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The autoimmune destruction of the insulin-producing beta cells by autoreactive T 

lymphocytes results in a loss of blood glucose control and is known as type 1 diabetes (T1D). 

While exogenous insulin therapy has been available commercially since 1923, this treatment is 

not considered a cure as it is life-long and typically results in long-term complications including 

retinopathy, nephropathy, and various cardiovascular disorders. As such, there has been a desire 

to increase our understanding of disease pathogenesis in order to potentially prevent and/or cure 

overt diabetes. Many such studies have been carried out using animal models of T1D, perhaps 

most prolifically in the non-obese diabetic (NOD) mouse. After recent clinical trials in which 

prevention therapies have not proven efficacious, there has been an increasing desire for 

intervention therapies immediately post-onset. As such, the need to control the autoimmune 

response may be considered a critical component to these therapies. In these studies, anti-

thymocyte globulin (ATG) was used immediately post-onset in NOD mice in order to halt the 

autoimmune destruction of the remaining beta cells as well as to attempt to induce a more 

tolerant immune phenotype. Only two doses of ATG were administered, resulting in a short-term 

T lymphocyte ablation. In addition, secondary compounds were added in combination with ATG 

in different stages of this project based upon the hypothesis that combination therapy targeting 
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multiple pathways would prove more effective at inducing long-term disease remission than 

monotherapy. These studies will demonstrate that not only was ATG effective at inducing 

significant remission in new-onset NOD mice, but also that through combination therapy with 

granulocyte-colony stimulating factor (G-CSF) insulitis was diminished while beta cell area 

increased, as demonstrated through analysis of histology. In addition a more tolerant immune 

phenotype was induced as quantified through analysis of regulatory T cell populations. 

 



 

CHAPTER 1 
INTRODUCTION 

This introduction serves to highlight both the significance and the characteristics of type 1 

diabetes. This will be accomplished through a discussion of worldwide disease incidence, natural 

history, insulin treatment, and the long-term clinical complications. In addition, the NOD mouse, 

a popular mouse model of type 1 diabetes, will be discussed in terms of its role in research into 

disease pathogenesis. Finally, current as well as preclinical rationales for the treatment of type 1 

diabetes will be discussed. 

Type 1 Diabetes 

Diabetes consists of a multitude of metabolic disorders that are collectively linked by the 

common characteristic of elevated blood sugar, or hyperglycemia. This alteration in the control 

of blood sugar arises due to deficiencies either in the production of or utilization of the endocrine 

hormone insulin. 

Insulin is produced and stored in the form of proinsulin in granules within beta cells in the 

Islets of Langerhans within the pancreas. The beta cells are responsive to changes in blood sugar, 

appropriately releasing proinsulin which is cleaved into insulin and c-peptide. Insulin enters into 

circulation where it aids in the utilization and uptake of glucose. 

The two major forms of diabetes, type 1 and 2, differ in the manner of insulin deficiency. 

Type 1, formerly known as juvenile until the incidence of type 2 became prevalent in 

adolescents, diabetes results from the autoimmune destruction of insulin-producing beta cells, 

which will be discussed in greater detail in subsequent sections of this introduction, consequently 

reducing the availability of insulin to regulate blood sugar. Type 2 diabetes results from deficient 

action of insulin such that a resistance to insulin develops and does not involve the autoimmune 

destruction of the beta cells.  
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Worldwide Incidence 

As many as 246 million people worldwide as of 2007 were afflicted with a form of 

diabetes with type 1 diabetes accounting for as many as 10% of these cases (1). As of 2005, 20.8 

million people in the United States were afflicted with diabetes, or 7% of the population 

according to the NIH online. Of these, 176,500 were under the age of 20. 

The incidence of type 1 diabetes worldwide depends upon racial and geographical factors. 

The incidence can vary dramatically depending upon location (2). Between 1990 and 1994 there 

was a 350-fold difference in the rate of onset of type 1 diabetes between 100 different worldwide 

populations in those under 14 years of age (3). The lowest incidence was seen in both China and 

Venezuela with roughly 0.1 out of every 100,000 being diagnosed per year. At the other extreme, 

more than 40 out of every 100,000 were diagnosed in Finland. 

Worldwide, the overall incidence of both type 1 and type 2 diabetes has been increasing 

since the conclusion of World War II in regions with both high and low areas of prevalence (4). 

As of 2006, approximately 440,000 individuals under the age of 14 were afflicted with type 1 

diabetes with 70,000 new cases each year. In addition, this incidence has been increasing at 

roughly 3% per year. This trend of increasing frequency has only served to highlight the need for 

improved diagnosis, treatment, and research.  

The rapid rate of increase worldwide indicates that genetics are not solely at play, but 

rather environmental factors are also involved. One indication of the role of environmental 

factors is present in the fact that fewer than half of identical twins become concordant for type 1 

diabetes (5). Proposed environmental explanations range from changes in milk consumption to 

vaccinations. The fall in infectious diseases as well as intestinal parasites in developed countries 

has been proposed as a possible explanation for increasing rates of autoimmunity in what has 

become known as the hygiene hypothesis (6-9).  
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Isolation of Insulin 

The groundwork for insulin therapy was laid in October 1920 by the University of Toronto 

researcher Frederick Banting when he devised an idea for taking the pancreatic extracts of dogs 

in an attempt to treat diabetes based upon an article written by Moses Barron linking diabetes 

with the Islets of Langerhans (10). Upon presenting his idea to Professor John Macleod, Banting 

was granted facilities the next summer. With the aid of Charles Best and biochemist J.B. Collip, 

the team at the University of Toronto successfully isolated sufficient quantities of insulin to treat 

their first patient, 14-year-old Leonard Thompson, on January 23, 1922. By 1923, commercial 

quantities of insulin became available to thousands of patients. This accomplishment earned 

Banting and Macleod the 1923 Nobel Prize in Medicine, which was shared with Best and Collip, 

respectively, and effectively transformed diabetes into a treatable disease. 

Natural History of Type 1 Diabetes 

While the Islets of Langerhans were linked with diabetes prior to the isolation of insulin, 

the concept of an autoimmune basis of diabetes is more recent. Although autoimmunity was 

discovered during the 1950s (11), it wasn't until the 1970s that evidence for an autoimmune 

lymphocytic infiltrate in the islets leading to diabetes onset was demonstrated. This was 

accomplished by the analysis of pancreatic histology from recent-onset juvenile diabetic patients 

by Dr. William Gepts (12). 

Autoantibodies have also become associated with type 1 diabetes since the 1970s. These 

autoantibodies exist to a variety of autoantigens including, but not limited to, insulin, IA-2, and 

glutamic acid decarboxylase (GAD). It is currently believed that although these autoantibodies 

may serve as effective markers of disease, they do not possess a significant role in the 

pathogenesis of type 1 diabetes. 
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Our current understanding of type 1 diabetes implicates an abnormal, destructive T 

lymphocyte response in the destruction of beta cells. This will be discussed in greater detail in a 

subsequent section of this introduction. The pathogenesis of type 1 diabetes is such that an 

individual begins with a "normal" beta cell mass which is reduced upon the initiation of a 

lymphocytic infiltration. During the initial destruction, the loss is described as silent due to the 

lack of overt symptoms. Eventually sufficient beta cell mass is lost, estimates range from 50-

80%, such that overt symptoms appear. These include a fasting blood glucose of at least 

126mg/dL as well as ketoacidosis. Following onset, typical therapy involves daily insulin 

injections for the control of blood sugar. Despite an initial reduction in the requirement of 

exogenous insulin, in what is known as the Honeymoon Phase, the requirement for insulin 

increases over time until any significant endogenous insulin production has been lost. 

Genetic Susceptibility 

In the course of more than 30 years of study, at least 18 genetic loci (IDDM1-IDDM18) 

have been identified as risk factors for type 1 diabetes (13). The first genetic region to be 

associated with type 1 diabetes was the HLA complex (14). This complex is highly associated 

with immune regulation and is comprised of at least 128 genes (15-17). While many risk factors 

for diabetes fall under HLA, there are several non-HLA risk factors as well. The insulin gene 

VNTR region (IDDM2) and the cytotoxic t-lymphocyte antigen-4 (CTLA-4) are two notable 

examples. Despite the discovery of these loci, they are able to predict only a modest risk. It is 

likely that rare, high risk variants also exist, but remain to be discovered. 

Long-Term Clinical Complications 

While the first use of insulin in 1922 was rightly hailed a watershed moment in the 

treatment of type 1 diabetes, it has proved to be an imperfect therapy. Despite changing diabetes 

from a fatal disorder into a treatable condition, insulin is not a cure. Decades of insulin therapy 
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have revealed a multitude of long-term complications including significantly higher risks for 

nephropathy, retinopathy, amputation, and various cardiovascular diseases (18).  

The long-term treatment and complications of diabetes pose significant psychological and 

financial tolls upon those afflicted. Constant blood glucose monitoring and insulin injections 

result in significant stress, especially in children (19). The financial burden is also substantial, 

with the total cost in the United States estimated at $132 billion in 2002 (20). 

This has highlighted the need for an improved understanding of the pathogenesis of type 1 

diabetes as well as the need to develop an effective long-term therapy to eliminate the need for 

exogenous insulin therapy. Research into these issues has been significantly aided by the use of 

animal models of type 1 diabetes. 

Non-Obese Mouse Model of Type 1 Diabetes 

Animal models are used in the study of virtually all diseases where pertinent models are 

available. There exist several animal models of diabetes for research purposes. Three of the most 

common models are streptozotocin (STZ)-induced, the bio-breeding (BB) rat, and the non-obese 

diabetic (NOD) mouse. The STZ model was not used in this dissertation due to the fact that STZ 

administration causes beta cell apoptosis through chemical, rather than autoimmune, means. The 

BB rat was not used due to the difficulty in working with sufficient numbers of rats for the 

purposes of our experiments as well as due to our long-term familiarity with the NOD mouse 

model of type 1 diabetes. By working with the NOD mouse model, we were able to study the 

pathogenesis and effects of our therapies in a tightly controlled environment. 

Discovery and Development 

The NOD mouse was originated in Japan during the early 1970s during the development of 

the Cataract Shionogi strain, based on outbred Jcl:ICR mice (21). Certain cataract-free mice with 

elevated fasting blood sugar were separated and inbred. During subsequent generations, one 
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normoglycemic female mouse developed spontaneous diabetes. This became the basis for future 

generations of NOD mice. In 1984 pairs of NOD mice were shipped to the Joslin Diabetes 

Center in the United States as well as to Australia. The NOD mouse has now been extensively 

characterized for more than 20 years. 

Natural History 

The pathogenesis of type 1 diabetes in the NOD mouse has much in common with the 

human form of disease. Both exhibit extensive lymphocytic infiltration into the Islets of 

Langerhans resulting in T cell-mediated destruction of the beta cells. Both are polygenic diseases 

in which multiple susceptibility loci, which typically involve immune regulation, are responsible 

for the induction of disease. Both involve defective immune regulation and onset rates in both 

are likely affected by environmental factors. 

NOD mice begin to show signs of insulitis as early as 5 weeks of age. By 10 weeks of age, 

a multitude of cell types are present in the infiltrate, consisting of CD4+ T cells, CD8+ T cells, B 

cells, and dendritic cells (DC). In a typical cohort, onset of hyperglycemia will begin in a 

percentage of NOD mice beginning at roughly 12 weeks of age. By 30 weeks roughly 75% of 

female and 30% of male NOD mice will have become hyperglycemic. The shift from 

normoglycemia to extreme hyperglycemia (500+ mg/dL) is relatively rapid, often occurring 

within one week. 

Prevention Therapy 

Most therapeutic studies in the NOD mouse model have focused upon disease prevention. 

As previously described, the rate of onset is markedly reduced if the mice are not housed in SPF 

conditions. Even in SPF conditions, however, NOD mice appear to be susceptible to many forms 

of prevention therapy. Recent estimates place the number of successful prevention therapies at 

well over 200 (22). 
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Part of the perceived problem with these prevention trials is that early prevention at 4-6 

weeks of age prior to insulitis allows for improved rates of reversal compared to late prevention 

at 12 weeks after prolonged insulitis.  Along these lines, approximately 70% of NOD prevention 

studies could be considered early prevention (23). Irrespective of when the prevention therapies 

initiated, there is a problem of translation into clinical efficacy. In recent years, several 

promising prevention therapies derived from animal models have had no apparent success 

despite extensive testing in the clinic (24; 25). 

Given these apparent failures, recent studies have begun to focus more upon either late 

prevention and/or reversal studies following the onset of overt hyperglycemia in the hope of 

improving translation into the clinic. 

Reversal Therapies After Overt Onset 

Few therapies have been successful for the reversal of overt diabetes in NOD mice. This is 

due, in part, to the focus upon prevention trials until relatively recently as well as due to the 

aggressive, rapid nature of diabetes progression following initial diagnosis of hyperglycemia. In 

spite of this, there are numerous published protocols that afford reversal of hyperglycemia in 

new-onset NOD mice. While these therapies range from microspheres (26) to islet-specific 

regulatory T cells (27), virtually all share some facet of immunomodulation with the aim of 

halting autoimmune beta cell destruction. 

One such therapy, anti-cd3 monoclonal antibody, has been extensively characterized and 

has been considered something of a benchmark for the reversal of overt diabetes since it was first 

described in 1992 (28; 29). Since it's introduction, the use of anti-cd3 mAb therapy has been 

shown to induce a tolerogenic state through the induction of TGF-beta dependent regulatory T 

cells (30). In addition, the use of this therapy typically yields a reversal rate greater than 50%. 

Given the success of anti-cd3, limited intervention trials have been performed for the treatment 
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of new-onset patients. These have demonstrated an ability to preserve c-peptide for 18-24 

months after therapy (31). More extensive trials are also currently in the formative stages. 

Other published therapies have indicated significant levels of diabetes reversal in the NOD 

mouse, yet many are impractical for translation into clinical use. Examples of such protocols 

may involve the use of Complete Freund's Adjuvant in combination with cellular-based therapies 

(32). Consequently, while therapeutic efficacy is clearly a crucial factor, the ability to translate 

such a therapy into clinical use is of paramount importance. As such, the studies laid out in this 

dissertation describe the use of FDA-approved reagents with a demonstrated safety record in the 

clinic. 

Limitations of the NOD Model 

Although the NOD mouse model has much in common with the human form of type 1 

diabetes and serves as a convenient tool for the study of type 1 diabetes, there are limitations. 

These limitations are a consequence of the differences between mouse and man. The NOD 

mouse is an inbred, i.e. syngeneic, strain. Consequently, the variety of disease pathogenesis that 

may exist in the clinic may not be represented by the more uniform NOD mouse. In addition, the 

rate of diabetes onset in the NOD mouse is extremely reliant upon the conditions in which the 

mice are housed. Without specific-pathogen free conditions, the onset rate in the NOD mouse 

drops dramatically. In addition, NOD mouse lack hemolytic complement C5 and have defective 

natural killer (NK) cell function. Finally, as mentioned above, there are hundreds of ways to 

reduce or prevent onset in the NOD mouse, yet none of these has any demonstrated effect in 

humans to date. Ultimately, there is no guarantee that a prevention or reversal therapy that is 

effective in the NOD mouse will prove clinically efficacious. 
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Therapeutic Strategies for Type 1 Diabetes 

There are several potential strategies for the treatment of type 1 diabetes. Of these, two 

comprise the overwhelming majority of treatments. Insulin replacement therapy may be 

considered the standard approach, while islet cell or pancreas transplantation is also used albeit 

to a lesser degree. This section of the introduction will serve to discuss not only these two 

strategies, but also more recent, experimental approaches.   

