ovalbumin expression. 

In addition to reduced expression of surface activation molecules on APC and T 

lymphocytes, there was also a reduction in the expression of proinflammatory serum 

cytokines IFNγ and IL-6 seen in the NOD mice treated with rAAV1-anti-IFNγ antibody 

verses the control littermates. However, there was no difference in the concentrations of 

IL-1β, IL-12 and TNFα in all experimental groups. Redundancy with TNFα and IL-12 

that has very similar proinflammatory effects to IFNγ may be an explanation for the 

progression of T1D. 

Therefore, the question remains, if treatment with anti-IFNγ antibody prevents 

inflammatory apoptosis of islet β cells, reduced activation of APC and T lymphocytes in 

vivo, and reduced T lymphocyte diapedesis between lymphoid organs; why did mice 

treated with high dose rAAV1-anti-IFNγ antibody not have a lower rate of T1D than low 

dose treated mice? The answer lies in IFNγ’s role in down modulating the later stages of 

the immune response. Studies have that IFNγ enhances caspase mediated apoptosis of 

macrophages and T lymphocytes (128, 129). In addition to this, IFNγ has been shown to 

down regulate expression of proinflammatory cytokines IL-1β and IL-8. Lastly, IFNγ has 

been shown to induce cytokine antagonists IL-1ra, IL-18bp, and suppressor of cytokine 

signaling (130). 
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In recent years, experiments with CD4+CD25+ regulatory T lymphocytes have 

shown profound ability to suppress autoimmune mediated T1D. Multiple studies have 

shown that regulatory T lymphocytes have the ability to suppress effector T lymphocyte 

activation and proliferation (131, 132). Indeed these cells have been shown to even 

inhibit the diapedesis of effector T lymphocytes into the pancreas by down regulating 

IFNγ dependent chemokine, CXCR3 ( �133 ). Recent evidence has also shown that 

generation and activation of regulatory T lymphocytes are inhibited by production of 

IFNγ by CD8+ T lymphocytes (134). 

Conclusions 

The multifunctional capabilities of IFNγ make this cytokine a powerful tool for 

immunomodulation. However, the complexity of its role in different aspects of the 

immune response makes it a potentially difficult cytokine to control. Our experiments 

have shown that control of the immune response can be directed by using rAAV vectors 

expressing anti-IFNγ antibody to modulate the immune response. However, expression of 

the transgene and must be tightly regulated to allow for optimal concentrations of IFNγ at 

different stages of the immune response. Future experiments may be necessary to 

optimize expression by incorporation of regulation elements such tetracycline regulation 

element. By incorporating this system into the rAAV vector, the amount of neutralizing 

anti-IFNγ antibody and subsequent IFNγ concentrations can be optimized at the different 

stages in the immune response. 
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CHAPTER 7 
PREVENTION OF T1D BY USE OF RECOMBINANT AAV-CBA-SOLUBLE 

INTERLEUKIN-1RECEPTOR-IG FUSION 

The present chapter will discuss the methods and results used in the for the primary 

prevention experiments using rAAV vectors expressing immunosuppressive smIL-1r-Ig.  

Methods 

For in vivo experiments, 3 week old non-obese diabetic (NOD)/Lt mice were 

ordered from Jackson Labs Inc. (Bar Harbor, MA). All the mice were housed in the 

special pathogen free animal care facility and followed Institutional Animal Care and Use 

Committee (IACUC) and Animal Care Services (ACS) protocols. Upon arrival, the mice 

were tagged with a subcutaneous FriendChipTM (AVID) so that each mouse could be 

tracked with a 9 digit code via a scanner. This was carried out under isoflorane® (Abbott 

Labs, North Chicago, IL) inhalant anesthetic utilizing the commercial vaporizer at a dose 

of 2 to 3% based on manufacturers specifications. 

