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ABSTRACT 

 
Beta cell replacement, through pancreas or islet transplantation, represents a 

therapeutic option for patients with severe T1D. However, its success is limited by the 

host immune response. Introducing beta cell replacement therapy into an individual with 

pre-existing autoimmunity presents an immunological challenge. This scenario involves 

the simultaneous coexistence of immune responses—transplant rejection and tissue-

specific autoimmunity— with the potential for reactivation of autoreactive memory T 

cells, which poses an additional set of therapeutic challenges.  

 

T cell activation relies on a metabolic switch from oxidative phosphorylation to 

glycolysis. Upregulation of GLUT1 and therefore increased cellular glucose uptake is 

considered key for this metabolic switch. My thesis work aims to test pharmacological 

GLUT1 blockade as a potential strategy to control T cell activation.  

 

Using a collection of pancreas transplanted patients I characterized T cell subsets that are 

involved in autoimmunity recurrence and whether the expression of GLUT1 is associated 

with autoimmune reactivation. Moreover, using the small molecule GLUT1 inhibitor 

WZB117 I studied phenotypic, differentiation, and metabolic changes of T cells activated 

under GLUT1 blockade in vitro. As GLUT1 is broadly expressed in several tissues I 

started investigating the potential off-target effects that may limit GLUT1 blockade as an 

immune-modulatory strategy.  

 

Collectively the data of my thesis support the hypothesis that GLUT1 blockade can 

control T cell activation and that GLUT1 is highly expressed in autoreactive T cells from 

patients experiencing autoimmunity recurrence post-transplant. Moreover, no significant 

adverse effects have been identified, prompting us to test this novel strategy in pre-clinical 

models to determine its effectiveness. 
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1.1 Type 1 Diabetes (T1D) 

1.1.1  T1D is a chronic autoimmune disease 

Type 1 diabetes (T1D) is a chronic autoimmune disorder caused by the destruction of 

insulin-producing beta cells by autoreactive T cells. This process results in severely 

impaired insulin secretion and lifelong dependence on exogenous insulin administration 

[1]. Both CD4+ and CD8+ T cells are involved in the beta cells destruction. The presence 

of CD4+ and CD8+ T reactive to multiple beta cell antigens was noted in islets obtained 

from T1D patients [2, 3].  

T1D represents 5-10% of the global diabetes cases and its incidence is increasing at a rate 

of 2 to 4% per year [4]. More recently, growing evidence suggested that a notable increase 

in T1D incidence was associated with the COVID-19 pandemic [5-7]. 

 

While T1D can manifest at any age, it usually occurs during childhood or early adulthood. 

Unfortunately, there is no cure for T1D, and daily insulin administration is required to 

control glucose metabolism. Adopting a healthy lifestyle and adhering to the treatment 

regimen can help in maintaining normal blood glucose levels, but patients with T1D can 

still experience episodes of hyperglycemia as well as hypoglycemia. 

The exact causes of T1D are not fully understood, but both genetic susceptibility and 

environmental factors may contribute to its development. Certain histocompatibility 

antigens in the human leukocyte antigen (HLA) region, or the major histocompatibility 

complex (MHC), have been associated with an increased risk of developing diabetes, 

indicating a genetic link.  

 

Although T1D is primarily considered a disease mediated by T cells, other immune cell 

types, including macrophages, dendritic cells, natural killer (NK) cells, and B 

lymphocytes, play integral roles in the development of the disease, especially during the 

early disease stages (Fig. 1). Macrophages function as antigen-presenting cells, 

facilitating the priming of naïve T cells in the draining lymph nodes (LN), and as effector 

cells, producing tumor necrosis factors (TNFs), when islet inflammation is established 

[8]. NK cells infiltrate beta cell islets and extravasate into the pancreas, having the 

capacity for beta cell cytolysis [9]. Dendritic cells participate in T1D development by 

migrating from pancreatic islet to pancreatic draining LN after antigen uptake, and 
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physically activating T cells. B lymphocytes are also associated with the initiation and 

progress of the disease [10, 11].  

 

  
 

Figure 1. Immune mechanisms involved in the immunopathogenesis of T1D. Figure modified 
from Ilonen, Jorma et al. “The heterogeneous pathogenesis of type 1 diabetes mellitus. ”Nature 
Reviews Endocrinology 15 (2019): 635 - 650. [12] 
 
The presence of circulating autoantibodies (AABs) targeting islet cells in patients with 

T1D, then termed Islet Cell Antibodies (ICA), was first discovered in 1974 using indirect 

immunofluorescence on frozen human pancreas sections [13]. Later studies identified 

several antigenic targets of these ICA, which include (pro)-insulin, GAD65, islet tyrosine 

phosphatase 2 (IA-2) [14], Zinc transporter 8 (ZnT8) [15] and others [16]. The presence 

T cell
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of these AABs has been documented in both sporadic and familial cases of diabetes, 

independently from the age of onset. ICA can be detected months to years before clinical 

diagnosis and can be used for predicting the development of T1D.  

 

Recently, it has been discovered that a variety of mechanisms lead to the formation of 

neoantigens that represent variants of native proteins [17] [18]. For example, post-

transcriptional and post-translational modifications have been described for several islet 

autoantigens, such as citrullination, deamidation and oxidation; these are often triggered 

by cellular stress and inflammation. These are examples of modifications which can alter 

the protein structure generating neoepitopes, which are targeted by T cells in patients with 

T1D [19]. Another mechanism involves the covalent linkage between an insulin fragment 

with other secretory granule peptides originating hybrid insulin peptides (HIPs). The 

presence of autoreactive responses to HIPs has been documented in both non-obese 

diabetic (NOD) mice and T1D patients, emerging as potent ligands for T cells isolated 

from islet infiltrates [20, 21]. Because of a genetic susceptibility (mutation in the CTLA-

4 gene) NOD mice spontaneously develop autoimmune diabetes that have important 

similarities to human T1D. Interestingly, HIPs have been detected in subjects at risk of 

developing T1D, showing predominantly a pro-inflammatory profile in those who 

eventually developed the disease [22]. Also, a defective ribosomal product of the 

proinsulin gene (INS-DRiP) has been identified as a neoepitope [23]. DRiP originates 

from the translation of an alternative open reading frame of the insulin mRNA under 

conditions of cellular stress and it has been identified in patients with T1D as a target of 

cytolytic CD8+ T cells [23]. 
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1.1.2  Stages in the natural history of T1D 

The natural history of T1D is a continuum progression through distinct preclinical 

stages which culminate in the clinical onset of the disease [24]. The stages have been 

standardized on the basis on genetic risk, immunological markers, and metabolic changes 

[25] and are summarized in Table 1.  

There are four identified stages in this progression: 

- Pre-stage 1 refers to the genetic and environmental factors that increase the risk of 

developing T1D, without any detectable signs of autoimmunity or dysglycemia [26, 27]. 

However, a recent study revealed that in children with high genetic risk of T1D the 

postprandial blood glucose levels were significantly increased already 2 months before 

seroconversion [28]. 

- Stage 1 T1D is characterized by the presence of two or more AABs in the blood, known 

as seroconversion, but without any abnormalities of glucose metabolism and diabetes 

symptoms [29]. 

Subjects with two or more islet AABs face a 70% risk over a 10-year period and an 84% 

risk over a 15-year period of developing clinical T1D from the time of seroconversion 

[30]. 

- Stage 2 T1D is characterized by the presence of multiple AABs and dysglycemia, which 

suggests some functional impairment of beta cell function, again in the absence of 

clinical symptoms. 

- Stage 3 is reached when hyperglycemia is detected and it leads to the appearance of the 

clinical symptoms, such as weight loss, thirst, excessive urination and diabetic 

ketoacidosis (DKA). It is estimated that, by the time of diagnosis, a significant loss of 

cells has occurred, but this varies among patients based on age and other factors 

(estimated range 60-90%) [25]. Beta cell dysfunction is considered to play a role in the 

severe impairment of insulin secretion observed at diagnosis, especially when beta cell 

loss is not complete; however, physical beta cell mass cannot be measured at present. 
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Table 1. Stages in the natural history of T1D. Main Features of T1D stages: immune and 
metabolic markers distinguish pre-stage 1, stage 1, stage 2 and stage 3.  

In November 2022, teplizumab (a non-Fc receptor-binding humanized anti-CD3 mAb) 

was approved by the Food and Drug Administration as the first disease-modifying 

therapy in the United States for individuals at high risk of T1D [31]. Treatment with 

teplizumab delayed progression from stage 2 to stage 3 T1D by an average of 2 years in 

adults and pediatric subjects. The clinical trial leading to approval was relatively small, 

enrolling 76 individuals older than 8 years, who were relatives of patients with T1D. The 

subjects received either teplizumab or placebo for a single course of 14 days and were 

followed up every 6 months for clinical T1D through an oral glucose tolerance test [32]. 

Among the placebo group, 23 out of 32 subjects developed clinical T1D after 24 months 

(22% remained disease-free), while 19 out of 44 subjects treated with teplizumab 

developed clinical T1D after 48 months (50% remained disease-free). The mechanism of 

action of teplizumab is only partially understood; it appears to enhance regulatory T cell 

activity and promote immune tolerance by increasing the frequency of CD4+ FoxP3+ T 

cells and CD8+ KLRG1+TIGIT+ T cells. 

DYSGLYCEMIA 
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For years, the scientific community has focused on translating anti-CD3 monoclonal 

antibodies into clinical settings. Muromonab (OKT3, a murine anti-CD3 mAb) was the 

first approved for human use to prevent graft rejection, but it was withdrawn due to side 

effects caused by the release of inflammatory cytokines by T cells triggered by 

crosslinking of TCR and CD3 [33]. Consequently, non-Fc receptor-binding antibodies, 

which are better tolerated, have been developed. Among these, otelixizumab has 

demonstrated to preserve beta cell function in a clinical trial for T1D, though its use led 

to transient Epstein Barr Virus (EBV) reactivation [34]. Also teplizumab showed to have 

similar side effects. 

In the study conducted by Herold [32], 75% of the group treated with teplizumab 

experienced temporary lymphopenia (6-8 weeks) and hypersensitivity reactions that 

spontaneously resolved, while the infection rate was similar to the placebo group. The 

appearance of antibodies directed against teplizumab has not been investigated in this 

study, however, in previous trials, antidrug antibodies were detected in approximately 

20% to 55% of teplizumab-treated participants following the first course [35, 36]. 

Overall, a course of teplizumab has been shown to delay progression from stage 2 to stage 

3 T1D. Results from clinical trials with teplizumab in patients with recent onset stage 3 

T1D showed a positive impact on preservation of residual insulin secretion. While these 

effects are considered beneficial, it is important to recognize that teplizumab impacts but 

does not halt completely the disease process. Moreover, additional agents (i.e. low dose 

ATG) may afford comparable benefits to teplizumab. Further research is needed to 

identify additional treatments that can be synergistic and provide longer term therapeutic 

benefits, with minimal side effects, especially if chronic administration is required. 
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1.1.3  Genetic susceptibility  

Extensive research has been conducted on the genetic predisposition to T1D, 

particularly focusing on genes related to T cell function. The most significant genetic 

association is found within the HLA complex, located on chromosome 6. These genes 

play a crucial role in immune recognition by T cells and antigen presentation. 

 

The HLA region is organized into class I, class II, and class III, with the HLA class II 

genes DRB1, DQA1, DQB1, DPA1 and DPB1, being the most associated with T1D 

susceptibility. Variants and combinations of alleles at these loci account for 40 to 50% of 

T1D familial clustering [37], particularly in the Caucasian population [38]. HLA class I 

antigens present antigenic peptides to CD8+ T cells and are expressed on all nucleated 

cells, while HLA class II antigens present peptides derived from extracellular antigens to 

CD4+ T cells and are expressed by antigen-presenting cells.  

 

Three distinct groups of different HLA combinations genes allow for the discrimination 

of individuals into high-risk, moderate-risk, or low-risk groups for T1D susceptibility, 

and are summarized in Table 2. 

 

RISK Phenotype  

High (x20) 
 

DRB1*03, 04; DQB1*0201, 0302 (Haplotype HLA-DR3,4-HLA-
DQ2,8) 

Moderate (x7) 
 

DRB1*04,04; DQB1*0302, 0302 (Haplotype HLA-DR4,4 HLA-
DQ8,8) 

Moderate (x4) DRB1*03, 03; DQB1*0302,Y (haplotype HLA-DR3,3 HLA-DQ8,Y) 
 DRB1*04, X; DQB1*0302,Y (haplotype HLA-DR4,X HLA-DQ8,Y) 
 
 
Average (x1) 

(Where X is neither DRB1*2,3 nor 4 and Y is not DQB1*0302) 
 
HLA-DRB1*03,X 

 
Table 2. Genotypic combinations of DRB1-DQB1 haplotypes associated with T1D susceptibility 

 

Conversely, some HLA alleles, such as DRB1*1501, DQA1*0102, and DQB1*0602 

protect against diabetes [39]. Over the past decades, natural history studies enrolling 

newborns and young children, such as DAISY, TEDDY, DIPP and BABYDIAB have 
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played a pivotal role in understanding genetic, environmental and other factors that are 

predictive or otherwise associated with the onset of T1D in newborns. Even though HLA-

DR*03, 04 were known as genotypes with the highest risk for T1D development, using 

HLA alone for T1D prediction is not sufficient. In fact, approximately 50% of people in 

the United States have HLA-DR3 or HLA-DR4, but less than 1% of these people develop 

T1D [40]. Birth cohort studies suggested that in addition to HLA genotypes, the timing 

of islet AABs seroconversion could be informative about the progress of the disease. 

However, the detailed knowledge of autoantigenic T cell epitopes and their HLA 

restriction elements has empowered the development of assays to detect and characterize 

autoantigen specific T cell populations, which we have employed in this study.  

 

Genome-wide association studies (GWAS) have also identified over 60 non-HLA loci 

associated with T1D risk. Some of these genes include PTPN22, INS, NRP1, ERBB3, 

IL2RA, PTPN2, IFIH1, CTLA-4 and FUT2 [41-44]. These studies have contributed to 

our understanding of key pathways involved in disease development, which are impacted 

by genetic variants and other mechanisms, which include self-antigen and insulin 

expression in the thymus, regulation of T cell activation, and responses to viral exposures.  

In many cases T1D susceptibility loci overlap with immune- and autoimmune-related loci 

associated with other autoimmune diseases such as rheumatoid arthritis, systemic 

erythema lupus, ulcerative colitis, and asthma [45]. Although there are still more genetic 

loci to be discovered using larger datasets and diverse populations, the main genetic 

regions associated with T1D are now well-established and it appears that the existence of 

additional loci with major impact on risk can be excluded.  

 

A number of genetic risk scores (GRS), which incorporate information from both HLA 

haplotypes and non-HLA variants, have been developed as a tool to support screening 

efforts as well as aiding in different diagnosis across various forms of diabetes [46].  

GRS1 could distinguish T1D from T2D and, integrated with another GRS that included 

12 non-HLA loci, was employed in TEDDY study [46, 47]. The latest GRS2 combines 

the genetic complexity of the HLA region with non-HLA variants, using 67 single 

nucleotide polymorphisms (SNPs) and it has shown promise for newborn T1D-risk 

screening, with a set of 36 GRS2 [48]. This tool has recently been improved with the 
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inclusion of four additional targeted SNPs, to increase the precision and expand the use 

of T1D-GRS2 to a larger population [49]. However, the predictive accuracy of GRS 

models is impacted by the specific ethnicity from which they are derived and may exhibit 

variability when applied to individuals of diverse ancestral backgrounds. 

 

 

1.1.4  Environmental factors  

Mounting evidence suggests that environmental factors significantly contribute to the 

disease risk. These findings involve patterns of increasing incidence, since the rapid 

growth of T1D prevalence observed in recent decades cannot be solely attributed to 

genetic changes [50], but also the variations across different geographic latitudes, with 

higher rates in Nordic countries compared to other regions [51]. Moreover, changes over 

time have been noted, since countries with previously low T1D incidence and those 

experiencing rapid economic growth tend to exhibit the highest rates now [50]. Another 

key observation is that the concordance rates of T1D among monozygotic twins, who 

share identical genetic makeup, are less than 50%, suggesting that non-genetic factors 

play a significant role [52, 53]. 

 

To date, the environmental factors that have the most supporting evidence of being 

associated with T1D are enterovirus infection, rapid weight gain in early life, and altered 

gut microbiota. 

 

Enteroviruses belong to a viral family that includes various strains, such as coxsackievirus 

B, and are believed to trigger or accelerate islet autoimmunity in subjects at high risk of 

T1D. This hypothesis is supported by the presence of high titers of neutralizing antibodies 

to coxsackievirus B which cause persistent infection in human pancreatic islets [54, 55]. 

Particularly relevant in this context is the large prospective T1D study TEDDY (The 

Environmental Determinants of Diabetes in the Young), which collected data from over 

8500 newborns and followed them from the age of 3 months to 15 years. This study found 

that the presence of persistent coxsackievirus B infection, was associated with a 

significantly high risk of islet autoimmunity. Conversely, multiple independent short-

term enterovirus infections were not correlated with either autoimmunity or the 
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progression of T1D [56]. Animal studies have also demonstrated that infection with 

specific enterovirus strains, which cause a prolonged presence of viral RNA in the mice 

pancreas, can initiate an autoimmune response against pancreatic beta cells, resulting in 

T1D-like symptoms, such as chronic inflammation and an increase in islet AABs. In light 

of this evidence, antiviral strategies aimed at preventing or delaying destruction of beta 

cells are currently under investigation. There are no approved antiviral drugs currently 

available for enteroviruses, making the study of repurposed drugs an effective strategy 

for accelerating their entry into clinical trials [57]. Two such drugs, pleconaril and 

ribavirin, originally developed for the common cold and hepatitis C virus, have 

demonstrated antiviral efficacy against enteroviruses in vitro and in vivo. A recent clinical 

trial involving 96 children aged 6 to 15 years, who had been recently diagnosed with T1D, 

revealed that a 6-month treatment with pleconaril and ribavirin had the ability to preserve 

residual insulin production in these patients [58].  

 

Obesity-induced insulin resistance has been shown to contribute to the progression of 

T1D. In individuals with a genetic predisposition to T1D, obesity imposes an increased 

burden on the pancreatic islet cells, due to an increased demand for insulin production, 

which can potentially initiate and accelerate autoimmune processes [59]. Also elevated 

birth weight and infant growth rate have emerged as potential contributors to T1D 

pathogenesis. Studies have shown that children born with a birth weight over 4kg have 

an increased risk of T1D by 17% [60]. 

 

The gut microbiome has been an area of active interest as well. Studies have revealed 

distinctive patterns in the gut microbiota of individuals who are genetically predisposed 

to T1D, as well as in those who have newly developed the disease. These patterns include 

a decrease in bacterial diversity, indicating a less varied microbial composition, and 

reduced stability, suggesting a less balanced and resilient ecosystem [61, 62]. Alterations 

in the gut microbiota may lead to enhanced intestinal inflammation, associated with 

intestinal permeability and a loss of barrier function. Recent findings have shown that the 

breakage of gut barrier integrity leads to the activation of islet-reactive T cells and triggers 

T1D. However, promising results in preclinical models demonstrated that restoring gut 
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barrier integrity, through administration of tolerogenic autoimmune drugs (AID), has 

been found to prevent T1D [63].  

 

The sequencing of microbial proteins has led to discovery that a common gut bacterium, 

Parabacteroides distasonis, exhibits a sequence that mimic the B:9-23 peptide 

(SHLVEALYLVCGERG). InsB:9-23 is an epitope located in the B-chain of insulin 

which is recognized by autoantibodies and autoreactive T cells in patients with T1D.  

Parabacteroides distasonis was found to activate both human T cell clones isolated from 

T1D patients and T cell hybridomas derived from NOD mice [64]. Thus, gut microbiome 

may trigger the development of T1D through molecular mimicry. These findings may 

have implications for the development of new treatments for T1D, such as the use of 

probiotics or other interventions to modulate the gut microbiome and prevent the 

development of T1D in at-risk individuals. 

 

Recently, associations between COVID-19 and T1D have been reported, including 

reports of increased incidence of autoimmune disease during the pandemic and a higher 

susceptibility of individuals with T1D to severe COVID-19 infection. The underlying 

mechanisms behind these associations are not fully understood and require further 

investigation [65-67]. 

 

1.1.5  Complications of T1D 

Despite the significant advancements in diabetes management through the introduction 

of exogenous insulin, achieving complete normalization of metabolic control remains 

elusive. Many patients still face acute complications like ketoacidosis and long-term 

complications including neuropathy, retinopathy, nephropathy, atherosclerosis, and lipid 

disorders. 

Diabetic retinopathy (DR) specifically exemplifies the impact of both hyperglycemia and 

high blood pressure on the microvasculature supplying oxygen and nutrients to the retina. 

Multiple mechanisms and pathways, such as oxidative stress, advanced glycation end-

products (AGEs), and inflammation, contribute to the damage. This damage manifests as 

the formation of micro-aneurysms, abnormal microvascularization, and microbleeds 
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within the retina. Although laser treatment can mitigate the progression of DR, it does not 

provide a definitive cure [68]. 

 

Despite regular monitoring of kidney health, a significant proportion of patients with T1D 

- up to one-third - develop diabetic nephropathy (DN) [69, 70]. In some cases, DN 

progresses to kidney failure, also known as end-stage renal disease (ESRD), characterized 

by a severe decline in kidney function and impaired blood filtration. At this stage, patients 

require dialysis treatment or kidney transplantation. ESRD is associated with a 

significantly higher risk of premature mortality, up to 18 times higher compared to 

individuals without diabetes of the same age and sex [71]. Genetic factors also play a 

significant role in the development of diabetic kidney disease, with estimates suggesting 

a heritability rate ranging from 35% to 59% [72]. 

 

Atherosclerosis, characterized by the gradual build-up of lipid-containing plaques inside 

the arteries, is one of the most common complications of T1D. This inflammatory 

disorder leads to the narrowing and hardening of the arteries, ultimately obstructing 

normal blood flow. Atherosclerosis is a major cause of premature mortality in patients 

with diabetes, particularly those with DN [73, 74]. 

 

Neuropathy is another significant long-term complication of diabetes. Sustained exposure 

to high blood glucose levels can damage the small blood vessels, impairing the supply of 

nutrients and oxygen to the nerves. Patients with neuropathy often experience varying 

degrees of numbness, tingling, and/or burning in the extremities [75]. Peripheral 

neuropathy often leads to infection, ulceration, and, in severe cases, amputation. While 

less than a third of patients achieve satisfactory pain control, improved glycemic control 

can result in a reduction in paresthesia and dysesthesias within a year. 

 

Diabetes ketoacidosis (DKA) is a severe and potentially life-threatening complication of 

T1D. This condition is characterized by uncontrolled hyperglycemia and the 

accumulation of high levels of ketones due to severe insulin deficiency. Major causes of 

DKA are lack of compliance with insulin treatment and infections. Early symptoms 

include excessive thirst and urination leading patients to have signs of dehydration, 
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followed by more severe symptoms such as fast and fruity-smelling breath, fatigue, 

stomach pain, nausea and vomiting. Commonly accepted criteria for DKA are blood 

glucose greater than 250 mg/dl, arterial pH less than 7.3, serum bicarbonate less than 15 

mEq/l, and the presence of ketonemia or ketonuria [76]. 

 

Hypoglycemia is a common consequence of T1D, which manifests when the blood 

glucose level drops below 70 mg/dL. Hypoglycemia in people with T1D is usually a result 

of glucose lowering therapies,	 including insulin or other insulin secretagogue 

medications, not eating enough, or engaging in excessive physical activity without 

adjusting insulin doses or carbohydrate intake. Over 50% of severe hypoglycemic 

episodes in T1D patients treated with insulin occur at night [77]. Acute episodes may 

have serious health implications, including cognitive impairment, affection of memory 

and attention, and overall cognitive functions [78]. Severe hypoglycemia can lead to coma 

and death. 
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1.2  Autoreactive T cells  

1.2.1  Origin of autoreactive T cells in patients with T1D 

During T cell development, T cell receptors (TCRs) are generated randomly and 

undergo a selection process in the thymus. This process involves positive selection, to 

ensure recognition of MHC molecules/peptide complexes, and negative selection, to 

eliminate T cells that recognize self-MHC molecules/peptide complexes with high avidity 

[79]. 

However, the selection of a T cell repertoire that is completely devoid of self-reactive T 

cells is not achieved, and the immune system has evolved various checkpoints to control 

autoreactivity. Autoreactive lymphocytes that do not strongly recognize self-antigens due 

to modest affinity of their TCRs for specific self-antigen/HLA complexes may escape 

negative selection in the thymus; however, those may be inactivated or regulated in the 

periphery. Breakdowns in these checkpoints can promote the activation of autoreactive T 

cells into circulation, which exist in all individuals [80]. Autoimmune diseases develop 

when enough safeguards are overcome, resulting in a sustained reaction to self. 

 

In the context of T1D, MHC-peptide complexes in individuals with risk genotypes are 

inefficient at deleting autoreactive T cells in the thymus or effective in activating and 

expanding autoreactive T cells in the periphery. For example, CD4+ T cells specific for 

proinsulin and GAD65 beta cell antigens have been detected in cord blood samples from 

healthy newborns, suggesting the presence of an autoreactive T cell pool at birth. These 

autoreactive T cells in cord blood display a naïve phenotype and exhibit a proliferative 

response to beta cell antigens [81]. 

 

The diversity of TCRs plays a significant role in the origin of autoreactive T cells in 

patients with T1D. TCR contains a constant region (C region) and a variable region (V 

region), whose structure may acquire significant diversity. With the advent of next-

generation sequencing (NGS) technology, it has become feasible to identify the gene 

sequences of TCRs expressed within a specific cell population at the level of individual 

clone. For example, over 1000 different TCRs have been classified within the pool of 

GAD65-reactive T cells from a cohort of 6 patients with T1D and 10 AABs positive 

before the disease onset. Interestingly, only a few TCR sequences were observed in the 
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same individual at different time points, and no shared TCRs were found among different 

subjects [82]. More recently, a study involving healthy, new-onset T1D and established 

T1D donors, a prominent population of autoreactive CD4+ T cells was identified. These 

cells had different specificities characterized by TCRs with restricted TCRα junctions and 

germline-constrained antigen recognition properties [83].  

 

In addition to the peripheral blood samples, which have been traditionally the main source 

of study samples, the Network for Pancreatic Organ Donors with Diabetes (nPOD) has 

provided pancreas and other tissue samples across a wide range of donors, allowing 

studies of the autoreactive T cell repertoire from insulitic lesions [84, 85]. An extensive 

analysis of the T cell repertoire from pancreatic LNs, spleen, peripheral blood and 

inguinal or mesenteric LNs from 18 patients with T1D and 9 control organ donors have 

reported a limited clonal overlap between islets and other samples, suggesting that studies 

restricted to circulating T cells were inadequate to deeply characterize the autoreactive T 

cells in patients with T1D [86].  