Insulin Replacement Therapy 

Insulin replacement therapy has served as the conventional management therapy for type 1 

diabetes since its commercial debut in 1923. While initially perceived as an effective solution, 

the emergence of long-term complications such as retinopathy, nephropathy, amputation, and 

other cardiovascular-related conditions have appeared in subsequent decades (33-35). The rate of 

retinopathy, for instance, is reported as greater than 90% over the lifetime of type 1 diabetes 

patients (35; 36). 

Recent technical developments may aid in the reduction of these complications in 

subsequent generations of type 1 diabetes patients by improving blood glucose control. This may 

be achieved through a variety of formulations of insulin that are tailored to provide different 

durations of insulin activity, such as the rapid-acting insulin glulisine or the long-acting insulin 

glargine. In addition, real-time blood glucose monitor implants enable patients to make more 

informed decisions on their dosing, providing tighter blood glucose with fewer excursions. 

Ultimately, insulin replacement therapy necessitates a lifetime of constant monitoring and insulin 

injections without any guarantee of eliminating long-term complications. 

Pancreas or Islet Cell Transplantation 

Insulin replacement therapy was the only option for type 1 diabetes patients until the first 

pancreas transplant was performed in 1966 at the University of Minnesota (37). Since then, more 
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than 20,000 such transplants have been performed with increasing rates of success with pancreas 

rejection rates of less than 25% at 48 months. This is largely attributable to an improved 

understanding of immunosuppressive therapies. 

More recently, islet cell transplantation has also become an attractive method for attaining 

insulin independence. The Edmonton Protocol, which utilizes a regimen of humanized IL-2R 

antibody (Daclizumab), sirolimus, and tacrolimus, has led to insulin independence rates of 80% 

12 months into therapy (38). Unfortunately, long-term (5+ years) success remains elusive with 

failure at 90% or greater. The advantage over pancreas transplantation, however, is that islet cell 

transplantation does not require major surgery and may be considered an outpatient procedure. 

Although the rate of insulin independence is greater with pancreas transplantation, there is 

the requirement for more extensive surgery as well as considerable exocrine drainage from the 

transplant. Islet cell transplantation using the Edmonton protocol is not without its own 

drawbacks. Apart from the low long-term success rate, two to three donor pancreases are 

required for sufficient islet numbers. In addition, both of these therapies require lifelong immune 

suppression and suffer from the ever present shortage of organ donors. Consequently, these 

therapies are available only to a selected subgroup of type 1 diabetes patients. 

Immunomodulatory Therapies 

While the mainstream strategies for the treatment of type 1 diabetes consist of insulin 

replacement or transplantation, there has been a limited effort to treat overt disease through the 

use of immunomodulatory agents in order to halt the autoimmune destruction of beta cells. Due 

to the relative safety of insulin replacement therapy as well as age considerations regarding the 

treatment of children, immunomodulatory therapy has been approached cautiously in the clinic. 

The objective of such studies is to alter the immune phenotype such that the autoreactivity 

to the beta cells is brought under control through a more regulatory, suppressive milieu. This 
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may be accomplished through a number of ways, such as ablation of the cytotoxic T cell 

component, inducing an increase in the CD4+CD25+Foxp3+ regulatory T cell (Treg) population, 

and/or through the induction of tolerogenic antigen presenting cells (APCs) such as dendritic 

cells (DC) (39; 40). Other methods, such as the induction of antigen-specific Treg have also been 

described (27). 

One notable clinical trial involving multiple immune modulating agents is currently taking 

place in Brazil. In this trial, 15 recent-onset (<6 weeks from diagnosis) patients age 14-31 were 

treated with autologous non-myeloablative hematopoietic stem cell transplantation (AHST). In 

this protocol, cyclophosphamide and granulocyte-colony stimulating factor (G-CSF) to mobilize 

the hematopoietic stem cells followed by conditioning with cyclophosphamide and ATG. The 

cells were then injected intravenously (IV) and the patients were followed for morbidity as well 

as insulin requirements (41). Insulin independence was achieved as far out as 35 months and was 

achieved in 14 out of the 15 patients. 

Combination Therapies 

In recent years, following the lack of success in clinical prevention trials, there has been an 

increased interest in the use of combination therapy for the purpose of reversing overt type 1 

diabetes. The above trial in Brazil is but one example of the potential benefit of the use of 

combination therapy for this purpose. It has been proposed that given the success of multiple 

therapies over monotherapy for the treatment of HIV and many forms of cancer, such as 

malignant glioma and breast cancer, that treating multiple aspects of diabetes pathogenesis may 

result in greater therapeutic efficacy, provided that such therapies have a demonstrated degree of 

safety (42-47). 

While monotherapies have yielded the successful prevention of type 1 diabetes in NOD 

mice, their use for purposes of reversing overt disease remain limited. Few clinically relevant 
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agents have been demonstrated to possess the capability of robust diabetes reversal with ATG 

and anti-CD3 being among the exceptions (48; 49). Even in these cases, the reversal rate 

typically hovers close to 50%. The potential for diabetes reversal appears to be significantly 

greater when such therapies are considered for use in combination with one another rather than 

solely as monotherapies. 

Previous studies demonstrate the complementary effect of using combination therapy for 

the reversal of type 1 diabetes in the NOD mouse. One study demonstrated that while neither 

lisofylline nor exendin-4 were capable of inducing long-term remission from hyperglycemia, the 

combination of the two yielded a reversal rate of 100% (6/6) for up to 145 days (50). In a 

separate study, the use of anti-lymphocyte serum alone remitted 40% of the new onset NOD 

mice treated, while the addition of exendin-4 to this therapy boosted the reversal rate close to 

100% (23/26) for up to 200 days (51). In other instances, such as the addition of exendin-4 to 

anti-cd3, the reversal rate was not improved, but the quality of the remission may have been 

improved as measured by a reduction in beta cell apoptosis (48). These and other published 

reports repeatedly demonstrate the increased efficacy of combination therapies for the purposes 

of inducing long-term remission from hyperglycemia in NOD mice (27; 32; 52-54) with rates 

approaching or reaching 100%. 

This dissertation will describe the use of such an approach by testing combination 

therapies in the setting of the NOD mouse for the purpose of reverting overt disease in new onset 

mice. Specifically, we have identified three therapeutic targets upon which to act. The first, and 

arguably most critical, is to halt ongoing autoimmunity at time of diabetes onset. The second is 

to protect the beta cell mass remaining at the time of diagnosis. Finally, the third facet is to 

increase the beta cell mass either through neogenesis or replication of existing beta cell. FDA-
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approved agents with an established safety record were utilized in all studies carried out herein 

with the potential goal of rapid translation into the clinic. 



 

CHAPTER 2 
GENERAL METHODS 

NOD Mouse Strain 

These studies used female NOD/ShiLtJ mice to test various combination therapies as 

outlined in this dissertation. The animals were ordered at 8 weeks of age from Jackson Labs Inc 

(Bar Harbor, ME, USA) and housed in SPF conditions in the Animal Care Services (ACS) 

Communicore basement facility at the University of Florida. All procedures were carried out as 

described in approved Institutional Animal Care & Use Committee (IACUC) protocols.  

Determination of Hyperglycemia 

During the course of these studies, it was necessary to determine the onset of 

hyperglycemia in order to begin therapy or to determine failure of a therapy. The threshold of 

240mg/dL blood glucose for two consecutive days was used as classification of diabetes onset. A 

tail bleed was performed three times per week beginning at 11 weeks of age. A number 11 

scalpel was used to obtain a drop of blood that was measured using a One Touch Ultra testing 

meter.  

Standard Treatment at Onset of Hyperglycemia 

Despite using different therapies for each stage of this project, there were certain 

procedures that remained uniform throughout the course of the study. Following determination 

of diabetes onset, the mice were subject to standard processing including implantation of 

subcutaneous insulin pellets and electronic identity chips as described below. 

Anesthetization with Isoflurane 

Prior to the implantation of subcutaneous pellets, the animals were anaesthetized using an 

isoflurane assembly located in a sterile laminar flow hood. Animals were initially placed in an 

acrylic chamber. Once the animals were anaesthetized as tested by toe pinch, they were moved to 

29 



 

a nose cone apparatus and a patch approximately one inch in diameter was shaved in the dorsal 

hair and swabbed with an iodine wipe. The anaesthetization was maintained while the 

implantations were performed, as described below. Following the procedure, the isoflurane was 

turned off and the animals were observed until they were able to right themselves. 

Implantation of Insulin Pellet 

Ideally, insulin injections would be given to each mouse in order to tailor the insulin dose 

to the appropriate blood sugar. Due to logistical issues, we used a sustained release subcutaneous 

insulin pellet. We purchased LinBit insulin pellets from LinShin Canada (Toronto, Ontario, 

Canada) to deliver an approximate dose of 0.1U insulin per day for up to 30 days. The pellet was 

implanted under the mid dorsal skin using a sterilized trocar and stylet, provided by LinShin. 

Suturing was not required, and the pellet was degraded in vivo obviating the need for surgical 

removal.  

Implantation of ID Chip 

In order to ensure the identity of each mouse treated, animals were implanted with an 

identity microchip. We purchased FriendChip (AVID, Norco, CA, USA) pellets which we 

implanted subcutaneously in the mid dorsal region using the all-in-one syringe containing the ID 

chip. The pellet was placed into the same opening created during implantation of the LinBit 

pellet and consequently did not require suturing. Animals could be identified using a handheld 

scanner yielding a unique 9 digit identity code afforded by the microchip. 

Euthanasia 

Once at the endpoint of each study, the mice were sacrificed. The method of sacrifice for 

the experiments in Chapters 3 and 4 began with asphyxiation using a carbon dioxide chamber. 

For the experiments in Chapters 5 and 6 the animals were anaesthetized using an isoflurane 

assembly. To ensure death in both instances, the animals were exsanguinated using a 1cc insulin 
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syringe (Becton Dickinson, Franklin Lakes, NJ, USA) followed by cervical dislocation as well as 

a bilateral thoracotomy. These procedures were approved by the IACUC in each phase of the 

study. 

Organ Harvesting for Histology 

Several organs were harvested following sacrifice for histological analysis. The mice were 

sprayed with 70% ethanol and sterile instruments were used to remove the organs. The specific 

organs collected depended upon the phase of the project and are described in subsequent 

chapters. Their collection as outlined here remains the same throughout. Tissues were placed in 

cassettes and fixed overnight in a 10% formalin solution (Fisher Scientific, Pittsburgh, PA, 

USA). Cassettes were then placed in 1x PBS and sent to the University of Florida Pathology 

Core for processing. All tissues were stained with hematoxylin and eosin (H&E). The pancreas 

was also stained for insulin. Specific pancreatic co-stains are described in subsequent chapters. 

Splenocyte Purification 

Following sacrifice of the animal, the spleen was acquired using sterile instruments and 

placed in a 50mL conical tube containing ~5mL of Hank's Buffered Salt Solution (CellGro, 

Herndon, VA, USA). The tube was sprayed with ethanol and placed in a laminar flow hood for 

the remainder of the isolation. The spleen was poured over a 100um nylon filter (BD Falcon, 

Bedford, MA, USA) on top of a new 50mL conical tube and perfused with 1.5mL Hank's Buffer 

using a 3mL BD syringe with attached 27 gauge needle. The plunger was then removed from the 

syringe and used to grind the spleen. The filter was washed with Hank's buffer during grinding 

until the total volume reached 25mL.  

The tube was centrifuged at 300g for 10 minutes at 4 degrees. The supernatant was then 

decanted and the pellet was resuspended by flicking the bottom of the tube. 25mL of Hank's 

buffer was added to the cells. The centrifugation was repeated at the same settings. Following the 
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next decanting the pellet was resuspended in 3mL sterile ammonium chloride solution (StemCell 

Technologies, Vancouver BC, Canada) and placed on ice for 5 minutes in order to lyse the red 

blood cells. Two washes and spins with 25mL Hank's buffer were then performed. 

At this point, the resuspension depended upon the use of the splenocytes. Cells were 

resuspended in 5mL of Hank's Buffer if flow cytometry was to be performed or in 5mL of 

RPMI, 10% FBS (described in subsequent methodology) if cells were going to be cultured. Cells 

were then counted using a hematocytometer. A volume of 10uL of cells was mixed with 90uL of 

Trypan Blue dye. 10uL of this mixture was pipetted under the cover slip of the hematocytometer 

and the cells in the 5x5 grid were counted. The number obtained was multiplied by 105 to 

determine the number of cells per mL. 

Regulatory T Cell Analysis via Flow Cytometry 

Splenocytes were isolated and counted as described above. 1x106 cells from each sample 

were placed in individual, 5mL Falcon flow tubes (Becton Dickinson, Franklin Lakes, NJ, USA). 

The same number of cells was also placed into tubes for the isotype control as well as for 

compensation, as described below. 

With each tube containing 1x106 cells in 1mL of Hank's Buffered Salt Solution, 2mL of 

cold BD Pharmingen Stain Buffer (San Diego, CA, USA) was added to each tube. The tubes 

were then centrifuged at 300g for 10 minutes at 4 degrees. The supernatant was then aspirated 

from each tube, and the tubes were vortexed at setting 7 to resuspend the pellet. 100uL of stain 

buffer was added to each tube and the overhead lights were turned off for subsequent light-

sensitive steps in the protocol. 

The appropriate antibody cocktails were then added to the corresponding tubes. The 

surface "test" antibodies consisted of 1ug anti-mouse CD4-PerCP, clone RM4-5 (BD 

Biosciences, San Jose, CA, USA) and 1ug anti-mouse CD25-APC, clone PC61.5 (eBioscience, 
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San Diego, CA, USA). The corresponding isotype control antibodies for these test antibodies 

were Rat IgG2aκ PerCP (BD Biosciences, San Jose, CA, USA) and Rat IgG1λ APC 

(eBioscience, San Diego, CA, USA), respectively. For the compensation tubes, a clear, strong 

positive signal was desired, so anti-mouse CD4 antibodies were used conjugated to PerCP, PE, 

and APC. The cells were placed in a rack, covered with foil, and placed in a refrigerator for 30 

minutes. 

Following this incubation, 2mL of stain buffer was added to each tube. The tubes were 

then centrifuged at 300g for 10 minutes followed by another aspiration and resuspension in 2mL 

stain buffer. The centrifugation and aspiration was then repeated. At this point, the protocol for 

the compensation and test/isotype tubes became distinct. The compensation tubes were 

resuspended in 250uL BD Cytofix (San Diego, CA, USA), containing formaldehyde, and 

incubated for 15 minutes in the dark at 4 degrees. Following this incubation, 2mL stain buffer 

was added to each compensation tube which were then centrifuged at 300g for 10 minutes. One 

more wash with 2mL stain buffer was performed, followed by another centrifugation. Finally, 

the compensation tubes were resuspended in 250uL stain buffer and kept in the dark at 4 degrees 

until time of analysis. 

The isotype and test tubes were resuspended in 1mL eBioscience fixation/permeabilization 

buffer overnight in the dark at 4 degrees. Following this overnight incubation, 2mL of 

eBioscience 1x permeabilization buffer was added to each tube. The tubes were centrifuged at 

300g for 10 minutes, aspirated, and resuspended in another 2mL 1x permeabilization buffer. 

Following one more spin and aspiration, the cells were resuspended in 100uL permeabilization 

buffer. 1ug eBioscience purified anti-mouse CD16/CD32 (clone 93) was added to block Fc 

binding. The tubes were incubated for 15 minutes at 4 degrees in the dark. 1ug of eBioscience 
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anti-mouse Foxp3 PE (clone FJK-16a) or 1ug eBioscience Rat IgG2ak were then added to the 

test and isotype tubes, respectively. The tubes were incubated in the dark at 4 degrees for another 

30 minutes. 2mL permeabilization buffer was added to each tube, which were then centrifuged 

for 10 minutes at 300g. The cells were aspirated, resuspended in another 2mL permeabilization 

buffer, and centrifuged again. The cells were aspirated and finally resuspended in 250uL stain 

buffer. All tubes were stored in the dark at 4 degrees until time of analysis. 

