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Through its diverse functional activity as part of the interleukin-2 (IL-2) receptor, 

CD25 is involved both in the progression to and prevention of autoimmunity at multiple 

levels. The high IL-2 affinity that CD25 confers allows for cellular proliferation during 

early conventional T cell (Tconv) activation, yet also predisposes these activated cells to 

activation induced cell death (AICD). Regulatory T cells (Treg) require high CD25 

expression to maintain their phenotype. Proteolytic cleavage of CD25 from the cell 

surface therefore has opposite effects on Treg and Tconv by lessening their IL-2 

response.  

In this work, we have demonstrated a role for the proteolytic release of soluble 

CD25 (sCD25) in providing additional fine-tuning of the IL-2 response. Production of 

sCD25 was identified to associate with both proliferation and cell death in T-cell 

activation cultures, suggesting that the loss of CD25 on the cell surface may be an 

attempt to avoid AICD in an activated cell. Additionally, we found that exogenous 

addition of sCD25 affected cell proliferation in a manner dependent on culture 

conditions. Through expression of mutant CD25 constructs in primary human T cells as 

well as human T cell lines, we identified that sCD25 appears to enact an IL-2 dependent 
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increase in cellular expansion in vitro. The in vivo effects, however, remain to be 

elucidated. 

Deficiencies or defects in several IL-2 pathway genes – including CD25 – 

associate with increased susceptibility to T1D and other autoimmune diseases. This is 

due, at least in part, to the disruption of an equilibrium that exists between Treg and 

pathogenic autoreactive T cells. Efforts to restore or alter this balance through provision 

of exogenous IL-2 to support Treg or blockade of CD25 to prevent autoreactive T cell 

expansion have had mixed success in autoimmune disease, suggesting the need for 

continued therapy development. We believe this can be accomplished through 

modulation directed at the high-affinity component of CD25, due to its unique role in 

directing cellular responsiveness to IL-2. Our efforts included the targeting of CD25 

protein-protein interactions within the IL-2 receptor structure with small molecule 

compounds, and the screening of these compounds on human PBMC to view IL-2 

response.
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CHAPTER 1 
INTRODUCTION 

This introduction presents information supporting the notion that Type 1 Diabetes 

(T1D) is a disorder caused by defects in maintenance of immunological tolerance, with 

emphasis on the necessity to target mechanisms underlying this process so that 

therapeutic interventions can be successfully developed. Specifically, the key role for 

interleukin-2 (IL-2) signaling in maintaining healthy immune function, and the 

consequences of dysregulation in this pathway, are presented. Combined genetic and 

immunological studies have highlighted deficiencies not only in the cytokine interleukin-

2, but also in the expression and maintenance of the high-affinity receptor component 

CD25 as well as the regulation of downstream signaling as central defects in the 

pathogenesis of T1D. Prior intervention studies in animal models indicate that 

augmenting IL-2 signaling can prevent and reverse disease, with protection conferred 

primarily by restoration of regulatory T cell (Treg) function. Taken collectively, this effort 

will focus on studies of T1D that denote deficient IL-2 signaling, assess the molecular 

framework for their contribution to the disease, and suggest a series of potentially novel 

therapeutic targets that could restore proper immune regulation in T1D by augmenting 

the IL-2 pathway through its receptor. 

Type 1 Diabetes – Development and Complications 

T1D is a disorder initiated by autoimmune destruction of the insulin-producing β 

cells located in the pancreatic islets of Langerhans. The subsequent loss of insulin 

production prevents glucose uptake and utilization by cells in response to increased 

blood glucose levels, resulting in hyperglycemia. Additionally, cells must utilize fat as an 

energy source, producing ketones that can build to toxic levels in the bloodstream, 
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causing ketoacidosis. Clinical presentation of a classic triad of symptoms (polydipsia, 

polyphagia, and polyuria) indicates the need for immediate treatment, i.e., provision of 

exogenous insulin, to prevent the development of potentially fatal complications. In the 

short term, hypoglycemic events due to over-excessive insulin administration can result 

in mental impairment, seizures, coma, and death. Long-term complications of frequent 

hyperglycemia can affect multiple organ systems, resulting in retinopathy, neuropathy, 

cardiovascular disease and renal failure (1).    

Treatment of Type 1 Diabetes 

Exogenous insulin treatment, either through multiple daily injections or boluses 

delivered by an insulin pump, can usually provide adequate blood glucose control if the 

patient adheres to a strict dietary regimen alongside of aggressive disease 

management. However, multiple episodes of both hyper- and hypoglycemia will occur 

regularly in even the most vigilant of patients, thus contributing to the potential 

development of so called diabetic-complications with increasing disease duration. 

Additionally, a subset of patients fail to achieve adequate glycemic control even though 

extensive therapeutic intervention is directed to that cause, necessitating further levels 

of treatment.  

Faced with this unacceptable situation, efforts have been extended to restore 

endogenous insulin production by pancreas transplant, a procedure typically limited to 

patients in end-stage renal failure who underwent a simultaneous kidney transplant (2). 

More recently, the Edmonton protocol was established for infusion of isolated islets in a 

subset of these “brittle” patients where it was determined that the risk of continued poor 

glycemic control was greater than the risk of transplant surgery and immunosuppressive 

therapy (3, 4). These regimens did result in functional β-cell mass and insulin 
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independence for a handful of years (in most patients). However, more than one donor 

pancreas was required to obtain sufficient islets, and the majority of patients returned to 

insulin therapy within two to five years, presumably due to autoimmunity that persisted 

even in the presence of immunosuppression (5). 

Increasing Incidence of Type 1 Diabetes and Healthcare Burden 

According to multiple reports, while incidence of T1D varies by geographic 

location, it is increasing overall and has exceeded past predictions across the globe (6-

9). Estimated annual cost (including medical expenses and lost income) of T1D in the 

United States alone is 14.4 billion dollars. Therapeutic intervention to eliminate the 

disease could prevent over 400 billion dollars in additional burden incurred by the 

existing cohort and predicted future patients (10, 11). In the United States, it was 

determined that approximately 15,600 youth are diagnosed with T1D annually. This 

incidence has doubled in the past twenty years, and if current rates continue, will double 

again in the next decade (8). Unfortunately, the most profound elevations in incidence 

rates have been observed in the youngest individuals (i.e., those <5 years of age) (8, 

12). This is particularly disturbing in light of the fact that young patients are more likely 

to present with acute complications (like ketoacidosis) at the time of diagnosis, and 

more often require hospitalization (13). These data are a sobering reminder of the 

importance of developing an effective therapeutic intervention. 

Natural History and Etiology of Type 1 Diabetes 

T1D was identified as an autoimmune disorder in the late 1970s. Since that time, 

an extensive effort has been extended to characterize the natural history of the disease. 

An early yet intellectually durable model of disease progression was developed (14), 

suggesting that an individual required both a genetic predisposition to disease and an 
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encounter with a precipitating stimulus to initiate anti-islet autoimmunity. From that point 

in the disorder’s etiology, a period of asymptomatic β-cell loss (estimated from 50 – 85% 

of the total β cell mass) eventually leads to clinical onset of the disease. Some details of 

this model have been updated or challenged, but its basic structure remains. Most 

notably, studies have reported that a small portion of the β cell mass can, in some 

individuals, remain undamaged (15-18). 

An important discovery regarding the progression to T1D was the detection of 

biomarkers of the disease related to its autoimmune basis – namely, autoantibodies 

directed against glutamic acid decarboxylase (GADA), insulin (IAA), the protein tyrosine 

phosphatase IA2 (IA2A), and Zinc-transporter 8 (ZNT8A) (19-23). Approximately 70-

80% of newly-diagnosed patients exhibit autoantibody positivity (24). In contrast, 

approximately 0.5% of the general population and 3-4% of relatives of patients with T1D 

are autoantibody positive; depending on the sensitivity and specificity of the 

autoantibody assay (25). Additionally, these autoantibodies serve as surrogate 

measures for β cell autoimmunity, in that either autoantibody titer or absolute number 

are independent predictors of T1D risk (26). For example, in the Diabetes Prevention 

Trial – Type 1 (DPT-1), the approximate five year risk of T1D was 25% for subjects with 

one autoantibody, 60% for subjects with two autoantibodies, 70% for those with three 

autoantibodies, and 80% for those with four autoantibodies (27). While initially viewed 

as nothing more than a biomarker, more recent data suggests autoantibodies may be 

involved in the disease process through presentation of autoantigens (28). Most 

importantly, these autoantibodies are an early and accurate indicator of risk, and could 
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be useful in defining candidates for preventative therapy as well as determining the 

efficacy of those measures (29, 30). 

Defined Genetic Susceptibility 

Although rare monogenic forms of T1D do exist (as a result in defects in genes 

associated with insulin production) it is generally understood that the common form of 

the disease is genetically heterogeneous (31). In the United States, having a first-

degree relative with T1D increases the risk of developing disease from 1 in 300 to 

approximately 1 in 20 (32). Historically, monozygotic twins were found to have a 

disease concordance rate of 30-50%, implying a reduced contribution of genetic factors 

(33). However, more recent data suggest that this concordance was calculated 

prematurely. Indeed, the incidence of diabetes among initially ‘discordant’ monozygotic 

twins was found to be 65%, with 78% developing autoantibodies (34), thus showing a 

substantial role for genetic contributions to immune dysregulation in T1D. The presence 

of other autoimmune disease in 14.7% of T1D patients underscores this genetic 

component (35). 

Genetic susceptibility to T1D is predominated by loci within the Human Leukocyte 

Antigen (HLA) region on chromosome 6, with 50% of genetic predisposition conferred 

by polymorphisms within its boundaries (36). The insulin (INS) gene contributes 10% of 

susceptibility to disease, specifically in the variable number of tandem repeats (VNTR) 

region of its promoter (37). A decreased number of these repeats associates with 

reduced expression of insulin in the thymus and increased susceptibility to T1D, 

highlighting a potential defect in central tolerance mechanisms in T1D. Genome-wide 

association studies (GWAS) have identified over 40 additional loci to date, with varying 

levels of susceptibility associated with each (38). Most of the candidate genes identified 
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within these regions are involved in the immune response  (36). For example, CTLA-4 

(cytotoxic T lymphocyte antigen 4), PTPN22 (protein tyrosine phosphatase 22, aka 

Lyp), CD25/IL2RA, PTPN2, and CD127/IL7RA, are all known regulators of T cell 

responses (39-42). 

The sheer number of identified candidate genes highlights the complex nature of 

genetic predisposition to T1D. Yet, the immune-response-associated genes outside the 

HLA region all have low odds ratios in T1D versus control subjects, suggesting that their 

overall contribution is low. Synergistic effects of the established susceptibility alleles in 

the HLA, INS, CTLA-4, and PTPN22 candidate genes have recently been discovered, 

suggesting that there may be combinatorial effects with the other alleles (43). However, 

it is likely that other factors are required to initiate autoimmunity in most cases. 

Environmental Influences 

Despite the evidence for a genetic component of risk for T1D, the fact remains that 

85% of new T1D cases are found in individuals with no known family history for the 

disease  (44). There has also been an increase in incidence over time in subjects with 

HLA alleles that in previous generations would not have been considered high risk (45). 

In addition, incidence rates vary both as a function of season as well as geographic 

location (46, 47). With this, it is likely that a significant role for environmental agents in 

progression to disease exists. Indeed, a multitude of environmental factors have been 

implicated as causative for the disorder, including insufficient Vitamin D, viral infection, 

diet, parasitic infection and altered composition of the gut microflora.  

Specifically, the higher incidence of T1D in areas further from the equator, along 

with lower serum levels of Vitamin D in newly diagnosed T1D patients as compared to 

healthy controls, suggested that insufficient UV-B exposure contributes to reduced 
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Vitamin D and increased disease risk. However, studies have shown deficient Vitamin D 

levels are present regardless of disease state, even in high-sun-exposure environments 

(48). Enteroviral infection has also been frequently suggested as an environmental 

influence for T1D, but no direct causal relationship has been shown (49). The data 

implicating dietary exposures to a variety of food constituents in infants have largely 

been inconclusive, yet a major meta-analysis demonstrated an association between 

T1D and both a shortened period of breast-feeding and early cow's milk exposure (50). 

Based on this notion, the Trial to Reduce IDDM in the Genetically at Risk (TRIGR) has 

been formed to test whether cow milk avoidance reduces T1D risk, with promising early 

evidence in measured autoantibodies (51). However, no association between early 

exposure to cow’s milk and β cell autoimmunity in young siblings and offspring of T1D 

patients has been shown in multiple natural history studies, and the notion for increased 

breast-feeding in developed countries is inconsistent with the rising incidence of T1D 

(52, 53). However, a recently discovered cross-reactivity between human insulin and 

bovine alpha casein suggests the potential for molecular mimicry as a mechanism of 

altered tolerance (54). Firm causative evidence does not yet exist. 

Amongst the models developed to collectively explain these increases in disease, 

the hygiene hypothesis suggests that reduced exposure to infectious agents in the 

developed world has resulted in a misdirection of the immune response that manifests 

as allergy or autoimmune disease (55, 56). Accordingly, parasitic infections have been 

shown to reduce autoimmune activity (57). This goes with the notion that an altered 

composition of the gut microbiome can lead to disease, particularly in the context of 

reduced exposure to environmental bacteria and increased antibiotic usage (58). Data 
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showing that  dietary alterations in the Biobreeding (BB) rat model of spontaneous 

diabetes can influence development of disease, and that dietary alterations affect the 

gut microbiome, tie together two environmental influences in T1D (59, 60). 

A recently proposed model suggests a “threshold hypothesis” for development of 

T1D, wherein a combination of genetic predisposition and environmental agents 

contributes to an individual’s overall risk, with presentation of autoimmunity when a 

certain threshold has been reached. In this model, certain genetic factors (e.g., FOXP3 

deficiency) as well as a variety of environmental factors (e.g., streptozotocin, a β cell 

toxin) can pass the threshold alone, although most factors are not sufficient to initiate β-

cell-directed autoimmunity (61). 

Autoimmune Pathogenesis 

Much of the autoimmune pathogenesis in T1D has been determined utilizing the 

non-obese diabetic (NOD) mouse model, which develops spontaneous immune 

infiltration of the pancreatic islets (called insulitis) beginning at around 5-6 weeks of age, 

with approximately 80% of female mice becoming diabetic by 18-20 weeks of age. From 

this model, it was determined that insulitic lesions contain, in order of frequency, CD8+ 

T cells, CD4+ T cells, B cells, macrophages, and dendritic cells (62). Human insulitis, 

although rare in histological studies, is reflective of murine insulitis in that CD8+ T cells 

predominate (62). These cells are considered directly responsible for islet destruction 

through induction of apoptosis (63, 64). Other cells within the infiltrate are thought to 

contribute to activation of an inflammatory cytokine milieu, including the β cells 

themselves (65, 66). Adoptive transfer experiments show that either diabetogenic CD4+ 

T cells or CD8+ T cells are sufficient to induce destructive insulitis (67). In the initiation 

phase of the disease, antigen specific T cells are activated in the pancreatic lymph 
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nodes by β cell antigens, but the mechanisms remain unclear (68). The ability of a T cell 

to invade the islet itself is dependent on antigen specificity (69). 

Regulatory imbalance 

Regardless of the combination of factors contributing to its development, T1D is a 

disorder of failed immunoregulation – autoreactive T cells escape thymic selection and 

are able to persist and become activated by their cognate antigen. The presence of 

autoreactive T cells in healthy control individuals suggests that there must also be 

defects in peripheral tolerance mechanisms in individuals with T1D. Indeed, 

autoreactive T cells isolated from healthy subjects show a regulatory phenotype, while 

those isolated from T1D subjects are biased towards a proinflammatory state (70). 

Regulatory T cells (Treg) are a major contributor to peripheral immune regulation and 

have been shown to have deficient regulatory capacity in both the NOD and human 

subjects with T1D. 

Particularly, the balance between regulatory and effector T cells has been 

determined to be critical in the progression to autoimmunity in T1D (71). Many of the 

previously mentioned susceptibility alleles for T1D are involved in Treg function (e.g., 

CTLA-4, CD25, and IL-2). The suppressive activity of Tregs is wholly dependent on IL-

2, with maintenance of CD25 expression (the high-affinity alpha chain of the IL-2 

receptor) a necessity for full function. In T1D subjects, Tregs are deficient in 

maintenance of FoxP3 expression in response to IL-2 without significant differences in 

receptor expression. This is apparently reflective of an overall decrease in IL-2 signaling 

in T1D subjects, regardless of genotype (72). 
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IL-2 and the IL-2 Receptor: Physiological Role and Function. 