 

Collectively, these findings indicated that the autoimmune T cell repertoire exhibited high 

interindividual variability and a wide range of TCR diversity and affinity towards beta 

cell antigens. This has significant implications for antigen-specific immune therapies, as 

they should be tailored to the individual characteristics of the autoreactive T cell pool. 

 

 

1.2.2  Development of memory autoreactive T cells in T1D  

The presence of autoreactive T cells in healthy subjects has prompted the scientific 

community to investigate whether and how these cells differ between healthy individuals 

and patients with T1D. Substantial efforts have been made to analyze differences in TCR 

repertoire, activation status, functional properties, cytokine production profiles and the 

interplay between autoreactive T cells and other components of the immune system. 

We demonstrated that autoreactive T cells develop a memory phenotype only in T1D 

patients, by measuring proliferative T cell responses in naïve (CD45RO-) and memory 

(CD45RO+) CD4+ T cells, following in vivo priming [87, 88]. However, other studies 

have demonstrated that autoreactive T cells with a memory phenotype are also present in 
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healthy subjects [82]. While autoimmune T cells are typically associated with the disease, 

a state of "benign" autoimmunity exists in healthy individuals. These findings highlight 

the complexity of autoimmune responses because neither the blood frequency nor the 

phenotype of autoreactive T cells differentiate between benign and pathogenic cells. 

However, authors found that, in contrast to their frequencies in the blood, the frequencies 

of ZnT8-reactive CD8+ T cells were significantly higher in the pancreas of T1D patients 

compared to healthy donors and this can serve to distinguish T1D patients from healthy 

donors. 

 

Several studies also focused on the differences in frequencies of autoreactive T cells 

between healthy individuals and patients with T1D. Some of them revealed higher 

frequencies of beta cell-specific CD8+ T cells in T1D patients compared to healthy 

subjects, particularly in those with HLA-A*0201 or HLA-A*2402 alleles; this is in part 

due to the availability of tetramer reagents to interrogate T cells restricted to those HLA 

types. For example, CD8+ T cells reactive to pre-proinsulin (PPI) have been more 

frequently detected in T1D patients than in healthy individuals [82, 89, 90]. However, 

other studies have reported no significant differences in the frequencies of circulating 

autoreactive CD8+ T cells.  

 

It has also been observed that islet-specific CD8+ T cells in patients with newly diagnosed 

T1D exhibited a higher degree of differentiation compared to those found in healthy 

controls. Within the PPI5-12-specific CD8+ T cell populations, children with HLA-B*3906 

newly diagnosed T1D, had an enrichment of memory T cell subsets, that was not observed 

in healthy controls [91, 92]. The analysis of telomere length to determine the history of T 

cell divisions has shown that the autoreactive memory T cells in T1D patients had 

undergone extensive proliferation in vivo [87]. Therefore, the characterization of memory 

subsets has sparked an increasing interest in immunologists to find the hallmarks of 

autoreactive T cells in T1D patients. 

 

In addition to the well-established T cell memory subsets, namely T central memory 

(Tcm) and T effector memory (Tem) cells, a more recent discovery has identified an 

additional subset known as T stem cell memory (Tscm) [93]. Tscm have emerged as a 
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distinct population characterized by their stem cell-like properties, such as long-lived 

potential, self-renewal ability, multipotency, and robust proliferative capacity upon re-

exposure to antigenic stimuli. Tscm can play a role in the initiation and progression of 

autoimmune diseases by serving as a reservoir for autoreactive effector T cells. These T 

cell reservoir can perpetuate the chronic destruction of targeted tissues [94]. 

 

Notably, an elegant study conducted by Schietinger’s group identified a stem-like 

autoimmune progenitor population in the pancreatic draining LN in NOD mice. The stem-

like autoimmune progenitors are characterized by high expression levels of T Cell Factor 

1 (TCF-1), a transcription factor critical for T cell memory, longevity and self-renewal. 

These cells have the ability to self-renew over the long term and originate the terminally 

differentiated pancreatic autoimmune mediators, which express low levels of TCF-1 and 

play a crucial role in the destruction of beta cells in T1D. The stem-like autoimmune 

progenitors are responsible for the generation and replenishment of the pool of pancreatic 

autoimmune mediators, providing an explanation for the long-live memory autoreactive 

T cells in patients with T1D [95]. 

 

 

1.2.3  Persistence of autoreactive memory T cells is associated with recurrence of 

autoimmunity after pancreas or islet transplantation 

Despite the estimated half-life of naïve CD4+ and CD8+ T cells being 4.2 and 6.5 years 

respectively, with effector memory CD4+ and CD8+ T cells lasting only a few months, 

the autoimmune memory persists for decades following the disease onset in T1D [96]. 

We previously characterized circulating autoreactive CD8+ Tscm cells specific for islet 

antigens in the peripheral blood of recent onset (<6 months; n=6) and long-standing (≈27 

years; n=8) T1D [97]. While autoreactive Tscm were already detectable in recent onset 

patients, at a frequency of 2-5%, they were significantly increased (8-15%) in long-

standing patients, suggesting a role of autoreactive Tscm in the long-term persistence of 

autoimmunity.  

 

The prolonged persistence of autoimmune memory is a challenge for patients undergoing 

islet or pancreas transplantation as beta cell replacement therapy; once activated, 
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autoreactive memory T cell responses are difficult to inhibit through standard 

immunosuppression [98, 99]. Although islet and whole-pancreas transplantation are 

currently the only clinically recognized treatments for the replacement of beta cell in 

patients with T1D, they represent an immunological challenge characterized by the 

coexistence of alloreactive T cell activation and the potential reactivation of autoreactive 

memory T cells.  

 

Allo-transplants are susceptible to both acute and chronic rejection that may lead to early 

and late loss of islet graft function. Rejection rates for pancreatic transplants typically fall 

within a range of 5% to 25%, and these rates can vary based on the specific 

immunosuppression regimen used. Acute rejection is a risk factor for the development of 

chronic rejection, with a reported occurrence of 10% for pancreas transplant alone and 

4% for simultaneous pancreas-kidney transplant (SPK) [100]. The diagnosis of pancreatic 

rejection is based on laboratory markers. An increase in serum creatinine levels can be 

indicative of a suspicion of kidney rejection, while elevated levels of serum amylase and 

lipase, or a decline in urine amylase, can serve as initial indicators of pancreas graft 

rejection. Later, the diagnostic protocol for rejection has been implemented with pancreas 

graft biopsies and the identification of islet cell AABs [101]. 

 

Among the different causes of graft loss, growing evidence suggests that persistent 

autoimmune responses can lead to the recurrence of diabetes. Sutherland et al. [102] 

described Type 1 Diabetes Recurrence (T1DR) in 1984, in recipients of segmental 

pancreas grafts from living identical twins or HLA-matched siblings; the recipients 

received no or mild immunosuppression, and in this setting, recurrence of diabetes was 

observed within a few weeks from the transplant. This observation is also critical to the 

concept that islet autoimmune responses have a critical role in the pathogenesis of T1D. 

Subsequent studies have provided further evidence that T1DR occurred in transplant 

recipients despite being HLA-mismatched and treated with standard immunosuppressive 

protocols [103-105]. 

 

Most recently, Burke et al. [106] and Vendrame et al. [107] have documented the 

occurrence of T1DR in 7–8% of patients undergoing SPK transplantation, despite 
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immunosuppression and in the absence of clear signs of rejection. This was observed in 

a large cohort from University of Miami (n=223), for which there was an extensive 

follow-up time (6.2 years on average), as T1DR typically takes years to manifest 

following transplantation. Features of T1DR include hyperglycemia and diabetes 

symptoms requiring exogenous insulin therapy, without evidence of exocrine pancreas or 

kidney rejection (unchanged serum amylase, lipase, urine amylase and serum creatinine 

levels) and biopsies demonstrating insulitis and/or beta cell loss [108]. Moreover, T1DR 

is preceded by the reappearance of AABs to pancreatic beta cell autoantigens and the 

presence of circulating autoreactive T cells, including memory T cells [99], near the time 

of diagnosis. 

 

A potential explanation for the above is that the chronic immunosuppression regimen, 

necessary for preventing graft rejection, may over time promote the emergence of 

autoreactive T cells through homeostatic proliferation. Homeostatic proliferation of T 

cells following transplantation is primarily driven by the IL-7/IL-7R axis, which remains 

unaffected by standard immunosuppressive therapies. Autoreactive CD4+ and CD8+ T 

cells that undergo homeostatic expansion after transplantation exhibit a memory 

phenotype [109]. CD4+ T cells expressing the chemokine receptor CXCR3 have been 

detected in circulation in pancreas recipients with T1DR [110]. Since CXCR3 is 

considered a marker of Tscm [111], the characterization of CXCR3 memory T cells 

infiltrating islets [112] can support the hypothesis that homeostatic cytokines can 

contribute to the expansion and reactivation of autoreactive Tscm. 
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1.3  Beta cell replacement in T1D 

1.3.1  Pancreas and islet transplantation 

Beta cell replacement is presently achievable through pancreas or islets 

transplantation, and it is a viable option especially for patients who experience ESRD or 

suffer from brittle diabetes, with inability to adequately control diabetes via conventional 

insulin therapy or with pumps. Limitations include the need for organ donations, invasive 

abdominal surgery (for pancreas transplantation), and the requirement for chronic 

immunosuppression. Recent progress with stem cell-based approaches to obtain 

transplantable beta cells are now being tested in clinical trials [113] (ClinicalTrials.gov 

NCT02239354; NCT03163511) and should address the concern about beta cells supply, 

however, the need for immunosuppression remains. Some efforts are advancing that focus 

on generating transplantable islets that are hypoimmune and cannot be detected by the 

immune system [114]. At present, however, beta cell replacement therapies need to rely 

on immunosuppression to prevent rejection, and yet antigenic re-exposure post-transplant 

can reactivate over time autoreactive memory clones that are less susceptible to standard 

immunosuppressive regimens [98]. Thus, controlling the autoreactive memory T cell 

response remains a therapeutic challenge.  

 

 

1.3.2  Pancreas transplantation 

Pancreas transplantation procedures have been performed since the 1960s. Over the 

past six decades, advancements in surgical techniques and the development of more 

effective immunosuppressive agents, in combination with careful patient selection, have 

yielded significant improvements in the outcomes of pancreas transplantation. The 5-year 

survival for patients is now 88%, and graft survival has reached 71%. Moreover, reports 

indicate that actual insulin independence rates at 10-year exceed 80% in SPK 

transplantation [115, 116]. Pancreas transplantation provides extended and stable control 

of blood glucose levels over long term, limiting wide glycemia fluctuations and offering 

the ability to halt or even reverse secondary microvascular complications associated with 

diabetes, such as retinopathy, nephropathy, and neuropathy [117]. 
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There are three types of whole-pancreas transplantation: (1) Simultaneous pancreas-

kidney transplant (SPK), (2) Pancreas after kidney transplant (PAK), (3) Pancreas 

transplant alone (PTA), and are summarized in Figure 2. Among these, SPK accounts for 

the majority of pancreas transplants (nearly 70% of cases) and is usually performed in 

patients with ESRD, as a consequence of pancreatic nephropathy [118].  

The PTA is typically proposed to patients without significant renal disease but with life-

threatening complications of diabetes, such as hypoglycemic unawareness or 

uncontrolled body mass index, whilst PAK transplantation is performed following a 

living donor kidney transplantation. The latter two types of transplants account for only 

10% and 20%, respectively, of the total pancreas transplantations [118]. 

 

 
 

Figure 2. Overview of therapeutic options for T1D patients receiving intensive insulin therapy. 
Modified by L Nagendra, CJ Fernandez and JM Pappachan [119] 
 

The ideal candidate for pancreas transplantation is a patient with T1D with no detectable 

C-peptide, poor metabolic control, and/or progressive secondary complications of 

diabetes. Another requirement is the failure of conventional therapy, the exogenous 

insulin administration, so usually most recipients have a 20- to 25-year history of diabetes 

[120]. The pancreas is recovered from a brain-dead donor, whose heart is beating, or from 

a controlled cardiac death deceased donor. In this category of donors, the process involves 

the waiting for cardiac arrest to occur following the withdrawal of ventilatory support in 

patients with fatal brain injuries who are not expected to progress to brain death [121].  



 31 

 

In the surgical procedure, the donor pancreas with a small segment of the donor's small 

intestine is connected to a segment of the recipient's small intestine or the bladder. When 

a SPK transplant is performed, the kidney graft is implanted in the recipient’s left iliac 

vessels and is extraperitoneal, to facilitate biopsy. The primary differences in pancreas 

transplantation techniques regard two key aspects: the site for venous drainage, which can 

be either systemic or portal, and the site for exocrine drainage, which can be either urinary 

or enteric. In cases of enterically drained grafts, additional significant variations include 

the choice between a Roux-en-Y isolated loop or establishing a direct anastomosis 

between the donor duodenum and the recipient small bowel [122], duodenum [123] or 

stomach [124]. In all modifications, the recipient’s native pancreas is left untouched 

unless it is causing complications.  

 

Several studies comparing enteric and bladder drainage methods have shown that, in 

contrast to enteric drainage, bladder drainage does not lead to an increase in early surgical 

complications. However, it carried higher rates of late reintervention, mostly for cases 

necessitating a conversion to an enteric drainage method [125, 126]. 

 
 
 

Figure 3. Graphical representation of pancreas and kidney transplant procedure.  
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1.3.3  Islet transplantation  

Compared to whole-organ transplantation, islet transplantation is associated with 

lower surgical risks and is highly effective at eliminating severe hypoglycemia and 

glucose lability. However, the insulin independence rate at 10-year is only 28% [127]. 

The selection of the optimal therapeutic option between whole-pancreas or islet transplant 

is influenced by patient characteristics, clinical accessibility and the goals of 

transplantation.  

The criteria for considering islet transplantation instead of whole-pancreas transplantation 

in patients requiring kidney replacement are well-established and include the following 

scenarios: (i) the recipient is dealing with significant cardiovascular disease; (ii) SPK 

transplantation is considered too risky; (iii) there is a risk of re-transplantation in the event 

of pancreas loss following an SPK; (iv) the surgical incompatibility of a pancreas from a 

kidney donor [128]. The main criterion of patients’ eligibility for islet transplantation is 

severe hypoglycemia, patients with this condition have a 3.4-fold increased risk of death 

at five years [129].  

 

The surgical procedure for islet transplantation is an intraportal infusion that can be 

performed either through surgical catheterization of a small mesenteric vein via mini-

laparotomy or percutaneous catheterization of a peripheral portal branch under 

radiological guidance. The latter is considered the safest procedural method, with a low 

complication rate [130]. 

Advances in the techniques over the years, with the development of the “Edmonton 

Protocol” for islet preparation and post-transplant treatment, have allowed to achieve 

insulin independence rates up to 60–90% [130, 131]. In 2000, Shapiro et al. [132] from 

the University of Alberta, Edmonton, published the result of 7 consecutive subjects 

treated with glucocorticoid-free immunosuppressive therapy (rapamycin, low-dose 

FK506 and anti-IL-2R antibody, as induction therapy) combined with multiple islets 

infusions from two or more pancreases from deceased donors. All these patients achieved 

insulin independence with excellent metabolic control.  

 

Although the Edmonton Protocol showed less nephrotoxic effect than standard 

cyclosporine and higher-dose FK506-based regimens, even low-dose FK506 should be 
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used with caution in the face of significant impairment in baseline renal reserve [133]. 

The life-long immunosuppression, required to prevent islet rejection, has nephrotoxic 

effects and is associated with a higher risk of opportunistic infections [134]. 

Many efforts have been made to induce islet transplantation tolerance without the need 

for systemic immunosuppression. The establishment of mixed chimerism through bone 

marrow transplantation is widely recognized as a robust method for inducing tolerance. 

However, the clinical application of this method has been hindered due to the associated 

toxicities related to recipient preconditioning and the risk of graft-versus-host disease 

(GvHD) [135-138]. 

 

In the setting of islet transplants more than one pancreas donor is required to reach insulin 

independence and the number of cadaveric donors of pancreases or islets is not sufficient, 

thus there is the need for a renewable source of islets. Porcine islet xenotransplantation 

and stem cell- derived islet transplantation have been explored as therapeutic strategies 

to address the issue of donors shortage. Trials in non-human primate has demonstrated 

that porcine islets xenografts can lead to insulin independence and long-lasting islet graft 

function, efficiently reverting diabetes. However, xenotransplantation poses a significant 

immunological challenge due to the risk of immune response against pig-specific antigens 

expressed by islets [139].  

As for stem cell-derived islets, the company Vertex, has recently presented initial data 

from two ongoing clinical trials in humans. One trial involves the transplantation of 

embryonic stem cell (ESC)-derived islet along with functional beta cells into the portal 

circulation with immunosuppressive therapy. Results showed a reduction in glycated 

hemoglobin (HbA1c) and an increase in C-peptide, accompanied by a decrease in the 

required daily insulin dose. The other trial involves pancreatic endoderm cells (PEC) 

encapsulated into a device developed for subcutaneous placement. PEC-cells are 

programmed to mature into insulin-producing islet cells and the device is designed to 

enable the engrafted cells to be directly vascularized. Results showed effective maturation 

of PEC-cells into matured insulin-producing islet cells and increase in C-peptide levels 

during 12-24 months post-transplantation. However, in these patients insulin secretion 

levels were not therapeutic and there were no apparent clinical benefits for those who 

increased C-peptide levels [140].  
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1.4  Glucose transporter GLUT1 as a potential target 

1.4.1  Overview on T cell metabolism 

Several studies have identified memory autoreactive CD4+ and CD8+ T cells as the 

main barrier to the treatment of islet autoimmunity in T1DR after transplantation:  

• Lymphopenia associated with immunosuppression and T cell depletion may trigger 

a paradoxical expansion of lymphocyte subsets. This response is driven by the 

phenomenon of homeostatic proliferation, which aims to restore the depleted 

lymphocyte populations and maintain immune system equilibrium [109]; 

• GAD65-specific CD4+ T cells from patients with autoimmunity recurrence directly 

mediated beta cell damage in in vivo transplantation immunodeficient mouse model 

[98]; 

• GAD65-reactive CD8+ T cells were enriched up to 34-fold in T1D patients and 

expressed markers of memory cells (CD45RO) [109]; 

• The presence of autoreactive CD8+ T cells pre-transplant was associated with graft 

failure in islet transplant recipients treated with anti-thymocyte globulin (ATG), 

FK506 and mycophenolate mofetil (MMF) therapy [141]. 

 

These findings have led diabetes research to investigate cellular and molecular pathways 

involved in the activation of autoreactive T cells that can be targeted to improve the 

control of autoimmunity. 

 

Memory T cells exhibit an increased mitochondrial cell mass and spare respiratory 

capacity compared to naïve T cells. Once activated, T cells shift their metabolism towards 

glycolysis. This enhanced mitochondrial capacity enables memory T cells to rapidly 

activate their metabolism upon re-exposure to antigens [141]. The metabolic differences 

between resting and activated T cells present an opportunity to develop therapeutic 

strategies that specifically affect the metabolism of activated T cells without impacting 

the resting T cell population. Targeting metabolic pathways to modulate T cell responses 

has become a prominent area of research. 
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1.4.2  Immunometabolism-based therapies  

The modulation of the metabolism of immune cells implicated in autoimmune diseases 

is emerging as an area of strong interest. 

 

In 2016 Garyu et al. explored the small molecule 2-deoxy-D-glucose (2DG), a glycolysis 

inhibitor, as a metabolic blocker in NOD mice [142]. In this mouse model, a subset of 

CD8+ T cells, which are specific to a peptide derived from the diabetes antigen IGRP 

(NRPV7-reactive), exhibit features resembling those of activated memory T cells. These 

features include elevated glycolytic rates and active oxidative phosphorylation. When 

these mice were treated with 2DG, there was a reduction in the frequency of IGRP-

specific activated T cells, a decrease in immune cell infiltration in the pancreatic islets, 

and an enhancement in the granularity of beta cells, which is beneficial for diabetes 

management. 

 

Another molecule, PFK15, a competitive inhibitor of the rate-limiting enzyme 6-

phosphofructo-2-kinase (PFKFB3), suppresses the utilization of glycolysis in CD4+ T 

cells. Studies in NOD mice demonstrated that treatment with PFK15 can delay the onset 

of T1D, by inducing metabolic and functional exhaustion of T cells. Essentially, the 

inhibition of glycolysis in CD4+ T cells by PFK15 leads to a state of metabolic exhaustion, 

being a potential therapeutic strategy for managing islet autoimmunity [143].  

 

Metformin, a drug that is widely used to treat Type 2 Diabetes (T2D), acts as an inhibitor 

of the electron transport chain and has shown promise in attenuating clinical symptoms 

in a mouse model of experimental autoimmune encephalomyelitis (EAE) [144]. 

Metformin treatment was associated with a decrease in pathogenic Th17 cells and an 

increase in Foxp3+ regulatory T cells that secrete TGF-β and IL-10.  

 

Although the field of immunotherapy based on metabolic targeting is relatively new, a 

growing body of evidence suggests that efficient control of autoimmunity can be achieved 

by selectively modulating specific metabolic pathways in memory and effector T cells. 

These findings offer promising insights for developing novel therapeutic strategies to 

regulate immune responses and manage autoimmune disorders. 
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1.4.3  GLUT1 receptor 

In order to initiate glycolysis, cells must first uptake glucose from their surroundings. 

Glucose transport across cell membranes is facilitated by specific transport proteins called 

glucose transporters (GLUTs). The GLUT family consists of 14 different proteins that 

regulate the movement of glucose by concentration gradients, making the transport 

process bi-directional. 

 

One prominent member of the GLUT family is GLUT1, which is found in nearly all 

mammalian cells. It exhibits a Michaelis-Menten constant (Km) of approximately 3mM. 

This value is lower than the normal blood glucose level, which is 5.5mM, resulting in a 

continuous transport of glucose into cells at a relatively constant rate.  

 
Figure 4. Predicted conformation of the crystal structure of GLUT1 (PDB: 4PYP; 
https://www.rcsb.org/structure/4PYP) C Di Dedda, D Vignali, L Piemonti and P Monti [145]  

 

GLUT1 is encoded by the Slc2a1 gene on chromosome 1 and consists of a sugar-binding 

pocket that faces the outer side of the cell in its outward open conformation (Fig. 4). 

When glucose molecules bind to this pocket, GLUT1 undergoes a conformational change, 

shifting towards the cytoplasmic side of the cell and releasing glucose molecules inside 

the cell. T cells express various members of the glucose transporter family, including 

GLUT1, GLUT2, GLUT3, GLUT6, and GLUT8. Despite this diverse range of 

expression, the conditional deletion of the Slc2a1 gene has revealed that GLUT1 plays a 

non-redundant role in the expansion of activated effector T cells. The group of Macintyre 

demonstrated that in the absence of GLUT1, activated effector T cells experience 
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significant impairment in their expansion process, highlighting the critical reliance of 

these cells on GLUT1-mediated glucose uptake for their metabolic needs [146]. 

 

GLUT1 and GLUT3 have similar affinities for glucose [147] but play different roles in T 

cell metabolism and function. GLUT1 is selectively essential for CD4+ T cell activation 

and effector function, while CD8+ T cells preferentially increase GLUT3 and GLUT2 

proteins levels over GLUT1, under specific conditions. Conditional deletion of GLUT3 

in CD4+ T cells has been shown to reduce lactate production in Th17 cells, this was 

accompanied by a significant reduction of IL-17, IL-2 and GM-CSF, while IFNg 

production remained unaffected. The deletion of GLUT3 in a mouse model of EAE 

showed a dramatic attenuation of the disease, highlighting the critical role of GLUT3 in 

Th17 cell- mediate autoimmune responses [148, 149]. 

 

Like GLUT4 and GLUT2, the localization of GLUT1 on the cell surface is controlled by 

external signals, such as glucose and oxygen availability and extracellular pH [150]. 

Activation of T cells through TCR signaling, combined with co-stimulation via CD28 

engagement, along with the autocrine production of the cytokine IL-2 and the up-

regulation of CD25, triggers the GLUT1 translocation to the cell surface from a 

cytoplasmic pool. This process is mediated by the activation of the phosphoinositide 3-

kinase (PI3K)-Akt pathway [151]. Additionally, the homeostatic cytokine IL-7 can also 

induce GLUT1 translocation in resting T cells, independent of antigenic or co-stimulatory 

signals, maintaining basal levels of the transporter expression necessary for T cell survival 

[152]. 

 

The trafficking of GLUT1 to the cell membrane is facilitated by gamma chain (γc) 

signaling: when IL-7 binds its high-affinity receptor, IL-7Rα and γc, the intracellular 

domains of these chains activate the tyrosine kinases Janus kinase 1 (JAK1) and JAK3, 

which phosphorylate each other and the intracellular domain of IL-7Rα, allowing the 

recruitment of the signaling molecule signal transducer and activator of transcription 5 

(STAT5). Phosphorylated STAT5 dimerizes, activates Akt and translocates to the 

nucleus, where it promotes the transcription of the gene encoding GLUT1 [153]. 
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This intricate regulatory network involving TCR signaling, co-stimulation, cytokine 

production, and downstream signaling pathways (Fig. 5) ensures the increasing of 

GLUT1 surface expression and consequent uptake of glucose by activated T cells, 

supporting their metabolic demands during immune responses. 

 
 

Figure 5. Signaling transduction cascade that regulates the surface expression of GLUT1 in T 
cells. C Di Dedda, D Vignali, L Piemonti and P Monti [145]  

 

 

1.4.4  GLUT1 inhibitors 

Over the years, several natural or synthetic inhibitors of GLUT1 have been developed, 

three of them have gained attention in recent years: STF-31, BAY876 and WZB117. 

These drugs have been developed in the context of tumors due to their ability to inhibit 

glycolysis. Cancer cells often exhibit increased glycolytic activity as part of the Warburg 

effect, which provides them with metabolic advantages for rapid growth and survival. 

The Warburg effect, described in the 1920s by Otto Warburg, is a metabolic alteration 

characterized by the increased reliance of cancer cells on glycolysis for energy 

production, even under normal oxygen levels. GLUT1 upregulation in tumors is 

associated with more aggressive phenotypes and poor survival [154]. 
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STF-31 was initially described by Chan et al. [155] as a specific inhibitor of GLUT1 and 

was reported to inhibit glucose uptake in von Hippel-Lindau (VHL)-deficient renal 

carcinoma cells, causing necrosis. Inactivation of VHL led to increased expression of the 

hypoxia-inducible factor (HIF), a transcription factor that induce the transcription of 

glucose metabolism genes, including the GLUT1 gene. Normal kidney cells, which do 

not strictly depend on glycolysis and utilize GLUT2 for glucose uptake, are not sensitive 

to the toxic effects of STF-31[156]. STF-31 has also been demonstrated to quell 

glycolysis in human T cells overexpressing GLUT1, by inhibiting GLUT1-dependent 

glucose uptake [157]. In vivo studies showed the ability of STF-31 to reduce microglial 

activation in a mouse model of light-induced retinal degeneration, without affecting 

normal mice’s body weight, behavior, and the electrical responses of the retina [158].  