Four week old female NOD mice (n=12 per study group) were injected 

intramuscularly into the caudal muscle of the pelvic limb diluted into 0.1 mL lactated 

ringers with different combinations of rAAV serotype 1 expressing smIL-1r-Ig vectors 

(Table 7-1). An additional 3 mice per study group were injected for immunological 

analysis at 12 weeks of age. This same procedure was repeated for all of the experimental 

groups. For these experiments mice at 4 weeks of age were treated with rAAV vectors 

and housed in the SPF facility in animal care services with food and water provided 

under standard conditions.  
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Table 7-1. Injection scheme for immunomodulatory rAAV therapy of NOD mice to 
prevent type 1 diabetes: rAAV-CBA-smIL-1r-Ig  

rAAV1-smIL-1r-Ig: 1.4x109   12 female NOD 
rAAV1-smIL-1r-Ig 1.4x108   12 female NOD 
rAAV1- CLC 1.7x109   12 female NOD 
Saline N/A   12 female NOD 
 
Blood Glucose Analysis 

Treated mice from all experimental groups were bled by tail bleed for blood 

glucose levels once a week using an OneTouch Ultra® meter (LifeScan). After 2 

consecutive blood glucose readings above 240 mg/dL over two days the mouse was 

classified as diabetic and euthanized.  

Imunohistochemistry 

The organs (heart, lungs, liver, pancreas, kidney, intestine, skeletal muscle, gonad, 

and spleen) from euthanized mice were harvested for immunohistological analysis. 

Organs were placed into cassettes, stored in 10% formalin, and sent to the UF Pathology 

Core facility. H&E staining was performed on all organs for general pathology. Insulitis 

scoring was performed on H&E stained pancreas from mice euthanized at time of onset 

as well as mice euthanized at 12 weeks of age. The pancreas was stained for B220 and 

CD3 for analysis of the lymphocyte profile in mice euthanized at time of onset as well as 

mice euthanized at 12 weeks of age. 

Serum Cytokine Analysis 

Serum samples (n=3 per study group) were taken at 12 weeks of age for cytokine 

analysis. The Luminex® 10-plex cytokine system determined serum cytokine 

concentration for interleuin-1 beta (IL-β), IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, 

granulocyte-macrophage-colony stimulating factor (GM-CSF), tumor necrosis factor 

alpha (TNFα), and interferon gamma (IFNγ). 
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Splenocytes Proliferation Assay 

Splenocytes from 12 week old treated mice (n=3 per study group) were isolated 

and plated into 96 well dishes at 1x105 cells/well (12 replicates)  in RPMI 1640 

supplemented with 10% FBS, 200 mM L-glutamine, 25 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid  (HEPES), 100 units/mL penicillin/ 100 µg/mL 

streptomycin (P/S) 1 µL β-mercaptoethanol (BME). To the experimental wells, 1.0 

µg/mL functional grade anti-CD3 antibody/anti-CD28 antibody was added. The cells 

were then allowed to incubate for 72 hours, at which time 1 µCi H3 thymidine was added 

to the wells and incubated for a further 16 hours. The H3 thymidine incorporation was 

then measured using a β-scintillation counter. 

Splenocyte Cytokine Assay 

At the 72 hour time point following the addition of the functional grade anti-CD3 

antibody/anti-CD28 antibody, 20 µL of media was removed from each sample and stored 

for cytokine profiling using Luminex100TM system. (Luminex Corp.) 

Flow Cytometry 

Splenocytes and pancreatic lymph node cells were harvested from 12 week old 

sacrificed mice and immunostained with anti-CD4- fluorescein isothiocyanate (FITC) 

(L3T4), anti-CD8-allophycocyanin (APC) (Ly-2), and 7-amino-actinomycin-D (7-AAD) 

(eBioscience Inc.). The cells were then run on a FACSCaliber® (Becton Dickinson) to 

determine the percentage of T lymphocytes under the different experimental conditions. 

Flow cytometry analysis was performed by FCS Express software (De Novo Software). 

The results were then plotted and the statistical significance of the individual test as well 

as the combined values for each of the experimental conditions. Finally, the values were 

calculated for the final numbers to be compared.  
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DO11.10 Transgenic Mice  

Three week old female DO11.10 ovalbumin (OVA) T-cell receptor (TCR) 

transgenic mice were ordered from Jackson Labs Inc. Upon arrival the mice were tagged 

with a subcutaneous FriendChipTM chip under isoflorane® inhalant anesthetic. The 

DO11.10 OVA TCR transgenic mice were injected intramuscularly with different 

combinations of rAAV serotype 1 smIL-1r-Ig vectors. Four weeks following rAAV 

administration, the mice were manually restrained and immunized intraperitoneally with 

5 µg of OVA.  