Understanding the role of IL-2 in the etiology of T1D requires knowledge of the 

regulation of, as well as the structural and functional consequences for IL-2 binding to 

its cognate receptor (IL-2R). IL-2 can be utilized by cells expressing either the 

intermediate-affinity (Kd=10-9 M) receptor dimer of IL-2Rβ (CD122) and the common γ-

chain (γc; CD132), or the high-affinity (Kd=10-11 M) trimeric IL-2R comprised of IL-2Rα 

(CD25), IL-2Rβ and γc. The intermediate-affinity IL-2R is more broadly expressed on T 

cells, NK cells and monocytes, whereas the high-affinity IL-2R is only constitutively 

expressed on Tregs (73, 74). A simplified schematic of IL-2 signaling in both Tregs and 

conventional T cells (Tconv), or differentiated (i.e., Th1, Th17) T effector cells (Teff) can 

be formed (Figure 1-1). IL-2 binding initiates signal transduction following cross-

phosphorylation of tyrosine residues in Janus activated kinases (JAKs), leading to 

downstream PI3K/Akt, MEK/Erk, and STAT5 activation (75). 

Functional Impact of IL-2 Signaling 

Downstream cellular response to IL-2 depends upon surface expression of the 

receptor, but also local cytokine concentration, target cell population, and modification 

of the various response elements in this complex pleiotropic signaling pathway. For 

Tconv cells, high concentrations of IL-2 can induce activation-induced cell death (AICD), 

while moderate to low concentrations of IL-2 induce effector or memory phenotypes, 

respectively (76, 77). IL-2 signaling is critical for the development, maintenance and 

function of Tregs, who do not produce their own and thus depend on Tconv or dendritic 

cells as a source (75, 78-80). Therefore, a reduction in IL-2 signaling in T1D may 

contribute to Treg decline and the emergence of effector phenotypes. 
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Receptor clustering and signal thresholds 

The IL-2 receptor is often modeled as a stand-alone structure consisting of the 

individual α/β/γc subunits complexed with IL-2 (as in Figure 1-2A). This schematic 

conveys the notion that IL-2 receptors are diffusely distributed across the cell surface, 

when in fact, high-resolution microscopy studies suggest clustering of receptors and 

signaling complexes adjacent to immunological synapses (81-83). Furthermore, a 

careful analysis of the x-ray crystallographic structure of the IL-2 tetrameric complex 

suggests that CD25/IL-2Rα may interact with the γc chain on a neighboring receptor, 

allowing for assembly of a cell surface network of receptor complexes and increased 

responsiveness to IL-2 (84). This theory is supported by the observation of an extensive 

interaction between γc and IL-2Rα in two crystal structure forms, featuring high shape 

complementarity as well as hydrogen bonding (Figure1- 2B-C) (84, 85). 

Competition for γc dictates cellular activity – a role for membrane CD25.  

The common gamma chain (γc) serves as a signaling component in six distinct 

cytokine receptor assemblies, namely, the IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21 

receptors (86, 87). Additionally, IL-2 and IL-15 both use IL-2Rβ to propagate 

downstream signaling. Cellular response to these cytokines is surprisingly variable 

despite this structural commonality. This is due, in part, to differential association of 

adaptor proteins and downstream STATs with the unique receptor subunits (88, 

89).There are, however, some functional redundancies (highlighted in Figure 1-3).  

Competition among receptor subunits to utilize γc depends on their expression 

level and the local cytokine environment. Experiments utilizing FRET and confocal 

microscopy have shown that CD25 and IL-15Rα are expressed within the same 

membrane microdomains (90). It has been theorized that multiple unique receptor 
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subunits are expressed in close proximity to γc, with rapid rearrangement to assemble 

the relevant receptor in response to cytokine presence (91). The magnitude of IL-2 

response is correlated with the density rather than the expression level of high affinity 

receptors (92, 93). Extending these observations, the formation of a signaling zipper 

(hypothesized in Figure 1-2C) could prevent the association of γc with other cytokine 

receptor subunits, effectively sequestering it for CD25 and IL-2 signaling machinery. 

IL-2 signaling in non-T cells 

Much of what is known regarding the IL-2R and its downstream activity has been 

determined in T cells, given its unique role in adaptive T cell responses. However, 

functional IL-2 receptors are expressed on activated B cells, dendritic cells, NK cells 

and eosinophils (94-97). Information about the role of IL-2 signaling in non-T cells is 

limited; yet existing data suggests a stimulatory role. Indeed, it has been shown that 

CD25+ B cells have increased costimulatory and migratory capacity (94). NK cells 

display enhanced activity upon CD25 expression (96), while eosinophil degranulation 

appears to be triggered by IL-2 (97). The previous data provide clear evidence that 

high-affinity IL-2 signaling in non-T cells is rare, but may nonetheless impact a variety of 

immune cell subsets. What remains unclear is how these cells might be affected by 

therapeutic doses of IL-2, and what, if any, impact activation of these cell subsets would 

have on the disease process in T1D.  

Genetic Defects in the IL-2 Signaling Pathway Predispose to Autoimmunity 

Studies in the NOD mouse model and in humans with T1D have identified multiple 

genes in the IL-2 signaling pathway that are associated with disease susceptibility (98-

100) (Figure 1-1). The clearest evidence delineating a role for IL-2 in maintaining 

immune tolerance derives from data generated in animal models.  
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Mice that lack IL-2, CD25, IL-2Rβ, or STAT5 all succumb to lymphoproliferative 

disease due to a marked Treg reduction (101-103). The administration of exogenous IL-

2 or adoptive transfer of wild-type T cells to deficient animals results in the restoration of 

Tregs and peripheral immune regulation (104-106). The IL-2 locus in the NOD (Idd3) 

and in humans (4q27) confers susceptibility to disease. In the NOD, the resultant 

reduced IL-2 production is ameliorated in the presence of the protective (Idd3.B6) allele. 

(107). In humans, mutations in the Treg-defining transcription factor FOXP3 result in 

immune dysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome. 

Notably, greater than 60% of these patients present with T1D at or near birth (108). A 

syndrome similar to IPEX has also been described in a human subject with a mutation 

in CD25 (109). 

The previous examples highlight the importance of IL-2 signaling in immune 

regulation conferred by Tregs. However, the extremely high penetrance of autoimmunity 

observed in these examples is generally not found in polygenic autoimmune disorders 

such as T1D, where the odds ratios of individual gene variants are relatively low (near 

1.61 for CD25 and 1.13 for IL2) (99). Despite the low penetrance and relatively common 

occurrence of these variants in humans, the impact of having multiple gene defects that 

affect IL-2 signaling has not been determined. Intriguingly, the NOD carries the majority 

of these IL-2 signaling deficiencies, (110, 111), while in humans it is unknown if multiple 

pathway defects synergize to cause T1D.   

Escape from AICD  

AICD represents an IL-2 dependent mechanism through which peripheral 

tolerance is maintained within the T cell compartment. NOD T cells are resistant to 
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AICD when compared to T cells of both non-autoimmune C57BL/6 and diabetes-

resistant NOR mice. Analysis of the cellular and molecular pathways accounting for 

these defects revealed lower levels of Fas, FasL, and caspase 8, and increased Bclx-L 

(112). The mechanism by which IL-2 sensitizes cells to AICD is incompletely 

understood, however, it is thought to involve increased expression of the death receptor 

ligand CD95L (Fas-L) and decreased expression of the anti-apoptotic molecule c-FLIP 

(113). The importance of IL-2 in AICD sensitization is demonstrated by restoration of 

AICD in Fas-deficient lpr mice through provision of IL-2 (114). It should be noted that 

other γc cytokines, namely IL-4 and IL-15, can inhibit the IL-2 dependent sensitization 

toward AICD (115, 116). Therefore, genetic deficiencies in IL-2 signaling may skew the 

relative balance of cytokine signals derived from γc in Treg, Tconv, and Teff cells.  

Imbalance in Treg and effector T cell activity 

T cell subsets exist in a state of dynamic equilibrium. IL-2 produced by Tconv cells 

and DCs acts in a paracrine fashion to support the survival and function of Tregs. T1D 

subjects are reported to exhibit reduced IL-2 production and subsequent Treg 

dysfunction (117-121). Phenotypically, these defects include poor maintenance of 

FoxP3 protein expression, reduced in vitro suppression, and increased apoptosis (20, 

72) (122). In mouse and human T1D, apoptosis of Tregs due to IL-2 deprivation is a 

hallmark of disease onset (123, 124). NOD Tregs functionally decline during 

progression to disease (125, 126). Moreover, aberrant Treg function seems to be 

exacerbated at the site of inflammation in the NOD (122, 127). Islet infiltrates exhibit 

reduced frequency of Tregs, which are characterized by lower CD25 and Bcl-2 

expression (122). Stable expression of CD25 in Treg is key in maintaining IL-2-
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mediated regulatory function (93, 128). Additionally, cells from patients with T1D have 

been shown to be resistant to Treg suppression (129). The detrimental effect of IL-2 

insufficiency is thus twofold: the Treg repertoire suffers from neglect, and activated 

autoreactive cells are able to persist unabated by AICD. 

Lineage plasticity in T-helper and Treg cells  

Helper T cell lineages are often classified into distinct subsets based upon 

expressed transcription factors, surface proteins, and cytokines. However, the sum of 

the environmental signals a T cell receives can induce a high degree of lineage overlap 

and cellular plasticity (130, 131). IL-2 has recently been shown to have broad influence 

over T-helper subset generation through regulation of cytokine receptor and 

transcription factor expression (132). This influence includes constraint of Th17 

development, as well as maintenance of stable FoxP3 expression in both natural and 

adaptive Tregs. Emerging evidence now suggests the processes controlling T cell fate 

are exquisitely dependent upon IL-2 (Figure 1-3). 

Multiple reports in the literature now suggest that a combination of intrinsic and 

extrinsic factors, including changes in the cytokine milieu, may cause FoxP3 instability 

and subsequent Treg plasticity (133). These so-called ex-Tregs display reduced FoxP3 

expression and acquire effector T cell functions (i.e., increased proliferation and 

inflammatory cytokine production) (134). Counter-regulation of IL-2 dependent genes 

has been demonstrated in Th17 cells, in that IL-2 signaling through STAT5 directly 

competed with STAT3 binding to conserved target loci, prohibiting their activity (135). 

Significantly elevated IL-17 production has been seen in CD4+FoxP3+ cells in new-onset 

T1D subjects when compared to controls (136). Likewise, we recently reported that 

patients with T1D exhibit increased frequencies of IFNγ+FoxP3+ T cells in peripheral 
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blood (137). This population exhibited reduced suppressive capacity and markers 

typical of an adaptive Treg (i.e., methylation of CpG residues in the Treg-Specific 

Demethylated Region (TSDR) and lack of Helios expression). These data support the 

notion of altered adaptive Treg function in T1D. 

IL-2 Pathway-Targeted Therapy for Immunomodulation 

The use of cyclosporine to suppress IL-2-mediated autoreactive T cell activation in 

new-onset T1D patients marked the advent of clinical immunotherapy in T1D (138). This 

effort initially succeeded in halting T cell-mediated β-cell destruction, but the beneficial 

effect was only temporary due to concerns over drug toxicity and the effects of long-

term immunosuppression. In 1995, the rediscovery of Tregs led to a paradigm shift in 

the field of autoimmunity research with the notion that immune tolerance could be 

generated by bolstering their activity (102). Importantly, the tolerance conferred by 

Tregs is dominant and durable (139). This implies that short-term treatments aimed at 

restoring or boosting Tregs could have long-term efficacy in maintaining tolerance, 

presenting a therapeutic opportunity for diseases such as T1D where Treg dysfunction 

is implicated in disease pathogenesis.  

IL-2 therapy in animal models 

Given the abundance of evidence implicating defects in the IL-2 pathway as an 

etiological component of T1D, multiple studies have been conducted testing the ability 

of IL-2 supplementation to prevent and reverse T1D in the NOD mouse (Table 1). 

Overall, these studies support the notion that exogenous IL-2 treatment can protect 

NOD mice from diabetes development. The therapeutic efficacy of IL-2 can vary 

dramatically depending upon the dose, age at therapeutic intervention, and additional 

treatment agents (Table 1-1, (122, 140-144)). These types of studies demonstrate the 
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importance of proper dosing and temporal adjustment, as well as consideration of 

additional agents to act in concert with IL-2. These agents could be utilized to prolong 

IL-2 bioavailability, prevent its usage by off-target cell types, or provide additional 

immunosuppression.  

Clinical usage of IL-2 for the treatment of autoimmunity 

IL-2 therapy has a long clinical history in humans that can provide invaluable 

insight to future therapeutic design. Low-dose IL-2 was recently used in a clinical trial for 

the treatment of graft-versus-host disease (GvHD) in patients after allogeneic 

hematopoietic stem cell transplantation (HSCT) with the notion of bolstering the Treg 

pool to prevent alloreactive T cell expansion (145). Patients treated with IL-2 exhibited 

increased Treg frequency, suggesting there may have been a preferential binding of IL-

2 for the high-affinity IL-2R expressed on Tregs. Combination therapy utilizing HSCT, 

low-dose IL-2, and donor CD4+ lymphocyte infusion provided greater Treg increases 

than either IL-2 or lymphocyte infusion alone (146). Given these findings in GvHD, IL-2-

based therapeutic interventions in autoimmunity will require the identification of 

biomarkers of response in each cell-subset, allowing for optimal and targeted trial 

design. A currently-enrolling clinical trial of low-dose IL-2 should provide a wealth of 

information (147). 

However, several challenges arise when considering translation of IL-2 into clinical 

use for the treatment of T1D. An optimal IL-2 dose may be difficult to predict for a 

heterogeneous patient population, and it is likely that an adjunct therapy will be needed, 

as IL-2 monotherapy shows 50% success at best in animal studies (Table 1-1). In this 

regard, rapamycin presents an attractive option, as it blocks cell-cycle progression and 
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cytokine signal transduction through inhibition of the mammalian target of rapamycin 

(mTOR), another downstream IL-2 signaling component (148).  

Rapamycin monotherapy in T1D subjects resulted in increased Treg suppression, 

and exhibited beneficial effects on long-term T1D patients, including an increase in c-

peptide and reduction in insulin autoantibodies and exogenous insulin requirements in 

responders (149, 150). Thus, the concept was that combining IL-2 with rapamycin 

would provide a Treg growth factor while blocking Teff activity. This combination is 

indeed capable of preventing diabetes in NOD mice, as well as conferring lasting 

protection to islet grafts (140). Similarly, a combination of a mutant IL-15Fc plus IL-2Fc 

and Rapamycin has been shown to induce long-term islet allograft acceptance in the 

stringent NOD islet allograft model, by eliminating Teff and promoting Treg development 

(144). A recent phase I clinical trial employing IL-2 and Rapamycin in patients with T1D 

reported an accelerated, yet transient loss of c-peptide, despite observable responses 

in terms of cell number and pSTAT5 in follow-up studies monitoring both Tregs and NK 

cells (151). These preliminary findings once again highlight the critical need to optimize 

dose, and administration to limit off target effects of IL-2.  

Modified versions of IL-2 allow for lower dose and optimal delivery.  

Modified mutant versions of IL-2 have been developed to preferentially bind the 

trimeric IL-2R, allowing avoidance of off-target cell types bearing intermediate-affinity 

receptors (152). One such effort demonstrated a mutant IL-2 form with ~3000-fold 

greater selectivity (relative to wild-type IL-2) for T cells bearing the trimeric IL-2R 

complex (153). While originally proposed for cancer immunotherapy, such a modified 

version of IL-2 could substantially increase the ability to selectively target Tregs in vivo.  
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Additional modifications to improve half-life and decrease required dose include 

the formation of antibody: cytokine (anti-IL-2:IL-2) complexes, which are purported to 

extend the half-life of IL-2 in circulation (154-156). Interestingly, utilization of different 

monoclonal antibodies in complex formation allows for targeting of specific cell subsets 

based on IL-2R affinity (157). Certain complexes, for example, caused selective Treg 

expansion and suppression of allergic airway inflammation in a mouse model (146). 