A study aimed to evaluate the impact of STF-31 and WZB117, along with other GLUTs 

inhibitors on glucose uptake, tumor cell proliferation and survival, demonstrated that 

STF-31 affected tumor cell metabolism at a relatively lower concentration than WZB117, 

but while WZB117 was well tolerated at a concentration of up to 10μM by all tumor cells 

tested, STF-31 showed a critical cytotoxic effect already at a concentration of 1μM [156]. 

 

The small molecule WZB117 reversibly binds the sugar-binding site of GLUT1 on the 

cell surface [159], and it induces cell death in multiple solid tumors while sparing normal 

cells [160, 161]. Other studies have demonstrated that WZB117 in combination therapy 

with other anticancer drugs may represent a promising option for further development in 

the context of antitumor therapies [162]. In combination with apatinib, an inhibitor of the 

VEGFR2/Akt1 pathway, WZB117 synergistically suppressed the migration, invasion and 

proliferation and induces apoptosis of melanoma cells by blocking the STAT3/PKM2 

axis [163]. In combination with imatinib, a tyrosine kinase inhibitor, WZB117 

synergistically inhibited growth and induced apoptosis in imatinib-resistant cells [161]. 

 

The favorable toxicity profile of WZB117, given its minimal toxicity on normal cells, 

makes it an interesting candidate for development as a therapeutic agent. We previously 

showed that WZB117, at a concentration of 10μM, induced a 75% inhibition of the uptake 

of 2NBDG (a fluorescent glucose analog) and strongly suppressed Tscm division without 
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causing significant apoptosis [97]. Moreover, WZB117 effectively prevented the 

differentiation of autoreactive Tscm from naïve T cell precursors. 

 

BAY876 has recently emerged as a promising molecule. It is an orally bioavailable, 

highly selective GLUT1 inhibitor characterized by an IC50 of 2nM and showed good 

metabolic stability in vitro [164, 165]. Originally developed as an anti-cancer drug, 

BAY876 has been the subject of expanded studies involving immune cells, including T 

cells and macrophages. The investigation of the effect of BAY876 on activated CD4+ T 

cells and macrophages in vitro has shown that it significantly reduces the secretion of pro-

inflammatory cytokines IFN-γ and TNF, downregulates the glucose consumption and 

decreases the cell proliferation, without affecting cell viability [166]. Recently, a novel 

microcrystalline BAY876 formulation has been developed and studied for hepatocellular 

carcinoma (HCC). To overcome the challenges associated with oral administration of the 

drug, this new formulation is injected directly into the tumor tissue and is slowly released, 

remaining detectable for long time. While the concentration of BAY876 in tumor tissue 

was no longer detectable at 3 days following the oral administration of the drug solution, 

the microcrystalline injection assured 12 days of BAY876 release in the tumor tissue 

[167].  

 

The last year, a new small molecule, SMI277, has been investigated in vitro and in vivo 

in the context of tumors. SMI277 showed desirable effects when used against different 

cancer cell lines: it reduced cell proliferation and tumor cell colony formation, at a 

concentration of 25μM, and this was associated with a significant decrease in lactate 

release. The molecule also reduced the tumor growth in a C57BL/6 mouse xenograft 

tumor model by 50% without affecting the heart, liver, spleen, lung and kidney of mice 

or their body weight [168]. 
 	



 41 

 
 

 

 

 
 
 
 
 
 
 
 

Chapter 2 

AIM OF THE WORK 

 
 

 

  



 42 

AIM OF THE WORK 

 
Replacement of lost beta cell mass, through whole pancreas or islet transplantation, 

represents a therapeutic option for patients with severe T1D. However, its long-term 

success is limited by the host immune response. Broadly speaking, the donor’s beta cells 

or other cells in a solid organ graft, express both allogeneic major and minor 

histocompatibility antigens, which are the conventional targets for the recipient’s immune 

response in the context of organ transplantation. Moreover, the donor’s pancreatic beta 

cells also express a complete array of autoantigens targeted by islet autoimmunity. Beta 

cell replacement in a patient with preexisting autoimmunity is essentially a double 

immunological challenge, where two immune responses - transplant rejection and tissue-

specific immunity - coexist. The possible reactivation of autoreactive effector memory 

cells poses an additional obstacle; while allo-rejection can be efficiently controlled by 

immunosuppressive regimens, long-lived autoreactive memory T cells are less 

susceptible to immunosuppression. The need for novel immune-modulatory approaches 

that effectively target autoreactive T cell clones has prompted us to explore GLUT1 

inhibitors. GLUT1 is primarily involved in the uptake of glucose to fuel the glycolytic 

pathway and plays a fundamental and non-redundant role in T cell activation.  

 

Based on these premises, I investigated pharmacological GLUT1 blockade, as a potential 

strategy to control T cell activation and hence autoimmune response. I focused my work 

on a small molecule that acts as a GLUT1 inhibitor, named WZB117.  

The specific aims of this thesis were:  

i) to determine the dynamic of GLUT1 expression ex-vivo in immune cell subsets 

associated with recurrence of T1D in SPK patients, and investigate their phenotypes.  

ii) to examine the impact of WZB117 in vitro on T cell activation, proliferation, 

apoptosis and phenotype in CD4+ and CD8+ T cells; 

 

A thorough understanding of mechanisms that are involved in the recurrence of T1D in 

transplanted patients is expected to define molecular and cellular targets of GLUT1 

blockade, to open new avenues for utilizing WZB117 as a therapeutic intervention. 
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3.1 Determining immune subsets and phenotypic features associated with 

recurrence of T1D in SPK patients 
This part of the study was performed in the laboratory of Prof. Pugliese at the Arthur 

Riggs Diabetes and Metabolism Research Institute, City of Hope, Duarte California. 

Samples were again provided by Prof. George W. Burke III from the University of Miami. 

 

3.1.1  Ex-vivo analysis of CD4+, CD8+ and Tregs and their subpopulations among HD, 

T1D and SPK patients 

This part of my thesis focused on the study of peripheral blood samples from SPK 

recipients that have been collected over several years by Dr. Pugliese and Dr. Burke. 

Besides the SPK recipients, who are autoantibody-negative (SPK AAB-Neg), which we 

also studied in the in vitro experiments, the cohort included SPK recipients who 

experienced autoantibody conversions on follow-up (SPK AAB-Conv) but have 

remained normoglycemic and SPK recipients who were diagnosed with T1D recurrence 

(T1DR, 8 out of 9 patients following autoantibody conversion). All SPK patients were 

chronically immunosuppressed. 

 

 
Table 3. Main demographic features of studied subjects  
 

 

Overall, I studied samples from 55 individuals, examining a wide range of 22 immune 

cell populations using a 37-parameter flow cytometry panel (Table 4).  

Page _____of _____ 

 
Milestone 1. Complete studies in Aim 1 and 2, specifically flow cytometry phenotypic analysis of SPK 

samples and assessment of GLUT-1 expression in T cells, which will be completed by the end of year 1, 

by 7/31/2023. 

 

Milestone 3. Complete cell culture experiments and flow cytometry analysis to assess impact of GLUT-1 

inhibition, which will be completed in year 2, by 7/31/2024. 

 

Accomplishments in the past reporting period (bullet points): 

Carla Di Dedda, the graduate student mentored by Dr. Monti in Milan who joined the Pugliese lab to work 

on this project, has successfully completed the work for milestones 1 and 3. She is set to return to Milan 

and complete her PhD work in August of 2023. Her extensive work is shown in the 6 tables and 26 figures 

referenced in the text and provided as an attachment. 

 

Milestone 1. Aims 1 and 2 involve the study of peripheral blood samples from SPK recipients which have 

been collected over several years by Dr. Pugliese and Dr. Burke. Besides the SPK recipients, who are 

autoantibodies-negative (SPK AAb-Neg), which have also been studied in Aim 3, the collection includes 

SPK recipients who experienced autoantibody conversions on follow-up (SPK AAb-Conv) and SPK 

recipients who experienced T1D recurrence (T1DR, 8/9 following autoantibody conversion). According to 

the experimental plan, we examined samples from the groups of subjects listed below. All samples have 

been successfully tested and data have been acquired; this work was completed on June 28, 2023. We 

have conducted data analysis as reported below, but obviously data analysis will continue.  

While we are still adjusting the setup for dextramers staining, we performed a comprehensive 

comparative investigation of all main immune cell populations and their most important subsets (as 

described in Table 1) among the 5 groups listed below, consistent with the study plan. 

 

Main demographic features of study subjects 

Groups n Samples Mean Age SD Sex 

Healthy donors 10 50 9 10 males 

Type 1 Diabetes* 11 13.6 2.4 7 males, 4 females  

SPK AAb-Neg 15 48.4 10 9 males, 6 females  

SPK AAb-Conv 10 50.1 11.4 4 males, 6 females 

T1DR 9 49.2 8.8 7 males, 2 females 

*For T1D patients the mean disease duration was 4 + SD 2.87 years; the range was 0.6-8 years. 
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Table 4. 37-parameters flow cytometry panel used 
for the functional phenotyping of T cells. 
 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
  

1 SSC

2 FSC

Surface markers Fluorophores

3 Live/Dead Zombie UV

4 Cell Proliferation CellTrace™ Violet

5 CD122 BV786

6 CD127 (IL-7Ra) BV421

7 CD183 (CXCR3) BUV496

8 CD194 (CCR4) PE-Fire810

9 CD195 (CCR5) FITC

10 CD196 (CCR6) BV510

11 CD197 (CCR7) BV711

12 CD223 (LAG-3) PE-Dazzle 594

13 CD25 BUV737

14 CD27 BV570

15 CD278 (ICOS) BUV563

16 CD279 (PD1) APC-Fire 750

17 CD28 BUV395

18 CD3 APC-Fire 810

19 CD38 PE-Fire 700

20 CD4 Spark Blue™ 574 
21 CD45RA PerCP

22 CD62L Spark NIR™ 685

23 CD69 BUV805

24 CD73 BUV661

25 CD8 AlexaFluor532

26 CD95 (FAS) BV650

27 GLUT-1 PE-Cy7

28 HLA-DR BV605

29 TIGIT BUV615

30 CD272 (BTLA) BV750

31 CD98 (LAT1) APC

32 CD39 BV750

Intracellular markers Fluorophores

33 CD152 (CTLA-4) PE-Cy5

34 Ki-67 BV480

35 GLUT-3 Alexa Fluor 700

36 HELIOS FITC

37 FoxP3 PE
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Table 5 describes the combinations of markers used in flow cytometry for the 

identification of all main immune cell populations and their most important subsets 

among the 5 groups: HD, T1D, SPK-Neg, SPK-Conv and T1DR. 
 

 
 
Table 5. Marker combinations for the identification of T cell subtypes in flow cytometry. 

 
 
My analyses compared cell frequencies (represented as percentage of lymphocytes) of 

various subsets, as well as the Mean Fluorescence Intensity (MFI) of GLUT1 and other 

markers within these populations across different groups. I observed overlapping 

differences in cell frequencies, which were also reflected in the analysis of cell numbers 

(not shown). As shown in Figure 6, T1D and SPK-Conv had a lower frequency of CD3+ 

T cells compared to HD. SPK-Neg patients had reduced proportions of CD4+ T cells 

compared to HD. The proportions of CD8+ T cells trended higher in SPK-Neg, followed 

by SPK-Conv, without reaching significance. No differences in the proportion of Treg 

cells were noted across groups.  
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Figure 6. Ex-vivo analysis of major lymphocyte populations in the study cohorts. Differences 
in cell frequencies (%) of CD3+, CD4+, CD8+ T cells and CD4+ Treg cells in the different groups. 
Each data point represents an individual subject. Data shown as Mean ± SD. Comparisons were 
made using One-way ANOVA test. 
 
 

Figure 7 compares the frequencies of CD4+ and CD8+ T cell subsets across groups. 

Among the CD4+ T cells subsets, categorized by the expression of CD45RA and CD62L 

(Fig. 7A), all SPK groups demonstrated higher frequencies of CD4+ Tem cells compared 

to HD and T1D patients. CD8+ Tem cells were also increased in frequency among SPK-

T1DR patients compared to HD, T1D, and importantly compared to SPK-neg patients 

(Fig. 7B). Perhaps the higher frequency of Tem cells is a feature of transplanted patients 

under chronic immunosuppression is consistent with homeostatic proliferation of Tem 

cells, most notable in SPK-T1DR patients, which could be enriched in autoreactive T 

cells.  

 

Conversely, the frequency of CD4+ and CD8+ Tcm cells trended lower among T1D and 

all SPK patients compared to HD. Interestingly, the frequency of CD4+ TEMRA was 

reduced among SPK groups, and especially in SPK-T1DR subjects, compared to T1D 

patients, in whom this was higher than in HD. SPK-Conv patients had a higher frequency 

of CD8+ Tscm cells compared to HD. There were no significant differences observed for 

the Th1, Th17 and Tfh populations (Fig. 7C). Substantial differences were observed in 

the Th2 population, with SPK patients showing the highest frequency of CD4+ Th2 

CCR4+CCR6- cells compared to HD and T1D. 
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Figure 7. Ex-vivo analysis of CD4+ and CD8+ T cell subsets in the study cohorts. Differences in 
cell frequencies (%) among memory and naïve subsets of CD4+ (A) and CD8+ (B)T cells, along 
with the differences of T helper subpopulations (C) in the different groups. Each data point 
represents an individual subject. Data shown as Mean ± SD. Comparisons were made using One-
way ANOVA test. 
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3.1.2  Ex-vivo analysis of Treg cells and their subsets among HD, T1D and SPK patients 

After evaluating the proportion of the total Treg cells (see Fig. 6), identified as 

CD4+CD25hiCD127loHelios+FoxP3+, I studied their memory/naïve subsets across groups 

(Fig. 8). While the frequencies of Treg cells were similar in the 5 groups, the distribution 

of Treg memory and naïve subsets varied. Naïve Tregs were higher in T1D group 

compared to SPK-Neg, HD had increased Treg central memory than T1D and SPK-Neg. 

The latter showed to have higher effector memory Treg subset compared to HD. 

 

 
 
Figure 8. Ex-vivo analysis of CD4+ Treg cell subsets in the study cohorts. (A) Plots show the 
gating strategy used to identify memory and naïve subsets of Treg cells. The gating strategy is 
shown by the arrows: the lymphocytes were determined by the forward (FSC) and side scatter 
(SSC) profile, doublets were discarded and living cells were distinguished from dead cells by 
plotting SSC vs ZombieUV. CD4+ T cells were gated on CD3 positive T cells and a population of 
CD25hi CD127lo was identified. From this gate, Treg cells were determined by FoxP3 and Helios 
expression; these can subsequently be divided into naïve and memory Tregs by using CD45RA 
and CD62L. (B) Differences in cell frequencies (%) of Treg cell subsets in the different groups. 
Each data point represents an individual subject. Data shown as Mean ± SD. Comparisons were 
made using One-way ANOVA test.  
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3.1.3  Phenotypic features of CD4+, CD8+ and Treg cells among HD, T1D and SPK 

patients 

We then examined the expression levels (MFI) of several markers on CD4+, CD8+, 

and regulatory T cells. Among CD4+ T cells (Fig. 9), we noted that both T1D and SPK 

patients had increased expression levels of some activation markers (HLA-DR, CD73) 

and chemokine receptors (CCR6, CCR5), compared to HD group. The exhaustion 

markers, LAG-3 and TIGIT, were also higher in T1D and SPK groups compared to HD, 

and PD-1 was increased in the SPK-Conv and SPK-Neg compared to HD. Also CTLA-4 

and CD122 were increased in SPK-Neg compared to HD. SPK groups exhibited reduced 

expression levels of CD38 and CD28 compared to T1D or HD. Similar changes were 

noted for CD38 and CD28 on CD8+ T cells (Fig. 10), and CCR7 was also reduced. 

Increased expression levels in CD8+ T cells of SPK patients were noted for HLA-DR, 

ICOS, CD122, CD95, CCR5, PD-1 and LAG-3.   
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Figure 9. Phenotypic features of CD4+ T cells among the different groups. Flow cytometry 
assessment of key phenotypic markers showing the most evident changes, from our 37-parameter 
panel. Only selected markers are shown. MFI of CD4-positive gate. Each data point represents 
an individual subject. Data shown as Mean ± SD. Comparisons were made using One-way 
ANOVA test. 
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Figure 10. Phenotypic features of CD8+ T cells among the different groups. Flow cytometry 
assessment of key phenotypic markers showing the most evident changes, from our 37-parameter 
panel. Only selected markers are shown. MFI of CD8-positive gate Each data point represents 
an individual subject. Data shown as Mean ± SD. Comparisons were made using One-way 
ANOVA test. 
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and trended lower for SPK-Conv and T1DR. SPK groups also had lower Treg CD98 

expression compared to T1D patients.  

 

 
Figure 11. Phenotypic features of CD4+ Treg cells among the different groups. Flow cytometry 
assessment of key phenotypic markers showing the most evident changes, from our 37-parameter 
panel. Only selected markers are shown. MFI of Treg-positive gate. Each data point represents 
an individual subject. Data shown as Mean ± SD. Comparisons were made using One-way 
ANOVA test.  
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3.1.4  Assessment of GLUT1 and GLUT3 cell surface expression on CD4+, CD8+ and 

Treg cells among HD, T1D and SPK patients 

In addition to characterizing the subsets and subpopulations of T cells across the five 

different groups, I also examined the MFI levels of the glucose transporters GLUT1 and 

GLUT3. Figure 12 illustrates these levels for CD4+ and CD8+ T cells, and for CD4+ Treg 

cells. GLUT1 MFI levels were similar across groups in CD4+ T cells and Treg cells. 

Among all T cell types, SPK-Neg patients had higher GLUT1 MFI levels than HD 

subjects (Fig. 12A). GLUT3 also distinguished SPK-neg patients (higher MFI) from the 

other SPK groups and T1D patients, in all three major T cell populations (Fig. 12B).  

 

 
 

Figure 12. Expression levels of GLUT1 and GLUT3 in major T cell populations among the 
different groups. Flow cytometry assessment of the expression levels (MFI) of GLUT1 (A) and 
GLUT3 (B) among the 5 different groups. MFI of GLUT1 and GLUT3 of CD4, CD8 or Treg-
positive gate. Each data point represents an individual subject. Data shown as Mean ± SD. 
Comparisons were made using One-way ANOVA test. 
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For further characterization, I evaluated GLUT1 (Fig. 13) and GLUT3 (Fig. 14) 

expression in CD4+ and CD8+ subsets, Treg subsets, and T helper subsets. Across groups, 

GLUT1 levels were broadly similar, but some differences were noted: SPK-Neg patients 

had higher GLUT1 MFI than HD subjects in CD4+ and CD8+ naïve cells (Fig. 13A,B), 

among CD4+ Temra, and CD4+ Th17 cells (Fig. 13C). GLUT1 MFI in CD4+ Th2 cells 

was higher in T1D, SPK-Neg, and T1DR patients compared to HD subjects.  

 

With respect to GLUT3 expression (Fig. 14), I also observed increased MFI levels in 

SPK-neg patients compared to all the other groups. This was observed for all CD4+, CD8+ 

and Treg subsets examined. Overall, it appears that GLUT1 and especially GLUT3 levels 

were on average higher in SPK-neg patients, and that this distinguished this group from 

the SPK-Conv and SPK-T1DR. 
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Figure 13. Ex-vivo flow cytometry assessment of cell surface GLUT1 expression for major T 
cell subsets, across the different groups. (A) shows the expression (MFI) in CD4+ subsets; (B) in 
CD8+ subsets; (C) in T helper subpopulations and (D) in Treg cells subsets. Each data point 
represents an individual subject. Data shown as Mean ± SD. Comparisons were made using One-
way ANOVA test.  
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Figure 14. Ex-vivo flow cytometry assessment of cell surface GLUT3 expression for major T 
cell subsets, across the different groups. (A) shows the expression (MFI) in CD4+ subsets; (B) in 
CD8+ subsets; (C) in T helper subpopulations and (D) in Treg cells subsets. Each data point 
represents an individual subject. Data shown as Mean ± SD. Comparisons were made using One-
way ANOVA test.  
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3.2  Characterizing autoreactive T cells in SPK patients  

This part of the study was performed in the laboratory of Prof. Pugliese at the Arthur 

Riggs Diabetes and Metabolism Research Institute, City of Hope, Duarte California. 

Samples were again provided by Prof. George W. Burke III from the University of Miami. 

 
3.2.1  Dextramers testing for the detection of autoreactive T cells 

Based on the clinical differences observed in the outcomes among patients who 

underwent SPK transplantation (some experienced autoantibody conversions, others 

developed recurrence of clinical T1D and others remain unaffected with a functional 

transplant and in the absence of AABs), I aimed to investigate the presence, abundance 

and key phenotypic features of autoreactive T cells targeting islet cell autoantigens in the 

three SPK groups and determine whether distinctive features were associated with T1DR. 

Moreover, I include in this analysis the evaluation of various T cell subsets, with emphasis 

on memory cells, and the assessment of GLUT1 and GLUT3. 

 

Since CD4+ and CD8+ autoreactive T cells held promise as predictive and prognostic 

biomarkers in the natural history of diabetes, we hypothesized that the prevalence of 

autoreactive T cells would provide a hint of transplant outcome prediction in these 

patients. I used the following class I and class II dextramers for the detection of beta cell 

antigen-specific T cells, using flow cytometry: 

 

Class I Dextramers used for the identification of antigen-specific CD8+ T cells were:  

• PE-conjugated HLA-A*0201 GAD65114-123 VMNILLQYVV             

• PE-conjugated HLA-A*0201 Insulin10-19 HLVEALYLV  

• PE-conjugated HLA-A*0201 IGRP265-273 VLFGLGFAI 

 

Class II Dextramers used for the identification of antigen-specific CD4+ T cells were: 

• PE-conjugated DRB1*0401 GAD65555-567 NFIRMVISNPAAT  

• PE-conjugated DRB1*0401 Proinsulin73-90 GAGSLQPLALEGSLQKRG 

 

As dextramers positive control, we used: 

• APC-conjugated DRB1*0401 Flu HA306-318 PKYVKQNTLKLAT  
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• APC-conjugated HLA-A*0201 CMV IE-1316-324 VLEETSVML  

 

As dextramers negative control, we used: 

• PE-conjugated DRB1*0401 PVSKMRMATPLLMQA 

• PE-conjugated HLA-A*0201ALIAPVHAV 

 

To test MHC class II dextramers, we utilized a well-defined CD4+ T cell clone BRI-4.13 

specific for GAD65555-567, stained with the class II dextramer specific for GAD65, and 

we took advantage of MHC class II dextramer negative control to accurately identify 

positive cell population (Fig. 15A). As negative control we used HLA-DRB1*0401 

PVSKMRMATPLLMQA, specific for endogenous Class II associated Invariant Chain 

Peptide (CLIP). To test the MHC class I dextramers we used CD8+ T cells transduced 

with HLA-A*0201- restricted IGRP-specific TCRs, stained with the PE conjugated HLA-

A*0201 IGRP265-273 VLFGLGFAI dextramer, and we compared it with the PE conjugated 

HLA-A*0201ALIAPVHAV (Neg. control) (Fig. 15B).  
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Figure 15. Validation of the MHC class I and class II dextramers staining. (A) Detection of 
BRI-4.13 cells positive for GAD65. The plots compare the CD4+ BRI-4.13 cells stained using 
negative control dextramers (left) and the CD4 dextramers pool containing GAD65555-567 and 
Proinsulin73-90 PE conjugated dextramers (right). (B) Detection of CD8+T cells positive for IGRP. 
The plots compare CD8+T cells expressing IGRP265-273- specific TCRs stained using negative 
control dextramers (left) and the CD8 dextramer specific for IGRP265-273 PE conjugated (right). 
 
 
3.2.2  Detection of beta cell antigens specific T cells in samples from SPK recipients 

using MHC dextramers 

After testing dextramers with positive and negative controls, I studied samples from 9 

SPK-Neg, 9 SPK-Conv and 8 T1DR patients, based on sample availability from those 

with appropriate HLA types. All dextramers for islet autoantigens were pooled to 

maximize detection of autoreactive T cells, which are rare in the circulation, and were 

included in the 37-parameter flow cytometry panel for in depth phenotypic analysis (see 

Table 4). This approach provides the opportunity to identify subsets/phenotypes 

associated with recurrent T1D, and, at the same time, to test the hypothesis that GLUT1 

expression is a marker of recurrent T1D, by examining various immune cell populations. 
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Autoreactive T cells were present in most SPK patients, regardless of group. In ex-vivo 

analysis of PBMCs from SPK patients I detected low frequencies of CD4+ and CD8+ T 

cells specific for beta cells antigens (Fig. 16A). The frequency was similar across SPK-

Neg, SPK-Conv and T1DR in CD4+ T cells. The proportions of CD8+ autoreactive T cells 

trended higher in SPK-Conv, followed by T1DR, compared to SPK-Neg, the latter 

without reaching statistical significance (Fig. 16B).  

 

 
Figure 16. Detection and frequency of autoreactive CD4+ and CD8+ T cells using MHC 
dextramers. (A) Plots show the expression of CD4+ and CD8+ cells, with the gated region 
showing the percentage of the population expressing beta cell antigens. (B) The proportion of 
cells positive for MHC I (CD8+) and MHC II (CD4+) dextramers pool. Each data point represents 
an individual subject. Data shown as Mean ± SD. Comparisons were made using unpaired 
nonparametric Mann-Whitney test. 
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3.2.3  Analysis of phenotype and subsets of autoreactive T cells in samples from SPK 

recipients. 

Since the frequencies of autoantigens-specific T cells were not different across the 

SPK groups (except for the increase in CD8+ dextramers positive cells in SPK-Conv), we 

investigated the phenotype of dextramer-positive T cells. We expected to identify 

phenotypic markers that characterize the function and better define populations of 

autoreactive T cells, which are likely to play a role in T1D recurrence. 

 

Figure 17 illustrates heatmaps showing the MFI of CD4 or CD8 dextramer-positive gate 

in SPK-Conv and T1DR patients, measured as Log2fold change over SPK-Neg patients. 