Early Lymphocyte Activation Detection 

Five hours after OVA administration, three mice were sacrificed and the spleens 

were removed. The lymphocytes were purified using the same protocols as described 

previously and the cells were stained for flow cytometric analysis with the following 

florescent antibodies (BD Pharminigen) along with the appropriate isotype controls: 

anti-CD3-FITC, anti-CD69-PE, 7-AAD anti-CD4-APC 
anti-CD3-FITC, anti-CD69-PE, 7-AAD anti-CD8-APC. 
 

The cells were then read on a flow cytometer as described previously. 
 

Late Immune Activation Detection 

Three days after the first OVA administration, an addition administration of 5 µg 

OVA was performed. Four days later, the remaining 3 mice were sacrificed and the 

spleens were removed. The lymphocytes were purified and the cells were stained for flow 

cytometric analysis with the following BD Pharminigen florescent antibodies: 

anti-CD3-FITC, anti-CD28-PE, 7-AAD anti-CD4-APC 
anti-CD3-FITC, anti-CCR5-PE, 7-AAD anti-CD4-APC 
anti-CD3-FITC, anti-CXCR3-PE, 7-AAD anti-CD4-APC 
anti-CD11b-FITC, anti-MHC-II-PE, 7-AAD, anti-CD11c-APC 
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Results 

This section will discuss results from the primary prevention experiments using 

rAAV vectors expressing the immunosuppressive transgene smIL-1r-Ig. 

Four week old female NOD mice were injected intramuscularly with different 

combinations rAAV1 smIL-1r-Ig vectors with 12 mice per study group. An additional 3 

mice per study group were injected for immunological analysis at 12 week of age. 

Treated mice were bled by tail perforation for blood glucose levels. After 2 consecutive 

blood glucose readings above 240 mg/dL over 2 days, the mouse was classified as 

diabetic and euthanized. The organs were harvested for immunohistochemistry and 

placed in 10% formalin. The organs were then transferred into 75% ethanol and then sent 

to the University of Florida Pathology Core facility for further analysis. Each organ was 

sectioned and the sections were stained for lymphocyte infiltration into the organ. In 

addition to this the organs were stained for general pathology and for disease 

characteristics.   

Survival Curves of In Vivo Treated NOD Mice 

The incidence of T1D  through 30 weeks post-injection in NOD/Lt female mice 

provided with the different rAAV immunomodulatory vectors, negative control vector, or 

saline are shown in figure 7-1. The values were the plotted using a Kaplan Meier curve 

and the significance calculated using Graph Pad Prism statistical analysis program. The 

experimental groups were followed by weekly blood glucose levels as measured by tail 

perforation and the number of diabetic mice was measured as a percentage of the total 

number of experimental mice for each of the study groups. The curves were then plotted 

and the statistical variance was calculated using the statistical program described 

previously.  



102 

 

 
Figure 7-1.  Kaplan Meier for rAAV1-CBA-smIL-1r-Ig treated mice.  Comparison of 

different study groups administered with rAAV1-smIL-1r-Ig vectors.  

NOD mice treated with 1.4x109 particles of rAAV1-smIL-1r-Ig did not display a 

significant decrease in the rate of disease onset (p= 0.13) as compared to saline treated 

littermates by 30 weeks of age. The NOD mice treated with 1.4x1010 particles of rAAV1-

smIL-1r-Ig did display a significant decrease in the rate of disease onset by 30 weeks (p< 

0.03) as compared to saline treated littermates.  

Immunohistochemisty 

Organs from mice classified a T1D and 12 week old euthanized mice were 

harvested for immunohistological analysis. The organs were placed into cassettes, stored 

in 10% formalin, and sent to the UF Pathology Core facility.  H&E staining for general 

pathology was performed. Insulitis scoring was carried out in a blinded fashion by the UF 

Pathology Core facility. The scoring was carried out by assigning a value to the level of 

infiltration with a score of 0 being no infiltration and a score of 4 representing complete 

infiltration of lymphocytes into the islet. 
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Figure 7-2.  Insulitis scoring of mice treated with rAAV1-smIL-1r-Ig.  A) Example of 
insulitis scoring of islets. B) Insulitis scoring of different rAAV treated 
experimental groups at 12 weeks of age. 