Site-specific cytokine delivery would also allow for reduced systemic toxicity. Cancer 

therapy involving antibody-cytokine fusion proteins, called immunocytokines, show 

promise in allowing targeted cytokine delivery to tumor tissue (158, 159). The notion of 

targeting is particularly desirable for immunosuppressive therapy. 

IL-2 signaling blockade differentially affects Treg and effector populations.  

Agents designed to ablate total T cells have shown some success in models of 

autoimmune disease, but more selective T cell targeting may avoid some of the risks of 

global immunosuppression. In this vein, anti-CD25 monoclonal antibodies 

(Daclizumab and Basiliximab), have been utilized to selectively deplete cells 

expressing high affinity IL-2R, namely, Tregs and activated Teffs. Their use allowed 

lower dosage of immunosuppressive drugs such as cyclosporine (160) in addition to 

showing success in transplant, leukemia and autoimmune diseases (161, 162). Multiple 

studies show no alteration in frequency or function of Tregs following anti-CD25 

antibody treatment, particularly over a short therapeutic course (163-165). However, 

others report reduced Treg frequency and function (166-168). These differences likely 

result from variability of phenotypic markers used to define Tregs. A study in subjects 

with multiple sclerosis showed therapeutic efficacy of Daclizumab despite a reported 
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Treg decrease; however, a subset of patients developed secondary inflammation (166). 

Such a functional decline in remaining Tregs could provide complications for 

administration in T1D. However, Daclizumab treatment did not alter clinical outcomes 

or result in increased inflammation either in combination with mycophenolate mofetil 

(MMF) in new-onset T1D patients (169) or with Exenatide in subjects with long-

standing disease (170). 

Recent work emphasizes the importance of dendritic cells in the action of 

Daclizumab in tolerance induction (171). Pretreatment of DCs with Daclizumab prior 

to co-culture with T cells prevented antigen-specific proliferation. T cell pretreatment did 

not have a significant effect, suggesting that DCs utilize membrane CD25 to present IL-

2 to T cells in trans and promote their early expansion (171). The effects of CD25 

blockade on the DC-Treg interaction, and the importance of trans-presentation in vivo, 

are as yet undetermined.  

Denileukin (Diftitox), a fusion protein consisting of IL-2 fused to diphtheria toxin, 

was designed to eliminate CD25-expressing leukemia and lymphoma cells, and has 

been used in an attempt to selectively deplete Tregs in other cancer therapies (172). 

However, clinical administration has varying efficacy in Treg depletion, similar to 

reported data for Daclizumab (173). Successful clinical outcomes in autoimmune 

therapy have been reported for acute GvHD in humans (174) and in a murine model of 

experimental autoimmune encephalomyelitis (175). Prevention of IL-2 signaling, 

therefore, presents a definite opportunity to ablate activated T cells, but the effect on 

Tregs remains an important consideration for therapeutic design. 
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Alternative approaches to therapeutically target the IL-2 signaling pathway 

We earlier postulated that reduced CD25 expression on Tregs weakens IL-2 

signaling; additionally, lowered IL-2 responsiveness in activated T cells allows for AICD 

avoidance. Therefore, another therapeutic opportunity may lie in enhancing surface 

CD25. Protease inhibitors to prevent receptor cleavage provide an avenue to maintain 

existing CD25 expression. Alternatively, cytokines such as interleukin-10 (IL-10) and 

transforming growth factor-β (TGF-β) induce expression of CD25 and may serve as 

effective additional therapeutic agents. 

Personalized medicine and pathway-targeted interventions. 

The multi-center genome-wide association studies (GWAS) have led to the 

discovery and validation of over 50 non-HLA regions that significantly affect the risk for 

T1D (176). While the individual contributions of each of these variants may be low, the 

disease significance of pathway defects may be profound, particularly if several variants 

impact on a single pathway. It is imperative to study gene:gene  interactions and their 

phenotypic effects along the entire IL-2 pathway to determine if the presence of multiple 

susceptible alleles would have a synergistic effect on risk for autoimmunity.  

It may be feasible in the future to stratify individuals at high risk of developing T1D 

based on their individual pathway defects into clinical intervention trials that would 

correct a specific immunological deficiency (e.g., IL-2 signaling). Evidence in support of 

such a tailored approach in T1D was provided when individuals who exhibited higher 

titer autoantibodies to insulin responded optimally to oral insulin therapy (177).  

Summary 

IL-2 is unique in its ability to fine-tune the immune system through diverse 

mechanisms, due in part to complex regulation of its receptor system as well as 
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downstream signaling. Components of the IL-2 signaling pathway are found to be 

deficient in both humans and NOD mice. Although no single genetic deficiency in the 

pathway is independently sufficient to cause disease, this cluster of disease-associated 

alleles strongly implicates the IL-2 pathway as a whole in the development of 

autoimmunity. Indeed, therapeutic interventions directed at augmenting this pathway 

have been beneficial in treating the NOD, primarily through functional enhancement of 

Tregs.  

The therapeutic history of IL-2 in humans emphasizes the importance of proper 

dosing to avoid systemic toxicity and achieve desired outcomes, particularly in the 

context of autoimmune inflammation mediated by T cells. The delicate balance that this 

cytokine maintains through contraction of activated cells by AICD and Treg 

maintenance presents a challenge for its administration in the clinical setting. An excess 

of IL-2 tips the balance in favor of pathogenic autoreactive T cells, allowing them to 

proliferate beyond the reaches of the Treg repertoire. Redundancies in the γc cytokine 

family present an additional hurdle to targeting the IL-2 pathway. It is then likely that 

successful pathway-targeted therapy in T1D must involve a detailed understanding of 

IL-2R signaling on multiple immune cell types in order to direct pathway specific agents 

to fine-tune IL-2 response: providing Treg support while putting a damper on activated 

autoreactive cells. We believe this can be accomplished through modulation directed at 

the high-affinity component of CD25, due to its unique role in directing cellular 

responsiveness to IL-2.
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Figure 1-1.  A simplified schematic of IL-2 receptor signaling. In this diagram, and 
throughout this chapter, CD25 is shown in red, IL-2 in orange, IL-2Rβ in blue, 
and γc in green. Briefly, Janus Kinases (JAK1 and JAK3) are phosphorylated 
by IL-2Rβ and γc, and propagate downstream signaling through multiple 
pathways, which are uniquely regulated in Treg cells. Elements that are more 
active in Treg than in Teff or Tconv cells are shown in green (i.e., STAT5 and 
PTEN), while those that are more active in Teff or Tconv are shown in blue 
(i.e., PI3K/Akt and MEK/Erk). Proteins that are known to have genetic 
polymorphisms associated with T1D risk are highlighted in red, underlined 
text. 
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Figure 1-3. Structure and function of the γc cytokine receptor family. γc promotes a 
variety of downstream effects across multiple cell types due to its diverse 
cytokine associations and differential STAT phosphorylation. The known main 
functions of each unique cytokine are listed with the most closely associated 
STAT protein in bold text.
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 Table 1-1.  IL-2 as a therapeutic agent in the NOD mouse model.  Outcome data are representative of the total study 
length as reported in the original publications.  * RH = recombinant human, RM= recombinant murine 

Rx 
Age 

Formulation* 
/dose 

Route/ 
Frequency 

Duration Concurrent Rx/Dose %euglycemic 
(success/total) 

% euglycemic 
(control group) 

Ref 

5 wk RM/ 0.5 µg IP/Daily 15 wk N/A 80% (8/10) 56% (5/9) 120  
10 wk RM/ 0.5 µg IP/Daily 10 wk Anti-IL-2 mAb/ 5 µg 95% (18/19) 39% (7/18) 120 
10 wk 

 
RH/ 5 µg 

 
IP/Daily 5 d Anti-IL-2  mAb/ 50 ug 20% (2/10) 100% (10/10) 120 

10 wk RH/ 4ng 
 

IP/Daily 15 wk 
 

N/A 
 

0%  (0/9) 
 

0% (0/9) 140 

10 wk RH/ 4ng 
 

IP/Daily 15 wk 
 

Rapamycin/ 0.1 mg/kg 
 

67% (6/9) 
 

0% (0/9) 140 

10 wk RH/ 4ng IP/Daily 15 wk 
 

Rapamycin/ 1 mg/kg 78% (7/9) 0% (0/9) 140 

6 wk RH/ 250 IU 
 

IP/2x wkly 
 

14 wk 
 

N/A 
 

50% (6/12) 
 

0% (0/12) 141 

6 wk RH/ 250 IU 
 

IP/2x wkly 14 wk Poly I:C/ 50 µg 80% (10/12) 0% (0/12) 141 

10 wk AAV.IL-2 
/inducible 

IM/Once 3 wk Doxycycline/ 200 mg/kg 73% (11/15) 10% (1/10) 142 

        
10 wk AAV.IL-2 

/inducible 
IM/Once 3 wk AAV.TGFβ/inducible 

Doxycycline/ 200 mg/kg 
60% (3/5) 10% (1/10) 142 

Onset 
 

RH/ 2.5x104 IU 
 

IP/Daily 5 d 
 

N/A 
 

30% (7/24) 
 

0% (0/9) 143 

Onset 
 

RH/ 2.5x104 IU 
 

IP/Daily 10 d 
 

N/A 
 

37.5%  (3/8) 
 

0% (0/9) 143 
 

Onset RH/ 5 µg IP/Daily 5 d Anti-IL-2 mAb/ 50 µg 33 %  (8/24) 0% (0/9) 143 

Onset 
 

RM IL-2-Fc/ 5 μg 
 

IP/Daily 4 wk 
 

Rapamycin/ 3 mg/kg 
 

50% (10/20) 
 

0% (0/150) 144 

Onset RM IL-2-Fc/ 5 μg IP/Daily 2 wk 
 

Rapamycin/ 3 mg/kg 
mutIL15.Fc/ 5 µg 

90% (18/20) 
 

0% (0/150) 144 

Onset RM IL-2-Fc/ 5 μg IP/Daily 4 wk Rapamycin/ 3 mg/kg 
mutIL15.Fc/ 5 µg 

92% (37/40) 0% (0/150) 144 
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Figure 1-4.  IL-2 is central to immune regulation in the T cell compartment. These 
functions can be dependent on concentration of IL-2, indicated where 
necessary by increased orange shading. IL-2 is known to be important to 
immune regulation through AICD sensitization and Treg maintenance (upper 
left), but more recent work highlights its importance in other areas. This 
cytokine is crucial in antigen specific clonal expansion of effector T cells and 
subsequent development of T cell memory (upper right). Additionally, the 
presence of IL-2 is necessary for the development of Th1, Th2, and adaptive 
Treg subsets, while it arrests progression toward the pro-inflammatory Th17 
phenotype (lower section).  
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CHAPTER 2 
INFLUENCE OF MEMBRANE STABILITY ON CD25 ACTIVITY 

Background 

IL-2 has long been recognized for its role in promoting T cell proliferation in vitro, 

yet only recently has appreciation grown for its paradoxical role in maintaining 

peripheral tolerance in vivo. The concept that the expression level and affinity of cell 

surface IL-2 receptors dictates cellular fate was introduced as the quantal theory by 

Kendall A Smith (178). In activated T cells, signaling through the IL-2 receptor results in 

increased high-affinity receptor expression and eventual AICD through up-regulation of 

Fas and FasL (179, 180). It has been known since 1985 that production of the soluble 

form of CD25 (sCD25) associates with T cell activation in vitro (181). In healthy 

individuals, sCD25 is present in serum at approximately 2 ng/ml, whereas increased 

serum sCD25 levels have been associated with lymphocyte activation in infection as 

well as in hematologic malignancies (182, 183). More recently, polymorphisms in the 

CD25 gene have been associated with autoimmune diseases such as T1D, multiple 

sclerosis, and Graves’ disease; with measurable differences in serum levels of the 

soluble form of the corresponding molecule (i.e., sCD25) (184-186). These data point 

to, but do not specifically identify, a functional role for sCD25 separate from its value as 

a biomarker of activation in serum. Indeed, several key questions regarding sCD25 

remain unanswered – namely, what biological actions result in the formation of sCD25, 

and which role (if any) does sCD25 play in modulating immune responsiveness?   

It has been suggested that sCD25 itself may bind IL-2 in vivo, preventing it from 

forming complexes with α2-macroglobulin and thus preserving its bioavailability for T 

cells (187). The affinity of the monomeric soluble receptor for IL-2 is relatively low (Kd = 
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30 nM) (188). This is comparable to the affinity of the monomeric membrane-bound α-

chain for IL-2 (Kd = 10-8 M (189). An antagonistic role for sCD25 has been suggested 

(190). More recent studies have depicted sCD25 as an early inhibitor of IL-2 signaling in 

T cells that also enhances their proliferation in short and long term in vitro culture (186). 

If this molecule is indeed participating in IL-2 signaling as suggested, then it may be 

possible to apply the quantal theory to this soluble receptor. sCD25 could then be 

expected to play multiple roles depending on the local environment in regards to IL-2 

concentration, cellular activation state, and the amount of sCD25 present.  

We hypothesized that the control of membrane and soluble forms of CD25 on 

CD4+ T cells is critical for regulating immunity and tolerance, and that the presence of 

sCD25 and other factors in serum may influence in vitro assays. Herein, we describe 

efforts addressing these notions as well as our attempts to shed light on the 

aforementioned knowledge voids regarding sCD25 production and function. We sought 

to investigate the production of sCD25 during in vitro suppression assays as well as 

during PBMC activation. In addition, we explored the role of sCD25 during suppression 

and proliferation via addition of recombinant protein to in vitro assays. Taken together, 

we believe this effort provides valuable insights into the role of CD25 stability and 

sCD25 production on the process of immune regulation. 

Methods 

Participants 

Peripheral blood was obtained from normal healthy control subjects (11M/6F; 

median age 30.4, range 21.1 to 45.4 years) without a recent infection, allergic episode, 

or having a known autoimmune disorder. Institutional Review Board (IRB) approved 

informed consents were obtained in accordance with approved protocols. 
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Staining and Flow Cytometry  

Cells were aliquoted (0.5-1 x 106 in 100 µl per tube) along with each appropriate 

antibody, including anti-CD3 (clone HIT3a), anti-CD25 (M-A251), anti-CD4 (SK3), anti-

CD127 (clone hIL-7R-M21), or isotype controls mouse IgG1 (X40), mouse IgG1 

(MOPC-21), and mouse IgG2b (27-35) (BD Biosciences, San Diego, CA). FoxP3 

staining was conducted with the anti-human FoxP3 (clone 206D) staining kit according 

to manufacturer recommendations (Biolegend, San Diego, CA). Flow cytometric 

analysis was conducted using FCS Express (De Novo Software) or FlowJo software 

(version 7.2.2, TreeStar).  

Cell Purification and Fluorescence-Activated Cell Sorting  

Cells used in functional suppression assays were separated into a T cell depleted 

accessory cell population (irradiated 3300 rads) and functional CD4+CD25+ Treg and 

CD4+CD25- Teff cells. The untouched accessory cell population was produced by 

incubating an aliquot of blood (5 ml) with a T cell depletion antibody cocktail 

(RosetteSep; StemCell), followed by density gradient centrifugation (Cellgro) with Ficoll-

hypaque solution (Amersham/GE Healthcare). CD4+ T cells were pre-purified from the 

remaining blood by negative selection using a CD4+ T cell enrichment cocktail (Stem 

Cell, Vancouver, BC, Canada). Briefly, 50 μl of cocktail per 1 ml of whole blood was 

incubated for 20 min at 23˚C, subjected to density gradient centrifugation, washed twice 

in PBS (Ca++ and Mg++ free) containing 0.1% BSA (Sigma-Aldrich, St. Louis, MO), then 

this “untouched” CD4+ population underwent an additional high-speed FACS sorting 

procedure to yield CD4+CD25Hi Treg cells and CD4+CD25- Teff cells. For specified 

assays, the CD127 marker was also used during sorting to yield CD4+CD127-/loCD25+ T 

cells, as these cells have been reported to contain a highly enriched FoxP3+ population 
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(191). Sorted Treg and Tconv cell populations were analyzed for purity following FACS 

with anti-human FoxP3. PBMC for later proliferation experiments were isolated by 

density gradient centrifugation over Ficoll-Hypaque.  