All data were obtained by flow cytometry. Among CD4+ T cells, we noted differences in 

the T1DR group, compared to SPK-Neg patients. T1DR patients had increased expression 

levels of activation markers HLA-DR and CD95, and decreased expression of some 

others, such as CD25 and CD28. The levels of chemokine receptors CCR5 and CCR6, 

which regulate trafficking and effector functions of T cells, were increased. The 

exhaustion markers PD-1, CD122 and BTLA were lower than in the SPK-Neg group, 

while TIGIT was increased (Fig. 17A,B). In CD8+ T cells, similar changes were observed 

for CD95, CCR6, PD-1 and CTLA-4 in T1DR patients compared to SPK-neg patients 

(Fig. 17A,B).  

 

Overall, these data suggest that in T1DR patients autoreactive T cells are more activated 

and less exhausted than in the other SPK recipients, which is consistent with an active 

autoimmune response against beta cells.  

 

Remarkably, GLUT1 expression on autoreactive T cells was higher in the T1DR group 

compared to SPK-Neg and SPK-Conv groups in both CD4+ and CD8+ T cells.  
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Figure 17. Heatmap visualization of protein expression profiles in SPK-Conv and T1DR 
groups. (A) Differences in marker expression (expressed as MFI of CD4 and CD8 dextramer-
positive gate) are calculated as the Log2 of the ratio between the MFI mean in SPK-Neg and 
SPK-Conv or SPK-Neg and T1DR. (B) Only selected markers are shown, those showing the most 
evident changes, from our 37-parameter panel. Each data point represents an individual subject. 
Data shown as Mean ± SD. Comparisons were made using Mann-Whitney test. 
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While the expression of GLUT1 in autoreactive CD4+ T cells was similar across SPK-

Neg and SPK-Conv groups, in the T1DR group we observed a pronounced increase either 

in GLUT1 MFI or in the proportion of cells positive for the marker (Fig. 18). As shown 

in the graphs (Fig. 18C,D), despite not all patients exhibited high GLUT1 MFI, the 

overall average expression of GLUT1 was significantly elevated.  

An intriguing observation emerges when examining these patients: those with high 

GLUT1 expression levels also demonstrated high levels of activation markers while 

exhibiting lower levels of exhaustion markers, and conversely, those with lower GLUT1 

expression levels displayed the opposite pattern. This finding highlights a correlation 

between GLUT1 expression and the immune activation status of patients.  

 

GLUT3 expression was found similar in SPK-Neg and SPK-Conv groups and lower in 

T1DR patients. CD8+ T cells specific for beta cell antigens followed the same pattern of 

CD4+ T cells. Taken together, these results suggest that in T1DR patients, autoreactive T 

cells upregulate GLUT1 and several activation markers, and this is accompanied by the 

downregulation of GLUT3 and exhaustion markers. These findings support the concept 

that glucose metabolism may be selectively altered in autoreactive T cells from patients 

who develop T1DR. 
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Figure 18. GLUT1 and GLUT3 expression in CD4+ and CD8+ autoreactive T cells. Plots show 
the percentage of CD4+ (A) and CD8+ (B) T cells specific for dextramers expressing GLUT1 and 
GLUT3 in SPK-Neg (upper), SPK-Conv (middle) and T1DR (lower) patients. Graphs show 
GLUT1 and GLUT3 MFI in CD4+ (C) and CD8+ (D) T cells specific for dextramers (dextramer-
positive gate). Each data point represents an individual subject. Data shown as Mean ± SD. 
Comparisons were made using Mann-Whitney test. 
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To better characterize autoreactive T cells in these patients, I then evaluated changes in 

the memory/naïve subsets both for CD4+ and CD8+ T cells, identified through differential 

expression of CD45RA and CD62L. Since the number of detected autoreactive cells is 

low, a rout assessment of the Tscm population was not feasible. A future goal is to collect 

a larger number of events in flow cytometry or to pool more sample vials to overcome 

this technical limitation.  

 

The data showed that autoreactive CD4+ and CD8+ T cells in SPK patients with T1DR 

had a higher proportion of Tem (Fig. 19C). Temra and naive subsets were dramatically 

decreased among the autoreactive CD4+ T cells in SPK-Conv and T1DR (Fig. 19B,D); 

SPK-Conv had also a lower frequency of CD4+ effector memory (Fig. 19C). While no 

differences were observed in the CD8+ Tcm, both SPK-Conv and T1DR had increased 

proportion of CD4+ Tcm (Fig. 19A). The distribution of the populations among SPK-Neg 

and SPK-Conv groups were similar for all the CD8+ T cell subsets.    
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Figure 19. Analysis of major lymphocyte populations in the study cohorts on autoreactive T 
cells. Differences in cell frequencies (% of lymphocytes) of CD4+ and CD8+ T cells positive for 
dextramers specific for beta cell antigens in the different groups. (A) Effector memory CD4+ 
(black dots) and CD8+ (grey dots) T cells; (B) naïve CD4+ (black dots) and CD8+ (grey dots) T 
cells; (C) central memory CD4+ (black dots) and CD8+ (grey dots) T cells; (D) terminally 
differentiated effector memory CD4+ (black dots) and CD8+ (grey dots) T cells Each data point 
represents an individual subject. Data shown as Mean ± SD. Comparisons were made using 
Mann-Whitney test. 
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Subsequently, I determined the phenotypic signature of naïve/memory subsets of CD4+ 

and CD8+ autoreactive T cells within the T1DR cohort, focusing on the markers that 

showed significant changes in the total CD4+ and CD8+ T cell populations. The 

determination of marker expression levels in CD4+ Temra and naïve subsets proved 

challenging due to their exceeding low frequency. However, in CD4+ Tcm and Tem 

subsets, we observed a predominant upregulation of CD69 and CD95, accompanied by a 

concomitant downregulation of PD-1, CD122 and BTLA (Fig. 20). Notably, the 

expression of GLUT1 in T1DR was increased in both CD4+ Tcm and Tem compared to 

the other SPK groups. Among CD8+ autoreactive T cells, a differential pattern emerged, 

characterized by unchanged markers expression in Tcm, including GLUT1, and a 

corresponding increase in Tem and Temra subsets. Phenotypic markers remained 

relatively consistent between CD8+ Tem and Temra, marked by a reduction in PD-1 

expression and an increase in CD95 and TIGIT levels.  

 
Figure 20. Heatmap visualization of protein expression profiles of memory/naïve CD4+ and 
CD8+ T cell subsets in the T1DR group. (A) Differences in markers expression (MFI) are 
calculated as the Log2 of the ratio between the MFI mean in SPK-Neg and T1DR. (B) 
representative plots showing the expression of GLUT1 in the four subsets of CD4+ and CD8+ 
dextramer-positive cells, identified through the differential expression of CD62L and CD45RA. 
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3.2.4  Unsupervised flow cytometry phenotypic analysis of autoreactive and non-

autoreactive T cells in SPK recipients 

We conducted an unsupervised analysis to identify T cell phenotypic clusters among 

populations of autoreactive and non-autoreactive T cells in the three SPK groups. We 

focused this analysis on the SPK patients to define phenotypic clusters and markers that 

may differentiate SPK recipients with T1DR from those with increased (SPK-Conv) or 

low (SPK-Neg) risk of T1DR.  

For this purpose, we used the computer algorithm Uniform Manifold Approximation and 

Projection (UMAP). This algorithm better preserves the global structure in the data 

compared to t-distributed stochastic neighbor embedding (tSNE). We applied default 

parameter settings to generate UMAP using FlowJo v10. The dextramer-positive CD4+ 

or CD8+ T cells from each of the 26 SPK patients were clustered together to generate a 

single concatenated file encompassing 1,350 events for CD4+ and 2,050 for CD8+ T cells. 

The gating strategy is shown in Figure 21A and Figure 22A. 

The UMAP visualization of our dataset spatially separated autoreactive T cells from the 

three SPK groups in distinct populations. Once the events were embedded, clusters were 

detected using the FlowSOM algorithm (v3.0.18), which initially defined 100 clusters 

using a Self-Organizing Map (SOM) [169]. These clusters were combined into 11 meta-

clusters for CD4+ T cells (Fig. 21D) and 13 for CD8+ T cells (Fig. 22D) by hierarchical 

clustering, based on phenotypic similarity of the chosen markers. All markers except cell-

lineage were included in the clustering (n=25 markers). To define the phenotypes of each 

population, we generated heatmaps showing the median intensity of each phenotypic 

marker we measured (Figs. 21-22F). In Figure 21B and 21C, CD4+ autoreactive T cells 

from T1DR patients mainly exist in a distinct cluster separated from autoreactive T cell 

populations from SPK recipients with a functional transplant (SPK-Neg and SPK-Conv). 

Figure 22B (right, red color) and 22C shows also distinct populations of autoreactive 

CD8+ T cells from T1DR patients. A second cluster of T1DR autoreactive CD8+ T cells 

is less separated from the other groups. 

Among CD4+ T cells (Fig. 21D, 21E), clusters Pop0 and 3 were uniquely representative 

of autoreactive CD4+ T cells in patients with T1DR; these were characterized by high 
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GLUT1 expression and low PD-1 expression. CD95, TIGIT and CD122 were also 

consistently different from the other subpopulations identified. Pop0 and 3 showed a mild 

reduction in BTLA and LAG-3 expression. Pop6, a small cluster of autoreactive CD4+ T 

cells also observed in T1DR patients, was characterized by high CD122 and BTLA 

expression. Moreover, autoreactive CD4+ T cell populations of the T1DR patients 

exhibited markedly lower expression of CD45RA and CD62L, consistent with an effector 

memory phenotype. 

 

Figure 21. Unsupervised analysis of islet antigen specific CD4+T cells among SPK groups. (A) 
Gating strategy for the identification of autoreactive CD4+T cells; (B) overall and (C) individual 
UMAP projections on concatenated files of autoreactive CD4+T cells in SPK-Neg (n=9), SPK-
Conv (n=9), and T1DR (n=8); (D) Distribution of the 11 identified FlowSOM clusters overlaid 
on the UMAP projection (E) MFI of selected surface markers in the UMAP described in B. (F) 
Heatmap showing the relative intensity of each parameter for a given cluster. The events in the 
gate of the dextramer-positive CD4+ cells from each of the 26 subjects were clustered together to 
generate a single concatenate file encompassing 1,350 events.  
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Among CD8+ autoreactive T cells, Pop0 was uniquely observed among T1DR patients, 

and this was spatially separated from other SPK groups (Fig. 22B, 22D).  

Figure 22. Unsupervised analysis of islet antigen specific CD8+T cells among SPK groups. (A) 
Gating strategy for the identification of autoreactive CD8+T cells; (B) overall and (C) individual 
UMAP projections on concatenated files of autoreactive CD8+T cells in SPK-Neg (n=9), SPK-
Conv (n=9), and T1DR (n=8); (D) Distribution of the 13 identified FlowSOM clusters overlaid 
on the UMAP projection (E) MFI of selected surface markers in the UMAP described in B. (F) 
Heatmap showing the relative intensity of each parameter for a given cluster. The events in the 
gate of the dextramer-positive CD8+ cells from each of the 26 subjects were clustered together to 
generate a single concatenate file encompassing 2,050 events. 
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Pop0 showed increased expression of GLUT1 and the activation marker CD95, along 

with a decrease of exhaustion markers, such as PD-1, CD122 and BTLA. This phenotype 

is similar to that observed in autoreactive CD4+ T cells of T1DR patients. Autoreactive T 

cells of T1DR patients were also observed in Pop2, 12 and 8, and these populations also 

existed in the SPK-Conv group, which is considered at increased risk for T1DR. The 

autoreactive CD8+ T cell populations of T1DR patients had low expression of CD45RA 

and CD62L. This was particularly evident for Pop0. 

Overall, this analysis demonstrated functional clustering of autoreactive T cells that are 

characterized by increased activation markers (CD95, HLA-DR) and reduced exhaustion 

markers (PD-1, CD122) among T1DR autoreactive CD4+ and CD8+ T cells, consistent 

with an aggressive phenotype. These populations were not evident in the SPK Neg and 

SPK Conv groups, in which only small clusters expressed activation markers, however 

in the presence of elevated PD-1, suggesting a less aggressive, exhausted phenotype. 

Importantly, this unbiased analysis and our targeted analysis concurred in the definition 

of these phenotypes and further identify elevated GLUT1 expression among the 

aggressive autoreactive T cell populations of T1DR patients.  

To determine whether the observed differences in phenotype were exclusive to 

autoreactive T cells or extended to non-autoreactive ones, we applied the UMAP 

algorithm to CD4+ and CD8+ T cells with irrelevant reactivity. The dextramer-negative 

CD4+ or CD8+ T cells from each of the 26 SPK patients were clustered together to 

generate a single concatenate file encompassing 100,000 events for CD4+ and 100,000 

for CD8+ T cells. The gating strategy is shown in Figure 23A and Figure 24A. 

Unlike dextramer-positive cells, CD4+ dextramer-negative T cells did not exhibit clear 

separation in the UMAP plots (Fig. 23B). There was substantial overlap among the three 

groups of SPK patients, with most FlowSOM clusters being comprised of a mixture of 

subjects from all groups. We did not observe any dextramer-negative clusters with 

phenotypic features consistent with those found among the autoreactive CD4+ T cell 

populations. Elevated GLUT1 expression was noted in Pop3 and 4, which were detected 

in all three SPK groups; these were not large populations and were characterized by high 

PD-1 expression.  
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Figure 23. Unsupervised analysis of non-autoreactive CD4+T cells among SPK groups. (A) 
Gating strategy for the identification of non- autoreactive CD4+T cells; (B) overall and (C) 
individual UMAP projections on concatenated files of non- autoreactive CD4+T cells in SPK-Neg 
(n=9), SPK-Conv (n=9), and T1DR (n=8); (D) Distribution of the 16 identified FlowSOM 
clusters overlaid on the UMAP projection (E) MFI of selected surface markers in the UMAP 
described in B. (F) Heatmap showing the relative intensity of each parameter for a given cluster. 
The events in the gate of the dextramer-negative CD4+ cells from each of the 26 subjects were 
clustered together to generate a single concatenate file encompassing 100,000 events. 

 
  

Pop0 

Pop1 

Pop2 

Pop3 

Pop4 

Pop5 
Pop6 

Pop7 

Pop8 

Pop9 

Pop10 

Pop11 

Pop12 

Pop13 

Pop14 

Pop15 

Clusters 

All groups 

SPK-Neg 
SPK-Conv 
T1DR 

A 

D 

C B 

E 

F 

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2

Sa
m

pl
e 

N
am

e
Su

bs
et

 N
am

e
C

ou
nt

co
nc

at
co

m
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s 
T1

D
C

D
4 

48
7 

co
nc

at
co

m
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s 
N

eg
C

D
4 

61
3 

co
nc

at
co

m
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s 
C

on
vC

D
4 

24
7 

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
AP

C
-F

ire
 7

50
-A

 ::
 P

D
1

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
Al

ex
a 

Fl
uo

r 7
00

-A
 ::

 G
LU

T3

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BU

V3
95

-A
 ::

 C
D

28

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BU

V4
96

-A
 ::

 C
XC

R
3

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BU

V5
63

-A
 ::

 IC
O

S

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BU

V6
15

-A
 ::

 T
IG

IT

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BU

V6
61

-A
 ::

 C
D

73

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BU

V7
37

-A
 ::

 C
D

25

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BU

V8
05

-A
 ::

 C
D

69

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BV

42
1-

A 
:: 

C
D

12
7

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BV

48
0-

A 
:: 

KI
67

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BV

51
0-

A 
:: 

C
C

R
6

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BV

60
5-

A 
:: 

H
LA

-D
R

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BV

65
0-

A 
:: 

C
D

95

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BV

71
1-

A 
:: 

C
C

R
7

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BV

75
0-

A 
:: 

C
D

27
2

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BV

78
6-

A 
:: 

C
D

12
2

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
C

el
l T

ra
ce

 V
io

le
t-A

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
FI

TC
-A

 ::
 C

D
19

5

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
PE

-C
y5

-A
 ::

 C
D

15
2

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
PE

-C
y7

-A
 ::

 G
LU

T1

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
PE

-D
az

zl
e5

94
-A

 ::
 L

AG
3

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
PE

-F
ire

 7
00

-A
 ::

 C
D

38

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
Sp

ar
k 

N
IR

 6
85

-A
 ::

 C
D

62
L

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BV

57
0-

A 
:: 

C
D

27

co
nc

at
co

m
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s
U

ng
at

ed
13

47

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
Pe

rC
P-

A 
:: 

C
D

45
R

A

Low 

High 

SPK-Neg SPK-Conv T1DR 

Single Cells
99,6

0 1,0M 2,0M 3,0M 4,0M

FSC-A

0

1,0M

2,0M

3,0M

4,0M

FS
C-

H

3721 inte exhau Neg CTR dextra.fcs
Lymphocytes
116316

live cells
51,2

0 10 4 10 5 10 6

Comp-LIVE DEAD Blue-A :: ZOMBIE UV

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 inte exhau Neg CTR dextra.fcs
Single Cells
115800

CD3
89,8

0 10 4 10 5 10 6

Comp-APC-Fire 810-A :: CD3

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 inte exhau Neg CTR dextra.fcs
live cells
59270

CD4
46,1

CD8
46,4

0 10 4 10 5 10 6

Comp-Spark Blue 574-A :: CD4

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 inte exhau Neg CTR dextra.fcs
CD3
53223

AAgs Dex CD4 subset
8,14E-3

CD4 AAg Dex negative
99,9

0 10 4 10 5 10 6

Comp-PE-A :: Neg CTR Dex

0

10 4

10 5

10 6

Co
m

p-
Sp

ar
k 

Bl
ue

 5
74

-A
 ::

 C
D4

3721 inte exhau Neg CTR dextra.fcs
CD4
24560

AAgs Dex CD8 subset
4,05E-3

CD8 Dex  AAg negative
100,0

0 10 4 10 5 10 6

Comp-PE-A :: Neg CTR Dex

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 inte exhau Neg CTR dextra.fcs
CD8
24679

Lymphocytes
62,9

0 1,0M 2,0M 3,0M 4,0M

FSC-A

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 inte exhau Neg CTR dextra.fcs
Ungated
184952

Virus Dex negative CD8 cells
98,7

Virus Dex positive CD8 cells
0,045

0 10 4 10 5 10 6

Comp-APC-A :: Neg contr Dex

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 inte exhau Neg CTR dextra.fcs
CD8
24679

Lymphocytes
62,6

0 1,0M 2,0M 3,0M 4,0M

FSC-A

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 inte exhaustion + dextram.fcs
downsample
230000

Single Cells
99,6

0 1,0M 2,0M 3,0M 4,0M

FSC-A

0

1,0M

2,0M

3,0M

4,0M

FS
C-

H

3721 inte exhaustion + dextram.fcs
Lymphocytes
144026

live cells
35,2

0 10 4 10 5 10 6

Comp-LIVE DEAD Blue-A :: ZOMBIE UV

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 inte exhaustion + dextram.fcs
Single Cells
143458

CD3
90,0

0 10 4 10 5 10 6

Comp-APC-Fire 810-A :: CD3

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 inte exhaustion + dextram.fcs
live cells
50449

Virus Dex negative CD8 cells
97,2

Virus Dex positive CD8 cells
1,10

0 10 4 10 5 10 6

Comp-APC-A :: Virus Dex

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 inte exhaustion + dextram.fcs
CD8
23195

Lymphocytes
60,3

0 1,0M 2,0M 3,0M 4,0M

FSC-A

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 exte exhaustion + dextram.fcs
downsample
230000

Single Cells
99,2

0 1,0M 2,0M 3,0M 4,0M

FSC-A

0

1,0M

2,0M

3,0M

4,0M

FS
C-

H

3721 exte exhaustion + dextram.fcs
Lymphocytes
138759

live cells
30,6

0 10 4 10 5 10 6

Comp-LIVE DEAD Blue-A :: ZOMBIE UV

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 exte exhaustion + dextram.fcs
Single Cells
137711

CD3
88,2

0 10 4 10 5 10 6

Comp-APC-Fire 810-A :: CD3

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 exte exhaustion + dextram.fcs
live cells
42170

Virus Dex negative CD8 cells
97,0

Virus Dex positive CD8 cells
1,25

0 10 4 10 5 10 6

Comp-APC-A :: Virus Dex

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 exte exhaustion + dextram.fcs
CD8
19822

CD4
42,4

CD8
51,1

0 10 4 10 5 10 6

Comp-Spark Blue 574-A :: CD4

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 inte exhaustion + dextram.fcs
CD3
45413

AAgs Dex CD4 subset
0,021

CD4 AAg Dex negative
99,8

0 10 4 10 5 10 6

Comp-PE-A :: AAg Dex

0

10 4

10 5

10 6

Co
m

p-
Sp

ar
k 

Bl
ue

 5
74

-A
 ::

 C
D4

3721 inte exhaustion + dextram.fcs
CD4
19272

CD4
40,2

CD8
53,3

0 10 4 10 5 10 6

Comp-Spark Blue 574-A :: CD4

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 exte exhaustion + dextram.fcs
CD3
37189

AAgs Dex CD4 subset
0,013

CD4 AAg Dex negative
99,7

0 10 4 10 5 10 6

Comp-PE-A :: AAg Dex

0

10 4

10 5

10 6

Co
m

p-
Sp

ar
k 

Bl
ue

 5
74

-A
 ::

 C
D4

3721 exte exhaustion + dextram.fcs
CD4
14941

AAgs Dex CD8 subset
0

CD8 Dex  AAg negative
100,0

0 10 4 10 5 10 6

Comp-PE-A :: AAg Dex

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 exte exhaustion + dextram.fcs
CD8
19822

AAgs Dex CD8 subset
0,013

CD8 Dex  AAg negative
100,0

0 10 4 10 5 10 6

Comp-PE-A :: AAg Dex

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 inte exhaustion + dextram.fcs
CD8
23195

FMO for Dextramers 

External staining

Intracellular stainingLymphocytes Single cells Live cells CD3 

Single Cells
99,6

0 1,0M 2,0M 3,0M 4,0M

FSC-A

0

1,0M

2,0M

3,0M

4,0M

FS
C-

H

3721 inte exhau Neg CTR dextra.fcs
Lymphocytes
116316

live cells
51,2

0 10 4 10 5 10 6

Comp-LIVE DEAD Blue-A :: ZOMBIE UV

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 inte exhau Neg CTR dextra.fcs
Single Cells
115800

CD3
89,8

0 10 4 10 5 10 6

Comp-APC-Fire 810-A :: CD3

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 inte exhau Neg CTR dextra.fcs
live cells
59270

CD4
46,1

CD8
46,4

0 10 4 10 5 10 6

Comp-Spark Blue 574-A :: CD4

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 inte exhau Neg CTR dextra.fcs
CD3
53223

AAgs Dex CD4 subset
8,14E-3

CD4 AAg Dex negative
99,9

0 10 4 10 5 10 6

Comp-PE-A :: Neg CTR Dex

0

10 4

10 5

10 6

Co
m

p-
Sp

ar
k 

Bl
ue

 5
74

-A
 ::

 C
D4

3721 inte exhau Neg CTR dextra.fcs
CD4
24560

AAgs Dex CD8 subset
4,05E-3

CD8 Dex  AAg negative
100,0

0 10 4 10 5 10 6

Comp-PE-A :: Neg CTR Dex

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 inte exhau Neg CTR dextra.fcs
CD8
24679

Lymphocytes
62,9

0 1,0M 2,0M 3,0M 4,0M

FSC-A

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 inte exhau Neg CTR dextra.fcs
Ungated
184952

Virus Dex negative CD8 cells
98,7

Virus Dex positive CD8 cells
0,045

0 10 4 10 5 10 6

Comp-APC-A :: Neg contr Dex

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 inte exhau Neg CTR dextra.fcs
CD8
24679

Lymphocytes
62,6

0 1,0M 2,0M 3,0M 4,0M

FSC-A

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 inte exhaustion + dextram.fcs
downsample
230000

Single Cells
99,6

0 1,0M 2,0M 3,0M 4,0M

FSC-A

0

1,0M

2,0M

3,0M

4,0M

FS
C-

H

3721 inte exhaustion + dextram.fcs
Lymphocytes
144026

live cells
35,2

0 10 4 10 5 10 6

Comp-LIVE DEAD Blue-A :: ZOMBIE UV

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 inte exhaustion + dextram.fcs
Single Cells
143458

CD3
90,0

0 10 4 10 5 10 6

Comp-APC-Fire 810-A :: CD3

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 inte exhaustion + dextram.fcs
live cells
50449

Virus Dex negative CD8 cells
97,2

Virus Dex positive CD8 cells
1,10

0 10 4 10 5 10 6

Comp-APC-A :: Virus Dex

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 inte exhaustion + dextram.fcs
CD8
23195

Lymphocytes
60,3

0 1,0M 2,0M 3,0M 4,0M

FSC-A

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 exte exhaustion + dextram.fcs
downsample
230000

Single Cells
99,2

0 1,0M 2,0M 3,0M 4,0M

FSC-A

0

1,0M

2,0M

3,0M

4,0M

FS
C-

H

3721 exte exhaustion + dextram.fcs
Lymphocytes
138759

live cells
30,6

0 10 4 10 5 10 6

Comp-LIVE DEAD Blue-A :: ZOMBIE UV

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 exte exhaustion + dextram.fcs
Single Cells
137711

CD3
88,2

0 10 4 10 5 10 6

Comp-APC-Fire 810-A :: CD3

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 exte exhaustion + dextram.fcs
live cells
42170

Virus Dex negative CD8 cells
97,0

Virus Dex positive CD8 cells
1,25

0 10 4 10 5 10 6

Comp-APC-A :: Virus Dex

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 exte exhaustion + dextram.fcs
CD8
19822

CD4
42,4

CD8
51,1

0 10 4 10 5 10 6

Comp-Spark Blue 574-A :: CD4

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 inte exhaustion + dextram.fcs
CD3
45413

AAgs Dex CD4 subset
0,021

CD4 AAg Dex negative
99,8

0 10 4 10 5 10 6

Comp-PE-A :: AAg Dex

0

10 4

10 5

10 6

Co
m

p-
Sp

ar
k 

Bl
ue

 5
74

-A
 ::

 C
D4

3721 inte exhaustion + dextram.fcs
CD4
19272

CD4
40,2

CD8
53,3

0 10 4 10 5 10 6

Comp-Spark Blue 574-A :: CD4

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 exte exhaustion + dextram.fcs
CD3
37189

AAgs Dex CD4 subset
0,013

CD4 AAg Dex negative
99,7

0 10 4 10 5 10 6

Comp-PE-A :: AAg Dex

0

10 4

10 5

10 6

Co
m

p-
Sp

ar
k 

Bl
ue

 5
74

-A
 ::

 C
D4

3721 exte exhaustion + dextram.fcs
CD4
14941

AAgs Dex CD8 subset
0

CD8 Dex  AAg negative
100,0

0 10 4 10 5 10 6

Comp-PE-A :: AAg Dex

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 exte exhaustion + dextram.fcs
CD8
19822

AAgs Dex CD8 subset
0,013

CD8 Dex  AAg negative
100,0

0 10 4 10 5 10 6

Comp-PE-A :: AAg Dex

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 inte exhaustion + dextram.fcs
CD8
23195

FMO for Dextramers 

External staining

Intracellular staining

AAgs Dex CD4 subset
6,08E-3

CD4 AAg Dex negative
99,9

0 10 4 10 5 10 6

Comp-PE-A :: Dex AAg

0

10 4

10 5

10 6

C
om

p-
Sp

ar
k 

Bl
ue

 5
74

-A
 ::

 C
D

4

3717 full panel + dextramers.fcs
CD4
32915

Dex+ CD4 cells
0,017

Dex- CD4 cells
99,9

0 10 4 10 5 10 6

Comp-PE-A :: Dex AAg

0

10 4

10 5

10 6

C
om

p-
Sp

ar
k 

Bl
ue

 5
74

-A
 ::

 C
D

4

3720 full panel + dextramers.fcs
CD4
353229

AAgs Dex CD4 subset
0,023

CD4 AAg Dex negative
98,7

0 10 4 10 5 10 6

Comp-PE-A :: AAg Dex

0

10 4

10 5

10 6

C
om

p-
Sp

ar
k 

Bl
ue

 5
74

-A
 ::

 C
D

4

3698 inte exhaustion + dextram.fcs
CD4
47829

AAgs Dex CD4 subset
0,084

CD4 AAg Dex negative
99,5

0 10 4 10 5 10 6

Comp-PE-A :: Dex AAg

0

10 4

10 5

10 6

C
om

p-
Sp

ar
k 

Bl
ue

 5
74

-A
 ::

 C
D

4

3681 full panel + dextramers.fcs
CD4
119590

AAgs Dex CD4 subset
0,024

CD4 AAg Dex negative
98,1

0 10 4 10 5 10 6

Comp-PE-A :: Dex AAg

0

10 4

10 5

10 6

C
om

p-
Sp

ar
k 

Bl
ue

 5
74

-A
 ::

 C
D

4

3604 full panel + dextramers.fcs
CD4
110387

AAgs Dex CD4 subset
0,075

CD4 AAg Dex negative
99,7

0 10 4 10 5 10 6

Comp-PE-A :: Dex AAg

0

10 4

10 5

10 6

C
om

p-
Sp

ar
k 

Bl
ue

 5
74

-A
 ::

 C
D

4

3626 full panel + dextramers.fcs
CD4
53092

AAgs Dex CD4 subset
0,032

CD4 AAg Dex negative
98,1

0 10 4 10 5 10 6

Comp-PE-A :: Dex AAg

0

10 4

10 5

10 6

C
om

p-
Sp

ar
k 

Bl
ue

 5
74

-A
 ::

 C
D

4

3635 full panel + dextramers.fcs
CD4
5,64E5

AAgs Dex CD4 subset
5,03E-3

CD4 AAg Dex negative
98,2

0 10 4 10 5 10 6

Comp-PE-A :: Dex AAg

0

10 4

10 5

10 6

C
om

p-
Sp

ar
k 

Bl
ue

 5
74

-A
 ::

 C
D

4

3678 full panel + dextramers.fcs
CD4
1,31E6CD4/CD8 CD4 Dextramer

+/-
 



 74 

Clusters of non-autoreactive CD8+ T cells (Fig. 24B) also exhibited considerable overlap 

among the three groups. We could discern clusters with higher abundance among SPK-

Conv, specifically Pop3 and 4, which were characterized by high CD73, CD25, and 

CD62L expression. Pop14 and 9 predominantly included cells from T1DR patients, with 

Pop14 showing high GLUT1, PD-1, and CCR7 expression, and Pop9 displaying high 

CD73, CD25, CD45RA, and GLUT3 expression.  