General pathological analysis was performed on heart, lungs, liver, gonads, skeletal 

muscle, kidney, intestine, and spleen. There was no unusual pathology observed in organ 

of any of the experimental groups at 12 weeks of age or mice euthanized at onset of T1D 

for all organs analyzed. There was no significant difference in general insulitis of 

rAAV1-smIL-1r-Ig treated mice over negative saline or rAAV1-CLC controls, in mice 

euthanized at 12 weeks of age.  

In addition to insulitis scoring that was carried out on H&E stained pancreas, 

immunostaining for B220+ and CD3+ lymphocytes was conducted on 12 week old 

euthanized mice, for analysis of specific lymphocyte infiltration. The level of infiltration 

scoring was performed in a similar fashion as insulitis scoring. The degree of relative 

infiltration was given a score between 1 and 3, with 3 being the most severely infiltrated 

islets and 1 being the least. This scoring system was performed on B220 and CD3 stained 

pancreatic sections. The total numbers of islet and there corresponding islet infiltration 

scored was calculated for each study group and the results were graphed using Microsoft 

excel program.  
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Figure 7-3.  Pancreatic immunostaining for B220+ and CD3+ lymphocytes.  A) Example 
of infiltrate scoring of islets. B) B220 scoring of different experimental rAAV 
treated groups. C) CD3 scoring of different experimental rAAV treated 
groups. 

There was no difference (blinded semi-quantitative analysis) in B220+ B 

lymphocyte infiltration in the pancreas of any experimental group. There was also no 

difference of CD3+ T lymphocytes cells infiltrating the islet of the pancreas. Note also 

that flow cytometric analysis of lymphocytes isolated from the spleen and pancreatic 

lymph nodes revealed no statistical difference in the number of CD3+ and B220+ 

lymphocytes in those organs (data not shown). The number of islet counted for the saline 

control was greater than that of the experimental sections, leaving the statistical power of 

this experiment less then a 95% confidence. 
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Serum Cytokine Analysis 

In order to confirm expression of rAAV vectors, serum samples (n=3 per study 

group) were collected at 12 weeks of age for cytokine analysis. Serum cytokine 

concentration was determined by Luminex® Beadlyte 10-plex system.  

 

Figure 7-4.  Serum cytokine concentrations.  Serum cytokine concentrations of rAAV 
treated mice at 12 weeks of age measured using Luminex100TM system. A) 
IL-1β serum concentration. B) IL-6 serum concentration. C) TNFα serum 
concentration. 
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Figure 7-4.  Continued 

The experimental mice treated with rAAV1-smIL-1-Ig showed a mean reduced 

serum concentration of IL-1β. Mice treated with 1.4x1010 particles of rAAV1-smIL-1r-Ig 

had a mean reduced serum IL-1β concentration of 23.8 pg/mL compared to 64.9 pg/mL 

for saline control mice (p<0.05). While mice treated with 1.4x1010 particles of rAAV1-

smIL-1r-Ig showed an average reduction in IL-1β concentrations, but the amount was not 

significantly different from saline or rAAV1-CLC negative controls. 

The experimental mice treated with rAAV1-smIL-1-Ig showed an average 

reduced serum concentration of IL-6. Mice treated with 1.4x1010 particles of rAAV1-

smIL-1r-Ig had average reduced serum IL-6 concentration of 39.8 pg/mL compared to  

80.2 pg/mL for saline control mice (p<0.04). While mice treated with 1.4x1010 particles 

of rAAV1-smIL-1r-Ig showed an average reduction in IL-6 concentrations but the 

amount was not significantly different than saline or rAAV1-CLC negative controls. 
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None of the experimental mice treated with rAAV1-smIL-1-Ig vectors 

demonstrated an average reduced serum concentration of TNFα as compared to saline or 

rAAV1-CLC negative controls. 