Isolation of Purified Treg and Teff Cell Populations by FACS 

Pre-enriched CD4+ T cells were stained by the addition of anti-CD3 (clone HIT3a), 

anti-CD25 (M-A251), and anti-CD4 (SK3) antibodies at 5 μl/106 cells. PBS containing 

2% human AB serum was added for a final staining volume of 108 CD4+ T cells/ml (30 

min at 4˚C), washed in PBS/0.1% BSA wash buffer, centrifuged (300 x g), and 

resuspended in wash buffer (3 ml) prior to high-speed cell sorting on a BD 

FACSVantage Cell Sorter. Sort gates for CD4+CD25Hi T cells were set to optimize the 

yield and purity of FoxP3 expressing T cells within the CD4+CD25+ T cell fraction (192). 

Where indicated, anti-CD127 ((clone hIL-7R-M21), BD Biosciences) was added to 

discriminate Treg from Teff cells. Purified CD4+CD25HI and CD4+CD25- T cell fractions 

were collected in sterile tissue culture tubes (BD Biosciences) containing cold (4˚C) AIM 

V SFM (Invitrogen).  

Cell Culture 

These efforts attempted to avoid interference from sCD25 present in 

supplemented serum by using serum free media. Suppression assays were performed 

in AIM V complete SFM (Invitrogen, Carlsbad, CA) with the addition of freshly isolated 

autologous serum (heat inactivated at 56°C for 30 min), where indicated. PBMC 

proliferation assays took place in either RPMI 1640 (CellGro-Mediatech, Manassas, VA) 

supplemented with 5% human AB serum (Cellgro), or AIM V, XVIVO 15, or CTL Test 

serum free media. All assays were performed in U-bottom 96-well plates and 

maintained at 37°C in 5% CO2.  
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Suppression Assay Co-culture System  

CD4+CD25Hi Treg cells were added in decreasing ratios (1:0, 1:1, ½:1, and 0:1) to 

a constant number of CD4+CD25- Teff cells (5 x 103 cells/well). A combination of 5 

µg/ml soluble anti-CD3 (clone HIT3a) and 2.5 µg/ml soluble anti-CD28 (clone CD28.2; 

eBioscience, San Diego, CA) provided proliferation stimulus for a 120 h culture period. 5 

x 104 irradiated (3300 rads) T cell depleted accessory cells were also added to each 

well in a total volume of 200 µl. One µCi of 3H-Thymidine (Amersham, Piscataway, NJ) 

was added at 96 h for a final 16 h of culture to assess proliferation. Supernatants (20 

μl/well) from triplicate wells were collected at 48 h and 96 h to assess sCD25 and 

cytokine production.  

Suppression was calculated by the reduction of 3H-thymidine incorporation using 

the following equation: Percent suppression = (1 - (mean CPM Treg+Teff)/(mean CPM 

Teff) x 100%). For FACS based suppression assays,  proliferation was calculated by 

division index (DI), with suppression calculated as previously described (193). For T cell 

subset proliferation assays, suppression assays were performed as above but with co-

cultures containing either normal or irradiated Treg and Teff cell populations (3300 

rads), or both.  

PBMC Proliferation Assays 

Freshly isolated PBMC were plated at 105 cells per well. Cells were left 

unstimulated or treated with PHA-L (Sigma-Aldrich, St. Louis, MO) at 5 ug/ml, or α-CD3 

and α-CD28 coated beads (Miltenyi, Auburn, CA) at a bead:cell ratio of 1:2. In addition, 

recombinant sCD25 was added (at 2 and 20 ng/ml) to duplicate wells for each condition. 

One µCi of 3H-Thymidine (Amersham Biosciences, Piscataway, NJ) was added at 96 
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hours post activation for a final 16 hours of culture to assess proliferation. Supernatants 

were collected at 96 hours to measure sCD25 and nuclear matrix protein 41/7. 

Stimulation indices were determined by dividing the mean CPM of stimulated cultures 

over relevant unstimulated controls.  

Supernatant Cytokine, sCD25 and Nuclear Matrix Protein Detection 

sCD25 levels in cell culture supernatant were determined by ELISA according to 

manufacturer instructions (BD Biosciences, San Diego, CA). Samples were diluted 

(when necessary) in PBS containing 10% FBS (pH 7.0). To identify a normal range of 

sCD25 in human serum, 60 samples were randomly selected from a healthy control 

population of adolescents and adults, whose origins were as previously described (23). 

Soluble nuclear matrix protein (NMP) 41/7 was measured by ELISA (Calbiochem, San 

Diego, CA) according to manufacturer instructions.  

Reagents 

Recombinant sCD25 was obtained from R&D Systems (Minneapolis, MN) for 

suppression assays, and from Spring Biosciences (Pleasonton, CA) for PBMC 

proliferation assays.  

Statistical Methods 

Statistical analyses utilized GraphPad Prism 4.00 software (GraphPad, San Diego, 

CA), with Student’s paired t tests or ANOVA with the Bonferroni post hoc correction for 

multiple comparisons, or Spearman’s correlation analyses. For all tests, p<0.05 was 

deemed significant.  
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Results 

Production of sCD25 During Suppression Assay   

Treg and conventional T cells have classically been selected based upon their 

expression of the membrane-bound form of CD25 under baseline conditions (194). In 

spite of this, little is known about what happens to soluble and membrane CD25 during 

the in vitro suppression assay. We collected and analyzed supernatants from each 

condition during the suppression assay in order to determine sCD25 production at 48 

and 96 h time points (Figure 2-1). Overall, this analysis indicated that Treg cells, which 

were selected based upon high membrane CD25 expression levels, maintain CD25 in a 

membrane-bound form following polyclonal activation in vitro (Figure 2-1, 1:0 

conditions). Teff cells, on the other hand, are known to upregulate CD25 in response to 

activation, but then subsequently “shed” it into the tissue culture medium (Figure 2-1D, 

0:1 condition). 

This type of analysis highlights the key influence of culture conditions and timing 

on the production of sCD25. At an early time point of 48 h, the highest levels of sCD25 

are uniformly observed in the 1:1 Treg to Teff cell co-culture under SFM and serum 

supplemented conditions (Figure 2-1A,B). At a later time point of 96 hours, the detection 

of sCD25 more closely resembled the proliferation data observed in the suppression 

assays (Figure 2-1C,D). In this assay, the absence of serum resulted in detection of the 

highest levels of sCD25 in the 1:1 Treg to Teff co-culture condition (Figure 2-1C; mean 

+ SEM, 3880.9+4756.5 pg/ml vs. 1043.3+863.8 for Teff cells alone). In line with the 

proliferation results in the presence of serum, the highest levels of sCD25 were also 

detected from Teff alone wells (Figure 2-1D, 0:1 condition; 5369.5+2575.6 pg/ml). A 

modest level of suppression in sCD25 levels was observed from the co-culture 
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conditions at a ratio of 1:1 and 1/2:1 Treg to Teff cells (4311.1+2029.0 and 

5245.3+2666.1, respectively). Finally, in line with the anergic and suppressive 

properties of Treg, the lowest levels of sCD25 were detected from Treg cultures alone 

(Figure 2-1D, 682.2+367.1 pg/ml).  

The Production of sCD25 Correlates with Cellular Proliferation in the Suppression 
Assay 

Considering the similar patterns of cellular proliferation and sCD25 production 

during the in vitro suppression assay, we sought to determine the relationship between 

proliferation and sCD25 production. Under both serum-free and serum-supplemented 

conditions, the production of sCD25 at 96 hours correlated with the levels of cellular 

proliferation observed under all ratios of Treg to Teff cells (Figure 2-2A and 2-2B; 

r=0.67, p=0.0002 for SFM and r=0.76, p<0.0001 for 1.0% serum).  

In order to determine the cellular source of sCD25, freshly isolated CD4+CD25- 

and CD4+CD25+ T cells were stimulated individually in the presence of anti-CD3 and 

anti-CD28 coated beads and exogenous IL-2. This analysis revealed that sCD25 can be 

generated in an autocrine fashion from both Treg and Teff cells following activation in 

the absence of any other cell types (Figure 2-2). We found it intriguing that the culture 

conditions which abrogate the anergic and suppressive properties of Treg (i.e., by 

provision of cross-linking anti-CD3 and anti-CD28 co-stimulation, as well as exogenous 

IL-2) represent the same conditions that elicit the production of sCD25 from purified 

Treg. It should once again be noted, however, that both proliferation and sCD25 

production were lower in Treg cells during expansion cultures when compared to Teff 

cells (Figure 2-2C and 2-2D). This is particularly apparent at the later time points of 96 

and 120 hours, when Treg likely have consumed exogenous IL-2 (Figure 2-2D). We 
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would also note that production of sCD25 appears specific for the growth factor present 

(herein IL-2), as production of sCD127 (the IL-7R alpha-chain) was detected near 

background levels following robust in vitro expansion (data not shown).  

Exogenous sCD25 Does Not Affect Suppression, but Alters Teff Proliferation 

We sought to determine the effect of sCD25 supplemented at “serum” 

concentrations on Treg function in the suppression assay (Figure 2-3A). The addition of 

sCD25 did not affect suppression, but did result in decreased proliferation in Teff cells 

alone (0 ng/ml=5865±2410 CPM vs. 2 ng/ml=1656±143.9, p=NS). These results 

conflicted with what has been reported in the literature (186).  

sCD25 has Culture-Dependent Effects on PBMC Proliferation  

Our previous data reflecting the influence of serum presence along with the trend 

seen in (Figure 2-3A) led us to investigate the effects of multiple culture conditions and 

stimuli on production and function of sCD25. To reflect native immune conditions rather 

than isolated effects, we used total PBMC (n=10) and direct TCR stimulus (anti-CD3 

and anti-CD28 coated beads) as well as a mitogenic T cell stimulus (PHA-L). We chose 

four media formulations to compare the results between these assays - standard 

conditions with RPMI 1640 with 5% human AB serum, as well as three different serum 

free media - AIMV, XVIVO, and CTL Test media. sCD25 was added at 0, 2, and 20 

ng/ml to approximate the levels present in serum and those that may persist at areas of 

inflammation.  

With direct TCR stimulus (Figure 2-3B, hatched bars), the high dose of sCD25 

significantly increased proliferation as compared to the control by ANOVA in RPMI (0 

ng/ml=70.85±6.894 vs. 20 ng/ml=112.2±6.55, p<0.05), AIMV (0 ng/ml=144.7±8.695 vs. 

20 ng/ml=206.6±19.33, p<0.001) and XVIVO media (0 ng/ml=114.4±6.453 vs. 20 
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ng/ml=174.4±16.33, p<0.01). Under mitogenic stimulus (Figure 2-3B, open bars), only 

cultures in XVIVO medium exhibited increased proliferation (0 ng/ml=164.1±13.39 vs. 

20 ng/ml=231.8±26.55, p<0.001) while showing a decreasing trend in CTL serum free 

medium (Figure 2-3B). These comparisons indicate that substrate as well as matrix 

constituents in media lead to significantly different proliferation.  

Exogenous sCD25 May Increase Survival in PBMC Cultures 

To determine if this proliferation difference was due to differential cell death in 

these cultures, nuclear matrix protein 41/7 (NMP 41/7) was measured in supernatant by 

ELISA (Figure 2-3C). Increasing concentrations of sCD25 alone had no affect on cell 

death by ANOVA (p=NS for all comparisons). Comparisons following stimulation in the 

various culture medium revealed that cell death could be altered by both factors: 

stimulus (AIMV: 0 ng/ml=738.1±47.9 (with PHA) vs. 301.1±49.33 (3/28), p<0.01; 2 

ng/ml=832.2±151.8 (PHA) vs. 313.6±42.36 (3/28), p<0.01; 20 ng/ml=824.9±136.7 

(PHA) vs. 329±53.41 (3/28); ANOVA) and media formulation only with mitogenic 

stimulus (PHA) (AIMV=798.4±30.24 vs. RPMI=315.2±8.172 and vs. 

XVIVO=378.2±11.64, both p<0.05; ANOVA). The stimulation index correlated with cell 

death only with CD3/28 stimulation (Figure 2-3D, r=-0.3371, p=0.0334).  

Interestingly, in comparisons between media formulations, there were both 

positive and negative correlations that were statistically significant. Cells cultured in 

AIMV and XVIVO media showed decreased proliferation with increased cell death, 

whereas PHA stimulation in CTL medium resulted in increased proliferation with 

increased death (data not shown). This suggests that sCD25 at high concentrations in 

local microenvironments may protect T cells from AICD, thus allowing increased viability 

and proliferation. 
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Production of sCD25 by PBMC Correlates with Cell Death  

The differing proliferation results in PBMC cultures as compared to isolated T cell 

cultures led us to investigate the production of sCD25 as a function of PBMC 

proliferation (Figure 2-4). sCD25 levels measured in cultures with no exogenous sCD25 

(Figure 2-4A) varied in response to different stimuli in both RPMI and AIMV medium 

(RPMI: PHA=18952±2872 vs. 3/28=7457±916.8, p<0.001; AIMV: PHA=21482±2114 vs. 

3/28=10957±893.8, p<0.001). Comparison to proliferation showed that the correlation 

seen earlier was absent in PBMC (Figure 2-4B, p=NS by linear regression and 

Spearman correlation). Instead, production of sCD25 correlated with cell death (Figure 

2-4C, PHA: r=0.7182, p<0.001, CD3/28: r=0.3882, p=0.0133).  

Interpretation 

This chapter describes a critical facet influencing T lymphocyte function; that being 

the differential control of membrane and soluble forms of CD25 on T cell subsets. We 

observed that CD25, which has commonly been used to select functional Treg, remains 

stable on the surface of anergic and suppressive Treg during the in vitro suppression 

assay. On the other hand, CD25 is upregulated on recently activated Teff cells, but is 

then subsequently released into the culture medium. These findings imply that Treg 

may obtain quantitatively and qualitatively greater levels of IL-2 signaling compared to 

Teff cells as a result of increased membrane CD25 stability and affinity for IL-2. These 

data also suggest that IL-2 production by Teff cells is required to drive continued cell 

cycle progression and sCD25 production by both cell populations.  

In an effort to isolate the production of sCD25 from the levels added through 

serum supplementation, we conducted these experiments in a complete SFM 

formulation. In terms of which component(s) within serum are required for full T cell 
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activation as well as suppression by Treg, several candidates are the focus of our 

ongoing investigations. One such candidate, TGF-β, serves a wide variety of pleiotropic 

functions, with a role for TGF-β in immune regulation forming the subject of much recent 

debate. TGF-β is a major cytokine product of Treg and has also been reported to exist 

in an active form on the surface of these cells (195). Furthermore, TGF-β can elicit the 

conversion of CD4+CD25- T cells into FoxP3+ T cells (196). The function of Treg has 

been reported to be influenced by both the presence and activation state of TGF-β (i.e., 

in serum, TGF-β often exists in an inactive latent form (TGF-LAP)). In a related concept, 

the balance of serum proteases and protease inhibitors represent additional 

components which may serve dual roles by influencing the cleavage of CD25, as well 

as through their capacity to modify the activation state of TGF-β (197, 198). Controlling 

the proteolytic release of CD25 from the surface of Treg or Teff cells may provide a 

novel therapeutic target to alter IL-2 receptor signaling.  

These findings raise the intriguing question of why CD25 appears to be more 

stable on the surface of Treg compared to Teff cells following stimulation and how this 

observation influences the downstream function of these cells. The IL-2 signaling axis 

can elicit proliferation of T cells, but also contains at least two mechanisms for 

controlling T cell expansion in response to antigen. IL-2/CD25 interactions reinforce the 

metabolic fitness of Treg, leading to dominant immune suppression (199). In Teff cells, 

excess IL-2 signaling can lead to AICD. We would speculate that the CD25 shedding 

from freshly activated Teff cells observed in these studies may be necessary to prevent 

these processes, allowing for continued cycling as well as maintaining activation 

requirements in daughter cell populations.  
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If a stable IL-2 signal reinforces FoxP3 expression and Treg function, one might 

expect situations that interrupt IL-2 signaling to interfere with Treg activity. Multiple 

reports in inflammatory autoimmune diseases and studies of human T-cell leukemia 

virus type-I (HTLV-1) associated lymphoma report elevated serum levels of sCD25 and 

defective suppression by Treg (200-202). Therefore, it appears consistent through 

multiple disease processes that disturbances in the IL-2 and CD25 signaling axis are 

often paralleled by defective immunoregulation by Treg.  