 

Figure 24. Unsupervised analysis of non-autoreactive CD8+T cells among SPK groups. (A) 
Gating strategy for the identification of non- autoreactive CD8+T cells; (B) overall and (C) 
individual UMAP projections on concatenated files of non- autoreactive CD8+T cells in SPK-Neg 
(n=9), SPK-Conv (n=9), and T1DR (n=8); (D) Distribution of the 16 identified FlowSOM 
clusters overlaid on the UMAP projection; (E) MFI of selected surface markers in the UMAP 
described in B. (F) Heatmap showing the relative intensity of each parameter for a given cluster. 
The events in the gate of the dextramer-negative CD8+ cells from each of the 26 subjects were 
clustered together to generate a single concatenate file encompassing 100,000 events.  

AAgs Dex CD8 subset
0,024

CD8 Dex  AAg negative
99,9

0 10 4 10 5 10 6

Comp-PE-A :: AAg Dex

0

10 4

10 5

10 6

C
om

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D

8

3643 inte exhaustion + dextram.fcs
CD8
54119

AAgs Dex CD8 subset
0,22

CD8 Dex  AAg negative
99,7

0 10 4 10 5 10 6

Comp-PE-A :: AAg Dex

0

10 4

10 5

10 6

C
om

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D

8

3652 inte exhaustion + dextram.fcs
CD8
44413

AAgs Dex CD8 subset
0,20

CD8 Dex  AAg negative
99,8

0 10 4 10 5 10 6

Comp-PE-A :: Dex AAg

0

10 4

10 5

10 6

C
om

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D

8

3654 full panel + dextramers.fcs
CD8
78329

AAgs Dex CD8 subset
0,29

Dex neg AAg, CD8 subset
99,7

0 10 4 10 5 10 6

Comp-PE-A :: Dex AAg

0

10 4

10 5

10 6

C
om

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D

8

3661 full panel + dextramers.fcs
CD8
44706

AAgs Dex CD8 subset
3,97E-3

CD8 Dex  AAg negative
100,0

0 10 4 10 5 10 6

Comp-PE-A :: Dex AAg

0

10 4

10 5

10 6

C
om

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D

8

3665 full panel + dextramers.fcs
CD8
226723

AAgs Dex CD8 subset
0,30

CD8 Dex  AAg negative
99,6

0 10 4 10 5 10 6

Comp-PE-A :: Dex AAg

0

10 4

10 5

10 6

C
om

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D

8

3699 full panel + dextramers.fcs
CD8
91393

AAgs Dex CD8 subset
0,018

CD8 Dex  AAg negative
100,0

0 10 4 10 5 10 6

Comp-PE-A :: Dex AAg

0

10 4

10 5

10 6

C
om

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D

8

3714 full panel + dextramers.fcs
CD8
363211

AAgs Dex CD8 subset
0,051

CD8 Dex  AAg negative
99,9

0 10 4 10 5 10 6

Comp-PE-A :: AAg Dex

0

10 4

10 5

10 6

C
om

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D

8

3745 inte exhaustion + dextram.fcs
CD8
91432

AAgs Dex CD8 subset
0,024

CD8 Dex  AAg negative
100,0

0 10 4 10 5 10 6

Comp-PE-A :: Dex AAg

0

10 4

10 5

10 6

C
om

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D

8

3723 full panel + dextramers.fcs
CD8
127864

Cluste
rs 

All groups 

SPK-Neg 
SPK-Conv 
T1DR 

A 

D 

C B 

E 

F 

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2

Sa
m

pl
e 

N
am

e
Su

bs
et

 N
am

e
C

ou
nt

co
nc

at
co

m
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s 
T1

D
C

D
4 

48
7 

co
nc

at
co

m
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s 
N

eg
C

D
4 

61
3 

co
nc

at
co

m
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s 
C

on
vC

D
4 

24
7 

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
AP

C
-F

ire
 7

50
-A

 ::
 P

D
1

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
Al

ex
a 

Fl
uo

r 7
00

-A
 ::

 G
LU

T3

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BU

V3
95

-A
 ::

 C
D

28

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BU

V4
96

-A
 ::

 C
XC

R
3

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BU

V5
63

-A
 ::

 IC
O

S

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BU

V6
15

-A
 ::

 T
IG

IT

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BU

V6
61

-A
 ::

 C
D

73

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BU

V7
37

-A
 ::

 C
D

25

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BU

V8
05

-A
 ::

 C
D

69

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050
tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1

58
09

.0
63

10
83

82
.9

04
2

FJ
C

om
p-

BV
42

1-
A 

:: 
C

D
12

7

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BV

48
0-

A 
:: 

KI
67

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BV

51
0-

A 
:: 

C
C

R
6

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BV

60
5-

A 
:: 

H
LA

-D
R

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BV

65
0-

A 
:: 

C
D

95

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BV

71
1-

A 
:: 

C
C

R
7

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BV

75
0-

A 
:: 

C
D

27
2

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BV

78
6-

A 
:: 

C
D

12
2

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
C

el
l T

ra
ce

 V
io

le
t-A

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
FI

TC
-A

 ::
 C

D
19

5

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
PE

-C
y5

-A
 ::

 C
D

15
2

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
PE

-C
y7

-A
 ::

 G
LU

T1

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
PE

-D
az

zl
e5

94
-A

 ::
 L

AG
3

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
PE

-F
ire

 7
00

-A
 ::

 C
D

38

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
Sp

ar
k 

N
IR

 6
85

-A
 ::

 C
D

62
L

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
BV

57
0-

A 
:: 

C
D

27

co
nc

at
co

m
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s
U

ng
at

ed
13

47

0
20

40
60

tS
N

E_
of

_c
on

ca
tc

om
pe

ns
at

ed
sa

m
ef

ile
C

D
4_

1.
fc

s_
1

01020304050

tSNE_of_concatcompensatedsamefileCD4_1.fcs_2 -1
58

09
.0

63
10

83
82

.9
04

2
FJ

C
om

p-
Pe

rC
P-

A 
:: 

C
D

45
R

A

Lo
w 

Hig
h 

SPK-Neg SPK-Conv T1DR 

Single Cells
99,6

0 1,0M 2,0M 3,0M 4,0M

FSC-A

0

1,0M

2,0M

3,0M

4,0M

FS
C-

H

3721 inte exhau Neg CTR dextra.fcs
Lymphocytes
116316

live cells
51,2

0 10 4 10 5 10 6

Comp-LIVE DEAD Blue-A :: ZOMBIE UV

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 inte exhau Neg CTR dextra.fcs
Single Cells
115800

CD3
89,8

0 10 4 10 5 10 6

Comp-APC-Fire 810-A :: CD3

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 inte exhau Neg CTR dextra.fcs
live cells
59270

CD4
46,1

CD8
46,4

0 10 4 10 5 10 6

Comp-Spark Blue 574-A :: CD4

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 inte exhau Neg CTR dextra.fcs
CD3
53223

AAgs Dex CD4 subset
8,14E-3

CD4 AAg Dex negative
99,9

0 10 4 10 5 10 6

Comp-PE-A :: Neg CTR Dex

0

10 4

10 5

10 6

Co
m

p-
Sp

ar
k 

Bl
ue

 5
74

-A
 ::

 C
D4

3721 inte exhau Neg CTR dextra.fcs
CD4
24560

AAgs Dex CD8 subset
4,05E-3

CD8 Dex  AAg negative
100,0

0 10 4 10 5 10 6

Comp-PE-A :: Neg CTR Dex

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 inte exhau Neg CTR dextra.fcs
CD8
24679

Lymphocytes
62,9

0 1,0M 2,0M 3,0M 4,0M

FSC-A

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 inte exhau Neg CTR dextra.fcs
Ungated
184952

Virus Dex negative CD8 cells
98,7

Virus Dex positive CD8 cells
0,045

0 10 4 10 5 10 6

Comp-APC-A :: Neg contr Dex

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 inte exhau Neg CTR dextra.fcs
CD8
24679

Lymphocytes
62,6

0 1,0M 2,0M 3,0M 4,0M

FSC-A

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 inte exhaustion + dextram.fcs
downsample
230000

Single Cells
99,6

0 1,0M 2,0M 3,0M 4,0M

FSC-A

0

1,0M

2,0M

3,0M

4,0M

FS
C-

H

3721 inte exhaustion + dextram.fcs
Lymphocytes
144026

live cells
35,2

0 10 4 10 5 10 6

Comp-LIVE DEAD Blue-A :: ZOMBIE UV

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 inte exhaustion + dextram.fcs
Single Cells
143458

CD3
90,0

0 10 4 10 5 10 6

Comp-APC-Fire 810-A :: CD3

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 inte exhaustion + dextram.fcs
live cells
50449

Virus Dex negative CD8 cells
97,2

Virus Dex positive CD8 cells
1,10

0 10 4 10 5 10 6

Comp-APC-A :: Virus Dex

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 inte exhaustion + dextram.fcs
CD8
23195

Lymphocytes
60,3

0 1,0M 2,0M 3,0M 4,0M

FSC-A

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 exte exhaustion + dextram.fcs
downsample
230000

Single Cells
99,2

0 1,0M 2,0M 3,0M 4,0M

FSC-A

0

1,0M

2,0M

3,0M

4,0M

FS
C-

H

3721 exte exhaustion + dextram.fcs
Lymphocytes
138759

live cells
30,6

0 10 4 10 5 10 6

Comp-LIVE DEAD Blue-A :: ZOMBIE UV

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 exte exhaustion + dextram.fcs
Single Cells
137711

CD3
88,2

0 10 4 10 5 10 6

Comp-APC-Fire 810-A :: CD3

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 exte exhaustion + dextram.fcs
live cells
42170

Virus Dex negative CD8 cells
97,0

Virus Dex positive CD8 cells
1,25

0 10 4 10 5 10 6

Comp-APC-A :: Virus Dex

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 exte exhaustion + dextram.fcs
CD8
19822

CD4
42,4

CD8
51,1

0 10 4 10 5 10 6

Comp-Spark Blue 574-A :: CD4

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 inte exhaustion + dextram.fcs
CD3
45413

AAgs Dex CD4 subset
0,021

CD4 AAg Dex negative
99,8

0 10 4 10 5 10 6

Comp-PE-A :: AAg Dex

0

10 4

10 5

10 6

Co
m

p-
Sp

ar
k 

Bl
ue

 5
74

-A
 ::

 C
D4

3721 inte exhaustion + dextram.fcs
CD4
19272

CD4
40,2

CD8
53,3

0 10 4 10 5 10 6

Comp-Spark Blue 574-A :: CD4

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 exte exhaustion + dextram.fcs
CD3
37189

AAgs Dex CD4 subset
0,013

CD4 AAg Dex negative
99,7

0 10 4 10 5 10 6

Comp-PE-A :: AAg Dex

0

10 4

10 5

10 6

Co
m

p-
Sp

ar
k 

Bl
ue

 5
74

-A
 ::

 C
D4

3721 exte exhaustion + dextram.fcs
CD4
14941

AAgs Dex CD8 subset
0

CD8 Dex  AAg negative
100,0

0 10 4 10 5 10 6

Comp-PE-A :: AAg Dex

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 exte exhaustion + dextram.fcs
CD8
19822

AAgs Dex CD8 subset
0,013

CD8 Dex  AAg negative
100,0

0 10 4 10 5 10 6

Comp-PE-A :: AAg Dex

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 inte exhaustion + dextram.fcs
CD8
23195

FMO for Dextramers 

External staining

Intracellular stainingLymphocytes Single cells Live cells CD3 

Single Cells
99,6

0 1,0M 2,0M 3,0M 4,0M

FSC-A

0

1,0M

2,0M

3,0M

4,0M

FS
C-

H

3721 inte exhau Neg CTR dextra.fcs
Lymphocytes
116316

live cells
51,2

0 10 4 10 5 10 6

Comp-LIVE DEAD Blue-A :: ZOMBIE UV

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 inte exhau Neg CTR dextra.fcs
Single Cells
115800

CD3
89,8

0 10 4 10 5 10 6

Comp-APC-Fire 810-A :: CD3

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 inte exhau Neg CTR dextra.fcs
live cells
59270

CD4
46,1

CD8
46,4

0 10 4 10 5 10 6

Comp-Spark Blue 574-A :: CD4

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 inte exhau Neg CTR dextra.fcs
CD3
53223

AAgs Dex CD4 subset
8,14E-3

CD4 AAg Dex negative
99,9

0 10 4 10 5 10 6

Comp-PE-A :: Neg CTR Dex

0

10 4

10 5

10 6

Co
m

p-
Sp

ar
k 

Bl
ue

 5
74

-A
 ::

 C
D4

3721 inte exhau Neg CTR dextra.fcs
CD4
24560

AAgs Dex CD8 subset
4,05E-3

CD8 Dex  AAg negative
100,0

0 10 4 10 5 10 6

Comp-PE-A :: Neg CTR Dex

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 inte exhau Neg CTR dextra.fcs
CD8
24679

Lymphocytes
62,9

0 1,0M 2,0M 3,0M 4,0M

FSC-A

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 inte exhau Neg CTR dextra.fcs
Ungated
184952

Virus Dex negative CD8 cells
98,7

Virus Dex positive CD8 cells
0,045

0 10 4 10 5 10 6

Comp-APC-A :: Neg contr Dex

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 inte exhau Neg CTR dextra.fcs
CD8
24679

Lymphocytes
62,6

0 1,0M 2,0M 3,0M 4,0M

FSC-A

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 inte exhaustion + dextram.fcs
downsample
230000

Single Cells
99,6

0 1,0M 2,0M 3,0M 4,0M

FSC-A

0

1,0M

2,0M

3,0M

4,0M

FS
C-

H

3721 inte exhaustion + dextram.fcs
Lymphocytes
144026

live cells
35,2

0 10 4 10 5 10 6

Comp-LIVE DEAD Blue-A :: ZOMBIE UV

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 inte exhaustion + dextram.fcs
Single Cells
143458

CD3
90,0

0 10 4 10 5 10 6

Comp-APC-Fire 810-A :: CD3

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 inte exhaustion + dextram.fcs
live cells
50449

Virus Dex negative CD8 cells
97,2

Virus Dex positive CD8 cells
1,10

0 10 4 10 5 10 6

Comp-APC-A :: Virus Dex

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 inte exhaustion + dextram.fcs
CD8
23195

Lymphocytes
60,3

0 1,0M 2,0M 3,0M 4,0M

FSC-A

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 exte exhaustion + dextram.fcs
downsample
230000

Single Cells
99,2

0 1,0M 2,0M 3,0M 4,0M

FSC-A

0

1,0M

2,0M

3,0M

4,0M

FS
C-

H

3721 exte exhaustion + dextram.fcs
Lymphocytes
138759

live cells
30,6

0 10 4 10 5 10 6

Comp-LIVE DEAD Blue-A :: ZOMBIE UV

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 exte exhaustion + dextram.fcs
Single Cells
137711

CD3
88,2

0 10 4 10 5 10 6

Comp-APC-Fire 810-A :: CD3

0

1,0M

2,0M

3,0M

4,0M

SS
C-

A

3721 exte exhaustion + dextram.fcs
live cells
42170

Virus Dex negative CD8 cells
97,0

Virus Dex positive CD8 cells
1,25

0 10 4 10 5 10 6

Comp-APC-A :: Virus Dex

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 exte exhaustion + dextram.fcs
CD8
19822

CD4
42,4

CD8
51,1

0 10 4 10 5 10 6

Comp-Spark Blue 574-A :: CD4

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 inte exhaustion + dextram.fcs
CD3
45413

AAgs Dex CD4 subset
0,021

CD4 AAg Dex negative
99,8

0 10 4 10 5 10 6

Comp-PE-A :: AAg Dex

0

10 4

10 5

10 6

Co
m

p-
Sp

ar
k 

Bl
ue

 5
74

-A
 ::

 C
D4

3721 inte exhaustion + dextram.fcs
CD4
19272

CD4
40,2

CD8
53,3

0 10 4 10 5 10 6

Comp-Spark Blue 574-A :: CD4

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 exte exhaustion + dextram.fcs
CD3
37189

AAgs Dex CD4 subset
0,013

CD4 AAg Dex negative
99,7

0 10 4 10 5 10 6

Comp-PE-A :: AAg Dex

0

10 4

10 5

10 6

Co
m

p-
Sp

ar
k 

Bl
ue

 5
74

-A
 ::

 C
D4

3721 exte exhaustion + dextram.fcs
CD4
14941

AAgs Dex CD8 subset
0

CD8 Dex  AAg negative
100,0

0 10 4 10 5 10 6

Comp-PE-A :: AAg Dex

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 exte exhaustion + dextram.fcs
CD8
19822

AAgs Dex CD8 subset
0,013

CD8 Dex  AAg negative
100,0

0 10 4 10 5 10 6

Comp-PE-A :: AAg Dex

0

10 4

10 5

10 6

Co
m

p-
Al

ex
a 

Fl
uo

r 5
32

-A
 ::

 C
D8

3721 inte exhaustion + dextram.fcs
CD8
23195

FMO for Dextramers 

External staining

Intracellular staining CD4/CD8 CD8 Dextramer
+/-

 

Pop0 

Pop1 
Pop2 

Pop3 
Pop4 

Pop5 
Pop6 

Pop7 

Pop8 

Pop9 
Pop10 

Pop11 
Pop12 

Pop13 

Pop14 

Pop15 



 75 

Pop1 was enriched in cells from SPK-Neg patients, exhibiting high CD95 and CD62L 

expression (Fig. 24D, 5F). All other clusters represented a mixture of cells from all 

patient groups. Similar to the observations in CD4+ T cells, analysis of key phenotypic 

markers in non-autoreactive CD8+ T cells revealed that high GLUT1 expression was 

associated with high PD-1 and low CD95 expression, contrasting with data on 

autoreactive T cells where T1DR cells had a clearly distinct phenotype. Of note, most of 

the non-autoreactive CD8+ T cell populations exhibited a naïve phenotype characterized 

by higher levels of CD45RA and CD62L. 

The distinct functional clusters of autoreactive T cell populations that distinguish T1DR 

patients from the other SPK groups were not identified in the analysis of non-autoreactive 

T cells, in which T cell populations were not well separated and did not distinguish the 

three groups. 
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3.3  Effect of WZB117 on survival and proliferation of T cells from healthy 

donors 
The experiments in this section were performed at the Diabetes Research Institute in 

Milan.   

 

3.3.1  Glucose availability affected survival of activated T cells 

To determine the role of glucose availability on T cells, I tested the effect of glucose 

deprivation on T cells survival, during activation. PBMCs from healthy donors were 

stimulated with anti-CD3/CD28 beads (bead-to-cell ratio 1:25) and cultured for 3 days in 

RPMI 1640 with different glucose concentrations: 

- 5.5mM (corresponding to 110 mg/dL) represents the physiological blood glucose 

concentration and was used as the baseline; 

- 1mM (corresponding to 20 mg/dL) represents a low glucose concentration that in the 

body can be found during severe hypoglycemia or in tumor tissues; 

- 0mM, represents a complete glucose deprivation. To achieve this condition in the 

experimental setting we used dialyzed FBS. 

 

Cell viability was evaluated using Annexin V and Propidium Iodide (PI) staining, at day 

3 when activated T cells showed the highest surface expression of GLUT1 [170]. As 

compared to the 5.5mM glucose baseline condition, no significant changes in T cell 

viability were observed when T cells were exposed to glucose 1mM (Fig. 25). Since FBS 

contains glucose, to set up the 0mM glucose conditions we used dialyzed FBS, which 

does not contain glucose yet it provides growth factors essential to T cell survival. When 

cultured with dialyzed FBS, CD4+ and CD8+ T cells showed 27% and 47% reductions in 

viability, respectively.  

These findings suggested that T cells can adapt to very low glucose levels (1mM), but 

their survival is severely affected by complete glucose deprivation. 
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Figure 25. CD3/CD28-stimulated cells survival is not affected at glucose levels as low as 1mM. 
The percentage of live cells harvested after 72 h of culture under the indicated conditions was 
determined by flow cytometry using Annexin/PI staining. For annexin/PI experiments the gating 
strategy used was different from that used in the rest of the experiments included in the 
dissertation. All the lymphocytes, determined by the FSC and SSC profile, were included, debris 
and doublets were discarded and CD3+ T cells were distinguished by plotting SSC vs CD3. From 
CD3, gate CD4+ and CD8+ T cells were identified. Data shown as Mean ± SD. Comparisons were 
made using a paired T test.  
 

Experiments culturing T cells in low glucose conditions were performed before using the 

GLUT1 inhibitor, to determine whether glucose starvation and GLUT1 inhibition have 

similar effects on T cell survival. We had previously determined that the GLUT1 inhibitor 

WZB117 at 10µM reduced glucose uptake in T cells by 75% [97]. 

 

Cells cultured for 3 days in glucose 5.5mM RPMI stimulated with anti-CD3/CD28 beads 

(bead-to-cell ratio 1:25) in the presence of 10µM of WZB117 showed a reduction in T 

cell viability of 13% (+8% of late apoptotic cells; +5% of early apoptotic cells) compared 

to the T cells cultured in the same conditions but without WZB117 (Fig. 26). This result 

suggested that the survival of T cells was not considerably compromised by the decreased 

glucose uptake, caused by WZB117 treatment, aligning with their ability to survive in a 

glucose-limited environment, such as glucose 1mM concentration. 
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Figure 26. CD3/CD28-stimulated cells survival is not severely affected by the presence of the 
GLUT1 inhibitor WZB117 at a concentration of 10µM. The percentage of live cells harvested 
after 3 days of culture under the indicated conditions was determined by flow cytometry using 
Annexin/PI staining. For annexin/PI experiments the gating strategy used was different from that 
used in the rest of the experiments included in the dissertation. All the lymphocytes, determined 
by the FSC and SSC profile were included, debris and doublets were discarded and CD3+ T cells 
were distinguished by plotting SSC vs CD3. From CD3 gate CD4+ and CD8+ T cells were 
identified. Data shown as Mean ± SD. Comparisons were made using a paired T test.  
 

3.3.2 WZB117 inhibited T cell proliferation, and the effect persisted after WZB117 

removal 

As glucose is essential to support T cell proliferation, I determined whether 

proliferation was affected by WZB117. T cell proliferation was evaluated using a CFSE 

dilution assay in a 6-day culture system in the presence of anti-CD3/CD28 beads (bead-

to-cell ratio 1:75) using flow cytometry analysis. CFSE is a fluorescent compound that 

undergoes intracellular enzymatic conversion into a fluorescent dye, enabling the labeling 

of cytoplasmic proteins. CFSE fluorescence intensity diminishes by half with each 

subsequent cell division, allowing the identification and quantification of proliferating 

cells.  

 

As for the viability assay, I compared the low glucose concentration condition (1mM) to 

the physiological one (5.5mM) and with the addition of WZB117 on PBMCs from 

healthy donors. Compared to the glucose concentration of 5.5mM, I observed a reduction 

in T cell proliferation by 50% in the presence of glucose 1mM and by 20% when T cells 

were cultured in the presence of WZB117 (Fig. 27). A similar trend was observed both 

in CD4+ and CD8+ T cells. 