Splenocyte Proliferation Assay 

Splenocytes from 12 week old rAAV treated mice were isolated and stimulated 

with anti-CD3/anti-CD28 antibody. After 72 hours, H3 thymidine was added to the wells 

and incubated for a further 16 hours. The H3 thymidine incorporation was then measured 

using a β-scintillation counter. 

 

Figure 7-5.  Recombinant AAV1-smIL-1r-Ig treated NOD mouse splenocyte proliferation 
assay.  Splenocytes from 12 week old rAAV treated mice were isolated, 
stimulated with, αCD3/αCD28 and H3 thymidine incorporation were then 
measured using a β-scintillation counter. 

The proliferative ability of the isolated splenocytes from the different experimental 

groups was calculated as counts per minute (cpm) based on H3 thymidine incorporation. 

None of the experimental groups showed a significantly decreased average proliferation 
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(72205 cpm vs. 65230 cpm) in NOD mice treated with 1.7x1010 particles of rAAV1-

smIL-1r-Ig and 79372 cpm with NOD mice treated with 1.7x109 particles of rAAV1-

smIL-1r-Ig.  

Splenocyte Cytokine Assay 

Media from cells in previous experiment were taken at 72 hour time point and 

analyzed for cytokine profile using Luminex100TM system.  

 

Figure 7-6.  Cytokine expression from splenocytes stimulation assay.  Splenocytes from 
12 week of rAAV treated mice were stimulated with αCD3/αCD28. After 72 
hours the media was tested for cytokine profile using Luminex100TM system. 
A) IFNγ concentration. B) IL-2 concentration. C) IL-10 concentration. D) IL-
4 concentration. 

Expression of all cytokines showed no significant difference in average expression 

levels when compared to saline and rAAV1-CLC negative controls. This provides 

evidence that this is not a cytokine mediated phenomenon and that the survival of the 

experimental mice may be due to another factor such as lymphocyte activation. 
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DO11.10 Ovalbumin TCR Transgenic Mouse 

Five hours after OVA administration 3 mice were sacrificed. The spleens were 

removed and the lymphocytes were purified using the same protocol as described 

previously. The cells were stained for flow cytometric analysis with BD Pharminigen 

florescent antibodies for CD69 on CD3+, CD4+, and CD8+ T lymphocytes. In addition to 

the experimental tests, the appropriate isotype controls were also prepared. The cells were 

then read on a flow cytometer as described previously. 

 

Figure 7-7.  Example of flow cytometry analysis of CD69 staining. A) Representative 
staining of CD4+ CD69 staining. B) Representative staining of CD8+ CD69 
staining.  
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Figure 7-8.  Average flow cytometry analysis of CD69 staining. Average CD69 staining 
on CD4+ and C) CD8+ T lymphocytes. 

Mice treated with rAAV-smIL-1r-Ig did not have a statistically average reduced 

activation of CD4+or CD8+ T lymphocytes, as measured by CD69, expression over 

control mice. 

Late Immune Activation Detection 

Three days after first OVA administration, an additional administration of 5 µg of 

OVA was performed. Then 4 days later, the remaining 3 mice were sacrificed and the 

spleens were removed. The lymphocytes were purified using the same protocols as 

described previously and the cells were stained for flow cytometric analysis for CD28 on 

CD4+ T lymphocytes and MHC-II on CD11b+ macrophages. The splenocytes were 

harvested and just before the went into the flow cytometer, 7-AAD was added so that the 

dead cells could be subtracted out form the analysis program and that proper scatter plots 

could be generated.  
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Figure 7-9.  Flow cytometry analyses of CD3+CD28+ and CD11b+MHCII+ splenocytes.  
Representative staining of A) CD28 and B) MHC staining. Average MHC 
staining on C) CD11b+ macrophages and average D) CD28 staining on CD4+ 

T lymphocytes. 