As mentioned previously, at least two major hypotheses on the formation of 

sCD25 exist. Either Treg express a membrane-stable form of CD25, or Treg cultures fail 

to elicit the factors that lead to proteolytic cleavage of CD25. Tregs are capable of 

producing sCD25 upon activation and IL-2 exposure suggesting that production of IL-2 

by Teff cells may account for their continued sCD25 production and proliferation in 

coculture. These observations taken during the in vitro suppression assay indicate that 

the stability of cytokine receptors warrants further consideration. 

The influence of serum seen in suppression assays indicated that a more thorough 

investigation of culture conditions was required to accurately compare inter-laboratory 

data. Therefore, PBMC responses were measured under TCR or mitogenic stimulation 

under various culture conditions. What we have described is that the presence or 

absence of serum as well as the components of the culture media influenced the 

outcome measures of sCD25 production, proliferation and cell death. Overall, the 

addition of exogenous sCD25 increased proliferation in three out of four culture 

conditions. The results of these assays are difficult to interpret, in that slight 

modifications in the in vitro environment have an effect on multiple outcome measures. 
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This may provide an explanation for the variation between laboratory results, but likely 

does not complete the story. Indeed, the presence of sCD25 appears to have 

differential effects on pre-activated naive T cells versus whole PBMC.  

These studies highlight the importance of the soluble and membrane associated 

forms of CD25 in terms of influencing cell proliferation, survival, and suppression via 

Treg. The extensive variability between investigations as well as various culture 

conditions highlights the need for increased standardization during in vitro assays. This 

is also contingent upon a more complete understanding of the in vivo 

microenvironments controlling immune responses. In terms of future implications, these 

studies highlight important facets to consider in diseases associated with abnormal 

levels of sCD25 as well as defective regulation by Treg. 

Summary 

What we have inferred from these experiments is that sCD25 production on the 

whole is more likely associated with activation induced cell death than proliferation per 

se. In light of this, the multiple proteases linked with apoptotic cell death may be 

involved in releasing CD25 from the cell surface. Chief among these candidates are 

caspases, which we assume would have access to CD25 upon internalization of the IL-

2 receptor.  

The role of sCD25 remains obscure because of the variations in culture conditions. 

The observation that sCD25 may promote survival is an intriguing possibility, one that 

might have a basis in the stoichiometric competition for other receptor subunits in the 

common gamma chain cytokine family, where cleaved CD25 allows for a more 

homeostatic cytokine (i.e., IL-7, IL-15) signaling. We would argue that the relatively 
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abundant amount of sCD25 in serum would not simply be waste and this is the subject 

of ongoing investigation. 

This study also draws attention to the necessity for standardization of in vitro 

assays to allow for proper interpretation and comparison of results. Proprietary media 

formulations in combination with batch and vendor variation in serum supplements 

hamper in vitro comparisons. A recent publication regarding difficulties in in vitro 

polarization of Th17 cells due to media composition shows a problem that is understood 

but not fully explored – that immune cell activity in vivo is highly dependent on the 

location (203). Thus, it may be necessary to define in vitro conditions that are more truly 

reflective of the many environments where immune cells perform their function.



 

55 
 

 
Figure 2-1. Production of sCD25 during the in vitro suppression assay. Supernatants 

from triplicate wells were pooled and analyzed for the production of sCD25 by 
ELISA (n=7 control subjects). Under conditions of both serum-free and 1.0% 
serum, the highest levels of sCD25 were detected in the 1:1 Treg to Teff co-
culture condition at the early 48 h time point, but were only significantly higher 
in media containing 1% serum ((A) and (B)). At the 96 h time point ((C) and 
(D)), the pattern of sCD25 production more closely resemble the responses 
observed in the proliferation assay assessed by uptake of 3H-thymidine. 
(*p<0.05, **p <0.01, and ***p<0.001).  
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Figure 2-2.  Levels of cellular proliferation correlate with the production of sCD25. 

Levels of sCD25 produced during the in vitro suppression assay were plotted 
versus the amount of proliferation detected at the 96 h time point. Under both 
(A) SFM and (B) 1.0% serum conditions, for all ratios of Treg to Teff cells 
(1:0, 1:1, ½:1, and 0:1, n = 7), the levels of sCD25 detected (x-axis) correlate 
with cellular proliferation as assessed by the incorporation of 3H-Thymidine 
(y-axis). Isolated Treg and Teff cells were then assessed for their capacity to 
proliferate and produce sCD25 in an autocrine fashion over a 5 day time 
period. Purified CD4+CD25+ (open bars) and CD4+CD25- T cells (closed 
bars) were cultured under expansion conditions utilizing beads coated with 
anti-CD3 and anti-CD28 as well as exogenous human recombinant IL-2 (300 
U/ml) under serum-free conditions. Shown are (C) proliferation and (D) 
sCD25 production at 48, 72, 96, and 120 h time points by each indicated cell 
population. The data plotted represent the mean CPM and pooled sCD25 
levels of replicate cultures (n=6 individuals) with significant comparisons 
between Treg and Teff cells indicated (*p<0.05, **p <0.01, and ***p<0.001). 
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Figure 2-3. Soluble CD25 differentially effects proliferation of Teff cells and PBMC. A 

suppression assay was set up in SFM ((A), open bars), or with rh sCD25 ((A), 
closed bars). sCD25 did not significantly alter Treg or Teff cell responses in 
SFM (p=NS for all ratios). In the 0:1 condition, sCD25 did appear to reduce 
proliferation. PBMCs (n=10) were cultured in the presence of increasing 
concentrations of sCD25, with anti-CD2/3/28 microbeads ((B), open bars) or 
PHA ((B), hatched bars) stimulation. Statistically significant increases were 
seen by ANOVA under 2/3/28 stimulation in RPMI (p=0.05), AIMV (p=0.001), 
and XVIVO (p=0.00), and under PHA stimulation in XVIVO medium (p=0.01) 
when comparing 0 and 20 ng conditions. Comparisons among the same 
stimulation showed that cells cultured in RPMI and AIMV media had 
significant differences in proliferation regardless of the amount of sCD25 
added. We measured the amount of nuclear matrix proteins (NMPs) released 
into the supernatant by dying cells (C). sCD25 did not affect cell death. The 
outcome varied depending on the culture media and stimulus. Plotting the 
stimulation index versus the production of NMP showed a negative correlation 
between proliferation and cell death under CD3/28 stimulation ((D), bottom 
panel). *p<0.05, **p<0.01, and ***p<0.001. 
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Figure 2-4. sCD25 production correlates with cell death of PBMC. To determine if the 
variable results seen previously were present in other areas, we measured 
the production of sCD25 in the 0 ng/ml condition with anti-CD3/28 microbeads 
((A), open bars) or PHA ((A), hatched bars) stimulation. sCD25 production 
varied dependent on the stimulus provided in RPMI and AIMV media 
conditions (RPMI:  (PHA) 18952±2872, (3/28) 7457±916.8, p<0.001; AIMV: 
21482±2114, (3/28) 10957±893.8, p<0.001), but did not significantly differ 
between media formulations. In (B), sCD25 production did not correlate with 
proliferation as seen previously. Rather, sCD25 was generated at levels 
correlating with cell death as measured by NMP production, (C) (PHA: 
r=0.7182, p<0.001, CD3/28: r=0.3882, p=0.0133). ***p<0.001. 
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CHAPTER 3 
SOLUBLE CD25 PRODUCTION AND FUNCTION 

Background 

Outside of the HLA and insulin genes, CD25 has one of the strongest associations 

with risk for T1D (38). Genotype-phenotype associations have been reported for 

IL2RA/CD25 (as mentioned previously). Susceptibility SNPs in the 5’ and intronic 

regions of the CD25 gene were reported to associate with lower concentrations of 

sCD25 in the serum, presumably due to reduced CD25 expression (41). Conversely, 

some of the SNPs identified in GWAS studies were determined to be involved in 

susceptibility to multiple sclerosis (MS) and associate with increased levels of sCD25 

(204, 205). This suggested that different mechanisms involving the IL-2R signaling axis 

enact the autoimmune pathogenesis in these two disorders. However, more recent 

analyses suggested that some of these originally associated SNPs may have been 

artifacts of stratification, and reported that risk of T1D also associated with higher 

sCD25 in the serum (206). These conflicting reports of SNP associations and sCD25 

levels make interpretation of the data difficult. However, the multitude of allelic variants 

mapping to the CD25 region in a diverse array of autoimmune diseases suggests a role 

for this protein in autoimmunity. Causal evidence for sCD25 in T1D pathogenesis is 

lacking, but the variation in serum concentrations of the soluble form can at a minimum 

be considered as reflective of the autoimmune process. 

An alternative splice variant cannot be completely ruled out as contributing to the 

release of sCD25, however, it is more commonly thought that sCD25 results from a 

proteolytic cleavage event driven by a family of enzymes collectively referred to as 

“sheddases” (207, 208). Notably, C-terminal sequencing of soluble CD25 revealed that 
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the protein did not end near an exon junction, but rather at a cysteine residue, a 

characteristic common to protein fragments produced by cleavage (207). To date, at 

least three enzyme candidates have been reported to possess the capacity for cleaving 

CD25, including the endogenous enzymes neutrophil elastase and matrix 

metalloproteinase-9 (MMP-9), as well as the environmental house dust mite allergen 

DerP1 (197, 209-211). While these enzymes have each been shown to be sufficient to 

elicit cleavage in vitro, the formation of sCD25 is often still observed in their absence or 

in the presence of enzymatic inhibitors (212). This has several interpretations. These 

proteases may only be capable of producing sCD25 when present at the high 

concentrations used in the in vitro experiments. Additionally, they may be indirectly 

involved through activation of the protease responsible for cleavage. It is probable that 

multiple proteases that have the capacity to cleave CD25 are present in vivo, as 

functional redundancy is characteristic of many biological processes. 

  An earlier study examined cellular proliferation and the expression of membrane 

and soluble CD25 in the presence of increasing concentrations of a multitude of 

inhibitors of cellular processes: cycloheximide (protein synthesis), cytochalasins (actin 

polymerization), vinca alkaloids (tubulin), tunicamycin (glycosylation), brefeldin (protein 

transport), monensin (protein release), and aprotinin (protease inhibitor) (213). From 

these experiments, it was determined that glycosylation appeared to have the greatest 

effect on sCD25 production, but the implications of that finding were unclear.  

The inherent complication of identification of candidate proteases with inhibitors 

added to primary cells (as in the studies mentioned above) is that protease activity is 

required for lymphocytic proliferation as well as activation induced cell death, both 
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factors that have been implicated in the production of sCD25 (214, 215). Additionally, 

these inhibitors are often promiscuous, with target-specific inhibition greatly influenced 

by concentration. Regardless of the exact mechanism, proteolytic shedding of CD25 

from the T cell surface may prevent high-affinity signaling complex formation and alter 

downstream IL-2 response. The consequence of this altered response would likely vary 

by cell type and activation state. For example, Tregs could exhibit reduced function, 

while activated T cells might slow their progress toward AICD due to reduced IL-2 

response.  

The importance of CD25 stability on the Treg surface has been demonstrated by 

data showing reduced expression in intra-islet Treg in the NOD mouse at the time of 

diabetes onset. This coincided with a decrease in expression of the anti-apoptotic 

molecule Bcl-2 in Treg, as well as a reduction in their functional capacity, confirming a 

lessened IL-2 response (71). In humans, we had previously identified decreased Treg 

stability of CD25 expression (and increased production of sCD25 in suppression assay 

co-culture) in serum-free conditions in vitro (214). With the assumption that this 

environment more closely mimics the lymph node or sites of inflammation, we can 

hypothesize that the loss of sCD25 on Tregs may represent a step in the progression 

toward autoimmunity.  

To shed light on the production of sCD25, we measured serum sCD25 in mice 

with a variety of genes knocked out, including specific candidate proteases (such as 

MMP9), protease inhibitors, and proteins associated with IL-2 response and AICD. Our 

discovery that sCD25 production correlated with cell death led us to consider the 

proteases involved in cell death as possible candidates for cleavage of CD25. We 
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screened the sequence of the molecule for protease cleavage sites located near the 

presumed cleavage site.  

 A predicted caspase cleavage site (TTTD) was found in the protein sequence 

ending at aspartic acid 219 (216) This site is located in close proximity to the 

transmembrane domain beginning at position 239, and the expected cleavage product 

resembled what had been seen in the literature (207).The role of caspases in immune 

function is well-characterized: they are known to be important in early T cell activation 

and cytokine production as well as AICD. Caspases have been known to associate with 

signaling rafts, and have been detected in the endosome with receptors after 

internalization (217-219). Upon internalization of the high affinity IL-2R, radiolabeled 

CD25 was not detectable in later sorting compartments. It was assumed that CD25 then 

cycled back to the surface, although this was not directly verified (220). It is then 

possible that the release of CD25 from the surface occurs after receptor internalization. 

Thus, extracellular proteolysis is not necessarily required as the mechanism for sCD25 

production. 

We had previously identified a possible role for the soluble form of CD25 in 

enhancing cellular proliferation, at least in some conditions (214). The mechanism for 

this action is unclear. It is known that this soluble receptor has the capability to bind IL-2 

in vitro, albeit with low affinity (190). The IL-15 receptor alpha chain also has a soluble 

form, which is capable of binding IL-15 and presenting the cytokine to cells expressing 

the shared β-γ receptor (221). Recent data show that CD25 on the DC surface is able to 

perform trans-presentation of IL-2 in such a manner (171). These data then support the 

idea that sCD25 itself could act in trans given sufficient local concentration of IL-2, 
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allowing enhanced IL-2 signaling and increased proliferation of cells expressing 

intermediate affinity receptors. We assert that both membrane CD25 and its soluble 

form are involved in modulation of the IL-2 response, with high-affinity surface receptor 

expression dependent on nuclear and extracellular mechanics.  

Interpretation of the data generated to evaluate sCD25 production and function is 

complicated in that the processes controlling proliferation and cell death are tightly 

linked. We therefore sought to develop a set of experiments that would allow us to 

evaluate the relationship between surface and soluble CD25 in different contexts, while 

minimizing some of the confounding factors we had identified in previous experiments. 

For example, commercially available recombinant “soluble” CD25 proteins are produced 

in bacterial expression systems, or as fusion proteins.  Their function in vitro may be 

altered when compared to naturally-derived sCD25 due to differences in glycosylation 

or stability in vitro. To avoid these potential complications, we developed lentiviral 

vectors for expression of CD25 in human cells. 

Methods 

Participants 

Peripheral blood was obtained from normal healthy control subjects (3M/2F; 

median age 18, range 15 to 24 years) without a recent infection, allergic episode, or 

having a known autoimmune disorder. Institutional Review Board (IRB) approved 

informed consents (1996-372) were obtained in accordance with approved protocols. 

Mouse Serum Samples 

  Mouse serum was obtained from Jackson Laboratories (Bar Harbor, ME). 

Female mice were sacrificed and bled by cardiac puncture (n=1 for initial screening, 3 if 

additional mice were ordered to verify differences). Serum was separated by 
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centrifugation, cryopreserved, and shipped on dry ice. Upon receipt, samples were 

stored at -80 ˚C until time of analysis.  

sCD25 Protein Detection by ELISA 

sCD25 was measured in mouse serum samples with the mouse sIL2Rα detection 

kit (R&D Systems, Minneapolis, MN). Sera were diluted 1:10 in R&D Systems assay 

diluent prior to analysis. 

sCD25 was measured in human cell culture supernatants using the BD OptEIA kit 

(BD Pharmingen) according to manufacturer’s instructions. Supernatants were diluted in 

PBS with 10% FBS (blocking buffer) when necessary, and analyzed in duplicate. 

OD values were read using a Spectramax M5 spectrophotometer and Softmax Pro 

software to extrapolate sample concentration values from a 4-parameter standard curve 

utilizing recombinant protein standards provided with each kit.  

Cell Culture of Cell Lines and Primary Cells 

Media: unless otherwise indicated, cells were maintained in RPMI 1640 (CellGro-

Mediatech, Manassas, VA) with 10% FBS (Hyclone), 50 µg/ml penicillin/streptomycin, 2 

mM l-glutamine, 1% sodium pyruvate, 1% non-essential amino acids, 5 mM HEPES, 

and 50 ug/ml beta-mercaptoethanol. Cells were incubated in a humidified incubator at 

37 C, 5% CO2. 

Jurkat clone E6-1 and K562 cells (ATCC, Manassas, VA) were maintained at a 

density of between 105 and 106 cells/ml. HEK293 cells were maintained in DMEM at up 

to 80% confluency prior to each passage. 