Glu
co

se
 5.

5m
M

Glu
co

se
 1m

M

Glu
co

se
 5.

5m
M

+W
ZB11

7 1
0µ

M

0

10

20

30

40

50

%
 la

te
 a

po
pt

ot
ic

 c
el

ls

0.0237

0,0221

0

10

20

30

40

50

%
 e

ar
ly

 a
po

pt
ot

ic
 c

el
ls

0.0473

Glucose 5.5mM Glucose 1mM 
Glucose 5.5mM 
+WZB117 10µM 

Glucose 5.5mM Glucose 1mM Glucose 5.5mM+WZB 10uM

Q1
0,79

Q2
20,3

Q3
27,9

Q4
51,0

Specimen_001_82 euglucose beads.fcs
Ungated
43349

Q1
1,04

Q2
20,8

Q3
39,3

Q4
38,9

Specimen_001_82 lowglucose beads.fcs
Ungated
62808

Q1
1,37

Q2
29,5

Q3
32,6

Q4
36,5

Specimen_001_82 WZB beads.fcs
Ungated
69553

PI

Annexin 



 79 

 
Figure 27. Analysis of proliferation using a CFSE dilution assay by flow cytometry. The graphs 
show the fraction of cells diluting CFSE over 6 days of culture under the indicated conditions. 
Data shown as Mean ± SD. Comparisons were made using a paired T test.  
 

 

To determine whether the impact of glucose deprivation and the treatment with WZB117 

on T cell proliferation were reversible or imparted a permanent state of hypo-

responsiveness, I conducted long-term culture experiments in which, after stimulation of 

T cells with low glucose or WZB117 treatment, T cells were further cultured in 5.5mM 

glucose drug-free medium. PBMCs from healthy donors were stimulated with anti-

CD3/CD28 beads and initially cultured in either glucose 1mM or 5.5mM plus WZB117 

for 6 days, followed by an additional 6 days of culture in 5.5mM glucose medium without 

WZB117, as illustrated in Figure 28A. 

 

The results revealed that T cells cultured initially in glucose 1mM exhibited a complete 

recovery of proliferation in the subsequent culture in 5.5mM glucose, with approximately 

60% of the cells recovering their proliferative capacity. Conversely, T cells cultured in 
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removal of WZB117 and culture in 5.5mM glucose, showing a further 30% reduction in 

proliferation (Fig. 28C). Our data suggested that WZB117 induced a state of hypo-

responsiveness in T cells that persists upon its removal and subsequent re-stimulation. As 
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T cells cultured in low glucose concentration completely recovered proliferation when 

moved into a 5.5mM glucose medium, this suggested that the effect of WZB117 on T cell 

proliferation involves mechanisms other than the mere reduction of glucose uptake.  

 

 
 
Figure 28. Effect of WZB117 on proliferation in 6 and 12 days culture experiment. (A) In vitro 
culture system. Cells were activated with CD3/CD28 beads and maintained for 6 days in a 
medium containing glucose 5.5mM + 10µM WZB117 or 1mM glucose. Then cells were 
transferred to a medium containing glucose 5.5mM for an additional 6 days. Analysis was 
performed on days 6 and 12. (B) Representative plots showing the expression of CFSE and CD3 
positive cells, with the gated region showing the percentage of the population expressing 
proliferating cells. (C) The graphs show the fraction of cells diluting CFSE over 6 and 12 days 
of culture under the indicated conditions. Data shown as Mean ± SD. Comparisons were made 
using a paired T test.  
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3.3.3  WZB117 displayed additive effect with immunosuppressive drugs  

Since we envisage a potential application of GLUT1 inhibitors as part of the induction 

therapy in pancreas or pancreatic islet transplantation, we investigated the effect of 

WZB117 when administered along with commonly used immunosuppressive drugs, such 

as rapamycin, MMF, and FK506. To test the effect of GLUT1 inhibitor in combination 

with immunosuppressive drugs, CFSE-labeled PBMCs from healthy donors were 

stimulated with anti-CD3/CD28 beads for 6 days in the presence of different drug 

combinations. We used concentrations of rapamycin, FK506 and MMF that resemble the 

plasma target concentration of these drugs in the clinical settings [109].  

 

WZB117 alone induced 35% and 45% inhibition on CD8+ and CD4+ T cells respectively 

(Fig. 29). The combination of WZB117 with rapamycin resulted in 78% and 71% of 

inhibition of proliferation on CD8+ and CD4+ T cells respectively, while the combination 

of WZB117 with FK506 resulted in 94% and 92% inhibition of proliferation on CD8+ 

and CD4+ T cells respectively. Despite not inducing substantial cell apoptosis, MMF 

alone showed a nearly 100% of inhibition of T cell proliferation, making it impossible to 

determine a potential combinatory effect with WZB117. We already reported MMF-

induced complete inhibition of proliferation in our previous work [109]. 

 

These results demonstrated an additive inhibitory effect on immune activation when 

WZB117 was used in combination with both rapamycin and FK506, at concentrations 

relevant to clinical application (10ng/mL). These findings suggest that combining 

WZB117 with rapamycin or FK506 could represent a promising approach to enhance the 

immunosuppressive effects of these widely used drugs. 
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Figure 29. WZB117 exerted an additive effect on T cell proliferation when used in combination 
with rapamycin or FK506 on CD4+ and CD8+ T cells. (A) The graphs show the fraction of cells 
diluting CFSE over 6 days of culture with different drug combinations. (B) The table shows the 
percentage of reduction of T cell proliferation compared to the control condition. Data shown as 
Mean ± SD. Comparisons were made using a paired T test.  
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3.4 WZB117 effect on proliferation and phenotype of T cells from healthy 

donors, T1D patients and transplanted patients 
The experiments that belong to this part of the thesis were performed in the lab of Prof. 

Alberto Pugliese at the Diabetes Research Institute, Miller School of Medicine, 

University of Miami. Blood samples from SPK patients were kindly made available by 

Dr. George Burke III, Department of Surgery, Miller School of Medicine, University of 

Miami.   

 

3.4.1 WZB117 exhibited enhanced reduction of T Cell Proliferation in T1D and SPK 

patients compared to healthy donors 

To broaden the investigation and further characterize the influence of GLUT1 

inhibition on human T cells, I extended my research beyond the previous observations 

made on PBMCs from healthy donors. In this phase of the study, I examined three distinct 

groups of subjects:  

(i) SPK patients who are autoantibody-negative (SPK AAB-Neg), with a functional 

transplant supporting normal glucose tolerance and kidney function, under chronic 

immunosuppression (n=6) 

(ii) patients with T1D (n=8) 

(iii) healthy donors (HD) (n=10).  

My goal was to further explore the effectiveness of GLUT1 inhibition to patient 

populations, and to potentially identify differences among the three groups, where 

diabetes and immunosuppression are important factors that need to be considered.  

PBMCs were cultured in RPMI 5.5mM glucose, stimulated with anti-CD3/CD28 beads 

(bead-to-cell ratio 1:75), with or without 10μM of the GLUT1 inhibitor WZB117, for 6 

days. After 6 days cells were collected and analyzed using a comprehensive 37 parameters 

flow cytometry panel (Table 4). In all groups, on day 6, death cells were excluded using 

ZombieUV.  

Culturing T cells in the presence of WZB117 decreased cell viability in the HD group (91 

± SD 3% Ctrl vs 89 ± SD 3% WZB117, n=10, P=0.0352), T1D group (75 ± SD 12% Ctrl 

vs 63 ± SD 22% WZB117, n=8, p=0.0156) and in SPK group (75 ± SD 10% Ctrl vs 62 ± 
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SD 17% WZB117, n=6, p=0.0312). All groups were compared to the initial cell viability 

right after thawing, indicated as 0 days in vitro (0 DIVs) (Fig. 30A). 

  

Although WZB117 showed only a minor effect on T cell viability, it strongly affected T 

cell proliferation. On day 6, WZB117 reduced proliferation in CD4+ (55 ± SD 24% Ctrl 

vs 24 ± SD 12% WZB117, n=8, p=0.0078) and in CD8+ T cells (60 ± SD 28% Ctrl vs 30 

± SD 17% WZB117, n=8, p=0.0078) in T1D patients (Fig. 30B). Also in the SPK group, 

WZB117 reduced proliferation both in CD4+ (81 ± SD 4% Ctrl vs 49 ± SD 16% WZB117, 

n=6, p=0.0312) and in CD8+ T cells (81 ± SD 11% Ctrl vs 51 ± SD 16% WZB117, n=6, 

p=0.0312). In the HD group the reduction of proliferation was less profound (49 ± SD 

13% Ctrl vs 40 ± SD 16% WZB117, n=10, p=0.0195 for CD4+ T cells) (71 ± SD 10% 

Ctrl vs 61 ± SD 15% WZB117, n=10, p=0.059 for CD8+ T cells) (Fig. 30B, C). 
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Figure 30. GLUT1 inhibition reduces the proliferation of CD4+ and CD8+ T cells.(A) In vitro T 
cell viability after anti-CD3/CD28 stimulation, at day 6, in the presence or absence of the GLUT1 
inhibitor WZB117. Inhibition of CD4+ (B) and CD8+ (C) T cell proliferation at 6 days in the three 
groups, showed as representative plots and graphs expressing means of percentage. The 
inhibition of proliferation was statistically significantly higher in the T1D and SPK-Neg groups 
compared to HD. Data shown as Mean ± SD. Comparisons were made using a paired Wilcoxon 
test.  
 
I subsequently investigated whether cell numbers for the main T cell subsets of CD4+ and 

CD8+ were impacted by WZB117 treatment. Cell subsets were identified by the 

expression of cell markers as indicated in Table 5. Cell numbers were calculated as 

counts per µL for control and WZB117 cultures. Notable observations were reductions in 

the numbers of CD4+ naïve, Tscm and Tcm cells among T1D and SPK-Neg patients (Fig. 

31A). CD8+ naïve, Tscm, Tcm and Tem cells also showed lower counts after WZB117 

treatment (Fig. 31B).  
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Figure 31. Impact of in vitro GLUT1 inhibition on cell counts in CD4+ and CD8+ T cell naïve 
and memory subsets. Assessment after 6 days in culture, with/without WZB117, of CD4+ (A) and 
CD8+T cells (B). Data shown are the absolute cell counts (cells/µL) for control and WZB117 
cultures, which are compared using a paired Wilcoxon test. Data shown as Mean ± SD.  
 

 

3.4.2  GLUT1 inhibition reduced proliferation of Treg cells 

CD4+CD25+FOXP3+ regulatory T cells (Treg cells) also express GLUT1 but, like 

quiescent T cells, they primarily utilize oxidative phosphorylation and fatty acid 

oxidation to meet their metabolic requirements. Recently it has become increasingly 

evident that Treg cells also rely on glycolysis for activation and proliferation, but to a 

lesser extent than T helper cells. Using the experimental setting described above, I 

investigated the effect of the GLUT1 inhibitor WZB117 on Treg cells. Although Treg 

cells are expected to be less dependent on glycolysis during activation and proliferation, 

we did observe reductions in proliferation (Fig. 32). As previously noted, also in CD4+ 

Treg cells the effect of WZB117 on proliferation is more pronounced in T1D (78 ± SD 

8% Ctrl vs 48 ± SD 26% WZB117, n=8, p=0.0078) and SPK groups (78 ± SD 8% Ctrl 

vs SD 51 ± 19% WZB117, n=6, p=0.0313), compared to HD (60 ± SD 17% Ctrl vs 50 ± 

SD 18% WZB117, n=10, p=0.0098). 

 

 
 

Figure 32. In vitro proliferation of Treg cells after CD3/CD28 stimulation, at 6 days, in the 
presence or absence of the GLUT1 inhibitor WZB117. Percent inhibition of Treg cells 
proliferation in the three groups, at 6 days, relative to the control culture. Data shown as Mean 
± SD. Comparisons were made using a paired Wilcoxon test.  
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The study of cell numbers for all Treg cell subsets, calculated as absolute numbers (counts 

per µL) for control and WZB117 cultures, showed reductions in Tcm and naïve Treg cells 

after WZB117 treatment in T1D and SPK-Neg patients. 

 

 
 
Figure 33. Impact of in vitro GLUT1 inhibition on cell counts for CD4+ Treg cell subsets. Flow 
cytometry assessment after 6 days in culture, with/without WZB117, of CD4+ Treg cells. The data 
shown are the absolute counts (cells/µL) for control and WZB117 cultures. Data shown as Mean 
± SD. Comparisons were made using a paired Wilcoxon test.  
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3.4.3  The T cell expression of key activation markers was reduced after treatment with 

WZB117  

After 6 days of in vitro culture with or without 10µM of WZB117 and anti-CD3/CD28 

beads, I determined phenotypic changes at the protein levels, using flow cytometry to 

examine both surface and intracellular markers (see Table 4). This approach allowed me 

to unravel the alterations caused by GLUT1 inhibition during T cell activation.  

 

Overall, when examining CD4+ (Fig. 34) and CD8+ (Fig. 35) T cell populations, I noted 

MFI reductions that consistently occurred in samples from T1D and SPK-neg patients but 

were rarely noted in samples from HD. These reductions impacted key activation markers 

such as CD25, CD38, and ICOS. In addition, the MFI values of TIGIT and PD-1 were 

reduced in CD4+ T cells, and those of HLA-DR were reduced in CD8+ T cells. The MFI 

of CTLA-4 was also reduced by WZB117 treatment in CD4+ and CD8+ T cells from HD 

and T1D patients, but not among the SPK-Neg patients (not shown).  
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Figure 34. Phenotypic changes associated with GLUT1 inhibition in vitro in CD4+ T cells. 
Flow cytometry assessment of key phenotypic markers after 6 days in culture, with/without 
WZB117. Only selected markers are shown, those showing the most evident changes, from our 
37-parameter panel. MFI of CD4-positive gate. Data shown as Mean ± SD. Comparisons were 
made using a paired Wilcoxon test. 
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Figure 35. Phenotypic changes associated with GLUT1 inhibition in vitro in CD8+ T cells. Flow 
cytometry assessment of key phenotypic markers after 6 days in culture, with/without WZB117, 
in CD8 T cells. Only selected markers are shown, those showing the most evident changes, from 
our 37-parameter panel. MFI of CD8-positive gate. Data shown as Mean ± SD. Comparisons 
were made using a paired Wilcoxon test. 
 

Among Treg cells, the MFI values of CD25 and CTLA-4 were reduced (Fig. 36); 

however, the expression levels of both molecules in the control cultures, after T cell 

activation, were higher in Tregs than in the total CD4+ T cell population (for HD CD25 

MFI mean 30,062 vs mean 7,291, p=0.0049, respectively; for T1D, CD25 MFI mean 

62,051 vs mean 9,474, p=0.0156; for SPK-Neg patients, CD25 MFI mean 64, 971 vs 

mean 38,767, p=0.06).  
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Figure 36. Phenotypic changes associated with GLUT1 inhibition in vitro in Treg cells. Flow 
cytometry assessment of key phenotypic markers after 6 days in culture, with/without WZB117, 
in CD4 Treg cells. Only selected markers are shown, those showing the most evident changes, 
from our 37-parameter panel. MFI of Tregs-positive gate. Data shown as Mean ± SD. 
Comparisons were made using a paired Wilcoxon test. 
 

Similar differences were also observed between Treg cells and total CD4+ T cells upon 

treatment with WZB117, and importantly the percent reduction in the CD25 MFI was 

significantly lower in Tregs compared to total CD4+ T cells (mean percent reduction 30% 

vs 88%, p=0.031 among T1D patients; 17% vs 44%, p=0.031 among SPK-Neg patients; 

14% vs 28%, p=0.0674 in HD). Similar trends overall, but less dramatic differences, were 

noted for CTLA-4, and percent reductions comparing Treg cells and total CD4+ T cells 

were not statistically different. Data are shown in Figure 37.  
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Figure 37. Impact of in vitro GLUT1 inhibition on CD25 and CTLA-4 in total CD4+ T cells 
and CD4+ Tregs. Flow cytometry assessment of CD25 and CTLA-4 expression across CD4+ Treg 
cells and CD4+ total (Con) in HD, T1D and SPK-neg subjects, after 6 days in culture, 
with/without WZB117. MFI of CD4 or Treg-positive gate. Data shown as Mean ± SD. 
Comparisons were made using a paired Wilcoxon test. 
 

 

3.4.4  Impact of in vitro treatment with WZB117 on GLUT1 and GLUT3 expression on 

CD4+, CD8+ and Treg cells 

Another important goal of my thesis work was to assess the expression levels of 

GLUT1 and GLUT3. As shown in Figure 38, WZB117 treatment significantly reduced 

GLUT1 MFI levels in CD8+ (2294 Ctrl vs 1727 WZB117, n=8, p=0.0156) and CD4+ 

(1840 Ctrl vs 1220 WZB117, n=8, p=0.0156) T cells among T1D patients but not in HD 

(CD8+ T cells: 445 Ctrl vs 478 WZB117, p=0.3203; CD4+ T cells: 142 Ctrl vs 194 

WZB117, p=0.2402, n=10) and SPK patients (CD8+ T cells: 1881 Ctrl vs 1653 WZB117, 

p=0.3125; CD4+ T cells: 2461 Ctrl vs 2261 WZB117, p=0.6875, n=6).  

 

Among SPK-Neg patients, the MFI of GLUT3 trended higher, without reaching statistical 

significance. When examining CD4+ T cell subsets (Fig. 39), we noted significant 
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reductions or trends in the MFI of both GLUT1 and GLUT3 in CD4+ Tcm and Tscm cells 

from T1D patients. In contrast, among SPK-Neg patients, the MFI levels of GLUT1 and 

GLUT3 trended higher or were significantly increased after WZB117 treatment, among 

CD4+ Tem, Temra, Tcm and Tscm cells. Divergent changes were also seen between T1D 

and SPK-Neg patients for some T helper subsets, primarily Th17, Th2 and Th1 cells (Fig. 

40), and for CD8+ T naïve, Tcm and Tscm, in which GLUT3 was upregulated in SPK-

Neg patients (Fig. 41). Among Treg subsets (Fig. 42), we observed significant changes 

in the MFI levels of GLUT3, only in SPK-Neg patients, which were increased. It is 

possible that the upregulation of GLUT3 may be compensatory.  

 

 
 
Figure 38. Impact of WZB117 on GLUT1 and GLUT3 expression on CD4+, CD8+ and CD4+ 
Treg cells. Flow cytometry assessment after 6 days in culture, with/without WZB117. Data shown 
as Mean ± SD. MFI of CD4 or CD8 or Tregs-positive gate. Comparisons were made using a 
paired Wilcoxon test. 
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Figure 39. Impact of WZB117 on GLUT1 and GLUT3 expression in CD4+ T cell subsets. Flow 
cytometry assessment after 6 days in culture, with/without WZB117. Data shown as Mean ± SD. 
Comparisons were made using a paired Wilcoxon test. 
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Figure 40. Impact of WZB117 on GLUT1 and GLUT3 expression in CD4+ T helper subsets. 
Flow cytometry assessment after 6 days in culture, with/without WZB117. Data shown as Mean 
± SD. Comparisons were made using a paired Wilcoxon test. 
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Figure 41. Impact of WZB117 on GLUT1 and GLUT3 expression in CD8+ T cell subsets. Flow 
cytometry assessment after 6 days in culture, with/without WZB117. Data shown as Mean ± SD. 
Comparisons were made using a paired Wilcoxon test. 
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Figure 42. Impact of WZB117 on GLUT1 and GLUT3 expression in CD4+ Treg cell subsets. 
Flow cytometry assessment after 6 days in culture, with/without WZB117. Data shown as Mean 
± SD. Comparisons were made using a paired Wilcoxon test. 
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3.4.5  Evaluation of potential off-target and side effects of WZB117 

The widespread expression of the glucose transporter GLUT1 in various human 

tissues, where it plays a crucial role in basal glucose uptake (insulin-independent), 

prompts a careful evaluation of potential off-target and side effects of the GLUT1 

blockade approach.  

To prepare in advance a preclinical model to study the effect of WZB117 in protecting 

beta cells from immune attack, we performed a preliminary set of experiments aiming at 

excluding major toxic effects on T cells that exclusively rely on GLUT1 for specific 

functions. These include beta cells, in which GLUT1 is used as an extracellular glucose 

sensor to regulate insulin secretion, erythrocytes, where GLUT1 is predominantly used 

for the uptake of glucose and the oxidized form of vitamin C, and endothelial cells of the 

blood-brain barrier, where glucose transport across from blood to brain is mediated by 

GLUT1.  

 

I tested whether WZB117 affected the insulin secretion of pancreatic beta cells. In 

contrast to islets from NOD mice, human islets predominantly express GLUT1 and, to a 

much lesser extent GLUT3, instead of GLUT2 [171]. To investigate potential WZB117 

off-target effects on pancreatic beta cells we conducted a perifusion assay using the 

human pancreatic beta cell line EndoC-bH1, widely used as a model of insulin secretion. 

The Biorep perifusion system allowed dynamic stimulation of insulin secretion from beta 

cells in the presence of secretory stimuli and drugs.  

 

During the assay, cells were initially stimulated with a low glucose solution (2mM) for 

80 minutes, followed by a 20-minute stimulation with a 15mM glucose solution. 

Subsequently, cells underwent a 20-minute stimulation with 2mM glucose and another 

20-minute exposure to 30mM potassium chloride solution (KCl), to depolarize cell 

membranes facilitating the release of insulin granules. Finally, the last 20 minutes cells 

were perfused again with a low glucose concentration solution (Fig. 43).  

 

In Figure 43 yellow squares indicate the WZB117 treatment. Results showed that when 

WZB117 was administered throughout the entire experiment (blue line) a significant 

reduction in insulin release in response to glucose was observed, compared to the control 
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condition without WZB117 (black line). When WZB117 was added after the first 80 

minutes and maintained until the end of the experiment (red line), a slight decrease in 

insulin secretion was noted. Notably, the addiction of WZB117 only during the initial 80 

minutes (green line) caused a minimal reduction in insulin secretion that showed to be 

reversible upon the removal of the drug. Importantly, insulin secretion in response to KCl 

remained preserved, suggesting that the reduction of insulin secretion was not due to toxic 

effects on beta cells. Similar effects of reduced insulin secretion following GLUT1 

blockade were also observed in human pancreatic beta cells treated with the GLUT1 

inhibitor STF-31 [172]. 

 
 

Figure 43. Insulin secretion test of EndoC-bH1 cells. Cells were perifused with low (2mM) and 
high (15mM) glucose with or without WZB117 at different time points. Values are expressed as 
fold change over the basal. Values are presented as mean ± SEM.  

 

 

To investigate the direct impact of WZB117 on human red blood cells, an erythrolysis 

assay was performed. The erythrolysis assay is a quick valuable tool for assessing a 

molecule’s cytotoxicity on erythrocytes. Whole blood samples from HD were diluted in 

PBS and incubated with 10µM of WZB117 for 30 minutes. As a positive control, whole 

blood was treated with distilled water, a known inducer of erythrolysis. Results 

demonstrated that WZB117 did not induce lysis of red blood cells, as evidenced by 

comparing it to negative control (PBS) (Fig. 44). These findings were consistent with 

previous observations made with the GLUT1 inhibitor STF-31[155]. 
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Figure 44. Representative photos of human red blood cells experiment. Whole blood was treated 
with distilled water (left), PBS (middle) and WZB117 10µM (right) for 30 minutes. 
 

 

Moreover, it was crucial to assess the tolerability of WZB117 administration in vivo. 

Previous experience in my laboratory brought to the set-up of an in vivo model to 

resemble the human setting of islet transplantation. The model consisted of diabetic MHC 

class I and class II deficient NSG mice re-populated with human HLA-A*0201 PBMCs 

and transplanted with human HLA-A2*0201 islets. The administration of WZB117 at a 

dose of 10mg/kg/day was achieved using 1004D ALZET osmotic pumps, which 

constantly released the drug for 28 consecutive days. The results revealed that the 

treatment was well tolerated with no observed major toxic effects or mortality, and the 

growth curve was similar to mice treated with vehicle (Fig. 45). 

 

 
 
Figure 45. Inhibition of GLUT1 in preclinical model of T1D. Set-up of NSG preclinical diabetic 
humanized model for the treatment with WZB117. FACS plots are representative of a staining of 
CD45RA+ CD3+ CD4+ or CD8+ T cells in an NSG mouse 4 weeks after PBMCs infusion. The 
graph shows the weight (Y axis) over time (X axis) of mice during treatment with vehicle or 
WZB117. 

  

Applicant : Monti, Paolo                                      Page 5 of 12 Pages 

 
PRE-CLINICAL MODEL FOR TESTING GLUT1 BLOCKADE WITH WZB117. 
 
We set up an in vivo protocol for testing the GLUT1 blockade treatment in NSG mice re-populated with 
human HLA-A*0201 PBMC and transplanted with human HLA-A2*0201 islets. This model resembles the 
human setting in which an alloreactive T cell response co-exist with autoimmunity recurrence (matched 
HLA-A*0201) in order to determine the potential effect of GLUT1 inhibition on the auto and alloimmune T 
cell response. To validate this model we generated preliminary data showing that: 1) Diabetes, defined as 
two consecutive glycaemia measures ≥ 450 mg/dl, is induced in 30/30 (100%) NSG mice by i.v. alloxan 
injection (72 mg/kg). 2) Glycaemia (≤ 200 mg/dl) was restored through insulin pellet implantation for PBMC 
reconstitution. 3) Administration of i.v. 10x106 human PBMC lead to repopulation after 4 weeks in 100% of 
mice as assed by flow cytometry (Figure 4). 4) Administration of GLUT1 inhibitor (10mg/kg/day) using 
1004D Alzet pumps for continuous drug administration for 28 consecutive days was well tolerated with no  
adverse events and a growth curve similar to mice treated with vehicle (Figure 4).  
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Figure 4. Inhibition of GLUT1 in preclinical model of T1D. Set up of NSG preclinical diabetic 
humanized model for the treatment of GLUT1 inhibitor. FACS plots are representative of a staining of 
CD45+CD3+CD4+ or CD8+ T cells in an NSG mouse 4 weeks after PBMC infusion. The graph shows the 
weight (Y axis) over time (X axis) of mice during treatment with vehicle or GLUT1 inhibitor.  
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DISCUSSION 
Controlling the activation of autoreactive T cells in patients with T1D, as well as their 

reactivation in patients following pancreas transplantation, remains a therapeutic 

challenge. An ideal target molecule to selectively control the activation of autoreactive T 

cells should spare other T cells that are not involved in the process. GLUT1 represents 

the rate-limiting step in cellular glucose uptake, and glycolysis is required for T cell 

activation, proliferation and function. Starting from this standpoint, targeting GLUT1 

during the metabolic switch of activated T cells from the resting state can provide the 

opportunity to selectively target autoreactive and pathogenic T cell clones. 