Cells were analyzed on a BD FACScalibur flow cytometer within 24 hours of staining 

using Cell Quest software on the Apple OS. Compensation tubes were used to acquire the 

appropriate instrument settings, which were then used throughout each study (i.e. compensation 

tubes were rerun for each phase of the study to account for instrument "drift."). 1x105 cells were 

run per tube. The data were analyzed using FCS Expression v.3 software (DeNovo Software, 

Thornhill, Ontario, Canada). Isotype controls were used to determine positive staining such that 

99%+ of the isotype was gated as negative. Gating for regulatory T cells began with forward and 

side scatter to isolate the lymphocyte population. Cells were then gated for CD4, CD25, and 

Foxp3. Regulatory T cells were considered as triple positive. 

Multiplex Cytokine Analysis 

A collection of both serum and cell culture supernatants were analyzed for their levels of 

cytokines using the Luminex xMAP System (Austin, TX, USA). This instrument has several 

advantages over the use of traditional ELISAs, such as a diminished required sample volume and 

the ability to detect up to 100 different analytes in the same sample with an improved range of 

detection. Several kits specific to this instrument were used throughout the studies. The 

particular panels used are described in subsequent methodology. 
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Statistical Analysis 

GraphPad Prism v4.0 software (San Diego, CA, USA) was used for statistical analysis of 

the data. Significance was defined as P<0.05. Kaplan-Meier survival curves were used for 

analysis of diabetes remission. Additional analyses of cytokines, flow cytometry, and other data 

were analyzed with either two-tailed unpaired t tests or by one way ANOVA, depending upon 

the particular data being analyzed. This is described in greater detail in subsequent methodology.



 

CHAPTER 3 
REVERSAL OF OVERT TYPE 1 DIABETES IN THE NOD MOUSE USING 

COMBINATION IMMUNOSUPPRESSIVE THERAPIES 

This chapter continues to address the rationale behind the use of combination therapy and 

subsequently carries one such therapy out for the purpose of reversal of overt type 1 diabetes in 

the NOD mouse. In particular, these experiments focus upon the augmentation of mATG-therapy 

with the addition of the immunomodulator rapamycin. These experiments will demonstrate that 

the therapeutic criteria for success, most notably the control of normal blood glucose and an 

improvement in pancreatic histology, did not reveal any apparent benefit through the addition of 

Rapamycin. 

Introduction: Two Agents of Therapeutic Efficacy 

The prevention of T1D in the NOD mouse has been achieved through a variety of 

immunomodulatory agents (55-61). Although the reversal of overt T1D in the NOD has proven 

to be more challenging than prevention, this too has been achieved by both anti-cd3 (28-30; 62) 

and, in our lab, by mATG (49). It is the goal of this study to improve upon the reversal achieved 

by mATG monotherapy by administering a second immunomodulator for the purpose of 

enhancing and/or maintaining the immunoregulatory benefit achieved by mATG. 

The mATG is produced by inoculating New Zealand White rabbits with a mixture of 

mouse thymocytes. The rabbits incur a polyclonal antibody response against the foreign 

thymocytes. The IgG portion of this response is collected and purified in the preparation of 

mATG. ATG is currently used clinically for a variety of purposes including the treatment of 

acute rejection, graft versus host disease, and conditioning for stem cell transplantation (63-65). 

It appears to target more than 40 epitopes acts partially through lymphocyte depletion as well as 

the induction of regulatory T cells (66-72). 
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Our criteria for selecting the second agent included a demonstrated efficacy in the NOD 

model, namely prevention, as well as FDA approval for the sake of easing clinical translation of 

any benefit we might demonstrate in this preclinical setting. Given these considerations, we 

chose the immunomodulator rapamycin. Rapamycin acts by halting cell cycle progression at the 

G1 to S phase transition through the inhibition of mTOR. Previous work has demonstrated that 

rapamycin is capable of inducing regulatory T cells (73) and is capable of late T1D prevention in 

the NOD mouse both as a monotherapy and when combined with IL-10 therapy (74; 75). 

This chapter presents and discusses results of a T1D reversal study in the NOD mouse 

using both mATG and rapamycin. The impact of these therapies upon blood glucose, T-

lymphocyte populations, and pancreatic histology will be examined. Subsequent to these 

findings, the concept of combination therapy in regards to this combination and others will be 

discussed in detail. 

Methods 

These studies dealt with the diagnosis and attempted reversal of overt hyperglycemia in 

NOD mice using ATG and/or Rapamycin. As such, the methods described here provide details 

on the administration of these compounds as well as the analyses performed, including but not 

limited to immunohistochemistry and c-peptide analysis. 

Experimental Design 

In this study, female NOD mice were monitored for the onset of overt hyperglycemia 

beginning at 11 weeks of age as determined through blood glucose. Once confirmed as diabetic, 

the animals were placed into one of four treatment groups: control (rIgG + control pellet), ATG, 

Rapamycin, or ATG combined with rapaymcin. All animals received two subcutaneous LinBit 

insulin pellets while anaesthetized with isoflurane as well an AVID FriendChip ID microchip. 
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Rabbit immunoglobulin or ATG were administered at day 0 and 3 at a dose of 500ug/dose. 

Rapamycin was administered continuously for up to six weeks (Figure 3-1).   

All animals were monitored for the potential return to hyperglycemia (upon exhaustion of 

the implanted insulin pellets) on a weekly basis. Upon confirmation of either hyperglycemia or 

upon reaching the 120 day endpoint, all animals were sacrificed and various analyses performed 

upon selected tissues. 

Blood Glucose Criteria 

As described in general methods, blood glucose was determined using the One Touch 

Ultra testing system. Onset of diabetes was defined as a non-fasting blood glucose reading of 

240mg/dL or higher on two consecutive days. Blood glucose was measured once per week. 

Failure of therapy was determined in the same fashion as the original diagnosis of hyperglycemia 

such that two consecutive elevated (240+mg/dL) readings were grounds for the sacrifice of the 

animals. 

Implementation of Rapamycin Pellet 

The administration of rapamycin posed a moderate challenge given the number of mice 

and the duration of therapy. Due to the limited solubility of rapamycin, the typical formulation 

involves a suspension in a mix of carboxymethylcellulose and must be given orally. Due to 

safety concerns over repeated oral gavages, we opted to purchase custom-made subcutaneous 

sustained-release rapamycin pellets (Innovative Research of America, Sarasota, FL, USA). The 

pellets were formulated for a 60 day release with first order kinetics providing a dose of 24 

ug/day. Placebo pellets were also provided for the control group. The pellets were implanted 

using the same method as the implantation of the LinBit insulin pellets using the same 

perforation in order to minimize stress and injury to the animals. 
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Analysis of C-peptide Serum Concentration 

C-peptide I and c-peptide II levels in sera were analyzed via enzyme-linked 

immunosorbant assay (ELISA). The kits were both purchased from Alpco Diagnostics (Salem, 

NH, USA). 

Immunohistochemistry 

Several organs were harvested following sacrifice for histological analysis. The mice were 

sprayed with 70% ethanol and sterile instruments were used to remove the organs. The organs 

collected included spleen, pancreas, salivary glands, pancreatic draining lymph node (PLN), 

thymus, and kidney. Tissues were placed in cassettes and fixed overnight in a 10% formalin 

solution (Fisher Scientific, Pittsburgh, PA, USA). Cassettes were then placed in 1x PBS and sent 

to the University of Florida Pathology Core for processing. All tissues were stained with 

hematoxylin and eosin (H&E). The pancreas was also co-stained for insulin and bromo-

deoxyuridine (BrdU). 

Insulitis Scoring 

Insulitis scoring was performed on H&E pancreatic sections from mice sacrificed either at 

the time of therapy failure or the predetermined successful endpoint of 133 days. The islets of 

langerhans were scored from 0 to 3. A score of 0 was considered an islet free of any infiltrate. A 

score of 1 indicated peri-insulitis, while a score of 2 was considered infiltration in up to 50% of 

the islet area. Finally, a score of 3 was given to islets with infiltration in greater than 50% of the 

islet area. 

Results 

In Vivo Survival Curves of NOD Mice 

The most critical measurement of success for therapy was the ability to maintain 

euglycemia. Beginning therapy at onset of diabetes, all animals received two subcutaneous 
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insulin pellets capable of controlling blood glucose for approximately three weeks. Once these 

pellets were spent, any unsuccessful therapy would become evident by a spike in blood glucose 

toward hyperglycemic (i.e. glucose > 240mg/dL) levels, whereas a successful therapy would be 

capable of maintaining euglycemia without the presence of exogenous insulin. As such, the 

blood glucose values were translated in success and failure by time with failure defined as 

consecutive measurements in the hyperglycemia range as previously described. The survival of 

mice treated at diabetes onset with control, ATG, RAPA, or a combination of ATG and RAPA is 

shown as a Kaplan-Meier survival curve out to as many as 133 days post-onset (Figure 3-2). 

There was not a significant difference between the control and RAPA-treated mice. There 

was also no significant difference between ATG and ATG+RAPA-treated mice. Both ATG and 

ATG+RAPA exhibited a significant (p<0.05) difference between both control and RAPA-treated 

mice. 

C-peptide Analysis 

In order to differentiate any remaining exogenous insulin-derived glucose control and 

endogenous control, a marker other than insulin was chosen. Mice express two insulin genes. As 

a consequence, we measured levels of both C-peptide I (Figure 3-3a) and C-peptide II (Figure 3-

3b) in sera collected at time of sacrifice. 

For c-peptide II, the only statistical significance was observed in an increase in ATG-

treated mice versus control-treated mice (p<0.05). No other significant differences were 

observed. For c-peptide I measurements, both ATG and RAPA-treated mice exhibited significant 

increases versus control-treated mice (p<0.01 and p<0.02, respectively). ATG+RAPA-treated 

mice trended higher, but, surprisingly, were not significantly different from controls. 
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Flow Cytometry Analysis of T Cell Subpopulations 

In order to explain the immunological mechanism(s) behind the metabolic differences seen 

with each therapy, we chose to analyze the T-lymphocyte profiles of all animals at the time of 

sacrifice. Splenocytes obtained at time of sacrifice were stained for the analysis of T cell 

subpopulations. The percentage of splenic regulatory T cells (CD4+CD25+Foxp3+) was 

analyzed (Figure 3-4a). The ratio of splenic CD4:CD8 T lymphocytes was also analyzed (Figure 

3-4b). 

Due to a limited sample size, the percentage of regulatory T cells was not statistically 

significant when comparing differences between therapies, although ATG and RAPA-treated 

mice trended higher than controls. The splenic CD4:CD8 ratio was significantly higher in the 

combination-treated mice versus control (p=0.01) as well as in ATG-treated mice versus control 

(p<0.01) indicating a long-term (up to 133 days) impact of ATG upon the T-lymphocyte profile. 

The ratios also trended higher in RAPA-treated mice versus controls (p=0.14). 

Insulitis Scoring 

Apart from indirect metabolic analyses, we performed an analysis of the pancreas itself, in 

order to observe the extent of protection afforded the islets by the given therapies. Insulitis 

scoring was performed on H&E stained pancreatic sections from mice obtained at time of 

sacrifice. Scoring was represented as a percentage of a given score out of the total number of 

islets observed (Figure 3-5). 

Although the scoring did not reveal statistically significant differences, several trends were 

observed. The percentage of healthy (i.e. score of 0) islets trended (p=0.07) toward a greater 

percentage in ATG-treated mice versus control-treated mice. In addition, the percentage of 

heavily infiltrated islets (i.e. score of 3) was reduced in ATG-treated mice versus control-treated 

to the brink of significance (p=0.0585). 
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Discussion 

This study confirms the efficacy of ATG for the purpose of reversing overt diabetes in the 

NOD mouse by achieving reversal rates approaching 25%. These data indicate that ATG is 

capable of inducing long-term glucose control in these animals in conjunction with increases in 

c-peptide I and c-peptide II serum levels. In addition, a long-term impact was seen on the T cell 

profile with a trend toward increasing regulatory T cells as well as a significant long-term 

increase in the CD4:CD8 ratio. This increased ratio is curious as it contrasts with the reported 

decreased ratio seen with a similar therapy, anti-cd3 mAb (28; 29). While that study implicated 

the induction of CD8 regulatory cells, we observed a trend toward increasing CD4 regulatory T 

cells instead. 

Rapamycin monotherapy yielded contrasting results. The measured blood glucose values, 

as observed by survival in Figure 3-2 clearly demonstrate the inability of rapamycin to control 

diabetes in this setting. In spite of this, c-peptide measurements were substantially greater 

(significantly so for c-peptide I) than in control-treated mice. In addition, the percentage of 

regulatory T cells trended higher when compared with control-treated animals, as would have 

been predicted from previous studies in the NOD mouse (73). Insulitis scoring also demonstrated 

a trend toward a greater percentage of healthy islets than in controls. This may indicate that 

success and failure are divided by a knife edge based on the similar data between ATG-treated 

(success) and rapamycin-treated (failure) mice. It may also indicate the presence of a secondary 

complicating factor induced, but not measured, by this therapy. 

Curiously, despite achieving the same reversal rate as ATG monotherapy, ATG and 

rapamycin combination therapy yielded different immunological and metabolic data. 

Combination therapy yielded a lower percentage of regulatory T cells and c-peptide (I and II) 
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levels indicating that the effect of these two therapies was not additive, and that they may, in 

fact, interfere with one another in an as-yet undetermined manner. 

The ultimate result is that rapamycin therapy could be considered a failure when combined 

with ATG despite its ability to improve the immunological and metabolic markers chosen for 

this study. This raises the possibility that while rapamycin may be acting as intended, an 

unintended secondary effect may be taking place. Previous clinical studies have demonstrated 

that rapamycin therapy yields an unintended consequence of peripheral insulin resistance and 

modulates insulin receptor substrate phosphorylation (76-79). If this were to occur in the setting 

of new-onset diabetes, any negative impact upon beta cell function would be immensely 

detrimental given the greatly reduced beta cell mass at this time. Any future study using 

rapamycin in this setting will therefore be best served by analyzing the potential induction of 

peripheral insulin resistance. 

In summary, while both ATG and rapamycin exhibit immunological and metabolic 

benefits in the setting of new-onset T1D in the NOD mouse, only ATG was capable of reversing 

hyperglycemia for a prolonged period of time (up to 133 days). Despite the rationale behind 

combining these two therapies and the apparent strength of each, achieving long-term remission 

of diabetes remission remains a challenging task. Future studies may be best served by 

complementing ATG with a second agent that targets a second pathway other than the control of 

autoimmunity, such as induction of beta cell regeneration. 
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Figure 3-1.  ATG+RAPA reversal study experimental design describing the timing and duration 
of individual treatments. New onset NOD mice received either ATG or rIgG as well 
as either RAPA or saline. All animals received 2 insulin pellets at onset. Arrows 
indicate timing of a given treatment. 

 

 

 

 

Figure 3-2.  Kaplan-Meier survival curve of NOD mice following treatment at onset of 
hyperglycemia with ATG and/or RAPA. Both ATG (n=11) and ATG+RAPA (n=11) 
treatments led to significant (p<0.05, Log-Rank Test) improvement in survival vs. 
control (n=12). 
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Figure 3-3.  Both ATG and RAPA lead to significant increases in serum c-peptide levels at the 
time of sacrifice. C-peptide II is significantly increased in A) ATG-treated (n=8) mice 
(p<0.05, unpaired t test) and c-peptide I is significantly increased in B) both ATG and 
RAPA-treated (n=5) mice (p<0.01, p<0.02 respectively, unpaired t test) vs. control 
(n=7).  