Preparation of Lentiviral Vectors for CD25 Protein Expression 

CD25 protein cloning vectors were obtained from DNA 2.0 (Menlo Park, CA). The 

protein sequences for the inserts were determined from the NCBI database (accession 
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number NP_000408, Figure 3-1). We used the numbering conventions from that 

sequence as identifiers for all amino acids. Constructs were provided in the pUC-

derived pJ204 cloning vector, with sequence-verified inserts. The constructs were 

transferred to a pCNFW backbone lentiviral vector (kindly provided by Dale Greiner, 

University of Massachusetts, Worcester, MA). Equivalent expression of CD25 and GFP 

was achieved by inclusion of a T2A element between the two genes (222). All 

constructs were validated by restriction enzyme digest and sequence analysis. 

Lentiviral Vector Production 

Lentivirus stocks were produced using HEK293FT (Invitrogen, Carlsbad, CA) as 

helper packaging cells. 293FT cells were grown in flasks in complete DMEM media in 

the presence of 500 µg/ml geneticin at 37 C, 5% CO2. On the day of transfection, cells 

were transferred to fresh complete DMEM without antibiotics or geneticin, and plated at 

35 x 106 cells in 50 ml total volume. After 5 hours, cells were transfected with each 

construct vector using Transit-2020 transfection reagent (Mirus Bio, Madison, WI) with 

55 µg vector and 18.3 µg of each helper plasmid (VSVg, pMDLg/pRRE, pRSV-Rev). 

Supernatant containing virus was harvested at 72 hours post transfection, and 

clarified twice by centrifugation (15 min, 3000 x g). Supernatants were transferred to 

new tubes, and virus was precipitated by adding PEG-IT solution and incubating 

overnight at 4 C, followed by centrifugation and removal of supernatant. Virus stocks 

were resuspended at 1/100 of the original volume in DPBS with 25 mM HEPES, and 

stored at -80 C. 

Stocks were titered in Jurkat (clone E6-1, ATCC, Manassas, VA) cells in RPMI 

1640 with 10% FBS by adding serial dilutions of each virus stock and analyzing the 
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percentage of cells expressing GFP by flow cytometry. Titers were calculated using the 

formula: ((# of cells per well X reporter positive cells) X 1000)/ (ul of vector)). 

Lentiviral Transduction of Cell Lines and Primary Cells 

Cell lines 

Healthy, dividing cells were plated in 24-well plates (1.25 x 105 cells/well), and 50 

ul of lentiviral stock was added dropwise. Post transduction, cells were cultured for at 

least 48 hours before analysis. 

Primary cells 

CD4+ T cells were isolated using RosetteSep negative selection cocktail 

(StemCell, Vancouver, BC, Canada) followed by density gradient centrifugation. Cells 

were plated at 2.5 x 105/ml with anti-CD3/CD28 coated magnetic microbeads 

(Dynabeads, Invitrogen, Carlsbad, California) at a ratio of 1 bead per cell. After 48 hours 

of activation, protamine sulfate (Sigma-Aldrich, St. Louis, MO) was added at 8 μg/ml. 

Lentiviral stock was added at a ratio of 1 titer unit/cell for all constructs. Mock 

transductions contained only protamine sulfate. Plates were centrifuged (1000 x g, 30 

min, 32 C) to spinoculate, followed by addition of media and IL-2 (Proleukin, Chiron 

pharmaceuticals, Emeryville, CA) to a final concentration of 1.25 x 105 cells/ml and 50 

IU IL-2/ml.  

Flow Cytometry 

At specified times, cells were harvested from culture and stained for expression of 

CD25 (BD Pharmingen, San Diego, CA). GFP expression was analyzed prior to fixation 

for determination of transduction efficiency. 
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Western Blotting 

Culture supernatants were thawed, mixed with 2X loading dye, and run on a 4-

20% gradient Tris-HCl precast gel (Bio-Rad). Samples were transferred onto 

nitrocellulose membrane (Bio-Rad), blocked, and probed with a CD25-specific 

polyclonal primary mouse antibody and goat-anti-mouse Ig-HRP conjugated secondary 

antibody (Santa Cruz Biotech, Santa Cruz, CA). Blots were developed in SuperSignal 

enhanced chemiluminescence reagents (Thermo Scientific), and imaged on a 

FluorChem HD2 (Alpha Innotech). Molecular weights were identified utilizing Magic 

Mark XP protein ladder (Invitrogen).  

Statistical Methods 

Data were analyzed in GraphPad Prism (San Diego, CA). For mouse serum 

analysis, one-sample t-tests were performed to a reference value of 1. For all other 

analyses, t-tests or One-way ANOVA with Dunnet’s correction for multiple testing were 

performed as indicated. 

Results  

sCD25 Production in Knockout Mouse Serum 

Due to the large variety of proteases thought capable of producing sCD25, we 

made an attempt to rule out specific candidate proteases by measuring the serum 

concentration of sCD25 in knockout mice. Genotype-phenotype information for each 

knockout is listed in Table 3-1. It was theorized that a reduction of sCD25 in the 

absence of a certain protease, or an increase in the absence of an inhibitor, would 

provide valuable information as to the identity of the protease responsible for cleavage. 

We analyzed serum from mice with deletions of MMP-12, MMP-9, MMP-13, and MMP-7. 

Conversely, we measured the effect of deficiency in certain protease inhibitors, 
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namely serine protease inhibitor E1 (SerpinE1) and tissue inhibitor of 

metalloproteases (TIMP-1). SerpinE1 is a serine protease inhibitor, and along with 

TIMP-1 inhibits metalloproteases (223, 224). To assess involvement of IL-2 pathway 

associated molecules, we obtained sera from mice with knockouts in FoxP3, NFkB, IL-

2, CD132/γc, CD25, and STAT5b.  

We also sought to investigate the involvement of AICD in the production of sCD25, 

and thus examined the phenotype of mice with deletions of the pro-apoptotic proteins 

Caspase 3, TNF-α, Fas, Fas-L, Caspase 1, Caspase 6, and Bim. To address this, we 

obtained serum from a vendor (Jax Labs, Bar Harbor, ME). Raw data values were 

divided by age matched mice of the same genetic background as the mutant to obtain a 

fold difference. Data represent duplicate samples assayed from individual mice. If the 

knockout gene was responsible for CD25 cleavage, we expected to see dramatic 

differences in sCD25 production (Table 3-1). 

From these data, it is possible to exclude the notion that MMP-9 is the sole 

protease responsible for production of soluble CD25, as its absence did not cause a 

significant change in sCD25 levels in serum (fold change of 1.08 +/- 0.14 from genetic 

background, p=ns). The same is true of the other metalloproteases analyzed. 

Interestingly, the absence of the serine protease inhibitor SerpinE1 resulted in an 

increase in sCD25 that remained upon analysis of additional mouse sera (fold change 

of 1.7+/- 0.26 from genetic background, p=0.045). This inhibitor (or its human analog 

Plasminogen Activator inhibitor or PAI-1) has known involvement in the fibrinolytic 

pathway and clotting cascade, and is upregulated by TGF-β (225). It is also associated 

with extracellular matrix remodeling as shown in a knockout mouse model, where 
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SerpinE1 absence resulted in increased plasminogen and MMP activity in an induced 

model of diabetes (226). Thus, metalloproteases cannot be ruled out as a possible class 

of proteins involved in production of sCD25. These data then reinforce the idea that 

there may be redundancy in cleavage of CD25 from the cell surface. 

Interpretation of the sCD25 data produced in mice deficient in AICD-associated 

genes is difficult, in that most of these genotypes are associated with increased 

lymphoproliferation, if not systemic autoimmunity. Redundancy in the caspase cascade 

provides additional complication. However, it is interesting to note that deficiency in the 

pro-apoptotic molecule Bim results in a lymphoproliferative phenotype and AICD 

resistance, yet causes a 33% reduction in sCD25 as compared to its genetic 

background. Complete characterization of this mouse model in our hands would be 

necessary to confirm this phenotypic observation. 

Lentiviral Construct Formation 

Using the published sequence of CD25, we created four constructs for protein 

expression (Figure 3-1). The full length protein construct consists of 272 amino acids, 

referred to as “full length” throughout this chapter. With this construct, we hoped to be 

able to ascertain the effects of expression of an excess of CD25 on the cell surface on 

cellular expansion and IL-2 response, as well as use the functional information provided 

as a control for the mutated versions of CD25. 

 The second construct is a full length protein containing one amino acid mutation 

(at aspartic acid residue 219) in the predicted caspase cleavage site (referred to as 

D219A). Typical caspase cleavage consensus sequences contain four amino acids, 

with the final residue, always an aspartic acid, most important for cleavage (218). By 

mutating this residue, we hoped to determine if caspase cleavage was a potential 
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mechanism for soluble CD25 formation, and to view the effects of increased CD25 

stability on the membrane.  

The third construct we designed was a full length protein with two mutations (at 

histidine 160 and alanine 164tryptophan, designated as H160/A164) that would 

presumably disrupt interaction between CD25 and γc. If this interaction is important for 

signaling complex formation, we expected to see differences in cellular activity and IL-2 

response. The final “soluble” construct was truncated at aspartic acid 219, and would 

therefore be secreted due to its lack of a transmembrane domain. This construct was 

designed to determine the role of sCD25 in the immune response. By transducing cell 

lines as well as primary cells, we were able to view the effects of mutations in isolation 

from the receptor system, as well as in a culture system more relevant to in vivo activity. 

Lentiviral Transduction of CD25 in Jurkat Cells 

 Jurkat cells have the ability to upregulate surface CD25 in response to 

stimulation, but do not express it or produce sCD25 when cultured under normal 

maintenance protocols (see mock transduced cells in Figure 3-2). Therefore, 

transduction of these cells was performed to validate the protein constructs in 

comparison with GFP-transduced controls (Figure 3-2). CD25 expression was verified 

by flow cytometry, with the soluble construct staining at background level (3-2A). sCD25 

was measured in culture supernatants to view any differences between constructs 

(Figure 3-2B).  

The D219A construct, with its mutated “caspase cleavage” site, did not produce 

significantly decreased sCD25 to suggest that caspases are responsible for its 

production. Furthermore, mutation of the entire caspase site (TTTD) to alanines did not 

reduce production of sCD25 in Jurkat cells (data not shown). Interestingly, the 
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H160/A164 mutant produced significantly less sCD25 (more than tenfold less) than the 

other transduced cells. This could have been the result of decreased affinity of the 

antibody clones in the ELISA kit due to the introduced mutations.  

Three epitope regions, designated A, B, and C, were identified in CD25 through 

testing of multiple CD25 specific antibodies (227). Specifically, the ELISA secondary 

antibody (clone 7-L54) recognizes the epitope region B in CD25. In flow cytometry 

experiments, we discovered that another antibody (Clone M-A251) that recognizes 

epitope region B did not recognize this mutated construct on the surface of transduced 

Jurkats, suggesting that this may indeed be interfering with the ELISA results (Fig 3-2D, 

blue histogram).  This was verified by western blotting with a polyclonal secondary 

antibody. All proteins traveled at an approximate molecular weight of 55 kDa (Fig 3-2C), 

with the soluble construct slightly smaller. The appearance of a faint band in mock 

transduced Jurkat supernatants was an artifact of protein overloading, verified by a 

repeat western on cellular lysates (not shown). 

Lentiviral Transduction of Primary CD4+ T cells 

To view the effects of these lentiviral constructs in the context of a biological IL-2 

response, we transduced primary CD4 T cells isolated from healthy controls.  These 

cells were cultured under expansion conditions for five days, with transduction inititated 

at two days post-stimulation. Transductions were performed in the presence or absence 

of IL-2 to view any differential effects of cytokine withdrawal on cells exhibiting excess 

CD25 protein. At day 5, all cultures exhibited increased expansion as compared to 

mock-transduced controls in the presence of IL-2, but only the constitutively soluble 

construct achieved statistical significance (Figure 3-3A). Most notably, proliferation was 

only enhanced in the presence of exogenous recombinant IL-2, suggesting an IL-2 
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dependent effect of the presence of increased quantities of sCD25. Although there was 

an increased percentage of GFP-positive cells in soluble construct  transduced cultures 

(Figure 3-3B), the observed effect cannot be attributed to transduction efficiency as cells 

transduced with soluble constructs did not exhibit increased expansion in the absence 

of additional IL-2.  

Interestingly, sCD25 measured in the supernatants at day 5 showed no difference 

between soluble constructs and mock-transduced cells (Figure 3-3B). This contradicted  

what was seen in Jurkat cells, where the soluble constructs produced approximately two  

to five-fold more soluble protein (Figure 3-2B). If soluble CD25 were acting in trans to 

present IL-2, supernatant levels of the soluble receptor could be lower than the other 

constructs as a result of receptor-cytokine endocytosis. This would need to be verified 

under controlled conditions at a time closer to the addition of cytokine, as analysis at 

later timepoints may not be informative due to the consumption and subsequent 

degradation of IL-2 and its receptor. 

Intriguingly, cultures containing both mutant CD25 constructs only trended toward 

enhanced proliferation as compared to the mock transduced controls, but did exhibit 

significantly increased surface and soluble CD25. This suggested that there may be 

some alteration of IL-2 response, perhaps due to changes in the conformation of CD25 

altering its ligand binding affinity.  

Interpretation 

This chapter describes our efforts to determine the mechanism(s) responsible for 

the production of sCD25. The fact that sCD25 is present at relatively high levels in 

serum at all times (average concentration in serum in our hands is about 2 ng/ml), 

suggests that its production is part of normal cellular maintenance, and that these 
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processes are enhanced during conditions of high proliferation. In human T1D, higher 

levels of sCD25 in the serum in diabetic subjects as compared to healthy controls are 

likely reflective of ongoing autoimmunity (204). This may also indicate reduced CD25 

surface stability, which could help explain the deficits in proliferation and AICD reported 

in subjects with T1D as well as in the NOD (112, 228, 229). 

 The data we have generated here did not define a specific mechanism for CD25 

cleavage. The identification of an inhibitor (SerpinE1/PAI-1) that appears to be involved 

in regulating CD25 cleavage, along with its previously defined functions, provided 

additional clues as to what classes of proteases may be capable of producing sCD25. 

Additionally, we have verification that caspases cannot be considered to be responsible 

for generation of sCD25 in vivo. We did, however, obtain further indirect evidence of an 

AICD association with the production of sCD25.  

Kinetic studies of the IL-2 receptor suggest recycling of CD25 back to the cellular 

surface after IL-2 ligation and receptor endocytosis. Multiple proteases in the endosome 

could have access to CD25 at this point. Indeed, the common gamma chain is cleaved 

from the cellular surface by calpain, a cysteine protease that associates with the 

endosome (230). Analysis of the CD25 sequence with another protease prediction 

server (EMBOSS epestfind) showed a potential region for cleavage by calpain and 

related proteases located near the transmembrane domain (231).This sequence, called 

a PEST sequence as it is rich in proline (P), glutamic acid (E), serine (S), and threonine 

(T), is also a potential target for the proteasome. The proteasome is known to associate 

with the IL-2 receptor upon endocytosis, and has thus been identified as an additional 

candidate protease (232). We hope that future identification of a mechanism for 
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cleavage would allow us to engineer and express a membrane-stable form of CD25, 

allowing for increased and sustained IL-2 response. This would be a beneficial molecule 

in Treg immunotherapy, allowing maintenance of CD25 expression and full IL-2 

responsiveness in vivo, particularly at sites of local inflammation.  

The function of sCD25 is controversial, with reports that it is inhibitory or 

synergistic in IL-2 responsiveness in vitro, depending on the time and conditions of 

analysis. The linkage between sCD25 and both proliferation and AICD complicates 

functional studies. We therefore sought to characterize the functional activity of this 

molecule by introducing wild type and mutant forms into both cell lines and primary 

cells. This allowed us to view the effects of CD25 and its soluble form separately from 

induced proliferation, or in the context of standard proliferation assays.  