 

In the first part of the thesis, I have investigated three different groups of SPK transplant 

recipients, who are classified as AABs negative, converter and T1D recurrent, to delve 

into the immune phenotypes associated with recurrence of autoimmunity. In particular, I 

investigated changes in the size of the major cellular subsets and their subpopulations, as 

well as differences in the expression of key phenotypic markers, to delineate the 

metabolic and differentiated status of T cells, within the study cohorts. The study of 

GLUT1 expression garnered specific attention during this phase of the thesis, aiming to 

elucidate whether its levels could be associated with recurrence of T1D. I then focused 

on the detection and characterization of autoreactive T cell populations inclusive of T 

cells targeting the diabetes-associated autoantigens GAD65, IGRP and (Pro)-insulin in 

the transplanted patients. This part of the work aimed to identifying patients’ 

characteristics associated with T1DR in pancreas transplantation.  

 

A key finding emerging from our analysis of T cells from SPK patients with T1DR is the 

increased expression levels of GLUT1 by islet autoreactive T cells, and not by T cells 

with irrelevant reactivity. This provides a rationale to further investigate GLUT1 as a 

therapeutic target that meets the above criteria for selectively targeting autoreactive T 

cells, prevent or inhibit their activation and survival, and promote their exhaustion.  

 

Therefore, I focused the second part of the work on the characterization of the effect of a 

small molecule that inhibits GLUT1 on T cells, WZB117. WZB117 has been widely 

studied in vitro and in vivo over the past decade in the context of tumors, showing 
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encouraging effects in reducing cancer cell proliferation and tumor growth [160, 173-

175]; however, its effects on T cells are largely unknown. I conducted an extensive 

characterization of cells treated with WZB117, in terms of alterations of cell subsets and 

phenotypic features among healthy donors, patients with T1D and patients who had 

undergone pancreas transplantation and have a functional, healthy pancreas (SPK-Neg).  

 

4.1 Analysis of immune subsets and phenotypic features associated with 

recurrence of T1D in SPK patients 
From its initial description in 1984 [102] to the present, the causes that lead to the 

recurrence of autoimmunity following pancreas or islet transplantation have remained 

elusive. In an attempt to identify a phenotypic signature and/or changes in the prevalence 

of naïve/memory subsets of T cells in patients with T1D recurrence, I performed ex-vivo 

analysis on samples from three different groups of patients who have undergone SPK 

transplantation and are chronically immunosuppressed, along with patients with T1D 

(mean age 13.6 years + SD 2.4) and healthy donors (mean age 50 years + SD 9). SPK 

patients who remained normal glucose tolerant, with a functional, healthy pancreas and 

no AABs, represented the control group (SPK-Neg; mean age 48.4 years + SD 10) for the 

other SPK groups. SPK patients who showed post-transplant AAB positivity (SPK-Conv; 

mean age 50.1 years + SD 11.4) were considered to have a higher risk of developing T1D 

recurrence, based on an earlier study of the University of Miami SPK cohort [176]. SPK-

T1DR patients experienced hyperglycemia and had to return to insulin treatment, having 

developed recurrent diabetes; most of them had experience AABs seroconversion during 

the post-transplant follow-up (mean age 49.2 years + SD 8.8).  

 

When examining whole lymphocyte populations, all SPK groups demonstrated higher 

frequencies of CD4+ Tem cells compared to HD and T1D patients, which may be 

consistent with expansion of effector memory cells in immunosuppressed subjects. I also 

observed some differences among SPK groups in terms of frequency of cell subsets or 

phenotypic markers: CD8+ Tem cells were increased in frequency among T1DR patients 

compared to HD, T1D, and importantly compared to SPK-neg patients. This is consistent 

with a greater expansion of effector memory T cells in those SPK patients who developed 

T1DR.   
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Moreover, SPK-Neg patients showed a significant higher GLUT3 expression than other 

SPK groups and compared to T1D and HD groups. This result suggests that in a group of 

SPK patients with normal graft function and no AABs, their T cells may preferentially 

transport glucose using GLUT3.  

 

We have demonstrated that T cells in T1D patients exhibit a notably more activated 

phenotype when compared to HD, highlighted by increased expression of various 

activation markers. Furthermore, we observed an increase in the CD4+ Temra 

subpopulation and a reduction in the levels of markers critical for Treg function, including 

CTLA-4, PD-1, FoxP3, and TIGIT. These findings collectively suggest an enhanced state 

of immune activation in T1D patients. 

	
SPK-Conv patients had a higher proportion of CD8+ Tscm and a lower proportion of 

CD4+ and CD8+ Temra compared to T1D patients. A common trend observed across T 

cell subpopulations was the reduction of Tcm in all T1D and SPK groups compared to 

HD. The naïve T cells were reduced in SPK groups, while the frequency of Tem was 

increased. There was also a trend towards increased Tscm, although the statistical 

significance was no obvious. In interpreting these findings, it is crucial to consider that 

HD and all SPK groups are age-matched, whereas T1D patients are notably younger, 

indicating that T cell characteristics may be influenced by the age of the patients, but also 

by the effects of immunosuppression, and the underlying disease state. The HD group 

was matched to the SPK groups, and a group of younger control subjects to match the age 

of the T1D patients was not easily obtainable. 

 

Notably, GLUT1 expression levels were consistently higher in CD8+ and CD4+ Tscm 

compared to other T cell subsets, implying that targeting GLUT1 may preferentially 

impact this specific T cell population which was reported to be a major driver of islet 

autoimmunity in NOD mice [95]. This observation aligns with previous research 

conducted in our laboratory, which identified elevated GLUT1 expression in CD8+ Tscm 

cells from both HD and T1D patients [97]. 
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However, due to the limitations of our study, including a relatively small sample size and 

inconsistencies in certain markers across the groups, further investigations are warranted 

to provide a more comprehensive understanding of the complex immune alterations in 

these patient populations. 

 

4.2  Characterization of autoreactive T cells in recurrent autoimmunity  
The presence of autoreactive T cells specific for T1D autoantigens in patients who 

have undergone pancreas or islet transplantation has been extensively described 

[70,79,80]. Literature data reported the presence of autoreactive T cells both in patients 

who developed recurrence and in patients who remained normal glucose tolerant, but also 

showed that frequently autoreactive CD4+ and CD8+ T cells in SPK patients with T1DR 

have a memory phenotype [80][110]. Interestingly, it has been recently described that 

these cells have increased expression of CXCR3 both in T1DR and SPK-Conv, compared 

to SPK-Negative, suggesting the potential ability to migrate to the inflamed pancreas. 

Also, in T1DR patients, the frequency of the Temra subset was dramatically decreased 

among autoreactive CD4+ T cells, while naïve and memory subsets were increased [177].  

 

In order to identify phenotypic markers that characterize the function and better define 

populations of autoreactive T cells, or cell subsets that are likely to play a role in the 

recurrence of autoimmunity, I examined and characterized autoreactive T cells in SPK 

patients. I used dextramers to detect autoreactive T cells, a sensitive method that was 

shown to be effective in the detection of antigen-specific T cell populations [178]. 

Compared to classical tetramer staining, which is still the most widely used technology 

to identify autoreactive T cells, dextramers consist of a dextran backbone with multiple 

pMHC complexes and stain more brightly than tetramers. Moreover, dextramers can 

detect T cells with a low TCR–pMHC affinity. A remaining limitation of the dextramers-

based staining is that the assay requires a larger number of cells. 

 

I provided evidence that autoreactive T cells specific for diabetes-associated autoantigens 

were present in all groups. The only quantitative difference I noted was an increase in 

autoreactive CD8+ T cells in SPK-Conv compared to SPK-Neg. The presence of 

autoreactive T cells in SPK recipients who remained normal glucose tolerant is not per 
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se surprising, given that many groups demonstrated that these cells are detectable even in 

subjects with no sign of autoimmunity or diabetes [79, 80, 87]. I asked, therefore, whether 

autoreactive T cells may be qualitatively different between SPK-Neg patients, SPK 

patients found to be seroconverting for GAD65, IA2 or ZnT8 AABs, and SPK patients 

with T1D recurrence. A comprehensive flow cytometry analysis revealed that 

autoreactive CD4+ T cells in T1DR patients showed a more activated and less exhausted 

phenotype compared to SPK-Neg and SPK-Conv, which is consistent with an active 

autoimmune response against beta cells. Similar but less profound differences were noted 

in CD8+ T cells. Of note, there was increased GLUT1 expression (MFI) in the CD4+ and 

CD8+ T cells of T1DR patients overall.  

 

However, we could discern two distinct subgroups within the T1DR patients: a subgroup 

exhibiting high levels of GLUT1 expression, concomitant with heightened expression of 

activation markers and diminished exhaustion markers. Conversely, the other subgroup 

displays lower GLUT1 expression alongside contrasting marker profiles. Such 

heterogeneity could depend on several factors. We explored potential differences among 

the patients in terms of age and year of transplantation, HLA matching, and intervals from 

transplantation to hyperglycemia or from hyperglycemia to sample collection, but we 

found no associations. We also examined potential differences in immunosuppression 

regimens, given the evolving protocols over time. Before 1997, the protocol consisted of 

induction therapy with OKT3 and maintenance therapy with cyclosporine or FK506, 

azathioprine or MMF, and steroids. Between 1997 and 2000, most patients received no 

induction therapy, while after 2000, the current immunosuppressive protocol was 

introduced, including ATG and anti-CD25 as induction therapy, and FK506, MMF, or 

rapamycin, along with steroids, as maintenance [107]. In our cohort, except for two 

patients transplanted before 1997, who are allocated in the two different groups, all other 

patients received the same immunosuppression regimen. Therefore, different 

immunosuppression treatments may not explain the observed variability. Furthermore, 

other parameters such as C-peptide, HbA1c, and HLA-matching were also non-

informative. Finally, the time interval between the recurrence of hyperglycemia and the 

collection of the sample tested showed no clear association. On the other hand, we cannot 

exclude that the variability in the detection of these autoreactive T cells with an activated 
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phenotype may reflect disease activity, an hypothesis that would require access to much 

larger populations and longitudinal samples to explore.   

 

Unsupervised analysis of the flow cytometry data confirmed the existence of these 

populations of activated autoreactive T cells and provided a deeper dimension to our 

multi-parameter studies. The unsupervised analyses revealed that autoreactive T cells 

from T1DR patients exist in distinct, spatially segregated clusters from those of 

autoreactive T cells in patients who maintained normal glucose tolerance (SPK-Neg and 

SPK-Conv). Even in the unsupervised analysis, T1DR autoreactive T cells showed a 

unique phenotypic pattern characterized by high GLUT1 expression, upregulation of 

activation markers and downregulation of exhaustion markers. 

 

This pattern was not observed in non-autoreactive CD4+ and CD8+ T cell, supporting the 

hypothesis that GLUT1 expression serves as a discriminating marker for recurrent T1D. 

This supports the concept that a potential treatment to block GLUT1 may preferentially 

impact autoreactive, activated T cells with high GLUT1 expression, minimizing off target 

effects and enhancing the specificity of therapeutic interventions.  

 

Moreover, I assessed the CD4+ and CD8+ T cell differentiation states, based on the 

distinctive expression of CD62L and CD45RA, to define the distribution of 

naïve/memory subsets of autoreactive T cells. I found that the frequency of CD4+ and 

CD8+ Tem cells was significantly increased in T1DR patients compared to SPK-Conv 

and SPK-Neg (only for CD8+). On the contrary, the frequency of Temra and naïve was 

strongly decreased, compared to the other groups.  

 

By examining ex-vivo T cells of patients receiving pancreas transplantation, we were able 

to identify autoreactive T cells with a memory phenotype. The phenotypic assessment 

revealed notable differences, particularly within the CD4+ and CD8+ Tem subsets, where 

some activation markers were upregulated and some exhaustion markers were 

downregulated. However, the most striking difference observed was the overexpression 

of GLUT1.  
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The modulation of autoimmune memory response represents a challenge, as it has proven 

to be remarkably resistant to immunosuppressive and immune-modulating treatments 

[179, 180]. In our quest for a novel avenue to inhibit autoreactive memory clones to 

hinder autoimmunity recurrence, we propose the targeting of GLUT1, a mechanism also 

relevant for various disease contexts. Further studies are needed to address whether the 

level of GLUT1 in autoreactive T cells pre and post-transplant may be a predictive 

biomarker of autoimmunity recurrence.  
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4.3  Glucose availability regulates T cell survival and proliferation 

I then addressed the issue of the relative contribution of glucose to the survival of T 

cells in culture. My thesis data were consistent with the common notion that glucose plays 

a fundamental and non-redundant role in the survival and proliferation of activated T 

cells. However, the glucose concentration needed for survival was surprisingly low [151]. 

Indeed, the 1mM glucose concentration, which preserved T cell viability in vitro is 

considered a lethal glucose concentration for the whole organism. Moreover, when cells 

were cultured in the absence of glucose but in the presence of growth factors (dialyzed 

FBS), differences in responses between CD4+ and CD8+ T cells were observed. One 

possible explanation is that T cell activation does not result in uniform metabolic 

reprogramming: CD4+ T cells have higher metabolic adaptivity in terms of energy-rich 

substrates compared to effector CD8+ T cells. Upon activation CD4+ T cells may increase 

both glycolysis and oxidative phosphorylation, contrarily to CD8+ T cells, which are then 

extremely sensitive to glucose availability [181].  

 

Although T cells showed great adaptation to very low glucose concentrations in terms of 

viability, T cell proliferation was strongly affected. Using CFSE dilution assay I studied 

the proliferation of CD4+ and CD8+ T cells in response to activation (anti-CD3/CD28 

beads) in healthy donors. The results revealed that the proliferative response of T cells 

cultured in low glucose concentration (1mM), was halved compared to the cells cultured 

in the normal one (5.5mM). These findings are in line with previous literature [151, 182]. 

 

Since earlier work in our laboratory demonstrated the capacity of the GLUT1 inhibitor 

WZB117 to reduce glucose uptake in T cells [97], I investigated its effect on cell survival 

and proliferation. To the best of our knowledge, so far, no other groups have published 

data with respect to the effects of WZB117 on lymphocytes. Thus, our work provides 

new insights into the mechanisms and intervention targets in the field of 

immunometabolism. The results of my in vitro analysis highlighted that 6 days of 

WZB117 treatment, at a concentration of 10µM, resulted in an increase in late apoptotic 

cells by 8% and a significant decrease in proliferative response by 20% in CD4+ and CD8+ 

T cells from healthy donors. These findings align with literature reporting that WZB117 
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can induce cell death specifically in cancer cells, which exhibit higher metabolic activity 

than healthy, quiescent cells [160, 163, 174].  

 

One important observation was the duration of the GLUT1 inhibitory effect. In contrast 

to the cells cultured for the first 6 days in low glucose, which completely recovered 

proliferation, cells cultured for the first 6 days with WZB117 did not show any recovery 

but a further reduction in T cell proliferation upon extended culture. This experiment 

demonstrated that the state of hypo-responsiveness induced by WZB117 on T cells lasted 

beyond the treatment and was not modified by re-stimulation. Thus, the effect of 

WZB117 on T cells is not solely related to restriction in glucose availability but other 

mechanisms can be potentially involved. A long-term therapeutic effect has been noted 

in cancer cells, manifesting as the incapacity of treated cells to form colonies for a period 

extending up to 9 days following 24-hour treatment with WZB117 [162]. This persistence 

of the WZB117 inducing hypo-responsiveness could be considered a real advantage of a 

therapeutic approach that involves GLUT1 blockade. Further characterization of this 

effect is needed to examine potential additive or synergistic mechanisms induced by 

WZB117 that may explain the persistence of the effect. From the standpoint of controlling 

T cell activation, a long-lasting, if not permanent impact of GLUT1 blockade on T cells 

is a promising result, as it would allow to impart a persistent inhibition of T cell 

proliferation with a time-limited administration of the drug.  

 

Finally, since we hypothesized a translation of this GLUT1 blockade as part of an 

induction therapy in patients with T1D undergoing pancreas or islet transplantation, we 

aimed to test the combinatorial effect of WZB117 with drugs used in standard 

immunosuppression for organ transplant. We found that WZB117 had an additive effect 

with rapamycin (Sirolimus) and FK506 (Tacrolimus) in inhibiting T cell proliferation.  

Similar effects have been observed on cancer cells, when WZB117 was used in 

combination with anticancer agents, such as apatinib [163], imatinib [161] and MK-2206 

[162]. This result, if confirmed, could potentially allow for a reduction of the target 

plasma concentration of immunosuppressive drugs when used in combination with 

WZB117.  
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In our study we have to consider the potential for acquired resistance to GLUT1 blockade 

in T cells, which could overcome GLUT1 inhibition. One possibility is the upregulation 

of metabolic pathways that rely on alternative sources of energy, such as fatty acids and 

amino acids. Existing literature suggests that transient glucose deprivation in T cells in 

vitro resulted in adaptive responses likely driven by mitochondrial compensation [183]. 

While compensatory mechanisms in T cells remain less explored, analogous processes 

have been extensively studied in cancer cells. Inhibition of glycolysis in cancer cells has 

shown promise in reducing cell survival and proliferation, enhancing chemosensitivity, 

and triggering metabolic adaptations such as a shift to oxidative phosphorylation [184]. 

 

In the context of glucose deprivation, studies involving monocytes activated with LPS 

revealed a compensatory increase in oxidative phosphorylation via fatty acid oxidation, 

along with the activation of autophagy to provide nutrients by degrading cellular 

components [185]. Similarly, stem cell-like tumor subpopulations with high glycolytic 

activity exhibited upregulated autophagy in response to glycolysis inhibition [186]. 

Studies on macrophages from GLUT1-deficient mice have indicated compensatory 

increases in glutamine and fatty acid consumption in the tricarboxylic acid (TCA) cycle 

[187]. Studies on CD8+ T cells from GLUT2-deficient mice showed increased glutamine 

uptake and a switch towards glutamine metabolism [150]. However, it is crucial to note 

that existing evidence suggests that increased oxidative phosphorylation alone may not 

entirely compensate for glucose deprivation, because AMP increases and NADH, used 

as cofactor for several enzymes, decreases [185]. 

 

Moreover, despite the higher efficiency of oxidative phosphorylation in producing ATP 

compared to glycolysis, the extremely high rate of glycolysis results in higher ATP 

production. Glycolysis produces an amount approximately 13 times greater of ATP per 

unit of time than oxidative phosphorylation [188]. In our future experiments, we aim to 

delve deeper into the metabolic signatures of T cells using Seahorse XF technology, 

providing a more comprehensive understanding of their adaptive responses after GLUT1 

inhibition. 
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4.4  The in vitro effect of GLUT1 inhibitor WZB117 on T cells  

Pancreas or islet transplantation is considered an effective strategy for T1D reversal, 

overcoming the complications associated with the direct injection of insulin. However, 

many groups have reported recurrence in autoimmunity, in addition to the risk of 

allogenic graft rejection, either in islet [105, 189, 190] or pancreas [98, 107, 108, 191] 

transplantation. One possible explanation is that the chronic immunosuppression, 

required to prevent rejection, may in the long term favor the emergence of autoreactive T 

cells via homeostatic proliferation, driven by IL-7. IL-7 is largely ignored by 

immunosuppressive drugs, which target the IL-2 pathway [109, 179], and is implicated 

in the generation of long-lived memory T cells that persist in the patient for decades [97]. 

Despite being an active area of research, the precise mechanisms for the reactivation of 

autoreactive memory T cell clones in transplanted patients remain unknown. Within the 

cohort of SPK patients experiencing T1D recurrence I studied in this thesis work, the time 

interval between the transplantation and the reoccurrence of hyperglycemia shows 

considerable variability, ranging from 4 to 17 years, with an average of 8.5 years. This is 

consistent with the gradual emergence and activation of autoreactive T cells that may be 

expanding from the memory pool because of homeostatic proliferation.  

 

GLUT1 is known to be critical for T cell activation and proliferation, therefore I wanted 

to investigate the effect of WZB117 on T cells obtained from patients with T1D and 

transplanted patients. Specifically, I studied samples from patients with SPK transplants, 

who became and remained normal glucose tolerant after transplantation.  

 

Importantly, and in further support of my initial studies in samples from healthy subjects, 

my in vitro data confirmed that GLUT1 blockade inhibited T cell activation and 

proliferation, and revealed that the inhibition of GLUT1 caused greater effects on cells 

from T1D and SPK patients, compared to healthy subjects. T cell proliferation was 

reduced in all the three groups but this was much more pronounced in T1D and SPK 

patients, for both CD4+ and CD8+ T cells. Other key changes that consistently occurred 

in T1D and SPK patients were reduction in the size of naïve, Tcm and Tscm subsets, 

accompanied by a downregulation of several activation markers. While only T1D patients 

showed decreased GLUT1 expression following WZB117 treatment, especially in Tscm 
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and Tcm subsets, the expression of GLUT3 trended higher in SPK patients with 

functional grafts. One hypothesis to explain the observed GLUT1 reduction following 

WZB117 treatment only in T1D T cells, which is supported by recent evidence [192, 

193], is that glucose uptake in T cells is significantly increased in T1D patients, compared 

to HD, and this was mainly reflected as increased glycolysis or increased expression of 

GLUT1. 

 

Of note, GLUT3, together with GLUT1, is a hypoxia-responsive glucose transporter 

[194]. Its role has been thoroughly characterized in the brain but little is known about 

GLUT3 in T cells.  

 

Some authors reported that GLUT3-dependent glucose uptake supports the differentiation 

and effector functions of pathogenic Th17 cells, and its overexpression leads to a more 

severe outcome of autoimmune disease in mouse model of EAE [195]. Other authors 

claimed that GLUT3 plays a role in suppressive activities and glucose metabolism of Treg 

cells in tumors, contributing to their homeostasis [196]. However, the authors suggest that 

the increased glucose consumption caused by GLUT3 can lead to Treg cell senescence 

and suppression of effector T cells, which hinder the immune response against tumors. 

By blocking GLUT3, the suppressive effects of Tregs on effector T cells are reversed and 

the induction of senescence in effector T cells is prevented, enhancing the immune 

response against tumors.  

In my experiments, increases of GLUT3 levels were only noted among SPK patients. As 

the pharmaceutical industry has directed substantial resources towards the development 

of GLUT1 inhibitors, particularly in the context of tumor therapeutics, the repertoire of 

molecules that selectively target GLUT1 is considerably broader than those targeting 

GLUT3. In a perspective of a future application, we focused our studies on GLUT1 

because several inhibitors are available and other more potent are likely to be developed 

in the near future. However, also GLUT3 need to be considered as a potential target. 

Specifically, the distinct association of GLUT3 with SPK patients negative for 

autoantibodies highlights the importance of conducting a comprehensive characterization 

of the impact of GLUT3 inhibition, advancing our understanding of potential therapeutic 

avenues in this context.  
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Recently GLUT2, the well-established glucose transporter in liver, pancreas and kidney 

[197, 198], has been shown to be expressed in T cells [150]. Unlike CD4+ T cells, which 

predominantly rely on GLUT1, CD8+ T cells demonstrate a dependence on both GLUT1 

and GLUT2 for their metabolic and functional processes. An elegant study from Fu et al 

[150], showed that the absence or inhibition of GLUT2 in CD8+ T cells resulted in 

diminished glucose uptake and impaired glycolysis, impacting the proliferation, 

differentiation, and overall function of CD8+ T cells. This may affect their capacity of 

infiltrating tumors or mounting robust immune responses to infections. Moreover, 

GLUT2 expression is dynamically regulated in response to environmental factors such as 

glucose availability, oxygen levels, and extracellular acidification. In glucose-deprived 

inflammatory environments GLUT2 is downregulated and a concomitant upregulation of 

GLUT1 may serve to prevent the loss of CD8+ T cell functions. Given the recently 

recognized significance of GLUT2 in T cells, evaluating its potential changes in my 

experimental setting emerges as a future development for the project. 
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4.5  Exploring the potential off-target and side effects of GLUT1 inhibition 

Given the broad expression of GLUT1 across various tissues (Fig. 42) and its role in 

physiological processes, a crucial phase in the investigation of a potential molecule for 

translation into a clinical setting is the identification of potential off-target and side 

effects. This glucose transporter, more than others, is highly expressed during early 

embryo development in the brain, epithelial cells of the mammary gland, placenta and 

fetal tissue, but also in transformed cells, skeletal muscle, and myocardium during the 

suckling phase. Subsequently, its expression decreases in most tissues except for the 

brain, where it remains consistent [199]. While the expression of GLUT1 may be 

redundant in some tissues, due to the presence of other GLUTs, certain organs rely on 

GLUT1 for specific functions. Notable examples include endothelial cells of the blood-

brain barrier, where GLUT1 facilitates glucose uptake from the blood to the brain; human, 

but not mouse, pancreatic beta cells, which utilize GLUT1 for glucose sensing and 

subsequent insulin secretion; erythrocytes, which only express GLUT1 and use it for 

glucose and dehydroascorbic acid (DHA) uptake.  

 

 
Figure 42. Expression of GLUTs in different organs and cell types. Modified by SSQ Jafri, SI 
Ali Shah and SHA Jaffari [199]  
 

Inhibiting GLUT1 via STF-31, BAY-876 and WZB117 is likely to cause systemic effects.  

While potential side effects on non-immune cells, such as erythrocytes and insulin-

secreting cells, have been considered, in vivo experiments in mice have not revealed such 
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GLUT and plays a crucial role in urate reabsorption.[43] 
GLUT10 has its encoding gene on chromosome 20q12-q31, 
a locus also associated with non-insulin-dependent diabetes 
mellitus. !erefore, GLUT10 has become an interesting 
center of attention for the development of more insight and 
therapeutic approaches for type-2 diabetes mellitus. Mutation 
in the gene encoding for GLUT10, present in vascular smooth 
muscle cells, is associated with stenosis and tortuosity of large 
vessels causing arterial tortuosity syndrome.[44]

In humans, three isoforms of GLUT11 are found due to the 
presence of splice variants. GLUT11-A, GLUT11-B, and 
GLUT11-C have been cloned, each with a distinct N-terminal 
sequence. !ey share the same transporter activity for 
fructose and glucose excluding galactose.[45] GLUT12 is 
released in response to insulin where its upregulation occurs 
from intracellular cytoplasmic reservoir to the lipid bilayer in 
insulin-sensitive adipose tissue, skeletal muscle, and heart.[46]

GLUT13, also known as HMIT, is responsible for proton-
dependent electrogenic transport associated with the 
translocation of GLUT13 to the cell membrane following cell 
depolarization, raised calcium in"ux, and protein kinase C 
activation [Table 2 and Figure 3].