 
 

 

Figure 3-4.  Flow cytometry analysis of the regulatory T cell population and CD4:CD8 ratios in 
splenocytes of treated mice at time of sacrifice revealed modulation by both ATG and 
RAPA. A) Both ATG and RAPA therapies trended toward greater Treg levels than 
controls (p=NS, unpaired t test). B) ATG (n=4) therapy (p<0.01, unpaired t test) and 
ATG+RAPA (n=6) therapy (p=0.01, unpaired t test) yield a greater CD4:CD8 ratio 
than controls (n=4). 
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Figure 3-5.  Insulitis scoring of treated mice reveals a marginal benefit of ATG therapy in the 
percentage of healthy islets. ATG (n=4) induced a trend toward a higher percentage 
of healthy islets (p=0.07, unpaired t test) and toward a lower percentage of heavily 
infiltrated islets (p=0.0585, unpaired t test) versus control (n=4). 
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CHAPTER 4 
AUGMENTATION OF IMMUNOSUPPRESSION IN OVERTLY DIABETIC NOD MICE 

VIA AAT THERAPY  

We have achieved successful reversal of overt T1D in the NOD mouse with ATG 

monotherapy, but did not experience efficacy enhancement when rapamycin was added as a 

combination therapy. Consequently we decided to change our tact such that we would maintain 

our desire to reverse T1D using combination therapy by using ATG as our base therapy, but that 

we would choose a different pathway of action for our second agent. 

If one were to consider the various pathways capable of being targeted for the purpose of 

T1D reversal, three might come to mind. The first, which appears to be addressed successfully 

by ATG, is the control of autoimmunity. If the autoimmune destruction of beta cells is achieved, 

that leaves two other pathways to consider. The first is the protection of remaining beta cells at 

onset of diabetes. There are several reports indicating that a substantial percentage of beta cells 

remain at onset (80), therefore the protection of these cells may allow for the eventual recovery 

of glucose control in the absence of exogenous insulin. The second potential pathway to target 

would be the initiation or acceleration of beta cell regeneration or neogenesis. In this chapter, the 

use of alpha-1-antitrypsin (AAT) will be discussed as a secondary agent used in combination 

with ATG for the purposes of beta cell protection. 

Introduction: AAT For the Protection of Beta Cells 

AAT is a naturally occurring glycoprotein and a member of the serine protease inhibitor 

(SERPIN) family with an array of physiological functions (81-83). Perhaps most notably, AAT 

is produced by hepatocytes for the purpose of inhibiting damage to lung tissue caused by 

neutrophil elastase and proteinase 3 (84). In a subset of emphysema patients, the disease is due to 

the production of a mutant form of AAT such that lung damage occurs. Consequently, 

exogenous AAT therapy has been used for these individuals since the 1980s (85). Other 
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functions include the inhibition of trypsin, thrombin, and cathepsin G (84). Apart from acting as 

an antioxidant, AAT has been shown to exhibit increased expression in response to 

inflammation, with levels rising as much as 4-fold in the acute phase (84). 

Of particular interest to the field of autoimmunity, AAT has been shown to inhibit 

inflammatory cytokines and alter effector T cell trafficking. More specifically, AAT has shown 

promise for the treatment of diabetes with several studies demonstrating the ability of AAT to 

prolong islet allograft survival (86), protect against streptozotocin (STZ)-mediated beta cell 

destruction in mice (87), and the prevention of T1D onset in the NOD mouse (88). The activity 

of AAT in sera from type 1 diabetic patients has also been shown to be reduced versus healthy 

controls (85; 88). 

Based on these data, we believe that ATG in combination with AAT at the time of diabetes 

onset in the NOD mouse would serve to control autoimmunity, induce a regulatory T cell 

population, and protect the remaining beta cells from further destruction. In this chapter, the 

results of this study will be presented and discussed, and an unexpected caveat will emerge that 

will severely impact the method of AAT administration. 

Materials and Methods  

These studies once again dealt with the diagnosis and attempted reversal of overt 

hyperglycemia in NOD mice. The reagents used in this project were ATG and/or AAT. As such, 

the methods described here provide details on the administration of these compounds as well as 

the attempts to prevent anaphylaxis.  

Experimental Design 

In this study, female NOD mice were monitored for the onset of overt hyperglycemia 

beginning at 11 weeks of age as determined through blood glucose. Once confirmed as diabetic, 

the animals were placed into one of five treatment groups: control (rIgG + saline), ATG, 
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Prolastin, or ATG combined with Prolastin with the Prolastin either at onset or delayed for one 

week (Figure 4-1). All animals received two subcutaneous LinBit insulin pellets while 

anaesthetized with isoflurane as well an AVID FriendChip ID microchip. Rabbit 

immunoglobulin or ATG were administered at day 0 and 3 at a dose of 500ug/dose.  

Prolastin was originally scheduled for two weeks of daily subcutaneous injections. For 

reasons that will become evident in the results, the dose timing was altered to four doses every 

other day either beginning at onset or delayed for one week, then administered every other day 

for four injections. 

All animals were monitored for the potential return to hyperglycemia (upon exhaustion of 

the implanted insulin pellets) on a weekly basis. Upon confirmation of either hyperglycemia or 

upon reaching the 120 day endpoint, all animals were sacrificed and various analyses performed 

upon selected tissues. 

Preparation of AAT 

Alpha-1-antitrypsin is commercially available in several formulations. For this experiment, 

we used Prolastin (Talecris Biotherapeutics, Research Triangle Park, NC, USA). The Prolastin 

was reconstituted according the manufacturer's guidelines and was administered subcutaneously 

at a dose of 2mg per injection. 

Reagents for the Prevention of Anaphylaxis 

In the course of performing this experiment, we encountered sudden, fatal anaphylaxis that 

necessitated an attempt to prevent the anaphylaxis. In order to accomplish this, a combination of 

a PAF antagonist and an antihistamine were used. The H1 antihistamine, triprolidine, was 

purchased from Sigma-Aldrich (St. Louis, MO, USA) and injected IP 45 minutes prior to the 

fourth (and any future) injection of AAT at a dose of 200ug in 100uL of sterile saline. The PAF 

antagonist, CV-3988, was purchased from Wako Chemicals USA Inc. (Richmond, VA, USA) 
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and administered at a dose of 66ug in 100uL sterile saline at pH 7.4 via intravenous tail injection 

5 minutes prior to treatment with the AAT. 

Results 

Induction of Fatal Anaphylaxis 

Beginning this study, we intended to administer AAT via daily IP injections for a duration 

of two weeks. Quite quickly, however, we encountered unexpected deaths in the animals 

receiving this regimen of AAT as well as in animals receiving the albumin control treatments. 

Subsequent monitoring of the animals for the period following injections revealed acute deaths 

occurring within approximately 30 minutes typically after 1 week of therapy. We decided to 

repeat the injection cycle, this time providing saline, albumin, or AAT on Mondays and Fridays 

to the three groups of non-diabetic NOD mice. The survival curve of this small trial was plotted 

(Figure 4-2). 

What we discovered was that during the second week of therapy, animals receiving AAT 

began to experience acute death beginning as early as the third injection and completely by the 

fourth injection. Albumin administration resulted in a similar event, while saline-receiving mice 

did not experience any deaths by the fifth injection. As is evident from this figure, the survival of 

albumin and AAT treated mice was significantly reduced (p<0.05, log-rank test for trend) when 

compared with saline-treated animals. 

Prevention of Anaphylaxis 

In order to use either albumin or AAT for the full duration as originally intended, we 

would be required to develop a method for preventing the anaphylactic deaths we had observed. 

Using a regimen of an H1 antihistamine, triprolidine, and a PAF antagonist, CV-3988, we 

performed pre-treatment of NOD mice receiving AAT, successfully preventing anaphylaxis for 

up to 5 injections (Figure 4-3). We decided to repeat this experiment for a greater number of 
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injections to determine whether this protection from anaphylaxis could be used long-term in a 

diabetes reversal study.  

What quickly became evident was that the protection was not 100% effective with 

prolonged injections of AAT -possibly for a variety of factors discussed later-, with only 2 of 5 

mice surviving for up to 7 injections at which point the experiment was terminated (data not 

shown).  

In Vivo Survival Curves of Treated NOD Mice 

Despite the potential benefit of preventing anaphylaxis using the above pre-treatment, the 

logistics and potential conflicting mechanisms behind such an approach proved to be 

incompatible with our desire to provide a safe, defined mechanistic method for reversing overt 

T1D in the NOD mouse. Consequently we decided to administer a maximum of just four doses 

of either albumin or AAT, given every other day over a period of 7 days, in order to avoid the 

onset of anaphylaxis. In order to discriminate any potential conflicting effects between ATG and 

AAT, two schedules (and as a result two cohorts of mice) were used such that one cohort 

received AAT at onset, while a second cohort received AAT one week post onset following the 

initial dosing of ATG at onset. The survival curves of all treatment groups were plotted (Figure 

4-4). 

As expected, control treatments did not lead to long-term reversal of disease. AAT 

monotherapy at onset significantly delayed the return of hyperglycemia versus control (p<0.03), 

but did not lead to long-term remission. AAT monotherapy delayed one week was far less 

effective and not significantly different from control. Surprisingly, ATG monotherapy yielded 

the greatest rate of remission (57%) and was significantly improved (p<0.0001) versus control. 

ATG and AAT combination therapy at onset yielded a statistically similar result (50%) versus 
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control (p<0.0001), while AAT administered one week post onset in conjunction with ATG 

actually reduced the remission rate (25%) versus ATG monotherapy (p<0.0001). 

Flow Cytometry Analysis of T Cell Subpopulations 

In order to determine the immunological impact of each therapy on the T lymphocyte 

population, flow cytometry was performed on splenocytes obtained at the time of sacrifice. The 

percentage of splenic regulatory T lymphocytes was determined (Figure 4-5). 

ATG monotherapy, the most successful at maintaining long-term euglycemia, also yielded 

the greatest percentage of regulatory T cells and was improved significantly versus control 

treatment (p<0.05). While none were as significantly increased at ATG monotherapy, all other 

therapies yielded increased percentages of regulatory T cells versus control with, surprisingly,  

albumin at onset (p<0.02),  AAT at onset (p<0.02), and ATG+AAT at onset (p<0.03) 

significantly so. 

Discussion 

The viability of ATG to induce long-term euglycemia in overtly diabetic NOD mice was 

once again demonstrated in this study. The ability of a second therapy to augment ATG's effect, 

however, was beset with complications. The induction of fatal anaphylaxis by either albumin or 

AAT proved to be an immense hurdle to overcome and severely dampened any benefit that may 

have been induced by the AAT therapy. This apparent anaphylaxis in the NOD mouse is not 

unprecedented however. 

Previous work in the NOD has shown that administration of the insulin B:9-23 peptide is 

capable of inducing fatal anaphylaxis (89). As with our study, the use of a combination of 

triprolidine and a PAF antagonist was capable of preventing the anaphylaxis from occurring. A 

follow up study from the same group has implicated the release rate of the peptide as correlating 

with the induction of anaphylaxis. In this second study, the peptide's isoelectric point was 
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modified and subsequently offered protection from the previously observed anaphylaxis (90). 

More recently, our group in conjunction with a collaborator has shown that the anaphylaxis that 

has been observed appears to be NOD-specific, with other strains such as C57Bl/6J not 

experiencing any deaths despite repeated administration of protein (91). 

In spite of the anaphylaxis, it is important to note that the reversal study was performed, 

albeit with the albumin or AAT doses limited to four injections. As was clear from the survival 

curves, the only benefit with AAT was observed when it was administered at onset, either alone 

or in combination with ATG. Delaying the dose until one week post-onset ablated the effect of 

the monotherapy and actually diminished the therapeutic potential of ATG when used in 

combination. Whether a longer dosing timetable (e.g. 2 weeks or greater) would have afforded 

greater protection is uncertain. Given the increase in the percentage of regulatory T cells in 

virtually all groups when compared with control, the question of a nonspecific response is raised. 

Given the intense anaphylactic response observed from both albumin or AAT, it is reasonable to 

presume that anti-albumin or anti-AAT antibodies are produced even with just four doses given 

that any additional doses induces death. Whether the upregulation in the percentage of regulatory 

T cells is a natural response against anaphylaxis is speculatory and should be addressed in future 

studies. 

Given the obstacle of anaphylaxis in the NOD, there are several ways that AAT might be 

administered successfully for a prolonged period of time. Apart from directly preventing 

anaphylaxis using antihistamines and PAF antagonists, altering the rate of AAT release, as 

implied through the aforementioned isoelectric point study, should ameliorate this response. 

Therefore an alternate route of injection, such as subcutaneous, or the use of a slow-release 

osmotic pump may provide an acceptable alternative. Ultimately it is important to note that the 
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anaphylactic response appears to be NOD-specific. While this may complicate studies using 

AAT in this excellent mouse model is diabetes, it may be unreasonable to translate this negative 

side effect into future clinical use of AAT. This is especially true given the clinical use of 

exogenous AAT since the 1980s with no reported cases of anaphylaxis (85). 

In summary, the use of ATG and AAT combination therapy for the purpose of reversing 

overt T1D in the NOD mouse was complicated by the induction of anaphylaxis following 

repeated injection of foreign protein. While ATG monotherapy was once again successful at 

reversing a substantial percentage (57%) of new-onset mice and AAT monotherapy at onset 

delayed hyperglycemia for greater than 70 days post-onset, the combination of the two in the 

reduced dosing schedule did not result in any augmented benefit. As a result, any future use of 

this combination will likely require an alternative method of AAT administration in combination 

with a prolonged dosing schedule. In addition, this NOD-specific phenomenon should not 

dissuade the use of AAT in the clinic, given AAT's safety record of approximately 20 years. 
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Figure 4-1.  ATG+AAT reversal study experimental design describing the timing and duration of 
individual treatments. New onset NOD mice received either ATG or rIgG as well as 
either AAT or Albumin. All animals received 2 insulin pellets at onset. Arrows 
indicate timing of a given treatment. 

 

 

 

 

Figure 4-2.  IP administration of either albumin or AAT leads to the induction of fatal 
anaphylaxis in the NOD mouse. Either treatment (n=4) significantly diminished 
survival versus saline (p<0.05, Log-Rank Test). Mice were injected on Mondays and 
Fridays for up to 5 injections. 
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Figure 4-3.  Short-term protection from AAT-induced anaphylaxis is afforded by pretreatment 
with antihistamine and PAF antagonist. n=4 

 

 

 

 

Figure 4-4.  Kaplan-Meier survival curve of NOD mice following treatment at onset of 
hyperglycemia with ATG and/or AAT. AAT monotherapy (n=9, p<0.03, Log-Rank 
Test), ATG+AAT (n=8, p<0.0001, Log-Rank Test), ATG+AAT(onset) (n=8, 
p<0.0001, Log-Rank Test), and ATG (n=7, p<0.0001, Log-Rank Test) yielded 
significant increases in survival versus control therapy. 
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Figure 4-5.  ATG increases the percentage of splenic regulatory T cells versus control in mice 
sacrificed at trial endpoint (n=4, p<0.05, unpaired t test). Albumin (onset), AAT 
(onset), and ATG+AAT (onset) also yielded significant increases (n=6, p<0.02, 
p<0.02, p<0.03 respectively, unpaired t test) versus control (n=6). 



 

CHAPTER 5 
ENHANCEMENT OF INSULIN SECRETION IN DIABETIC NOD MICE THROUGH 

INHIBITION OF DPPIV  

In our previous T1D reversal studies, we have repeatedly demonstrated the ability of ATG 

to induce long-term remission of hyperglycemia in NOD mice. Despite this success, previous 

attempts to augment ATG therapy through the use of a second immunomodulator, rapamycin, 

and through the use of an anti-inflammatory, alpha-1-antitrypsin, have proven unsuccessful via 

our methods of administration. Given these setbacks, a third as-yet-untested pathway remains to 

be tested using the NOD model of diabetes. 