Experiments utilizing Daclizumab to block CD25 on T cells and DCs showed that 

DCs expressing CD25 alone are able to trans-present IL-2 to T cells expressing 

intermediate-affinity IL-2 receptors by directional secretion and capture of IL-2 at the DC 

surface (171). We have identified a stimulatory role for sCD25 on in vitro activated cells 

that appears dependent on the presence of IL-2 in the culture environment, suggesting 

occurrence of a similar mechanism of presentation. These data require verification 

through repetition of the experiments, and physical selection and expansion of 

transduced cells to view true functional differences. The capacity of sCD25 to enhance 

proliferation in trans is likely dependent on its local concentration in reference to that of 

IL-2, which could then provide a measure of control limiting the immune response at 

sites of inflammation. Concentration-dependent activity of sCD25 in vitro will be tested 

in future experiments. We expect the production of sCD25 to have both autocrine and 
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paracrine functions that depend on qualitative and quantitative expression of surface IL-

2 receptors as well as IL-2 concentration. 

 Due to the complications of functional analysis in previous and current 

experiments, it would be beneficial to transfer our lentiviral CD25 constructs to retroviral 

vectors for expression in the CD25 KO NOD mouse. We could then view the effects on 

development of diabetes.  The existing lentiviral constructs will be useful tools in 

determining the kinetics of trans-presentation of IL-2 by transduction of cells that do not 

express the β-γ receptor. Particularly, the interaction between Treg and these CD25-

expressing “artificial DCs” would be of interest.



 

76 
 

Table 3-1. Serum sCD25 analysis in knockout mice. 
 

Gene 
Knockout 

Associated 
function 

Control
strain 

Associated immune phenotype 
 

 
Deviation 
from background 
   -                + 

 
Fold change 
Mean +/- SEM (n) 

SerpinE1 Protease inhibitor B6 Hyperfibrinolysis  1.7 +/- 0.26 (3) 
Timp1 Protease inhibitor B6 ↓ susceptibility to bacterial infection  0.95 (1) 
MMP12 Protease B6 abnormal macrophage physiology  1.66 (1) 
MMP9 Protease B6 ↓ migration, altered chemokines  1.08 +/- 0.14 (3) 
MMP13 Protease FVB no known immune abnormalities  0.75 (1) 
MMP7 Protease B6 ↓ susceptibility to bacterial infection  0.88 (1) 
Caspase 3 apoptosis B6 Partial AICD resistance  1.48 (1) 
TNF apoptosis B6 ↑ leukocyte number  1.41 (1) 
Fas apoptosis C3H systemic autoimmunity  1.35 (1) 
FasL apoptosis B6Smn systemic autoimmunity  1.29 (1) 
Caspase 1 apoptosis NOD none additional  0.86 (1) 
Caspase 6 apoptosis B6 none known  0.82 (1) 
Bim apoptosis B6 ↓ AICD, systemic autoimmunity  0.67 (1) 
FoxP3 IL-2 pathway B6 systemic autoimmunity  1.77 (1) 
NFkB IL-2 pathway B6 ↑ Th2>Th1, ↑ DC apoptosis  1.66 (1) 
IL2 IL-2 pathway B6 ↓ AICD, systemic autoimmunity  1.29 (1) 
CD132 IL-2 pathway B6 ↓ (10x) in lymphocyte number NA 0 (1) 
CD25 IL-2 pathway B6 Systemic autoimmunity NA 0 (1) 
Stat5b IL-2 pathway BALb/C ↓ T cells, ↓ proliferation NA 0 (1) 
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Figure 3-1.  Lentiviral constructs for expression of CD25 mutants. (A) Structure of the 

lentiviral vector cassette used in these experiments. The expanded region 
depicts details of the promoter and introduced gene, with a dashed line 
indicating the furin cleavage site between CD25 and eGFP. (B) Simplified 
linear structure of CD25 protein sequence and lentiviral construct inserts. 
Residues 1-21 (signal peptide) and 239-272 (transmembrane domain) are not 
depicted here. The IL-2 binding region is shown in green, and the theoretical 
γc binding region in blue. The dashed line marks the predicted cleavage site 
based on C-terminal sequencing, located at cysteine 213. The approximate 
sites of the mutations in the second and third construct are shown with black 
arrowheads.
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Figure 3-2. Validation of protein constructs in Jurkat cells. Expression of surface (A) and 

soluble (B) CD25 were measured at 48 hours following transduction of Jurkat 
cells. (C) Protein size was verified by western blotting. (D) Altered recognition 
of the H160/A164 mutant (blue histogram) by different antibody clones.  Data 
were compared using one-way ANOVA with Dunnet’s multiple testing 
correction between groups. (*** p=<0.001)
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Figure 3-3.  Transduction of primary CD4 cells with CD25 constructs. In the presence 

(black bars) or absence (white bars) of 50 IU/ml IL-2, we measured cellular 
activity at 3 days post transduction. (A) Fold expansion increased in cultures 
where cells were transduced with the soluble construct only in the presence 
of IL-2 (p<0.05). (B) Transduction efficiency was not significantly different 
regardless of construct or presence of IL-2 (C) CD25 surface expression on 
GFP+ cells as compared to mock transduced controls. (D) Production of 
soluble CD25 in culture supernatants. (* p<0.05, ** p<0.01, *** p<0.001)



 

80 
 

CHAPTER 4 
SMALL MOLECULE MODIFICATION OF IL-2 SIGNALING 

Background 

Downstream effects of IL2 signaling on the target cell depend on differential 

expression – either qualitatively or quantitatively – of the high, intermediate, or low 

affinity receptors. CD25 itself is not directly responsible for signaling activity due to its 

short cytoplasmic domain, yet its presence on the surface has a significant effect on IL-

2 responsiveness and cellular fate. Initial IL-2 response in activated Tconv results in 

cellular proliferation and a positive feedback loop wherein increased production of IL-2 

and CD25 triggers STAT5 phosphorylation. Past a certain threshold, this response 

sensitizes activated cells to AICD following upregulation of the target genes Fas and 

FasL. In T1D, deficiencies have been reported in cellular proliferation, IL-2 response, 

and AICD. Such deficiencies have been linked to reduced protein expression of CD25, 

as well as caspase 3 and the pro-apoptotic molecule c-FLIP (228, 233, 234).  

The notion of a general proliferative defect in T1D is well-characterized in vitro, but 

may seem counter-intuitive to the autoimmune pathogenesis of the disease in vivo. We 

suggest that the reduced proliferative capacity and IL-2 production of T1D lymphocytes 

allows for persistent proliferation below the threshold of AICD induction, along with a 

functionally diminished Treg population. The ability to alter IL2 signaling may offer the 

chance to selectively enhance the suppressive capacity of regulatory cells, enhance the 

response of effector cells, or drive cells towards activation induced cell death. 

Therefore, we sought to modify IL-2 signaling by targeting the IL-2 receptor complex 

with small molecule compounds, a method that has shown success in altering protein 

interactions (235). In silico affinity binding analysis was used to identify compounds 
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capable of interacting with the receptor at areas of specific interest on the crystal 

structure. These included the CD25-IL2 interface, as well as the predicted secondary 

interaction between CD25 and γc (Figure 4-1). In order to view global effects of 

these compounds on immune cells, we screened compounds on TCR-stimulated 

human PBMCs to identify potential candidates for further investigation of alterations in 

cellular activity. 240 lead compounds with the highest affinity scores were tested versus 

vehicle (DMSO) treatment on stimulated PBMCs from healthy controls. A subset of 

these was then screened for an effect on CD4+ T cells isolated from both healthy 

donors and subjects with T1D. 

Methods 

Molecular Docking 

The DOCK v5.2 package 9 was used for in silico screening of 140 000 compounds 

available from the National Cancer Institute Developmental Therapeutics Program. This 

computer database was prepared with DOCK accessory software (SF2MOL2, 

University of California San Francisco) and Sybyl (Tripos, Inc, St. Louis, MO). Each 

compound was docked as a rigid body in 100 different orientations. Orientations were 

filtered by default bump filter parameters to exclude compounds with pronounced steric 

clashes. The grid-based scoring system was used for scoring with the nonbonded force 

field energy function implemented in DOCK. A standard 6 to 12 Lennard-Jones potential 

was used to evaluate van der Waals contacts. Spheres used by DOCK during matching 

algorithms were generated by SPHGEN.10. Sites for molecular docking were identified 

by structural analysis wherein potential pockets were identified surrounding the CD25-

IL2 or CD25-CD132 interactions in the crystal structure (Figure 4-1A, (84)). Five 

different molecular surface pockets were selected with SPHGEN to dock and rank the 
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compounds of the National Cancer Institute database. Three sites were selected at the 

interface between CD25 and IL-2, and two sites were selected at the interface between 

CD25 and CD132. 

Pockets were selected using PYMOL to identify areas that were close to surfaces 

of known (CD25-IL-2) or predicted (CD25-CD132) interaction on the receptor. Pockets 

were given letter designations as follows (Figure 4-1): 

• To enhance CD25-IL2 binding - A, B, C 
• To enhance CD25-CD132 interaction - D, E 
• To disrupt CD25-IL2 interaction - H 
• To disrupt CD25-CD132 interaction – G 

 
Compound Receipt and Storage 

Small molecule compounds were obtained from the National Cancer Institute 

Developmental Therapeutics program. Compounds were resuspended in DMSO at 10 

mM and stored as directed, at either 4 or -20 C. 

Participants 

Peripheral blood was obtained from normal healthy control subjects (5M/4F; 

median age 27, range 21 to 45 years) without a recent infection, allergic episode, or 

having a known autoimmune disorder. Samples were also obtained from subjects with 

T1D (2F; median age 54.5, range 42 to 67 years). Institutional Review Board (IRB) 

approved informed consents (1996-372) were obtained in accordance with approved 

protocols. 

Cell Culture  

Cells were maintained in RPMI 1640 (CellGro-Mediatech, Manassas, VA) with 5% 

pooled Human AB serum (Hyclone), 50 µg/ml penicillin/streptomycin, 2 mM l-glutamine, 

1% sodium pyruvate, 1% non-essential amino acids, 5 mM HEPES, and 50 ug/ml beta-
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mercaptoethanol. Cells were incubated in a humidified incubator at 37 C, 5% CO2. For 

some experiments, recombinant IL-2 was obtained from BD Pharmingen and added at 

10 ng/ml. 

Preliminary Compound Screening on PBMCs 

To identify compounds of interest, all compounds were tested in duplicate on 

PBMCs isolated from two healthy donors.  Assays were performed with 105 cells per 

well in 96 well plates, in the presence of compounds or vehicle (DMSO), and in the 

presence or absence of soluble T cell stimulus (α-CD3 and α-CD28 antibodies). 

Proliferation was analyzed by tritiated thymidine (1 µCi, Amersham Biosciences) 

incorporation at the 96 hour time point. Assays were repeated with the same donors to 

verify reproducibility.  

Functional Analysis of CD4 T cells 

Candidate compounds and vehicle (DMSO) were added to CD4 T cells isolated by 

negative selection at 10 µM with 105 cells per well in 96 well plates. T cell stimulus was 

provided in the form of anti-CD2/CD3/CD28 antibody coated beads (Miltenyi) at a ratio 

of 1 bead to 4 cells. Cells were stained with CFSE (0.32 µM, Invitrogen) to view 

proliferation. Where indicated, cells were pre-incubated for 24 hours with selected 

compounds, then treated with IL-2 for 30 minutes to view STAT5 phosphorylation by 

flow cytometry. Statistical analyses were performed with One-way ANOVA with 

Dunnet’s correction for multiple testing in comparison to a control group. 

Flow Cytometry 

At specified times, cells were harvested from culture and analyzed for CFSE 

dilution, surface CD25 (BD Biosciences), GITR (Biolegend), and ICOS (Biolegend). 

Intracellular pSTAT5 (Y694), FoxP3 (Biolegend) and Helios (Biolegend) expression 
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were analyzed on an Accuri flow cytometer. FACS data were analyzed in FCS Express 

and FlowJo software.  

Supernatant and Cell Lysate Protein Detection by ELISA 

sCD25 levels in cell culture supernatant were determined by ELISA according to 

manufacturer instructions (BD Biosciences). Samples were diluted (when necessary) in 

PBS containing 10% FBS (pH 7.0). Soluble nuclear matrix protein (NMP) 41/7 was 

measured by ELISA (Calbiochem) according to manufacturer instructions. Active 

Caspase 3 was measured in cell lysates collected in lysis buffer containing 1X protease 

inhibitors (BD Biosciences) using the BD OptEIA Active Caspase 3 kit. 

OD values were read using a Spectramax M5 spectrophotometer and Softmax Pro 

software to extrapolate sample concentration values from a 4-parameter standard curve 

utilizing recombinant protein standards provided with each kit. 

Statistical Analysis 

Data were analyzed using GraphPad Prism and ANOVA with Bonferroni post-tests 

to compare compound effects on initial screening assays. We hoped that the more 

stringent requirements of the Bonferroni test would assist in elimination of false-positive 

results. Candidate compounds were chosen that exhibited reproducible statistical 

significance as compared to vehicle treated controls for proliferation and/or sCD25 

production. All subsequent assays were analyzed by Dunnet’s multiple comparison to 

the vehicle control group. 

Results 

Preliminary Screening on Human PBMC and CD4 T cells 

The experimental process followed in this chapter is outlined in Figure 4-2A. We 

narrowed the field from the original 240 compounds by repeated screening on PBMCs 
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from two healthy donors, eliminating compounds that had no significant effect on sCD25 

production or cellular proliferation. 46 were identified with proliferation or sCD25 

production that differed from vehicle treated controls at a value greater than two SEM 

from the vehicle treated control (Figure 4-2B, indicated by gray shading around the 

mean value of 1). The outcome measures from the first screening (namely, proliferation 

or sCD25 production) did not provide any indication of mechanism for the observed 

effects. Alterations in either proliferation or sCD25 production could result from a 

change in IL2 responsiveness (targeted effect), or reduced cellular survival due either to 

AICD (targeted effect) or compound toxicity (off-target effect).  

The 46 compounds that passed the first screen were then added to negatively 

isolated CD4+ T cells to view their effects, with the assumption that an IL-2 specific 

effect would be replicated and possibly magnified in a population of purified T cells. 

These cells were labeled with CFSE to allow analysis of proliferation by flow cytometry 

as well as some indication of cell survival by changes in forward and side scatter. 

However, the mechanism of cell death could not be distinguished, as both apoptotic and 

necrotic cells exhibit a reduction in forward scatter as the cells shrink.  Measurement of 

nuclear matrix proteins released into the supernatant by dying cells allowed an 

additional, but again non-specific, indicator of toxicity. Of these 46 compounds, 15 were 

identified that repeatedly caused a significant (p<0.05) change in proliferation and/or 

soluble CD25 (sCD25) production on TCR stimulated PBMC (Figure 4-3A (a subset of 

the data in Figure 4-2B)) and TCR stimulated CD4+ T cells (Figure 4-3B, n=5). Of 

these 15 compounds, 8 were determined to have no effect (namely, B10, B13, C1, C10, 

E5, E10, H26, and H34). 5 compounds (A25, B33, C27, and H28) were considered to 
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have a toxic effect on the cells – defined by a reduction in both proliferation and sCD25 

production with a concomitant increase in release of NMPs into culture supernatant. 

This left two compounds with measurable effects – A3 and D23 (Figure 4-4).   

Compound A3 caused a marked (>0.5 fold) decrease in cell proliferation without a 

significant reduction in sCD25 production. The mechanism for this altered cell division 

did not appear to be due to nonspecific cytotoxicity, as cells produced similar levels of 

sCD25. The increased NMP release along with the previous findings then suggested an 

involvement of this molecule in induction of AICD. Addition of D23, conversely, resulted 

in a 1.5-fold increase in proliferation and a 1.8-fold increase in sCD25 production, with a 

slight decrease in NMP release. These data could point to a role for this compound in 

aiding IL-2 dependent cell survival.  

With these intriguing findings, compounds A3 and D23 were chosen as they 

appeared to have an IL2-receptor-specific effect on cellular activity (Figure 4-4). They 

were subsequently tested for their ability to modulate purified human CD4+ T cell 

responses by flow cytometry and analysis of cellular protein production. Interestingly, no 

compounds designed to disrupt binding interactions passed the first screen. As the 

binding pockets were selected to surround the existing binding interactions in the 

molecule, it is possible that no compounds designed could overcome the endogenous 

protein:protein affinity at the concentrations tested. 