The experimental mice treated with either 1.4x1010 vp, rAAV1-smIL-1r-Ig or 

1.4x109 vp rAAV1-smIL-1r-Ig had a no significant average decrease in CD4+CD28+ T 

lymphocytes. However there was a significant decrease CD11b+MHCII+ macrophage 

mean expression (37.4 vs. 26.1%; p<0.01) in mice treated with 1.4x1010 vp rAAV1-

smIL-1r-Ig, and with 1.4x109 vp rAAV1-smIL-1r-Ig (37.4 vs. 27.4%; p<0.05) as 

compared to saline control mice. This same pattern was seen in each of the 3 mice for the 

different experimental groups. This resulted in very small average deviations between the 

different study groups.  
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Discussion 

The data presented in this report demonstrates that a fusion molecule consisting of 

a soluble form of the extracellular portion of the interleukin-1 receptor fused to the Fc 

portion of mouse IgGl (smIL-1r-Ig) is an effective antagonist of autoimmune mediated 

progression of T1D in the NOD mouse. A decreased incidence of hyperglycemia in mice 

treated with rAAV1-CBA-smIL-1r-Ig was seen at 30 weeks of age, as compared to saline 

and rAAV1-CLC negative control treated mice. Furthermore, the effectiveness of the 

treatment was dose dependent, with mice treated at a higher dose of vector having a 

significantly increased delay of hyperglycemia over the low dose treated group. 

While the importance of IL-1β as a proinflammatory cytokine responsible for islet 

cell death has been extensively studied in vitro (54), its role in the development of T1D 

diabetes in vivo remains controversial. Histological analysis of the pancreas at 12 weeks 

of age showed no significant reduction in insulitis between the different experimental 

groups. When the infiltrates where examined for particular cell types, the main islet 

infiltrate was B220+ cells in all experimental groups. In all experimental groups there was 

also significant CD3+ T lymphocyte infiltrate in the pancreatic islets. 

Based on these findings, protection for hyperglycemia may require protection from 

lymphocyte migration and activation. To confirm whether lymphocyte activation was 

altered in treated groups, splenocyte profiling was carried out. Splenocytes from rAAV1-

-smIl-1r-Ig treated mice showed no significant difference in ability to suppress in T 

lymphocyte proliferation over negative control treated mice, when stimulated with anti-

CD3/anti-CD28 antibody. Additionally, when rAAV1-smIl-1r-Ig treated DO11.10 TCR 

transgenic mice where stimulated with ovalbumin, there was not a significant down 
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regulation of T lymphocyte activation markers CD69 or CD28 in this antigen specific 

model. 

This data suggests that to develop a completely effective therapy, modulation of 

lymphocyte activation may also be necessary. Another possible reason why rAAV-smIL-

1-Ig therapy did not protect more fully from T1D is that it may not block the effects of 

perforin and granzymes. These factors are secreted by the cytotoxic granule of the CD8+ 

T-lymphocytes and are important mediators of ß cell destruction in NOD diabetes (135). 

Studies have shown that autoimmune T1D in the NOD mouse can be prevented by 

treatment with nondepleting monoclonal antibodies to CD4 and CD8 (136, 137) or with 

low doses of anti-CD3 antibody at amounts that do not fully deplete (138). In addition, 

Cooke et al. showed that the combinational of anti-CD4 therapy with recombinant sIL-

1RII, effectively prevented the action of IL-1β in a islet allograft mouse model (139). 

Our results suggest that the postponement of T1D by rAAV-smIL-1r-Ig is not the 

result T lymphocyte activation impairment, but rather can be explained by the loss of the 

proinflammatory environment. Our studies show that treatment with rAAV1-smIL-1r-Ig 

resulted in a reduced serum concentration of proinflammatory cytokines IFNγ, IL-1β and 

IL-6, verse the negative control experimental groups. This data is encouraging, as our in 

vitro results with β-TC3 cells, demonstrated reduced caspase-3 mediated apoptosis when 

the cells were administered IL-1 β in the presence of purified smIL-1r-Ig gene product.  

While the amount of proinflammatory cytokines was reduced in the rAAV1-smIL-

1r-Ig treated mice, these mice did still eventually undergo inflammatory mediated 

lymphocyte infiltration. Serum levels of TNFα did not deviate between experimental 

groups and could account for the eventual insulitis and progression to T1D. Redundancy 
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with TNFα, that has very similar effects to IL-1β, may be an explanation for the 

progression of T1D. Both cytokines activate the nuclear factor-B and mitogen-activated 

protein kinase pathways, and induce an overlapping set of genes involved in inflammation 

(140). Studies by Kay et al. (141) showed that in IL-1 receptor knockout NOD mice, 

iNOS production was reduced but mice still underwent TNFα dependent class I MHC 

upregulation. This led to an increase in Fas mediated β cell apoptosis.  