To date we have successfully addressed the issue of autoimmunity through the use of 

ATG. We have not achieved success through our attempt to preserve beta cell mass using AAT. 

The third pathway to address is whether the beta cell mass remaining at onset, of which there is 

believed to be a substantial amount (80), may be functionally enhanced and potentially be 

induced to regenerate. In this study, we will be examining the ability of an FDA-approved drug, 

Januvia, currently in use clinically for the treatment of type II diabetes, to address this third 

pathway. 

Introduction: Enhancing Beta Cell Function 

In both mouse and man, the body possesses the ability to regulate glucose control 

following intake of a meal. One such method to accomplish this relies upon the release of 

glucagon-like peptide I (GLP-1). Upon nutrients entering the small intestine, L cells within the 

intestinal lumen respond by releasing GLP-1 into circulation (92). GLP-1 enters the pancreas 

where it acts by stimulating insulin secretion as well as by suppressing glucagon secretion (93). 

GLP-1 binds to its receptor, a heterotrimeric G protein on the beta cell (94). Upon binding the α 

subunit is released leading to a chain of events culminating in the release of calcium by the 

sarcoplasmic reticulum which in turn enhances the release of insulin. GLP-1, however, has a 
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very short half life of two minutes, as it is rapidly degraded by Dipeptidyl peptidase IV (DPPIV); 

in fact, less than fifty percent of the GLP-1 released in this manner reaches the pancreas. DPPIV 

is not only present in circulation but also membrane-bound on a variety of tissues throughout the 

body such as the thymus, spleen, pancreas, kidneys, and the intestine (95).  

The function of GLP-1 has been of particular interest in the field of type II diabetes for the 

purpose of counteracting insulin resistance by using this mechanism to enhance endogenous 

insulin secretion. One approach to achieving this is through the use of a GLP-1 analogue, such as 

exendin-4, that is resistant to DPPIV-mediated degradation while yielding the ability to stimulate 

insulin secretion (96-99). This analogue, however, carries with it the caveat of altered gastric 

emptying, the risk of hypoglycemia, and severe complications, albeit rare (100). 

Instead of using a synthetic GLP-1 analogue, such as exendin-4, we chose to use a DPPIV 

inhibitor, Januvia (Sitagliptin), to prolong the half-life of endogenous GLP-1. Unlike exendin-4, 

Januvia does not alter gastric emptying and, to date, has not been associated with the same, rare 

complications as exendin-4 nor with hypoglycemia (101-104). Sitagliptin exhibits first order 

kinetics and has a half life of approximately twelve hours (95). This inhibitor has already 

demonstrated potential for the treatment of T1D in NOD mice based upon previously published 

reports. In one such study, a sitagliptin analogue has been reported to preserve beta cell mass in 

streptozotocin-diabetic mice fed a high fat diet (103). Based upon the documented safety and 

efficacy record of Sitagliptin, it was our belief that it would effectively enhance the activity of 

the beta cell mass remaining in NOD mice at the time of diabetes onset. 

Apart from the potential metabolic benefit afforded by Sitagliptin, we also planned to 

study the potential impact upon the immune profile based upon the expression of DPPIV on the 

surface of T lymphocytes (CD26) as well as the potential immunomodulatory function of soluble 
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CD26. CD26 has a demonstrated role in T lymphocyte activation via binding to adenosine 

deaminase (ADA) on the surface of antigen presenting cells (105), while sCD26 has been shown 

to enhance transendothelial migration via the mannose-6-phosphate/insulin-like growth factor II 

receptor (106). While it is unlikely to have a dramatic immunological effect, given the extensive 

safety record, we believed it was important to perform relevant analyses considering the altered 

state of immune regulation in these mice at time of diabetes onset. 

Materials and Methods  

These studies once again dealt with the diagnosis and attempted reversal of overt 

hyperglycemia in NOD mice. The reagents used in this project were ATG and/or Januvia. As 

such, the methods described here provide details on the administration of these compounds as 

well as the metabolic and immunological experiments that were performed.  

Experimental Design 

In this study, female NOD mice were monitored for the onset of overt hyperglycemia 

beginning at 11 weeks of age as determined through blood glucose. Once confirmed as diabetic, 

the animals were placed into one of four treatment groups: control (rIgG + saline), ATG, 

Januvia, or ATG combined with Januvia. All therapies began at onset. All animals received one 

subcutaneous LinBit insulin pellet while anaesthetized with isoflurane as well an AVID 

FriendChip ID microchip. Rabbit immunoglobulin or ATG were administered at day 0 and 3 at a 

dose of 500ug/dose. Januvia was administered orally at 1mg/dose in 100uL total volume daily 

for up to six weeks (barring failure). 100uL total volume of saline was administered orally as a 

control for Januvia (Figure 5-1).  

All animals were monitored for the potential return to hyperglycemia (upon exhaustion of 

the implanted insulin pellets) three times per week. Confirmation of hyperglycemia was 

considered as a blood glucose greater than 300 mg/dL for one week. Upon confirmation of either 
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hyperglycemia or upon reaching the 120 day endpoint, all animals were sacrificed and various 

analyses performed upon selected tissues. 

Preparation of Januvia 

Januvia is sold commercially in 100mg tablets. In order to convert the Januvia into a viable 

format to treat mice, each tablet was dissolved in 10mL sterile saline. The suspension was 

filtered twice. The first filtration was performed using a 100um nylon filter. The second filtration 

was performed using a 0.45um pore size PES filter (Whatman, Kent, UK) to yield a translucent 

solution. 

DPPIV Activity Assay 

In order to determine whether the filtration method or choice of saline suspension affected 

the viability of Januvia's DPPIV inhibitory activity, it was necessary to perform a DPPIV activity 

assay. A DPPIV-Glo Protease Assay was purchased from Promega (Madison, WI, USA) that 

measured inhibitory activity of the sample, in this case Januvia. 

CD26 Analysis Via Flow Cytometry 

CD26 was measured via flow cytometry in combination with stains for CD4 and CD8. All 

three stains were purchased from eBioscience. CD26-FITC (clone H194-112), CD4-PerCP 

(clone RM4-5), and CD8-APC (clone 53-6.7) were used. 1ug of each was added to 1x106 

splenocytes collected, as previously described, at either failure or endpoint of the trial. The data 

obtained were analyzed using FCS Express v3.0. CD26 MFI was measured as expressed on 

ungated lymphocytes, CD4+ gated lymphocytes, as well as CD8+ gated lymphocytes. 

Fasting IPGTT 

Intraperitoneal glucose tolerance tests (IPGTT) were performed in order to determine the 

robustness of the metabolic control of long-term (i.e. 120 day) reversed mice. In order to achieve 
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a stable baseline blood glucose reading, animals were fasted overnight (12 hours) prior to 

IPGTT. Water remained available to the animals throughout the experiment. 

30 minutes prior to injection of d-glucose, a baseline blood glucose reading was taken as 

previously described through a tail bleed. D-glucose was prepared by dilution of 800uL 50% 

dextrose solution in 1200uL sterile saline. Animals were injected IP with 200uL total volume of 

the diluted solution at time 0 minutes. 

Blood glucose readings were taken at -30, 0, 20, 40, 60, and 120 minutes relative to 

dextrose injection. Blood samples were also taken for serum collection at -30, 10, and 60 

minutes. Protease inhibitor cocktail, previously described, was added to each serum collection 

tube prior to each bleed. 

The effect of a one-time dose of Januvia (or saline) was also tested via IPGTT. 12 week 

old non-diabetic, female NOD mice were fasted and treated as described above. Mice in this 

cohort (n=4 per group) were also treated orally at -30 minutes with either 1mg Januvia or saline 

in 100uL total volume. 

ELISA Analysis of sCD26 and SDF-1 

The levels of soluble CD26 and stromal cell-derived factor-1 (SDF-1 ) were measured 

from serum collected at the endpoint for all mice, either at failure or 120 days. sCD26 was 

measured using an R&D Systems DPPIV/CD26 ELISA (catalogue DY954). SDF-1 was 

measured using an R&D Systems Mouse SDF-1 ELISA (catalogue MCX120). 

Measurement of GLP-1, Glucagon, and Insulin 

Due to the limited availability of serum collected during IPGTTs, GLP-1, glucagon, and 

insulin were measured via multiplex analysis. A Linco Mouse Endocrine 3-plex kit (St. Charles, 

MO, USA) was used to measure these 3 analytes using a Luminex xMap 100 system. Data was 

exported to and analyzed using SoftMax Pro 4.8 software. 
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Results  

Confirmation of DPPIV Inhibitory Activity 

In our study, we sought to administer Januvia to overtly diabetic NOD mice. Januvia, 

however, was only available in the commercial pill form. Consequently we were obliged to 

dissolve the pellet in sterile saline followed by filtration of the particulate in order to acquire a 

solution suitable for oral delivery. Given this deviation from the clinical administration of the 

drug, there were concerns that our purification method would somehow affect the ability of 

Januvia to inhibit DPPIV activity. To address this concern, we performed a DPPIV activity 

luminescence assay in which the impact of varying doses of Januvia could be determined (Figure 

5-2). 

We determined that the filtered Januvia retains a robust ability to inhibit DPPIV activity, 

such that as little as 100ng/mL of Januvia was capable of ablating virtually 100% of the DPPIV 

activity. 

Januvia-mediated Effect Upon IPGTT 

Given that our preparation of Januvia appeared suitable for administration to NOD mice 

and with our understanding of the known mechanism of action, we sought to test whether 

Januvia would have an impact in the in vivo setting. We chose to perform an intraperitoneal 

glucose tolerance test (IPGTT) with pretreatment of Januvia or saline 30 minutes prior to 

injection of dextrose. We then measured blood glucose values at predetermined time points 

(Figure 5-3). 

With a limited cohort (n=4 per group, 12 week old non-diabetic female NOD mice), we 

observed a non-significant trend toward higher blood glucose values in, surprisingly, Januvia-

treated mice versus control. Possible reasons for this result, albeit non-significant, are presented 

in the discussion. 
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Endocrine Analysis of IPGTT Sera 

The results of the initial IPGTT were unexpected, but the blood glucose is only one aspect 

that was measured. Serum was collected from these same mice during the IPGTT at -30, 10, and 

60 minutes. The level of insulin in each serum sample was then measured (Figure 5-4). 

Insulin levels at the -30 minute time point were not significantly different between 

treatments. Insulin levels 10 minutes after injection of dextrose, not surprisingly, rose, with 

Januvia-treated mice trending higher. Finally, at the 60 minute time point, Januvia-treated mice 

exhibited significantly higher levels of serum insulin when compared with control-treated mice 

(p=0.0015). 

Blood Glucose Values of Treated NOD Mice 

Following our examination of Januvia's ability to modulate aspects of an IPGTT in 

prediabetic NOD mice, we sought to treat overtly diabetic NOD mice with control, ATG, 

Januvia, or a combination of ATG and Januvia (ATG+JAN). The blood glucose values, 

measured 3 times per week (Figure 5-5). 

Control and Januvia-treated mice all returned to hyperglycemia within 40 days of onset, 

with Januvia-treated mice exhibiting a slight delay in this failure versus control. Both ATG and 

ATG+JAN-treated mice experienced a significant percentage of euglycemia out to the 120 day 

study endpoint. 

In Vivo Survival Curves of Treated NOD Mice 

In order to more accurately compare therapies, the blood glucose values were plotted in 

terms of percentage of euglycemia animals by treatment by time post-onset. The Kaplan-Meier 

curve of these results was plotted (Figure 5-6). 

As we have observed in previous studies, ATG monotherapy yielded significant 

enhancement of long-term euglycemia versus control (p<0.0001) with animals successfully 
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treated until the 120 day study endpoint. Januvia-treated mice, in the absence of any 

immunosuppression, all returned to hyperglycemia, but did so at a significantly later time point 

versus control-treated mice (p=0.0035). The combination of these two monotherapies, however, 

did not appear to be synergistic with a result nearly identical to that of ATG monotherapy when 

compared with control (p<0.0001). 

Endpoint IPGTT of Reversed NOD Mice 

An IPGTT was performed on all mice that successfully reached the 120 day endpoint 

while remaining euglycemic. Both blood glucose (Figure 5-7a) and serum insulin (Figure 5-7b) 

was measured during the IPGTT. 

These analyses were limited largely by the number of mice reaching the 120 day endpoint 

successfully. Blood glucose control during IPGTT for both ATG-treated and ATG+JAN-treated 

mice was diminished versus non-diabetic 12 week old control NOD mice. Serum insulin 

measurements, however, appeared to replicate the results from Figure 5-4 in that the addition of 

Januvia to ATG appeared to augment the serum insulin content (p=0.0571) despite the lack of 

overt differences in glucose control. Reasons for this discrepancy will be discussed. 

sCD26 Concentrations Following In Vivo Therapy 

To address the question of whether Januvia, a DPPIV inhibitor, would impact the levels of 

sCD26, either by inducing the shedding of CD26 from the surface of cells or by affected sCD26 

directly, we measured the levels of sCD26 in serum from control and Januvia-treated mice at the 

time of sacrifice (Figure 5-8). 

Analysis of the sera revealed a Januvia-induced significant increase (p=0.0223) in serum 

sCD26 levels. The potential source of this increase and the subsequent physiological impact will 

be discussed later in this chapter. 
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Flow Cytometry Analysis of T Cell Subpopulations 

In order to determine the immunomodulatory impact of each therapy, a series of analyses 

were performed on splenocytes obtained at time of sacrifice via flow cytometry. The Treg:CD8 

ratio (Figure 5-9a), the Treg:CD4eff ratio (Figure 5-9b), and CD4:CD8 ratio (Figure 5-9c) were 

plotted. 

In order to determine the effect in the regulatory profile, the ratio of regulatory T cells to 

CD4+ and CD8+ effector T cells was analyzed. Both ATG and ATG+JAN, by virtue of 

preferential depletion of CD8+ T cells by ATG, exhibited significantly increased CD4:CD8 

ratios as well as significantly increased Treg:CD8 ratios. The ratio of Treg:CD4 effector T cells, 

which would not be impacted by differential CD4 versus CD8 ATG-mediated depletion, was not 

significantly higher in any treatment versus control, but trended heavily toward significance in 

the ATG+JAN combination group (p=0.0653). 

Given the limited sample volumes obtained at the time of sacrifice, a determination of the 

functional capacity of these regulatory T cells, such as through an in vitro suppression assay, was 

not determined. 

SDF-1 Serum Concentrations and Surface CD26 Following Therapy 

One of the goals of this study was to observe whether any immunomodulatory, rather than 

solely metabolic, changes were evident through the use of this Januvia-mediated DPPIV 

inhibitory therapy. Previous reports have indicated the potential impact of DPPIV inhibitors 

upon the levels of stromal-cell derived factor 1 (SDF-1). As a substrate for DPPIV/CD26, an 

alteration in the levels of SDF-1 could have a significant impact upon the immune profile given 

its role in the tissue invasion and chemotaxis. We measured serum levels of SDF-1 from samples 

obtained at the time of sacrifice in both saline and Januvia-treated mice (Figure 5-10). 
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Clearly, Januvia appears to have no significant impact upon the levels of SDF-1 in the 

serum compared with control-treated mice. Another potential effect was the alteration of surface 

CD26. Given the documented role of CD26 as a costimulatory marker on the surface of T 

lymphocytes, we measured the levels of CD26 on both CD4+ and CD8+ T lymphocytes from 

splenocytes of mice at time of sacrifice from mice treated with either control or Januvia (Figure 

5-11). 