Functional Analysis of IL-2 Specific Effects of Candidate Compounds 

Proliferation of responding T cells was assessed by CFSE dilution measured at 96 

hours, along with surface CD25 and active Caspase 3 in cell lysates in the presence of 

selected compounds. In these experiments, A3 again potently prevented division of 

CD4+ T cells (Figure 4-5A, orange circles, n=7, mean+/-SEM=1.204+/-0.023, p<0.001) 
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as compared to vehicle treated controls (Figure 4-5A, blue circles, mean +/-

SEM=1.90+/-0.065). D23 caused a significant increase in cell division (Figure 4-5 A, 

green squares, mean+/-SEM=2.16+/-0.07, n=7, p<0.01). Encouragingly, the two T1D 

subjects included in these experiments (indicated by open symbols in the graphs) 

exhibited similar response to the tested compounds. 

 In the presence of A3, cells trended toward increased levels of active Caspase 3 

in cell lysates (Figure 4-5B; mean +/- SEM 2107 +/-716 U/ml), but this did not achieve 

statistical significance as compared to vehicle treated controls (1368 +/- 224 U/ml). This 

did not preclude AICD as the mechanism of the decrease in proliferation, as a 1.5-fold 

increase in active Caspase 3 may have biological significance. Cells treated with D23 

showed no significant decrease in active Caspase 3 (819 +/- 220 U/ml), suggesting that 

their increased proliferation was perhaps only partially due to increased survival. These 

findings were overall similar to the previous experiments in terms of cellular proliferation 

and AICD. We then sought to investigate IL-2 responsiveness through analysis of CD25 

expression. 

To view the cellular response over time, we analyzed expression of CD25 on the 

surface of cells at 24, 48, and 96 hours after the addition of stimulus and the selected 

compounds (Figure 4-5C-D, n=4). Although not analyzed here, resting cell expression 

of CD25 is a low frequency event among CD4 T cells, approximately 5%. Neither A3 

nor D23 appeared to affect early CD25 upregulation after activation, as all cultures 

expressed similar frequency of CD25+ cells at 24 hours into the culture period. 

However, by 96 hours, cells treated with A3 exhibited a reduced CD25 frequency as 

compared to vehicle controls (Figure 4-5C, p<0.001). Because of the initial activation 



 

88 
 

observed, we considered the possibility that A3 treated cells were undergoing AICD at 

an accelerated rate, thus preventing any further upregulation of CD25 expression. 

Alternatively, binding of A3 to CD25 could induce a conformational change that did not 

allow association of the newly expressed CD25 with the other receptor chains, 

preventing further activation. D23 treated cells displayed increased frequency of CD25 

expression (Figure 4-5C, p<0.05), although not as dramatic. Neither treatment resulted 

in a significant alteration in CD25 expression when measured (Figure 4-5D, p=ns). 

We next measured IL-2 responsiveness in the presence of the selected 

compounds by analysis of CD25 and pSTAT5 expression by flow cytometry after 

addition of increasing concentrations of IL-2 to cells incubated overnight with 

compounds or vehicle (Figure 4-6). Cells were fixed, permeabilized, and stained for 

pSTAT5 and CD25. Cells treated with A3 exhibited a significant increase in frequency of 

cells expressing CD25 without increased surface intensity in the presence of low-dose 

IL-2. This may indicate reduced receptor uptake that is overcome by larger doses of IL-

2.  Meanwhile, there was a reduction in frequency and intensity (Figure 4-6C-D) of 

pSTAT5 expression when 10 ng/ml of IL-2 was added.  This suggests that these naïve 

T cells are less able to respond to IL-2 in its presence, perhaps due to A3 binding 

existing CD25 and altering overall receptor affinity. Pre-incubation with D23 had no 

significant effect on immediate IL-2 response, suggesting its effects were due to 

alterations in activity further downstream, or resulted from off-target activity. This will 

require further experimentation to confirm. 

As IL-2 responsiveness in Treg cells was of particular interest to us, we measured 

the expression of Treg markers in the presence of these compounds (Figure 4-7A-D) 
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along with Treg proliferation (Figure 4-7B). These markers included the intracellular 

transcription factors FoxP3 and Helios at 96 hours (Figure 4-7A), and a time course of 

expression of the Treg markers inducible T-cell costimulator (ICOS, Figure 4-7C, n=4, 

p<0.01) and glucocorticoid-induced tumor necrosis factor receptor (GITR, Figure 4-7D).  

Cells cultured for 96 hours in the presence of A3 displayed an overall increased frequency  

of cells co-expressing the natural Treg markers FoxP3 and Helios (Figure 4-7A, n=5, 

p<0.01), suggesting that its effects on cellular survival have a more limited impact on 

Treg populations.  These cells also exhibited decreased frequency of ICOS expression 

(Figure 4-7C), likely due to their overall reduction in activation. Interestingly, the 

frequency of cells expressing GITR in the presence of A3 was significantly increased at 

all measured time points (Figure 4-7D, n=4, p<0.01). Cells treated with D23 resembled  

vehicle treated controls in all of these analyses. They did, however, exhibit a slight increase  

in proliferation of FoxP3+Helios+ Treg, an intriguing result. This remains to be verified if 

statistical significance is achieved in repeat experiments.  

Interpretation 

In summary, we have identified two compounds that appear to alter downstream 

IL-2 response in terms of proliferation, cell survival, proximal signaling, or Treg 

phenotype or behavior. These compounds have similar effects on healthy control 

subjects and those with T1D. Cells treated with A3 failed to proliferate, exhibited 

increased levels of active Caspase 3, and had reduced frequency – but not intensity – 

of CD25 expression. Incubation with A3 reduces IL-2 response at 24 hours in resting 

cells, but fails to prevent TCR-dependent CD25 upregulation in stimulated cells, 

suggesting that its effects may depend on signal strength provided. Overall, the 

reduction in IL-2 response when culturing with A3 seems to favor the survival of Tregs, 
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as surviving cells have a higher natural Treg frequency, with increased frequency of 

GITR expression as a possible mechanism for this survival. Upregulation of GITR 

following TCR activation associates with reduced sensitivity to cell death (236). 

Although ICOS has been identified as a marker of Tregs, it is also upregulated following 

activation (237).The reduced ICOS expression in cells cultured with A3 is then likely to 

be a result of the observed decrease in activation. Interestingly, ICOS expression has 

been linked to production of the inflammatory cytokines IL-17 and IFN-γ in Treg cells in 

mice (237). Thus, future experiments with A3 will analyze intracellular cytokine 

production. Furthermore, this compound will be analyzed for its effect on the 

development of diabetes in the NOD mouse. Definitive proof that the effects seen are a 

result of CD25 binding would require co-crystallization experiments. 

Cells treated with D23 proliferate more vigorously than those treated with DMSO, 

with a slight reduction in Active Caspase 3. As this compound was designed to enhance 

the interaction between CD25 and γc, these results suggest that D23 could be 

increasing stability of a signaling lattice of IL2 receptors, allowing for enhanced 

proliferation even in the anergic Treg compartment. Despite increased CD25 

expression, cells do not exhibit alterations in their early IL-2 response, perhaps because 

this signaling lattice formation is not possible in naïve cells where the overall expression 

of CD25 is at a lower level. Without any evidence of a distinct mechanism for its 

enhancement of proliferation, it is unlikely that this compound will be used to treat NOD 

mice due to fears of expansion of autoreactive cells and acceleration of pathogenesis. It 

may, however, be of use in cellular expansions ex vivo, as in Treg immunotherapy. The 

effects of D23 will be tested in Treg expansion cultures to view its effects. 
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We have proposed (in Chapter 1) that therapy directed at the IL-2 signaling 

pathway could be beneficial in controlling autoimmune responses in T1D at multiple 

levels. Regardless of genetic risk alleles present in an individual patient, careful 

targeting of CD25 could provide a selective means of ameliorating the autoimmune 

pathogenesis of T1D while avoiding the potential side effects and high cost of 

recombinant protein therapy. In sum, a rational drug design approach identified target 

compounds capable of augmenting the IL-2 signaling axis, forming a potential treatment 

for T1D either by enhancing either the in vivo suppressive capacity or ex vivo expansion 

of Tregs.
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Figure 4-1.  IL-2 receptor complex structure and binding pocket selection. 
Pockets were selected surrounding areas of interaction between CD25 
(red) and IL-2 (orange) or CD25 and γc (green) by visual analysis of 
the crystal structure in Pymol (A). Space-filling spheres depict the 
selected binding “pockets” and their experimental designations as 
labeled (B). The CD25 (red) and IL-2 (gray) interaction represented as 
surface complementarity showing the positions of pockets A (purple), 
B/H (green), and C (blue) as spheres (C). The γc (green) and CD25 
(gray) interaction as in (C), with pockets D (yellow) and E/G (magenta).  
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Figure 4-2.  Experimental Flowchart (A) and preliminary results of PBMC screening 
(B). Proliferation (orange bars) and soluble CD25 production (blue bars) 
were measured in repeat assays to establish candidates. 
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A                                              PBMC response 

B                                              CD4+ response 

Figure 4-3.  Candidate compound identification by PBMC and CD4 T cell screening. 
Proliferation (orange bars) and sCD25 production (blue bars) were 
measured in PBMC experiments (A; selected data from 4-1B). 15 
compounds exhibited repeated statistical significance from vehicle treated 
controls in CD4 T cells (B). NMP release into supernatants was measured 
to assess toxicity (green bars). (* p<0.05) 
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Figure 4-4.  Structure of selected compounds. A3 (A) and D23 (B). 
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Figure 4-5.  Functional analysis of CD4 T cells in the presence of selected 
compounds. Cellular proliferation was analyzed by CFSE dilution (A). 
Active Caspase 3 was measured in cell lysates (B). At 96 hours, cells 
treated with A3 exhibited reduced frequency of CD25+ cells (C), with 
similar expression intensity (D). Conversely, a slight increase in 
frequency was seen in D23 treated cultures (C) without a significant 
alteration of MFI (D). Similar effects were seen on control (closed 
symbols) and T1D (open symbols) subjects in these conditions.            
(* p<0.05, ** p<0.01, *** p<0.001) 
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Figure 4-6.  Early IL-2 response in the presence of selected compounds. 
Frequency of CD25+ cells (A) and expression intensity (B) were 
analyzed in the presence of 1 or 10 ng/ml IL-2 (labeled as 1 and 10 
under symbols). Frequency of cells expressing pSTAT5 (C) and their 
fluorescence intensity (D) were also determined. Cells treated with A3 
(orange circles) exhibited reduced IL-2 response as compared to vehicle 
controls (green squares), while incubation with D23 (blue triangles) did 
not have a significant effect. Similar effects were seen on control (closed 
symbols) and T1D (open symbols) subjects in these conditions.             
(** p<0.01) 
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Figure 4-7.  Treg frequency and phenotype in the presence of selected compounds. 
Cells treated with A3 (orange circles) exhibited increased Treg frequency 
(A) as compared to vehicle controls (green squares), while incubation with 
D23 (blue triangles) did not have a significant effect. (B) The presence of 
D23 slightly increased FoxP3+Helios+ Treg proliferation. A3 treatment 
prevented upregulation of ICOS (C) but enhanced GITR expression (D). 
(** p<0.01, *** p<0.001) 
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CHAPTER 5 
DISCUSSION AND CONCLUSIONS 

IL-2 is the most extensively researched among all the γc cytokines, and its 

downstream activity has been found to regulate a multitude of distinct functions in the 

immune response. In the context of T1D and other autoimmune diseases, genetic 

deficiencies that lessen IL-2 response are associated with increased risk of disease 

development. Therapeutic application of IL-2 to modify immune activity has revealed 

that more in-depth knowledge of functional consequences of its usage is required to 

achieve desired outcomes. Additionally, alternative therapy targeting different aspects of 

the IL-2 pathway could be employed to lessen the off-target effects and toxicity of global 

IL-2 administration. 

Clearly, an improved mechanistic understanding of the relationship between 

surface IL-2 receptor expression and signaling response in multiple cell types would aid 

development of therapy targeting this facet of the IL-2 pathway. The importance of 

surface receptor expression in fine-tuning the IL-2 response is well-characterized, with 

the understanding that the ratio of the high affinity receptor component CD25 to the 

signaling components CD122/IL2R-β and CD132/γc is of particular importance to 

downstream response. Loss of CD25 on the cell surface can be attributed to reduced 

protein expression or to proteolytic cleavage of existing surface protein, resulting in 

reduced IL-2 responsiveness. Additionally, the expression and maintenance of CD25 is 

differentially regulated on cell subsets. Suppression by Treg is mediated in part by their 

preferential consumption of IL-2 due to their high constitutive CD25 expression (93). 

Indeed, the loss of CD25 expression results in reduced survival and function of Tregs in 

NOD islets at onset. This work shows that Treg express stable surface CD25 in 
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comparison to activated T cells, which shed surface protein at extremely high levels in 

vitro. This likely represents a last-minute attempt of proliferating cells to lessen 

sensitization to AICD, as production of sCD25 correlates with measures of cell death in 

vitro as defined in this work. Cleavage of CD25 may even result from exposure of the 

protease cleavage site upon binding other receptor components, as Treg express far 

more units of CD25 on their surface than either the IL2-Rβ or γ chains yet produce little 

to no sCD25 unless stimulated in the presence of IL-2. Another possible explanation is 

that Treg do not produce the protease necessary without such stimulation. 

These studies comprise an “outside-in” approach to understanding the IL-2 

response, wherein we first examined the extracellular regulation of CD25 expression 

and the functional consequences of its release, then attempted to modify those 

processes to understand their downstream effects. In this manner, we have confirmed 

existing data suggesting proteolytic release rather than splice variants as the 

mechanism of production of the soluble receptor. We were unable to identify a protease 

that cleaves CD25, and additionally showed that MMP-9 is not alone responsible, as its 

absence does not abolish sCD25 production. The identification of a linkage between 

production of sCD25 and AICD ultimately suggests that the event of CD25 cleavage 

likely represents an additional level of IL-2 response regulation. We have also 

highlighted the difficulties in analysis of this response particularly at later time points, as 

the cellular processes and machinery involved in proliferation and death are 

overlapping. 

The identification of a functional role for sCD25 itself is not necessarily novel, but 

our experiments determined this role with a protein expressed in primary human cells.  
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Studies performed in the past utilized recombinant, bacteria-expressed proteins or 

fusion proteins, which could alter IL-2 binding or protein half-life and thus might not 

represent a physiological response. Furthermore, we have verified these protein 

expression constructs for usage in future experiments. Besides the functional data 

produced, further work identifying a cleavage site within CD25 could allow production of 

a lentiviral vector for expression of a membrane-stable CD25. This construct would be 

useful in engineered Treg therapy, as well as in thorough examination of the function of 

soluble CD25 and membrane CD25 in isolation as well as in combination. 

Another step in examining CD25 function at the level of the surface receptor was 

our attempt at modification of receptor component interactions by selected compounds 

from a small molecule library. Screening experiments for functional effects of these 

small molecules resulted in identification of two candidate compounds with contrasting 

effects in vitro – namely, either enhancement or inhibition of cellular proliferation. The 

more promising of these two compounds, A3, was designed to enhance the binding 

between CD25 and IL-2. Its inhibition of proliferation appeared to be through a 

mechanism of active cell death, evidenced by upregulation of Active Caspase 3 in 

presence of A3. The observation of increased Treg frequency in culture was 

encouraging, as it would suggest that Treg are less sensitive to the observed inhibition 

of IL-2 signaling with this compound. Unfortunately, this compound is not commercially 

available. More extensive analysis of its efficacy in control and diabetic subjects, as well 

as evaluation of treatment efficacy in NOD mice will determine if this compound 

represents a viable therapeutic option and would therefore be worthwhile to synthesize 

and/or test analogous compounds.  



 

102 

In sum, these results highlight the complex regulation of IL-2 signaling, as 

modifications at the receptor level represent only one aspect of pathway control. Future 

directions with these studies are ultimately be driven by the necessity to isolate the 

functional analysis of both soluble and membrane CD25 without the confounding factors 

of endogenous CD25 expression or altered cell signaling phenotypes. These 

experiments will need to be performed either in CD25 knockout mice “rescued” with the 

various constructs or in cell lines not expressing CD25. As far as small molecule drug 

development is concerned, while we have some leads additional synthesis work will be 

required to increase specificity or reduce off target effects. This is an area which will 

benefit greatly in future iterations by rational drug design approaches.
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