Therefore, if both IL-1β and TNFα are produced in the islets of NOD mice, by 

removing IL-1β, the effects are limited to genes, like iNOS, that are IL-1β dependent. 

Other IL-1β-inducible genes, like class I MHC, which can be upregulated by TNFα or Fas 

as well, that can be upregulated independently of IL-1β, and can still be expressed on β 

cells resulting in onset of T1D. 

Conclusions 

We have clearly shown that treatment with rAAV1-smIL-1r-Ig can prolong the 

onset of T1D in the NOD mouse. These experiments have demonstrated the powerful 

utility of a single administration of rAAV vector expressing the anti-inflammatory 

molecule, smIL-1r-Ig, as a means to reduce systemic inflammatory signaling. This 

therapy serves a first step in progress to developing a truly effective therapy for 

prevention of T1D. Further experiments with combinations of therapies such as the 

addition of anti-thymocyte globulin will address the issues lymphocyte infiltration, while 

still maintaining an anti-inflammatory environment in the pancreatic islets.
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CHAPTER 8 
DISSCUSION AND CONCLUSIONS 

Discussion 

The potential of immunotherapy for the prevention and treatment of type 1 diabetes 

(T1D) can provide a powerful tool for people suffering from this disease. However, the 

complexities of immune response in T1D are multifaceted and temporally complex. To 

understand the full potential of these therapies, we focused on two specific aspects of 

immune response in autoimmune disease, cytokine mediated activation and lymphocyte 

mediated destruction. One of the proposed methods, cytokine mediated 

immunomodulation uses the gene therapy approaches: recombinant adeno-associated 

vector (rAAV) mediated delivery of soluble IL-1 receptor IgG fusion protein (smIL-1r-

Ig) and anti-interferon gamma (IFNγ) antibody to the muscle to achieve systemic 

reduction of these proinflammatory cytokines. The second method utilized polyclonal 

anti-thymocyte globulin (ATG) to down regulate T lymphocyte responses. Preliminary in 

vitro results from this proposal led us to investigate the potential for and consequences of 

treatment in an in vivo nonobese diabetic (NOD) mouse model of inflammatory and 

autoimmune disease. 

Our first study focused on blocking the proinflammatory cytokine IFNγ. We 

constructed a rAAV1 vector expressing a chimeric monoclonal neutralizing mouse anti-

mouse IFNγ antibody. NOD mice treated with a low dose of rAAV1-anti-IFNγ antibody, 

resulting in only a 5 fold reduction in circulating IFNγ, resulted in a statistically 

significant reduction in the onset of T1D at 30 weeks of age. Mice treated with a higher 
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dose of rAAV1-anti-IFNγ antibody, which resulted in undetectable levels of circulating 

IFNγ, showed no significant difference in the prevention of T1D over negative rAAV or 

saline treated control NOD mice. 

Histological analysis of the pancreas from experimental showed that the infiltrate 

was predominately a B lymphocyte infiltrate and that there was no difference in numbers 

of B220 cells infiltrating the islets. However tissues stained with anti-CD3 antibody 

showed a decrease in the amount of infiltrating CD3+ lymphocytes in animals treated 

with high dose rAAV1-anti-IFNγ antibody when compared to low dose and negative 

control animals. Our studies show that treatment with rAAV1-anti-IFNγ antibody lead to 

a lower respective expression of T lymphocytes expressing chemokine receptors CXCR3 

but not CCR5, two chemokine receptors critical in lymphocyte diapedesis.  

Our results using ovalbumin specific T-cell receptor (TCR) transgenic DO11.10 

mice showed a down regulation of major histocompatibility II (MHCII) on macrophages. 

Reduced activation of immune cells was not limited to reduced activation of antigen 

presenting cells (APC). Treatment with rAAV1-anti-IFNγ antibody also leads to reduced 

activation of T lymphocytes. These mice had reduced number of CD69 activated CD4+ 

and CD8+ T lymphocytes. 