Discussion  

As we have demonstrated previously, ATG was capable of inducing long-term remission 

from hyperglycemia when administered at diabetes onset to NOD mice. Januvia monotherapy 

yielded a significant increase in the time required before euglycemia was lost when compared 

with control-treated mice. Combination therapy of ATG and Januvia, however, was not 

significantly different from ATG monotherapy for the purpose of prolonging euglycemia. 

Despite the apparent lack of reversal enhancement when combined with ATG, Januvia did 

appear to have a beneficial metabolic impact and potentially a slight impact upon certain aspects 

of immune regulation. 

In both the treatment of prediabetic 12 week old and long-term post-onset euglycemic mice  

treated with Januvia and ATG+JAN, respectively, no significant change was observed in the 

glucose response curve of an IPGTT when compared with saline or ATG-treated mice, 

respectively. Despite this, significant increases in serum insulin were observed in these mice 

during the same IPGTT. This curious, but perhaps explains the results of the Kaplan-Meier 

survival curve when comparing controls and Januvia-treated mice. While both do not induce 

long-term remission from hyperglycemia, Januvia therapy significantly prolongs the euglycemic 

duration. Since we have no indication of any immunoregulatory shift following Januvia 
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administration, it appears that Januvia is simply able to increase the insulin released from beta 

cells through the previously described GLP-1 pathway. 

Soluble CD26 was analyzed from mice receiving either saline or Januvia therapies. 

Previous reports have noted the potential role of sCD26 as a marker for disease activity in 

systemic lupus erythematosus (SLE) as well as possessing the potential for uptake in monocytes 

leading to increased T cell proliferation (107; 108). sCD26 serum levels from the Januvia-treated 

mice were increased compared with control-treated diabetic mice. While we can state that 

Januvia did not reduce the levels of sCD26 in spite of its DPPIV inhibitory capacity, it is unclear 

whether the therapy itself is responsible for this increase. We observed significantly lower levels 

of sCD26 in pre-diabetic 12 week old NOD mice, leading to the possibility that sCD26 may 

simply increase with the duration of disease (thus supporting the similar notion observed in 

SLE). We did not observe any overt increase in T cell proliferation, therefore we are unable at 

this time to state whether changes in sCD26 have any impact upon the T cell phenotype. Future 

studies will be required. 

A comparison of splenic regulatory T cells revealed significant increases in the ratio of 

Treg to CD8 effectors in both ATG and ATG+JAN-treated mice. When comparing Treg to C

effectors, only the combination therapy of ATG and Januvia trended toward significance 

(p=0.0653). The CD4 to CD8 ratios were also significantly increased in both ATG and 

combination therapy groups. Ultimately any enhancement of the regulatory T cell profile 

induced by the addition of Januvia was slight, at best. This is supported by the lack of any long-

term enhancement observed in the previously-discussed survival curves. 

D4 

Two peripheral immunomodulatory avenues of interest were analyzed following Januvia 

therapy based upon previously reported effects of DPPIV inhibition. SDF-1, which plays an 
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important role in chemotaxis, is degraded by DPPIV, therefore inhibition by Januvia may affect 

its levels (109). In addition, CD26 is present on the surface of T lymphocytes and is reported to 

play a role in costimulation (110). High surface levels of CD26 are also reported to be present in 

cases of allergic asthma and multiple sclerosis (111; 112). We did not observe any significant 

impact of Januvia upon either the levels of SDF-1 or upon the surface expression of CD26 on T 

cells. It is conceivable that any effect of Januvia upon SDF-1 or surface CD26 was site-specific 

and would not show up in the serum or spleen, respectively, but given the relatively large dose of 

Januvia it is likely there is no impact of consequence in this regard. In spite of this, any future 

studies using other DPPIV inhibitors that are approaching the market, such as Vildagliptin, 

should be analyzed for any potential impact upon these pathways (113). 

Ultimately, the greatest impact of Januvia therapy appeared to be metabolic rather than 

immunomodulatory. Januvia increased serum insulin content in the setting of an IPGTT and also 

prolonged the duration of euglycemia in new-onset diabetic mice when compared with control 

therapy. While no significant difference was observed by combining Januvia with ATG, this may 

be due to our 6 week window of therapy. Observing the survival curves, there appeared to be a 

delay in the return to hyperglycemia in mice that failed versus those that failed using ATG alone. 

This difference appeared to disappear following cessation of Januvia therapy. Given the apparent 

lack of immunomodulatory impact and failure to induce long-term diabetes remission, Januvia is 

unlikely suitable for further study for purpose of T1D intervention therapy. 
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Figure 5-1.  ATG+Januvia reversal study experimental design describing the timing and duration 
of individual treatments. New onset NOD mice received either ATG or rIgG as well 
as either Januvia or saline. All animals received one insulin pellet at onset. Arrows 
indicate timing of a given treatment. 

 

 

 

 

Figure 5-2.  Purification of Januvia does not ablate DPPIV activity as measured by 
luminescence. 
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Figure 5-3.  A one-time dose of Januvia prior to IPGTT in non-diabetic 12 week old NOD mice 
does not significantly modulate blood glucose levels versus control. n=4 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-4.  Januvia-pretreatment of non-diabetic 12 week old NOD mice mediates an increase 
in serum insulin levels during IPGTT. This increase was significant at 60 minutes 
(n=4, p=0.0015, unpaired t test) versus control. 
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C                                                     D 

Figure 5-5.  Nonfasting blood glucose levels of NOD mice treated with control, ATG, Januvia, 
or ATG+JAN post-onset. Blood glucose levels in A) control-treated (n=8), B) ATG-
treated (n=9), C) Januvia-treated (n=10), and D) ATG+JAN-treated (n=8) mice are 
shown following diabetes onset. One subcutaneous insulin pellet was administered at 
onset to control blood glucose for up to 3 weeks. 
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Figure 5-6.  Kaplan-Meier survival curves of new-onset NOD mice treated with ATG and/or 
Januvia. Januvia (n=10, p=0.0035, Log-Rank Test), ATG (n=9, p<0.0001, Log-Rank 
Test), and ATG+JAN (n=8, p<0.0001, Log-Rank Test) all exhibit significant 
improvement in survival versus control-treated (n=8) mice. Januvia was administered 
for up to 42 days. 
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Figure 5-7.  Januvia does not augment ATG-mediated glucose control in NOD mice at endpoint 
as measured by an IPGTT, but does increase serum insulin levels. A) Both ATG and 
ATG+JAN exhibit inferior glucose control vs. non-diabetic 12 week old NOD mice 
as measured by AUC (n=4, p<0.05, unpaired t test). B) ATG+JAN (n=3) trends 
toward greater serum insulin vs. ATG (n=4) monotherapy at 10 minutes (p=0.0666, 
unpaired t test). 
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Figure 5-8. Januvia-treated diabetic NOD mice exhibit increased serum sCD26 versus control-
treated mice (n=6, p=0.0223, unpaired t test). 
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A                                                     B

C 

Figure 5-9. ATG and ATG+JAN-treated mice exhibit altered regulatory T cell and CD4:CD8 
profiles. A) Both ATG (n=8) and ATG+JAN (n=6) treatment increased the ratio of 
Treg to CD8 effector T cells (p=0.0149, p=0.0002 respectively, unpaired t test). B) 
ATG+JAN therapy yielded the greatest trended increase in the Treg to CD4 effector 
ratio (n=7, p=0.0653, unpaired t test). C) The CD4:CD8 ratio was significantly 
increased in ATG (n=8) and ATG+JAN-treated (n=6) mice versus control (p=0.0034, 
p<0.0001 respectively, unpaired t test). 

 

 

 

 

 

76 



 

77 

 

Figure 5-10. Januvia has no significant impact upon the serum levels of SDF-1. n=6 

 

 

 

 

 

Figure 5-11. Januvia has no significant impact upon the surface expression of CD26 on CD4+ 
and CD8+ T cells. 



 

CHAPTER 6 
INDUCTION OF A TOLEROGENIC PHENOTYPE BY G-CSF ADMINISTRATION 

Introduction 

We have previously demonstrated the ability of ATG to induce significant long-term 

euglycemia when administered to new-onset, diabetic NOD mice. We have also demonstrated 

the positive short-term impact of both alpha-1-antitrypsin and the DPPIV inhibitor Sitagliptin 

upon blood glucose values following diabetes onset. The ability of a second agent to 

significantly enhance the diabetes remission rate of ATG remains elusive, however. With the 

assumption that the control of autoimmunity is the most critical factor to control, as 

demonstrated by the efficacy of ATG, we sought to expand upon this therapeutic pathway. In 

particular, in this study it was our intention to use a second immunomodulatory, non-depleting 

agent with a substantial clinical safety record. 

Granulocyte-colony stimulating factor (G-CSF) was initially developed as a means of 

repopulating neutrophils in cancer patients who had received immune ablative chemo- and 

radiation therapies (114). To this end, G-CSF has demonstrated a robust ability to repopulate 

neutrophils with a safe clinical record (115). Recent studies, however, have indicated the ability 

of G-CSF to induce an immunoregulatory shift from a TH1 to a TH2 cytokine phenotype (116). 

In addition, studies have shown G-CSF-mediated induction of tolerogenic dendritic cells as well 

as the mobilization of regulatory T cells (117; 118). More pertinently to our study, G-CSF ha

successfully prevented the onset of T1D in the NOD mouse via the induction of tolerogenic 

dendritic and regulatory T cells (119; 120). 

s 

Given this information, G-CSF appeared to be suitable for the use of augmenting ATG 

therapy in new-onset diabetic NOD mice. In order to more accurately characterize the effects of 

G-CSF during the course of therapy, we have split our trial into two facets: reversal and pre-
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diabetic timecourse. The results of the reversal trial will not be presented in this chapter in lieu of 

presenting the pre-diabetic time course data. In this study, it was our intention to analyze the 

change in leukocyte populations over time, the alteration in cytokine secretion, and the histology 

of the pancreatic islets, both in terms of insulitis and insulin content. Sections of spleen and 

pancreas were also saved in a cohort prior to therapy as well as from mice in all treatment groups 

at the end point of the trial for RT-PCR analysis. G-CSF is available commercially with a daily 

(Neupogen) and weekly (Neulasta) formulations (121). Since previous studies were performed 

using Neupogen, we chose it for our study. 

Based upon previously published literature and unpublished results indicating the ability of 

G-CSF to augment the ability of ATG to induce long-term diabetes remission, we hypothesized 

that G-CSF would mask ATG-induced leukocyte depletion through the mobilization of 

neutrophils and macrophages. We also expected to observe an induction of regulatory T cells and 

a reduction in TH1 cytokines that we anticipated would translate into favorable improvements in 

both insulitis scoring and insulin content from pancreatic histology. 

Materials and Methods 

This study was different in scope from previous studies in that it focused upon mechanism 

analysis rather than reversal of overt diabetes. In spite of this, many of the protocols remained 

the same. The reagents used in this project were ATG and/or G-CSF. As such, the methods 

described here provide details on the administration of these compounds as well as new 

procedures such real time PCR and the use of a NIT-1 lysate for the purpose of in vitro 

splenocyte stimulation. 

Experimental Design 

In this study, 12 week old, non-diabetic female NOD mice were used for a mechanistic 

analysis of ATG and G-CSF combination therapy. The animals were placed into one of four 
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treatment groups: control (rIgG + saline), ATG, G-CSF, or ATG combined with G-CSF. All 

therapies began at day 1. Rabbit immunoglobulin or ATG were administered at day 0 and 3 at a 

dose of 500ug/dose. G-CSF was administered IP at 6ug/dose in 100uL total volume daily for up 

to eight weeks (barring failure, the eventuality of which is described below). 100uL total volume 

of saline was administered daily IP as a control for G-CSF. Timed sacrifices were performed at 4 

time points: week 0, 2, 4, and 8 post-initiation of therapy (Figure 6-1). A total of 5 animals per 

group were used for the 2, 4, and 8 week time points, while 5 non-diabetic 12 week-old female 

NOD control mice were sacrificed as the single 0 week reference group.  

All animals were monitored for the potential onset of hyperglycemia once per week. 

Confirmation of hyperglycemia was considered as a blood glucose value greater than 240 mg/dL 

for two consecutive days. Upon confirmation of hyperglycemia, the animal was prioritized into 

the next available sacrifice window. Otherwise, upon reaching the each predetermined endpoint, 

the designated animals were sacrificed and various analyses performed upon selected tissues. 

A second phase, repeating the first cohort, was also performed replacing timed sacrifices 

with serial tail bleeds. This was performed in order to acquire peripheral blood T cell analysis 

through flow cytometry. 

Preparation of G-CSF 

G-CSF is sold commercially as Neupogen, Filgrastim (Amgen, Thousand Oaks, CA, USA) 

in 1mL vials of 300ug per vial. The G-CSF was diluted in 4mL 5% dextrose solution providing a 

total volume of 5mL. Animals were dosed with 6ug/dose IP on a daily basis in 100uL total 

volume. Due to concerns over storage, samples were prepared fresh on a daily basis. 

Quantification of Leukocyte Depletion 

To measure the leukocyte concentration, whole blood was collected from each mouse at 

each timed sacrifice. Blood was collected into EDTA tubes to prevent clotting, followed by 
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analysis using a Coulter Ac T Diff Hematology Analyzer (Beckman Coulter, Fullerton, CA, 

USA) which requires as little as 12uL of blood. Veterinary Applications Software was used to 

analyze and output data for each sample. 

NIT-1 Lysate Preparation 

A confluent vented flask of cultured NIT-1 insulinoma cells was obtained as a gift from the 

lab of Dr. Clayton Mathews. The cells were lysed using M-Per Mammalian Protein Extraction 

Buffer (Pierce Biotechnology, Rockford, IL, USA). Cells were incubated with 1mL buffer for 5 

minutes while rocking. The lysate was collected and protease inhibitor cocktail was added 

(Roche, Basel, Switzerland). The protein content was then measured by Bradford protein assay. 

The lysate was then stored in aliquots at -20 degrees until use. 

Analysis of T cells, DCs, Macrophages, and Neutrophils Via Flow Cytometry 

Splenocytes taken at each time point were processed as previously described. Flow 

cytometry was performed in order to quantify the populations of T cells, dendritic cells, 

macrophages, and neutrophils at each time point. All antibodies were purchased from 

eBioscience with the single exception of CD4-PerCP which was purchased from BD 

Biosciences. 

T cells were stained for CD8-FITC (clone 53-6.7), CD4-PerCP (clone RM4-5), Foxp3-PE 

(clone FJK-16a), and CD25-APC (clone PC61). Dendritic cells were stained for CD11c-FITC 

(clone N418), CD86-PE (clone GL1), and MHC class II (clone M5/114.15.2). Macrophages 

were stained with CD11b-FITC (clone M1/70), CD14-PE (Sa2-8), and CD16/CD32-APC (clone 

93). Neutrophils were stained with F4/80-PE (clone BM8) and Gr-1-APC (clone RB6-8C5). All 

were added at a concentration of 1ug per 1x106 cells per tube. 

Respective to the above, the isotype controls used for T cells were Rat IgG2a-FITC (clone 

eBR2a), Rat IgG2a-PE (clone eBR2a), Rat IgG2ak-PerCP, and Rat IgG2b-APC (clone 
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eB149/10H5). For dendritic cells, Armenian Hamster IgG-FITC (clone eBio299Arm), Rat 

IgG2a-PE (clone eBR2a), and Rat IgG2b-APC (clone eB149/10H5) were used. For 

macrophages, rat IgG2b-FITC (clone eB149/10H5), Rat IgG2a-PE (clone eBR2a), and Rat 

IgG2a-APC (clone eBR2a) were used. For neutrophils, Rat IgG2a-PE (clone eBR2a) and Rat 

IgG2b-APC (clone eB149/10H5) were used. 