In addition to reduced expression of surface activation molecules on APC and T 

lymphocytes, there was also a reduction in the expression of proinflammatory serum 

cytokines, IFNγ and IL-6, seen in mice treated with rAAV1-anti-IFNγ antibody verses 

the control littermates. However, there was no difference in the concentrations of IL-1β, 

IL-12 and TNFα in all experimental groups. Redundancy with TNFα and IL-12, that has 
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very similar proinflammatory effects to IFNγ, may be an explanation for the continued 

progression of T1D in rAAV-anti-IFNγ-antibody treated mice.  

Our second study focused on the proinflammatory cytokine, IL-1β. The data 

presented in this study demonstrate that rAAV mediated delivery of sIL-1r-Ig is an 

effective antagonist of autoimmune mediated progression of T1D in the NOD mouse. A 

decreased incidence of hyperglycemia in mice treated with rAAV1-CBA-smIL-1r-Ig was 

seen at 30 weeks of age as compared to saline and rAAV1-CLC negative controls. 

Furthermore, the effectiveness of the treatment was dose dependent with mice treated 

with a higher dose of vector had a significantly increased delay of hyperglycemia over 

the low dose treated group. 

Our results suggest that since the postponement of T1D is not the result of T 

lymphocyte activation impairment, but rather can be explained by a loss of 

proinflammatory environment due to therapy. Our studies show that treatment with 

rAAV1-CBA-smIL-1r-Ig demonstrated a reduced serum concentration of 

proinflammatory cytokines IFNγ, IL-1β and IL-6 verse the negative control group. This 

data is encouraging as our in vitro results with β-TC3 cells demonstrated reduced caspase 

mediated apoptosis when administered IL-1β in the presence of purified smIL-1r-Ig gene 

product.  

In our third study, we focused on the lymphocyte mediated immune response 

against β cell destruction. In these studies, we showed that prevention of T1D in the NOD 

mouse using ATG achieved complete remission in over 90% of treated mice at 30 weeks 

of age. This treatment is age dependent with suppression of T1D occurring only in mice 

treated at 12 weeks of age. CD25+CD4+ regulatory T lymphocytes demonstrated an 



118 

 

increased capacity to suppress effector T lymphocytes in a suppression assay, which was 

transferable in in vivo adoptive cotransfer experiments.  

Flow cytometric analysis of demonstrated a significantly reduced concentration of 

CD28 and CD154 on splenic CD4+ T lymphocytes, indicating a reduced effector 

activation capacity. The selective down-regulation of splenic and pancreatic lymph node 

T lymphocyte CCR5 expression may be significant due to its association with Th1 

immune responses that are associated with the progression of T1D.  

Conclusions  

The projects presented in this dissertation focus on the therapeutic targeting of 

two immunological processes that are interconnected in the development of the 

autoimmune progression in T1D. First, our findings provide in vivo evidence for a role of 

lymphocyte mediated control by ATG as a possible therapy. The ability for ATG to 

provide lymphocyte depletion resulted in a greatly reduced insulitis in NOD mice and 

prevention of T1D. The window by which the treatment allows for effective results is 

extremely small, and an effective treatment in a clinical setting may require more detail 

on the best time at which the therapy should be given. Second, cytokines play a 

controlling factor in trafficking of lymphocytes into the pancreas in this autoimmune 

disease. As mediators of inflammation, preventing cytokine activation of lymphocytes 

offers another aspect of the immune response for targeted therapy. The use of rAAV 

therapy targeting the proinflammatory IFNγ and IL-1β slowed the progression of T1D in 

a dose depended manner. The importance of these experiments for an understanding of 

immune processes of autoimmune T1D cannot be understated. Much more needs to be 

learned about the specific molecules at different stages of the immune response in order 

to develop an effective therapy. Promising work in the future may join therapies to 
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improve the likeness of a positive therapeutic outcome. Possible combination therapies 

include combining immunomodulatory rAAV therapy to suppress the inflammatory 

response along with ATG to downmodulate T lymphocyte mediated immune destruction 

of the β cells. These experiments offer a first step into the understanding of these novel 

molecules that may, some day be used a therapy to prevent the onset of autoimmune 

T1D. 
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