Immunoglobulin Isotyping 

Immunoglobulin isotyping was performed on sera obtained at each sacrifice time point 

using a Mouse Immunoglobulin Isotyping kit (Millipore, Billerica, MA, USA) in order to 

measure IgA, IgM, IgG1, IgG2a, IgG2b, and IgG3. Mouse isotyping serum diluent and mouse 

immunoglobulin isotyping standard were ordered separately (Millipore). 

Anti-G-CSF Antibody Measurement 

Sera was collected from mice at 0, 2, 4, and 8 week time points in the prediabetic study. To 

determine whether the immunoglobulin increases seen were G-CSF-specific, Nunc-Immuno 96-

well plates were coated with 50uL/well of 2ug/mL GCSF (Amgen, Thousand Oaks, CA, USA) 

overnight at 4o. Plates were blocked for 2 hours with 300uL/well 5%BSA/PBS and washed 5x 

with PBS/Tween. Sera were diluted 1:10000 and was incubated for 2 hours on a plate shaker. 

The plates were washed 5x as before, and were then coated with either 50uL/well 1:2500 Rat 

anti-mouse IgM-HRP or 1:5000 Donkey anti-mouse IgG-HRP (Southern Biotech, Birmingham, 

AL, USA) for 1 hour on a plate shaker. The plates were once again washed 5x followed by 

addition of 50uL TMB protected from light. After 5 minutes, the reaction was stopped with 50uL 

stop solution (Mercodia, Uppsala, Sweden) and the plate read at 450nm wavelength on a 

Spectramax Plate Reader (Molecular Devices). 

 82



 

Histology 

The beta cell area was calculated using MetaMorph software (Molecular Devices) analysis 

with insulin stained with fast red (FR) on pancreatic sections. The insulin positive area was 

divided by the total acinar area to yield a final percentage. Insulitis scoring was performed on 

hematoxylin and eosin stained pancreatic sections as described in previously. 

Real Time PCR 

Real time PCR was performed on pancreatic lymph nodes and spleen collected from 12 

week control mice as well as all mice at the 8 week endpoint. Tissues were frozen in RNAlater 

(Ambion, Inc., Austin, TX, USA) at -20 degrees overnight, then placed at -80 degrees for long-

term storage until use. mRNA was extracted from the tissues using RNAqueous kits (Ambion). 

cDNA was produced from the mRNA using SuperScript III Reverse Transcriptase (Invitrogen). 

cDNA samples were analyzed with a 384-panel Mouse Immunology 384 StellArray qPCR array 

(Bar Harbor Biotechnology, Bar Harbor, ME, USA). 

Results 

Depletion/Repopulation of Leukocytes 

We have shown previously that ATG induces a short-term decrease in the number of 

leukocytes within the first month of treatment post-onset. We predicted that the addition of G-

CSF, due to its ability to mobilize neutrophils, would ablate this depletion and possibly lead to a 

significant increase in the number of leukocytes measured during the course of therapy. Using a 

Coulter Hematology Analyzer, we measured peripheral blood at 0, 2, and 4 weeks during the 

course of therapy (Figure 6-2). 

We encountered difficulties due to clotting, most likely due to the small volumes of blood 

involved during collection. As such, more variation than anticipated was observed in the 

measurements. What is clear, however, is the presence of a near-significant trend toward an 

 83



 

increase in leukocyte concentrations in both the G-CSF and ATG+G-CSF treatment groups when 

compared with control and ATG-treated mice at the two week time point. A decrease in counts 

(p=NS), as anticipated, was observed in the ATG-treated group versus control at this same time 

point. Surprisingly, all groups appeared to return to baseline levels by the four week time point 

with no significant differences between treatments. Measurements (not shown) were also taken 

from the final eight week time point that recapitulated the data observed at four weeks, such that 

no groups were significant different from one another. 

Flow Cytometry Analysis of Macrophages and Neutrophils 

In order to more accurately characterize the change in leukocyte counts over time, we 

performed flow cytometric analysis of splenocytes at zero, two, four, and eight weeks following 

onset of therapy. Both the percentage of splenic neutrophils (Figure 6-3a) and splenic 

macrophages (Figure 6-3b) were plotted. 

Clearly, the spike in leukocyte counts (Figure 6-2) correlates with a robust, significant 

increase in splenic neutrophils and macrophages at the two week time point in both G-CSF 

(p<0.05) and ATG+G-CSF-treated (p<0.05) mice. As with the leukocyte counts, however, this 

increase in neutrophils and macrophages was short-lived. The four and eight week time points 

revealed no differences in these cell populations despite ongoing G-CSF therapy. 

Alterations in B Lymphocyte Profile 

The short-term effect of G-CSF upon neutrophils was surprising considering 

administration continued on a daily basis for the entire 8 week experimental period. RT-PCR 

analysis of pancreatic lymph nodes and sections of spleen from mice sacrificed at 8 weeks 

revealed significant fold changes in mRNA expression for multiple B lymphocyte markers. G-

CSF, both alone and in combination with ATG, induced significant increases in IgM, IgG1, and 

the B cell maturation factor btk. 
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Immunoglobulin isotyping was performed on sera obtained throughout the 8 week time 

course. Notable alterations in both IgG1 (Figure 6-4a) and IgM (Figure 6-4b) were observed 

throughout the time course. In particular, combination therapy yielded the greatest 

concentrations of both IgG1 and IgM, with both significantly raised compared with control 

therapy at 2, 4, and 8 week time points. 

Given this dramatic increase in total serum immunoglobulin and the lack of long-term 

mobilization of neutrophils despite prolonged G-CSF therapy, we believed it possible that 

antibodies were being produced against G-CSF, thus neutralizing its effect beyond 2 weeks. 

Anti-G-CSF IgM (Figure 6-5a) and anti-G-CSF IgG (Figure 6-6b) ELISAs were performed using 

sera from each time point. In all mice treated with G-CSF, alone or in combination with ATG, 

anti-G-CSF antibodies were observed as early as 2 weeks in the IgM assay and as early as 4 

weeks in the IgG assay. These anti-G-CSF antibodies remained evident throughout the study 

endpoint at 8 weeks. 

Flow Cytometry Analysis of T Lymphocytes 

Apart from neutrophils and macrophages, the splenic T cell populations were also analyzed 

through flow cytometry. The splenic ratio of CD4:CD8 (Figure 6-6a) and the percentage of 

regulatory T cells (Figure 6-6b) was measured. 

As with our previous studies, ATG therapy induced a significant increase (p<0.05) in the 

CD4:CD8 ratios of splenocytes. While G-CSF did not augment this effect, it did not ablate it 

either. Analysis of the regulatory T cell population revealed a decrease in the percentage of Treg 

in all groups versus control at 2 weeks. This correlated with an ATG-mediated, short-term T cell 

ablation or a relative increase in the percentage of macrophages and neutrophils by G-CSF, 

effectively lowering the percentage of Treg in these groups. By the final 8 week time point, at 

which point the leukocyte decreases and increases of ATG and G-CSF, respectively, had 
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diminished, G-CSF treatment trended toward a higher percentage of Treg while ATG+G-CSF 

combination therapy yielded a significant increase (p<0.05) when compared with control 

therapy. 

In order to explain the alteration in the CD4:CD8 ratio, we examined the percentage of 

CD4+ and CD8+ splenic T cells at each time point in mice treated with control (Figure 6-7a), G-

CSF (Figure 6-7b), ATG (Figure 6-7c), or ATG+G-CSF (Figure 6-7d) therapies. 

Treatment with control led to small, non-significant fluctuations in the percentages of 

CD4+ and CD8+ T lymphocytes. ATG therapy led to a reduction of ~50% CD4+ T cells while 

reducing CD8+ T cells by almost 80%. While the decrease in CD4+ cells had returned to 

baseline levels at 8 weeks, the percentage of CD8+ T cells remained significantly (p<0.05) 

reduced. Corresponding with an increase of splenic macrophages and neutrophils (Figure 6-3), 

the percentage of CD4+ and CD8+ T cells was reduced at 2 weeks in G-CSF treated mice. By 8 

weeks, both populations had returned to, or increased beyond, starting levels. Combination 

therapy also yielded a decrease in both CD4+ and CD8+ T cells beyond that which seen in either 

monotherapy indicating an additive effect. By 8 weeks, while CD8+ T cells remained 

significantly reduced versus the starting time point, the percentage of CD4+ T cells had actually 

increased (p=0.043). 

To obviate the consequence of the alteration of different T cell subpopulations, the ratios 

of regulatory T cells and effector CD8+ (Figure 6-8a) or CD8+ (Figure 6-8b) T cells were 

compared. 

Corresponding with the ATG-induced increase in CD4:CD8, both ATG and ATG+G-CSF 

therapies resulted in a significant increase in the Treg:CD8 ratio. Only combination therapy, 
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however, resulted in a significant increase in the Treg:CD4 effector ratio at 8 weeks when 

compared with control therapy. 

Splenocyte Proliferation to NIT-1 Lysate In Vitro 

The splenocyte proliferative response to NIT-1 lysate was measured from cells obtained at 

the 0 and 8 week sacrifice time points. No significant change in proliferation was observed in 

any treatment group to this lysate (data not shown). 

Splenocyte Cytokine Release in Response to Activation In Vitro 

Based upon previous reports indicating that G-CSF therapy induces a shift from a TH1 to a 

TH2 cytokine profile, we cultured splenocytes from mice sacrificed at the 0 and 8 week time 

points and stimulated with anti-CD3 and anti-CD28 monoclonal antibodies. Supernatants were 

collected at 24 and 72 hours post-stimulation and measured for cytokines (Figure 6-9). 

As was expected based on previously reported results, G-CSF therapy in combination with 

ATG significantly reduced the levels of TH1 cytokines TNF-α, IFN-γ, and IL-2 at 72 hours 

following stimulation in vitro. Levels of the TH2 cytokines IL-4 and IL-5 both trended higher in 

combination therapy-treated mice versus control mice. 

Insulitis Scoring 

Since one of the primary goals of any diabetes intervention therapy is the protection of beta 

cells from ongoing autoimmune attack, the degree of lymphocytic infiltration in the islets, as 

measured through insulitis scoring, is critical to any assessment of therapeutic efficacy. Mice 

from each therapy were sacrificed at 0, 2, 4, and 8 weeks. Using H&E stained pancreatic 

sections, insulitis scoring was performed (Figure 6-10). 

Since the goal of this experiment was to sustain the health of the islets for as long as 

possible following treatment, only the 8 week time point data are presented in Figure 6-10. 

Combination therapy yielded a trend towards a greater average number of healthy islets. The 
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number of near-healthy islets (with only peri-insulitis) was significantly increased versus control 

only in the combination-treated mice (p=0.005). In fact, the number of healthy or near-healthy 

islets trended higher in the combination-treated mice even when compared with non-diabetic 12 

week old NOD mice. 

Insulin Area 

Apart from measuring the degree of lymphocytic infiltration in the islets, we also sought to 

quantify the percentage of beta cell area relative to the acinar area at several time points in order 

to elucidate the extent of insulin content in the pancreas of mice from each treatment group 

(Figure 6-11). 

Staining for insulin with fast red allowed for clear differentiation between beta cells and 

acinar tissue. The ratio of the beta cell area to acinar area was compared to yield the results 

observed (Figure 6-11b). While a serial measurement was obviously not possible as sacrifice was 

required for each time point, the analysis revealed the ability of ATG and G-CSF combination 

therapy to provide long-term protection to the beta cell mass with significantly greater beta cell 

area compared with control therapy (p<0.05). 

Conclusions 

While the focus of this dissertation has, until this chapter, focused upon the reversal of 

overt T1D in the NOD mouse, this study was performed with the intention of characterizing the 

effects of ATG and G-CSF combination therapy over the course of an 8 week pre-diabetic 

treatment window, the results of which will be combined with an adjunct reversal study also 

carried out by our group. It should be noted that since the data are obtained from timed sacrifice 

points, the collection is not serial. 

Perhaps the greatest surprise resulted from the leukocyte measurements taken at 0, 2, 4, 

and 8 weeks. It was anticipated that G-CSF would induce the proliferation and mobilization of 
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neutrophils, as well as possibly reverse the depleting effect seen with ATG monotherapy. What 

we did not expect was that this leukocytic increase mediated by G-CSF would only be evident at 

the two week time point. Counts from the 4 and 8 week time points revealed no differences 

between G-CSF-treated and control-treated mice. The depletion induced by ATG was, as we 

have shown previously (49), limited to approximately 4 weeks before levels returned to values 

similar to baseline. 

In order to examine which leukocytes were altered at these time points, flow cytometry 

was performed using stains for both neutrophils and macrophages. The levels of both of these 

populations correlated closely with the aforementioned leukocyte counts. One possibility for this 

short-term increase is that the relatively high dose of G-CSF administered modulated the G-

CSFR (CD114) on the surface of neutrophils. Previous reports have indicated the ability of G-

CSF to downregulate its own receptor (122). In fact, several studies have also noted the critical 

nature of CD114 to mobilize neutrophils into peripheral blood (123; 124). RT-PCR analysis 

revealed a downregulation of CD114 mRNA in G-CSF treated mice at 8 weeks. Overwhelming 

evidence, however, points to the generation of neutralizing antibodies are the cause of the lack of 

long-term mobilization. Future efforts may be best spent using pegylated G-CSF, Neulasta, in an 

attempt to minimize the anti-G-CSF antibody response. The silver lining of this result is that 

short-term therapy was effective. 

The therapeutic impact upon T lymphocytes was also examined through flow cytometry. 

The levels of CD4+ and CD8+ T cells remained stable in the control-treated mice, whereas ATG 

induced a significant drop in both subpopulations. This depletion preferentially targeted CD8+ T 

cells, reducing the percentage in the spleen by roughly 80%, whereas CD4+ T cells were reduced 

by approximately 50%. G-CSF induced a relative reduction in both subpopulations at 2 weeks 
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due to the relative increase in neutrophils and macrophages. This effect was not seen at 4 or 8 

weeks. Combination therapy appeared to intensity the initial reduction in both CD4+ and CD8+ 

T cells. While the percentage of CD8+ T cells had only recovered to roughly 50% of baseline, 

the percentage of CD4+ T cells had actually increased versus baseline. The consequence of these 

changes was a dramatic increase in the CD4:CD8 ratios in mice receiving ATG monotherapy or 

combination therapy, which is actually the opposite of what has been reported with anti-CD3 

mAb therapy. 

An analysis of the regulatory T cell population revealed that while neither ATG nor G-CSF 

monotherapies yielded significantly higher percentages of splenic Treg, combination therapy did 

induce a significant increase. A comparison of the Treg:Teff ratios revealed that combination 

therapy yielded the greatest increases in the Treg:CD4eff ratio as well as the greatest increase in 

the Treg:CD8 ratio. Given that ATG's putative mechanism was reported as the induction of 

regulatory T cells, this apparent benefit provided by augmentation with G-CSF is of therapeutic 

significance. 

Given the improvement in the immunoregulatory profile in combination therapy-treated 

mice, the question remained whether this improvement would translate into beta cell protection. 

Analysis of both insulitis scoring and insulin staining from pancreatic sections revealed that 

combination therapy had a significantly greater average number of non-infiltrated islets 

compared with all other treatment groups. At the final 8 week time point, only combination 

therapy appeared to have preserved insulin content within the islets relative to control therapy. 

This is encouraging should it translate in the setting of T1D reversal given previous studies 

correlating the maintenance of beta cell mass with protection from overt diabetes. 
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Given these results, apart from testing this therapy in the setting of diabetes reversal, the 

use of Neulasta should be considered in a comparison to Neupogen. Given the short-term 

mobilization of macrophages and neutrophils, it is possible that two or even one dose of Neulasta 

may provide a similar effect. Given that the ultimate goal of these therapies is translation into 

clinical use, this may provide a practical alteration in the treatment protocol. 
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Figure 6-1.  ATG+G-CSF mechanistic study experimental design describing the timing and 
duration of individual treatments. 12-week-old pre-diabetic NOD mice received either 
ATG or rIgG as well as either G-CSF or saline. Arrows indicate timing of a given 
treatment and timed sacrifices. 

 

 

 

 

Figure 6-2.  ATG+G-CSF mediates a significant increase (n=5, p=0.0129, unpaired t test) in 
peripheral blood leukocytes at 2 weeks vs. ATG monotherapy (n=4). G-CSF (n=5) 
induces a near significant increase at 2 weeks, while ATG mediates a near significant 
decrease at 2 weeks. 
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Figure 6-3.  G-CSF therapy, alone or in combination with ATG, induces a short-term increase in 
the percentage of both splenic neutrophils and macrophages. This increase was 
significant (p<0.05, unpaired t test) for both A) neutrophils and B) macrophages at 
the 2 week timepoint (n=5). This effect is not evident at later time points. 
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Figure 6-4.  Total serum immunoglobulin is altered by treatment with G-CSF. (a) Total serum 
IgG1 (n=5) was significantly increased vs. control at 2 weeks by combination therapy 
(p=0.0024, unpaired t test). At 4 weeks, ATG, G-CSF, and combination exhibited 
significantly greater levels vs. control (p=0.028, p=0.0154, p=0.008, respectively, 
unpaired t test). At 8 weeks, both G-CSF (p=0.0016, unpaired t test) and combination 
(p=0.0007, unpaired t test) were greater than control. (b) Total serum IgM (n=5) was 
significantly increased vs. control at 2 weeks by combination (p=0.0022, unpaired t 
test). At 4 weeks, both G-CSF (p=0.0189, unpaired t test) and combination 
(p=0.0111, unpaired t test) were increased vs. control. At 8 weeks, both G-CSF 
(p=0.0013, unpaired t test) and combination (p=0.0014, unpaired t test) increased IgM 
vs. controls. 
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Figure 6-5.  Anti-G-CSF antibodies are produced in treated NOD mice. (a) Serum levels of anti-
G-CSF IgM (n=5) were significantly increased in both G-CSF (4 weeks: p=0.0141, 8 
weeks: p=0.001, unpaired t test) and mATG + G-CSF (4 weeks: p<0.0001, 8 weeks: 
p<0.0001, unpaired t test) groups versus control, but were not raised significantly 
with mATG therapy. (b) Serum levels of anti-G-CSF IgG (n=5) were also 
significantly raised with both G-CSF (4 weeks: p=0.0039, 8 weeks: p=0.001, 
unpaired t test) and mATG + G-CSF (4 weeks: p=0.0016, 8 weeks: p<0.0001, 
unpaired t test) groups versus control, while mATG did not induce a significant 
increase.  
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Figure 6-6.  Both ATG and G-CSF altered the CD4:CD8 ratio and/or the percentage of splenic 
regulatory T cells. A) Both ATG and ATG+G-CSF (n=5) led to significant increases 
(p<0.05, unpaired t test) in the CD4:CD8 ratio at 2, 4, and 8 week time points. B) By 
the final time point, combination therapy yielded a significant increase in the 
percentage of splenic Treg (p<0.05, unpaired t test). 

 

. 
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Figure 6-7.  The percentages of CD4+ and CD8+ T cells are significantly reduced (n=5, p<0.05, 
unpaired t test) at 2 weeks with A) ATG and/or B) G-CSF therapies. C) and D) By the 
8 week time point, the CD4+ population has recovered while the CD8+ population 
remains significantly reduced (n=5, p<0.05, unpaired t test) compared with the initial, 
0 week time point. 
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Figure 6-8.  The ratio of Treg to effector T cells (both CD4+ and CD8+) is increased with ATG 
and G-CSF therapies. A) Both ATG and ATG+G-CSF induced a significant increase 
(n=5, p<0.05, unpaired t test) in Treg:CD8 at 2, 4, and 8 week time points versus 
control. B) ATG+G-CSG combination therapy yielded a significant increase (n=5, 
p<0.05, unpaired t test) in Treg:CD4eff versus both control and ATG at the final 8 
week time point. 
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Figure 6-9.  G-CSF alters the cytokine release of stimulated splenocytes in vitro and appears to 
skew from a TH1 to a TH2 phenotype. Combination therapy trended toward increases 
in A) IL-4 and B) IL-5 versus control while significantly decreasing the levels of C) 
TNF-α, D) IFN-γ, and E) IL-2 (n=5, p<0.05, unpaired t test) versus control at 72 
hours. 
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Figure 6-10.  Insulitis scoring of pancreatic islets at the 8 week time point was improved in mice 
treated with a combination of ATG and G-CSF. The average number of healthy islets 
(score=0) from combination-treated mice trended higher than control while the 
number of islets with peri-insulitis (score=1) was significantly higher than any other 
treatment (n=5, p=0.005, unpaired t test). 

 

 

 

Figure 6-11.  Combination therapy of ATG and G-CSF leads to a robust, long-lasting increase in 
the percentage of beta cell area. A) Representative islet stained for insulin with FR. 
B) ATG+G-CSF significantly increased beta cell area versus control at 8 weeks (n=5, 
p<0.05, unpaired t test). 



 

CHAPTER 7 
DISCUSSION AND CONCLUSIONS 

Discussion 

In spite of the enormous success of insulin therapy for most than 85 years, the presence of 

severe long-term complications associated with T1D, such as retinopathy, nephropathy, and 

cardiovascular disease, fuel the need for more effective treatments in order to restore endogenous 

insulin production (22; 23; 42; 45). Apart from medical complications, there is also a substantial 

financial burden associated with T1D. The cost of insulin therapy over the average lifetime of a 

type 1 diabetic patient is approximately $70,000 as of 2007 (125). Clearly, the development of a 

long-lasting therapy for T1D would curtail not only medical but also financial complications. 

In order to develop therapies to address these concerns, we have turned to the use of a 

mouse model of disease. We have used the NOD mouse as our model of T1D given its incidence 

rate of up to 80% in 30 week old females as well as its close resemblance to human disease as it 

is polygenetic and presents immunoregulatory defects (21; 126). In this dissertation, several 

studies have been presented in which the reversal of overt T1D was achieved via combination 

therapies. These were all performed using compounds that are currently used clinically and offer 

rapid translation into clinical use for T1D. Specifically each was based upon a core therapy of 

ATG, which serves to target the ongoing autoimmune attack at time of onset. As we have 

previously reported, ATG induces a regulatory T cell population, protects the remaining beta cell 

mass, and is capable of both prevention and reversal of T1D in the NOD mouse (49). 

In our first attempt to augment the efficacy of ATG, we utilized a second agent to target 

the pathway of autoimmune attack through the use of rapamycin. Unfortunately, this study 

yielded mixed results. While rapamycin monotherapy or combination therapy induced an 

increase in the percentage of splenic regulatory T cells as well as an increase in serum c-peptide 
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levels, it did not reduce the degree of insulitis present in the pancreas, nor did it induce long-term 

euglycemia in new-onset mice. Therapeutic efficacy, as measured by blood glucose, revealed 

rapamycin to be not significantly different from control therapy. While the ability of rapamycin 

to prevent T1D in the NOD mouse through the induction of regulatory T cells has been 

documented (74; 75), reports of an unanticipated increase in peripheral insulin resistance and 

alteration of IRS signaling has also been reported (76; 77). It is likely that while immune 

regulation may have taken place, with the success of reversal therapy effectively on a knife edge, 

these deleterious complications may have prevented any therapeutic success by rapamycin in this 

setting. 

After the rapamycin trial, we sought to target a different pathway. Specifically, we aimed 

to enhance the survival of beta cells by reducing apoptosis through the use of alpha-1-antitrypsin 

therapy. AAT has a long safety record in clinical use for emphysema and via gene therapy has 

yielded successful diabetes prevention in the NOD mouse (84; 88). Unfortunately, the use of 

recombinant AAT in the NOD mouse triggered an unexpected anaphylactic event. While 

prevention of anaphylaxis could be achieved for up to 5 doses using triprolidine and a PAF 

antagonist, repeating this prevention for a longer duration revealed imperfect protection. 

Consequently, our dosing of AAT was suboptimal, limited to just 4 injections. As a result, we 

observed only a partial impact upon the remission from hyperglycemia, with one AAT-treated 

mouse lasting 70 days before hyperglycemia returned. Future trials in the NOD must consider 

this anaphylactic predisposition, potentially avoiding this response by slowing the release of 

AAT via subcutaneous injections or through osmotic pumps. 

Our third reversal trial in the NOD mouse targeted the pathway of beta cell regeneration. 

While the GLP-1 mediated increases in insulin secretion have been well characterized during the 
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clinical use of Januvia, there were also reports indicating the potential regeneration in mice 

induced via DPPIV inhibition. The presence of DPPIV on the surface of T cells (CD26) acting as 

a costimulatory marker offered yet another facet for investigation while treating NOD mice with 

Januvia. Implementation of this therapy yielded only partial benefit, however. While Januvia 

monotherapy provided significant improvement in remission from hyperglycemia versus control, 

no Januvia-treated mice were afforded long-term remission. Combination therapy hinted at a 

similar improvement, but due to the 6 week treatment window, this effect appeared to be ablated 

with the withdrawal of Januvia. Immunological analyses revealed few differences following 

Januvia administration with the exception of sCD26, which is likely simply a marker of disease 

duration. 

The limited viability of both AAT and Januvia prompted a return to arguably the most 

critical pathway: the targeting of autoimmunity. To this end, we chose the immunomodulatory, 

non-depleting G-CSF. Specifically, we performed a mechanistic time course in which 

combination therapy was administered to pre-diabetic 12 week old NOD mice for up to 8 weeks. 

Timed sacrifices at 0, 2, 4, and 8 weeks provided a timeline that allowed for a description of the 

metabolic and immunological changes associated with these therapies. Analysis revealed a 

robust mobilization induced by G-CSF upon both macrophages and neutrophils that was 

ephemeral, lasting only at the 2 week time point. In spite of this short-term effect, the impact 

upon regulatory T cells appeared to increase with each subsequent measurement such that 

combination therapy yielded the greatest percentage of splenic regulatory T lymphocytes at the 

final 8 week time point. This increase was associated with favorable insulitis scoring and 

significantly greater insulin area in combination-treated mice versus controls. Given the 

augmentation of ATG's immunological and metabolic benefits, it is likely that this therapy would 
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prove efficacious if administered to new-onset diabetic NOD mice. The success of ATG 

monotherapy has demonstrated an upper limit for reversal that is independent of age at onset, but 

rather dependent upon blood glucose levels at onset. The efficacy of ATG appears to all but 

disappear with starting blood glucose values of 400mg/dL or greater (Figure 7-1). One crucial 

analysis of any ATG+G-CSF combination trial would be to examine whether this threshold is 

increased beyond 400mg/dL. 

In spite of several published reports of successful T1D reversal therapies in the NOD 

mouse, the translation into clinical use is not clear. As has already been discussed, hundreds of 

therapies are capable of preventing T1D in the NOD mouse, with several capable of diabetes 

remission, yet translation into clinical use has been limited (23; 41). Concerns remain regarding 

differences between mouse and man in regards to the ability of the beta cell mass to regenerate 

or replenish via hematopoietic stem cells (127). Previous work in mouse models indicates that 

the timing, dosage, and protocols for a given therapy can have a dramatic effect upon the 

outcome (128). Several previous reports have supported this notion, arguing that previous 

clinical failures may be predominantly due to insufficient dosing, a problem they argue could be 

solved through greater optimization in the NOD mouse model (126; 129). 

Other considerations regarding the utility of the NOD mouse pertain to other abnormalities 

of this strain. Apart from islet autoreactivity, the NOD mouse exhibits no known C5 

complement-pathway, has defective cytokine expression from macrophages, and has aberrant 

MAdCAM-1 and VCAM-1 expression, which may result in abnormal NK cell function and/or 

homing (130-132). In addition, the NOD mouse model, apart from spontaneous diabetes, also 

experiences a Sjögren's-like syndrome (133). Thus, considering the alteration of several immune 
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phenotypes seen in this syngeneic model of disease, the NOD mouse is unlikely to be a perfect 

representation of clinical disease. 

Diabetes prevention and reversal trials have already or are in the process of taking place 

worldwide. Two notable diabetes prevention trials are the Diabetes Prevention Trial - Type 1 

(DPT-1) and the European Nicotinamide Diabetes Intervention Trial (ENDIT). DPT-1 initially 

appeared to show no indication of successful prevention of T1D using oral or subcutaneous 

insulin (24; 25), but a breakdown of the patients revealed a possibly protective effect in high-risk 

individuals treated with oral insulin. The ENDIT study thus far has failed to provide evidence for 

successful prevention of T1D (134). More recently, more aggressive therapies have been used 

for the purpose of T1D intervention following disease onset. Anti-CD3 therapy has yielded 

positive results, with just six doses yielding enhanced beta cell function for 18 months following 

onset (135). In a separate trial in Brazil, combination therapy including the use of ATG, G-CSF, 

hematopoietic stem cells, and cyclophosphamide yielded improved c-peptide levels and 

diminished insulin requirements, with several becoming insulin-free, up to 24 months following 

disease onset (41). 

Given the relatively low number of successful diabetes reversal therapies compared with 

the number of successful prevention therapies in the NOD mouse, in addition to the starting 

blood glucose limits seen at onset in several reversal trials in the NOD, the success of therapy 

appears likely to hinge upon the beta cell mass remaining at time of onset. As such, therapies 

aimed at immunoregulatory modulation prior or immediately following onset are most likely to 

experience success. While there are reports of beta cells present in individuals decades after 

diabetes onset (136; 137), the beta cell mass is unlikely to support glucose control even if 

autoimmunity is controlled. 
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Conclusions 

The diabetes intervention therapies in the NOD mouse presented in this dissertation 

focused upon the projected benefit of combination therapy versus conventional monotherapy. 

Specifically, it was hypothesized that by targeting multiple pathways of autoimmune beta cell 

destruction, combination therapy would be more effective than monotherapy. As the limited 

number of published successful T1D reversal therapies implies (27; 32; 48; 50-54), successful 

reversal of diabetes in the NOD mouse is challenging given the aggressive nature of beta cell 

destruction in this model. The studies in this dissertation demonstrate both the difficulty and the 

benefit in this pursuit, with alpha-1-antitrypsin and Januvia providing a partial, yet insufficient, 

benefit for the reversal of overt disease. Our self-imposed requirement of "off-the-shelf" FDA-

approved drugs most likely made this effort even more challenging as we could not tailor 

therapies, such as the use of ex vivo generated Treg, to the model of disease. The combination of 

ATG and G-CSF, however, provides compelling evidence for the ability of two therapies to 

complement one another through the enhancement of the regulatory T cell phenotype and the 

preservation of beta cells in the NOD mouse. This, in turn, may also promote the focus of 

reversal therapies upon the regulation of autoimmunity, rather than beta cell regeneration, given 

the success of ATG and G-CSF and the minimal impact of Januvia. 

Further studies will undoubtedly require careful modulation of both the timing and dose of 

each of these therapies, with careful consideration given to the eventual translation into clinical 

use. Optimization of a given combination therapy, such as ATG and G-CSF, will necessitate a 

detailed analysis of multiple immune cell types as well as a long-term study to ensure prolonged 

protection from autoimmunity. 
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Figure 7-1. Efficacy of ATG is independent of age at onset and dependent upon blood glucose at 
therapeutic onset. 
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