PATHOLOGICAL IMPLICATIONS OF GLUTs

!is family of transporters plays a crucial role in hexose 
metabolism and studies have shown a number of diseased 

states where the alteration in the pattern of expression of 
this family of transporters has evidently helped in the 
diagnosis and treatment of di$erent ailments. !is section 
sheds light on the link of GLUT proteins with di$erent 

5BCMFڀ�� Types of GLUT with their number of amino acids present, molecular weight, tissue expression, and substrates.

GLUTs Amino acids Molecular weight Substrate, Km Class Reference
GLUT1 492 54 kDa Glucose, ~6.9 mM 1 [83]
GLUT2 524 60–62 kDa Glucose, ~17 mM

Galactose, ~92 mM
Mannose, ~125 mM
Fructose, ~76 mM
Glucosamine, ~0.8 mM

1 [10,84]
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effects, likely due to species-specific differences in glucose transporter usage. In humans, 

beta cells and erythrocytes use GLUT1 for glucose uptake, while in rodents, this function 

is provided by GLUT2 for beta cells [200] and GLUT4 for erythrocytes [201], 

respectively. A recent finding has challenged current understanding of the importance of 

GLUT1 in human erythroid cells. Using CRISPR gene editing Freire and colleagues [202] 

generated erythroid cells completely lacking GLUT1 expression and found that the 

absence of GLUT1 did not impair erythroblast proliferation and terminal differentiation. 

However, erythroid cells lacking GLUT1 showed increased osmotic fragility, that may 

be indicative of altered membrane properties and potential disruptions in cellular 

homeostasis.  

 

The neurological impact of GLUT1 inhibition is likely to be significant, especially in 

neurons and glia cells, where GLUT1 is essential for both glucose and DHA uptake. 

Reduced GLUT1 expression at the blood-brain barrier has been linked to Alzheimer's 

disease vasculo-neuronal dysfunction and degeneration [203]. 

 

Experimental evidence from rats at 5 days post-natal suggests that WZB117 has an impact 

on glial cell branching, disrupting the Vitamin C recycling process between neurons and 

astrocytes. Notably, WZB117 affected DHA uptake in astrocytes but not in neurons, 

which also express GLUT3 [204]. This observed effect at an early developmental stage 

emphasizes the significance of GLUT1 during this phase, suggesting that reliance on 

GLUT1 may diminish over time.  

 

While STF-31, BAY-876 and WZB117 seem to be well tolerated in in vivo models, 

further research is needed to understand the full range of systemic effects and potential 

side effects of these inhibitors. 

 

Initial studies conducted in our lab involving mice treated with WZB117 for 28 days have 

shown no evident side effects, with normal growth curves observed. However, given its 

central role in the brain, the impact of GLUT1 inhibition on the central nervous system 

has emerged as a critical concern. In mice, the germline deletion of GLUT1 led to 

embryonic lethality, while mice with a heterozygous deletion survived but had central 
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nervous system alterations, such as seizures, increased glucose levels in cerebrospinal 

fluid and impaired motor activity [205]. The impact of systemic administration of 

WZB117 in adult mice at a concentration of 5, 10 or 20 mg/kg/day has been investigated 

[160, 175, 206, 207]. The treatment has demonstrated to be well tolerated with no adverse 

events over a 10-week period of daily administration.  

 

Also in humans, a GLUT1 deficiency syndrome (GLUT1-DS) has been described as 

having relevant neurological defects and disorders. GLUT1-DS patients are characterized 

by de novo or inherited mutations of the Slc2a1 gene that affect assembly, three-

dimensional folding, trafficking to the cell membrane, or GLUT1 protein activation 

[208]. Measurement of in vitro glucose uptake in GLUT1-DS patients’ erythrocytes 

showed a reduction in glucose transport ranging from 30% to 70% compared to healthy 

subjects, which correlates with clinical neurological symptoms such as epilepsy, ataxia, 

and movement disorders. Of note, these patients show no signs of anemia, this might be 

explained by recent findings on erythroid cells lacking GLUT1 [202]. Neurological 

symptoms tend to alleviate over time and into adulthood, and some patients can live 

regular and fulfilling lives [209]. The ketogenic diet, which compels the brain to utilize 

ketone bodies instead of glucose as energy source, represents the standard treatment and 

is highly efficient in improving neurological outcomes [210].  

 

Given these premises, to avoid neurological side effects, pharmacological GLUT1 

blockade to control T cell activation should be restricted to adolescent or adult patients 

with T1D and for a limited period. A phase I clinical trial on adult patients with tumors 

showed that using 2-DG for several weeks caused only mild and reversible neurological 

side effects, mainly dizziness [211]. An alternative could be combining WZB117 

treatment with a ketogenic diet. Low-carb or ketogenic diet regimens have also been 

evaluated in patients with T1D, showing benefits in the improvements of glycaemic 

variability, but limited long-term tolerability and patient compliance [212]. 

 

Preliminary in vitro data produced in our laboratory, using WZB117, have excluded 

erythrolysis and have shown a slight reduction in glucose-stimulated insulin secretion on 

human pancreatic beta cell line EndoC-bH1 when cells were treated with WZB117. 
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While impaired insulin secretion might be considered a detrimental side effect in a 

clinical setting where beta cell replacement aims to restore insulin production, on the 

other hand insulin secretion itself can induce stress in beta cells [213]. In fact, 

immediately after islet transplantation, approximately 25% of islets are lost [214], 

primarily due to cellular stress and inflammatory responses resulting from isolation, in 

vitro culture, and transfusion procedures. Therefore, a reduction in glucose sensitivity and 

insulin secretion could exert a positive effect on beta cell survival in the early post-

transplantation period.  

 

Moreover, the impact of GLUT1 inhibitors on reducing cytokine production and 

glycolysis could have consequences on overall T cell functionality, potentially affecting 

their ability to respond to infections. Specifically, the treatment with WZB117 may 

impact pathogen-specific memory T cell populations, leading to a reduced memory T cell 

reactivation during the recall infection. However, it is interesting to note that patients with 

GLUT1-DS do not typically have a history of severe infections. 

 

Our strategy of GLUT1 blockade right after transplant as induction therapy relies on the 

fact that in this specific time window only autoreactive T cells are activated and 

overexpress GLUT1 upon antigen re-exposure. This would increase the selectivity of the 

treatment for autoreactive T cells in this specific phase and, as the effect lasts beyond the 

treatment, GLUT1 blockade will be discontinued after few weeks to preserve the immune 

competence against pathogens. 

 

 

4.6  Limitations of the study 

The ex-vivo flow cytometry analysis conducted in the first part of the thesis allowed 

for a comprehensive comparison of different patient cohorts, including HD, T1D patients, 

and three distinct groups of SPK patients (those that do not seroconvert, those that 

seroconvert without any clinical signs of T1DR, and those that experienced T1DR). This 

analysis provided valuable insights into the phenotypic profiles of individuals across 

these different groups. 
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However, it is crucial to consider and discuss certain limitations that might influence the 

interpretation of the results. Notably, the age difference among the cohorts, particularly 

the markedly younger age of T1D patients compared to the other groups, poses a potential 

caveat for direct comparisons. Age-related differences could contribute to differences 

observed across the groups, impacting the interpretation of the data and making it difficult 

to draw linear conclusions. 

Additionally, all SPK patient groups are under chronic immunosuppression, a factor that 

distinguishes them from both HD and T1D patients. This immunosuppressive treatment 

may significantly influence the immune profiles and could contribute to the observed 

disparities, potentially masking or confounding some of the underlying similarities 

between T1D and T1DR patients. Moreover, the transplantation itself could elicit similar 

effects. 

Given these considerations, it is important to interpret the findings with caution and 

recognize that the observed differences between T1D and T1DR patients may be 

influenced not only by the nature of the diseases but also by age-related variations and 

the effects of immunosuppressive treatments in SPK patients. However, it is important to 

recognize that the main goal of our study was to examine T cell phenotypes in SPK 

patients, comparing groups of patients with/without T1DR, and at different risk for 

T1DR. From that point of view, the study design and the subjects were well matched, and 

access to these well characterized SPK cohort is a unique strength of our study. 
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FUTURE PLANS 

The overall aim of my thesis work was to characterize the GLUT1 dynamic of 

autoreactive T cells in T1D patients who had undergone pancreas transplantation, and to 

test pharmacological GLUT1 blockade as a potential strategy to control activation of 

autoreactive T cells in T1D patients and prevent autoimmunity recurrence in transplanted 

patients. To better characterize genes and pathways that are associated with the recurrence 

of T1D in SPK recipients, RNAseq studies will be conducted on human T cell populations 

that have been sorted. The objective is to identify potential risk markers and predictors of 

recurrence.  

In order to investigate how GLUT1 inhibition by WZB117 would affect energy 

metabolism, oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) 

will be measured with or without WZB117, using Seahorse XF technology. Moreover, in 

view of a future translation of a GLUT1 blockade approach, fundamental aspects need to 

be determined. RNAseq approach will also be used to study cells treated with WZB117, 

in order to reveal whether the persistent effects of WZB117 can be explained by changes 

at the transcriptome level.  

Another important issue is to investigate the safety and efficacy of GLUT1 inhibition in 

vivo. In future studies, we plan to use two mouse models: (i) NOD mice and (ii) a 

preclinical model of beta cell replacement.  

(i) We will test the ability of WZB117 to prevent or reverse diabetes in NOD mice, 

soon after diagnosis, when mice have residual beta cell mass. These set of 

experiments will be conducted by our collaborator Dr. Allison Bayer, at the 

University of Florida. NOD mice will be followed up for up to 70 days. We hope 

that the intervention with WZB117 at this early time point can reverse diabetes. 

This model was used to generate preclinical data on anti-CD3 mAbs [215, 216], 

ATG [217], alefacept [218], rituximab [219], and abatacept [220]. These molecules 

afforded significant yet partial preservation of insulin secretion following 

diagnosis, however, their therapeutic benefit waned over time. A recent study [221] 

demonstrated that a Treg cells-based immunomodulatory regimen when combined 

with anti-CD3 mAb successfully reversed autoimmune diabetes in NOD mice 
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without compromising the remainder of the immune system and without the need 

for chronic immunosuppression. Thus, besides testing WZB117 as a single agent, 

we will also determine whether improved therapeutic outcomes can be achieved 

when WZB117 is combined with anti-CD3 treatment.  

 

(ii) We will test the WZB117 effect in a preclinical model of beta cell replacement. 

Human induced pluripotent stem (iPS) cell- derived beta cells will be transplanted 

in diabetic, class I and class II deficient NSG mice, reconstituted with human 

PBMCs from patients with T1D. The main advantage of this model is the lack of 

GvHD following the adoptive transfer of human PBMCs, allowing a long-term 

follow-up of the graft function. Both iPS-derived beta cells and PBMCs express 

HLA-A*0201 to recapitulate the co-existence of autoimmunity and allo-immunity. 

Moreover, HLA-A*0201 matching will allow us to study the presence, activation 

and expansion of autoreactive T cells using the MHC dextramers we previously 

used in this thesis. We expect this model to provide insight into the in vivo capacity 

of a GLUT1 blockade strategy to prevent or delay graft rejection by selectively 

targeting activated T cells that upregulate GLUT1 upon recognition of autoantigens 

and alloantigens. Moreover, we will include assessments that will inform about the 

safety of GLUT1 inhibition. The model will also provide insights into 

transplantation with iPS-derived beta cells. Little is known about their natural 

capacity to expand and activate and be targeted by auto- and alloreactive T cells. 

We will also test in vivo the hypothesis that WZB117 exhibits an additive effect 

with rapamycin and FK506, as observed in vitro in T cell proliferation. This will be 

performed by comparing the experimental outcomes resulting from WZB117 

treatment alone with those from WZB117 in combination with standard 

immunosuppression.  

If the safety of WZB117 in vivo will be confirmed, in future investigations we will also 

consider combining WZB117 with Dimethyl Fumarate (DMF) treatment. DMF is a 

fumaric acid ester derivative of the Krebs cycle intermediate fumarate which was 

approved by the FDA in 2013 (Tecfidera) for the treatment of relapsing-remitting 

multiple sclerosis (RRMS). Unpublished data from the Diabetes Research Institute in 
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Miami (Dr. Bayer’s laboratory), showed that 12-week DMF treatment can prevent 

diabetes development and reverse diabetes in NOD mice. Given the known mechanism 

of action of DMF, combination with WZB117 could be synergistic and further benefit 

therapeutic outcomes [222].  
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5.1  Subjects 
 

5.1.1  Healthy donors 

For the experiments performed in Milan (Italy), PBMCs were obtained from venous 

blood samples provided by the Immunohematology and Transfusion Medicine Service of 

San Raffaele Hospital, Milan, Italy. For the experiments performed in Miami (US), 

PBMCs were obtained from venous blood samples provided by the Continental Services 

Group, Inc., blood bank, Miami, Florida, US. The age range of the subjects was 29 - 63 

years, with a mean age of 47.8 + SD 10.8 years. The control subjects were selected to 

match the age range of the SPK recipients. Healthy donors’ characteristics are described 

in Table 6.  

 
Subjects ID Age  Sex 

1345 57 M 

1346 37 M 

1349 63 M 

1352 53 M 

1353 29 M 

1355 57 M 

1360 51 M 

1363 46 M 

1364 42 M 

1365 47 M 

 

 

Table 6. Demographic features of healthy donors.  
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5.1.2  Patients with T1D  

Fourteen patients with clinical T1D were recruited for the study. The age range of the 

patients was 8-19 years, with a mean age of 14.1 + SD 2.6 years. The patients had a mean 

T1D duration of 4.3 years + SD 2.8 years. T1D patients’ characteristics are described in 

Table 7. 

 

Subjects ID Age Sex T1D duration (years) 

1342 14 M 3 

343 9 M 0.6 

372 15 F 7 

1373 16 F 8 

1374 17 F 8 

1388 15 M 4 

1389 11 M 2 

1401 11 F 6 

1402 14 M 4 

EN0005LA 

EN0006JB 

EN0008NF 

EN0013MP 

EN0014DC 

14 

14 

19 

13 

16 

M 

M 

M 

M 

M 

0,4 

0,6 

0,2 

1 

0,9 

  
Table 7. Demographic features of patients with T1D. 
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5.1.3  SPK recipients 

We studied T1D patients with ESRD who received SPK transplants at the 

University of Miami Miller School of Medicine. Before transplantation, all patients 

had no detectable C-peptide response to a Sustacal/Boost test (Soci et e des Produits 

Nestle S.A., Vevey, Switzerland). The pancreas transplants were bladder-drained, with 

systemic venous effluent; in this setting, urine amylase levels are used to monitor 

pancreatic exocrine graft function and rejection. A stable range of urine amylase levels 

is observed for well-functioning pancreas grafts, while reduced amylase levels are 

observed in the event of pancreas rejection. SPK patients voluntarily participated in a 

study to evaluate islet autoimmunity, which was approved by the University of Miami 

Institutional Review Board (Protocol #20053039).  

 

Participation was voluntary and subjects could withdraw at any time. For some 

patients, outcome data and archived serum samples were evaluated under waiver of 

consent. Islet autoimmunity was assessed by measuring levels of AABs associated 

with T1D, in serum samples obtained before transplantation and on follow-up. 

Specifically, autoantibodies to the autoantigens GAD65 (GADA), IA-2 (IA-2A), and 

ZnT8 (ZnT8A) were measured using radioimmunoassays (RIA), as previously 

described [107].  

 

We examined four groups of SPK patients who were previously classified based on 

the monitoring of islet autoimmunity and clinical course post-transplantation, 

specifically: those who developed T1D recurrence on follow-up, or T1DR; those who 

remained normal glucose tolerant (NGT), divided into four sub-groups by longitudinal 

assessment of autoantibodies: negative (NGT-AAB-neg), sporadic (NGT-AAB-spor), 

persistent (NGT-AAB-pers), and converter (NGT-AAB-conv). As previously reported 

[107], SPK patients who are autoantibody-negative, sporadic, or have autoantibodies 

persisting from before transplantation have very low risk of developing T1DR, while 

most future cases of T1DR are expected in those who experienced autoantibody 

conversion on follow-up. Because of the low risk of T1D recurrence, the NGT-AAB-

pers, NGT-AAB-spor and NGT-AAB-neg groups were combined into a single control 

group.  
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I. SPK recipients NGT-AAB-Neg  

Patients were categorized as NGT if their HbA1c level was within the normal range 

of 4.5–6.1% and they were not receiving insulin therapy or oral antidiabetic medications. 

This group includes patients who had no evidence of autoantibodies either before 

transplantation or during subsequent follow-up (Neg), patients who sporadically 

exhibited low levels and inconsistent positivity for various autoantibodies (Spor) and 

patients who displayed pre-transplant autoantibody positivity and remained positive 

without acquiring additional autoantibodies (Pers). The characteristics of these 17 NGT-

AAB-neg SPK recipients are summarized in Table 8. 

Subjects ID Age 

Age at 

TX Sex 

      T1D  

   Duration 
HLA-A1 

 

HLA-A1 HLA-A2 

HLA-

DR1 

HLA-

DR2 

A-3632 46 36 F 34.6 24 2 4 17 

A-3639 40 30 F 20.3 2 3 1 9 

A-3695 56 48 M 46.2 24 30 4 17 

A-3702 46 40 M 30.6 2 24 17 17 

A-3710 50 48 M 43.2 2 3 17  

A-3716 56 51 M  1 3 4 17 

A-3772 59 51 M 30.3 3 29 1 4 

A-3816 58 47 M 35.5 23 2 17  

A-3724 38 36 M  30 33 4 17 

A-3641 53 51 F 28.1 11 29 4 8 

A-3683 46 40 F 36.8 24 29 4 17 

A-3657 61 48 M 37.3 2 26 4 7 

A-3670 35 32 F 18.2 2 3 4 7 

A-3721 62 45 M 27.8 2 24 4 15 

A-3729   F  11 26 4 4 

A-3662 51 43 F 19.8 2 24 4 9 

A-3747 32 29 M  3 31 3 4 

 
Table 8. Demographic features of SPK recipients NGT-AAB-neg. TX. transplantation 
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II. SPK recipients NGT-AAB-conv 

This group includes SPK patients who remained NGT on post-transplantation follow-

up and showed positivity of autoantibodies only post-transplant (conversion) or acquired 

additional autoantibodies in the longitudinal assessment on follow-up. The characteristics 

of these 10 SPK recipients NGT-AAB-Conv are summarized in Table 9. 

 

 
Table 9. Demographic features of SPK recipients NGT-AAB-Conv 

 

III. SPK recipients with T1D recurrence  

This group includes patients who developed hyperglycemia and clinical symptoms of 

T1D, several years after post-transplant normalization of glucose metabolism, requiring 

reinstitution of insulin therapy. These patients also exhibited progressive elevation of 

HbA1c levels and severe reduction of c-peptide levels was noted typically in the absence 

of laboratory and clinical evidence of rejection (stable urine amylase and serum creatinine 

levels). This group showed a higher prevalence of post-transplant positivity for all 

autoantibodies, and 8/9 were converters. 

Subjects ID Age 

Age at 

TX Sex 
HLA-A1    T1D 

Duration 
 

HLA-A1 HLA-A2 

HLA-

DR1 

HLA-

DR2 

A-3643 49 41 M 37.5 2 3 4 17 

A-3652 75 60 F 49.5 2 26 4 17 

A-3661 59 58 M 35.7 2 11 1 13 

A-3665 48 43 F 23.4 2 11 17  

A-3723 44 31 M 18.9 2 29 1 13 

A-3745 42 39 M  2 24 4 11 

A-3699 38 33 F 26.4 2 3 4  

A-3704 44 40 F 32 1 26 4 17 

A-3714 49 46 M 21.2 3 68 4 7 

A-3654 64 41 F 27.7 1 3 3 4 
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Figure 43 describes the features of T1DR patients. This patient in particular developed 

autoantibodies conversion for GAD65 and IA-2 about 2.5 years after transplantation (Fig. 

43A). Biopsies were obtained at several time points within 6 months and 1 year after the 

recurrence of hyperglycemia. The presence of peri-insulitis affecting islets is supported 

by the detection of infiltrating T-cells (CD3, CD4, CD8) and B-cells (CD20) (Fig. 43B). 

indicated the function of the residual beta cells The patient had residual pancreatic cells 

function, as demonstrated by detectable C-peptide levels (Fig. 43C), which declined 2 

years after the recurrence, when circulating GAD-autoreactive CD4+ T-cells increased 

(Fig. 43C,D). The characteristics of these 9 SPK recipients with T1DR are summarized 

in Table 10.  

 

Figure 43. Recurrence of diabetes in an SPK transplant patient in the absence of organ 
rejection. The patient was a 41-year-old male who developed T1D at the age of 7. He received 
an SPK transplant when he was 32 years old, which successfully reversed his diabetes. However, 
5 years post-transplantation, the patient experienced a return to insulin dependence, despite 
normal functioning of the kidney and exocrine pancreas allografts. (A) Autoantibody levels 
before the transplant and during the follow-up are expressed as the ratio of the patient’s index 
level over the upper limit of the normal index (cut-off). For all autoantibodies, a value greater varying from severe to minimal. Patients 1 and 2 (Figs. 1B

and 2B) had peri-insulitis to severe insulitis affecting many
islets with infiltrating T-cells (CD3, CD4, CD8) and B-cells
(CD20) detected by immunostaining. Many islets no longer
stained for insulin and many more appeared damaged with
reduced insulin content. Yet several islets appeared
healthy with normal proportions of !-cells. In contrast,
patient 3 had minimal insulitis, but there was dramatic loss
of !-cells (Fig. 3A, inset), suggesting that the insulitis
process had mostly run its course. In all patients, infil-
trates consisted mostly of CD8 T-cells, whereas CD4
T-cells appeared much less frequent. B-cells were less
represented than T-cells. Additional biopsy data are re-
ported in the supplemental data, and Figs. S5–S17, S18–
S27, and S28–S35 for patients 1–3, respectively. As we
previously reported (25), biopsies of these patients dem-

onstrated ductal cells expressing insulin (supplemental
Figs. S17, S27, and S34), rarely expressing the proliferation
marker Ki-67 (Fig. S35), suggesting a potential mechanism
of pancreas remodeling and perhaps !-cell regeneration.
Ki-67 expression was not observed in residual !-cells
within the islets (not shown) in the biopsy material
available. We detected VP-1 protein in the islets of patient
2 (Fig. S26), which was colocalized with insulin by confo-
cal microscopy and indicated !-cell infection with Cox-
sackie B virus, which has been associated with type 1
diabetes (26,27). We did not detect VP-1 expression in the
islets of the other two patients and in biopsies from three
additional SPK recipients who were normoglycemic and
autoantibody negative; two other normoglycemic and au-
toantibody-negative SPK recipients expressed VP-1 in ei-
ther !-cells or "-cells (not shown).
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FIG. 1. Clinical course, autoimmunity assessment, and biopsy in patient 1. Patient 1 was a 41-year-old Caucasian male [HLA A2/A3, B57/B60, DR4
(DRB1*0405)/DR6] who developed type 1 diabetes at age 7 years. He received an SPK transplant from an HLA A2/A30, B41/B60, DR4/DRX donor
at age 32 years. The transplant reversed diabetes, but the patient returned to insulin dependence 5 years later, while kidney and exocrine
pancreas allografts had normal function. A: Autoantibody levels before transplant and on follow-up. The patient had GAD and IA-2 autoantibodies
before transplantation, which persisted despite immunosuppression, and titers increased on follow-up. Color-matched, horizontal lines represent
the cutoff level for each autoantibody. For all autoantibodies, a value >1 denotes a positive result. B: Pancreas transplant biopsy stained as
labeled, obtained #6 months after the recurrence of hyperglycemia. Insulitis and !-cell loss are shown. C: Serum C-peptide levels and % of GAD
tetramer–positive T-cells in the CD4 T-cell population from the time of hyperglycemia recurrence. C-peptide was still detectable at diagnosis,
confirming the function of residual !-cells observed at biopsy. Autoreactive T-cells were detected at the time of biopsy, #6 months after
the recurrence of hyperglycemia on two samples, and again at several time points #1 year after treatment. The horizontal blue line
represents the cutoff of the tetramer assay (0.25%). D: Flow cytometry plots demonstrating GAD-autoreactive CD4 T-cells. The numbers
above the plots identify the same sample in C. Tetramer staining with irrelevant peptide was <0.1% (not shown). DM, diabetes; Tx,
treatment. (A high-quality digital representation of this figure is available in the online issue.)
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than 1 indicates a positive result. (B) A pancreas transplant biopsy, obtained approximately 6 
months after the recurrence of hyperglycemia, is shown. Insulitis is marked by the presence of 
CD3, CD4 and CD8 for T cells and CD20 for B cells infiltrating the islets, while insulin staining 
indicates the loss of beta cells. (C) The serum C-peptide levels have decreased from the time when 
hyperglycemia recurred. (D) Flow cytometry plots demonstrating GAD-autoreactive CD4+ T 
cells.[98] 

 

Subjects ID Age 

Age at 

TX Sex 

    T1D 

Duration 
HLA-A1 

 

HLA-

A1 

HLA-

A2 

HLA-

DR1 

HLA-

DR2 

TX-

T1DR 

interval 

A-3626 63 43 M 14.4 2 2 3 4 17 

A-3635 49 38 M 27 2 3 4 17 12 

A-3678 51 39 M 26.2 2 26 7 17 8 

A-3681 41 35 M 24.1 1 29 4 17 4 

A-3698 52 40 F 26.6 2 29 4 17 4 

A-3720 47 41 M 31.9 32 33 4 17 7 

A-3628 43 29 M 27.4 29 31 4 17 8 

A-3717 39 29 F 13.5 24 26 4 13 9 

A-3604 64 47 M 39.3 2 29 3 4 8 

 
 

Table 10. Demographic features of SPK recipients who experienced T1D recurrence. 
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5.2 Methods  

5.2.1  Peripheral blood mononuclear cell isolation 

Peripheral blood mononuclear cells (PBMCs) were isolated from sodium-heparinized 

venous blood samples, using Ficoll-Paque (Fisher Scientific) density gradient 

centrifugation (400g for 30 minutes, with no brake at 18-20°C) and washed twice in PBS 

(300g x 10 minutes, with brake, at room temperature). Pellet was resuspended in 10mL 

of ACK solution (NH4Cl 0.15M, KHCO3 10mM, EDTA 0.1mM) and incubated for 10 

minutes at room temperature, sterile PBS was added to stop the reaction, followed by a 

300g centrifugation for 10 minutes. 

 

5.2.2  In vitro T cell culture and treatments 

PBMCs were cultured at 2x105 cells/well in 96 well plates in 5.5mM glucose medium: 

RPMI 1640 containing 50% RPMI 1640 without glucose, (Gibco, Thermofisher 

scientific) supplemented with 6.5% FBS, 100U/mL penicillin and 100U/mL 

streptomycin. Cells were stimulated with Dynabeads™ Human T-Activator CD3/CD28 

(Gibco) for 3 or 6 days. WZB117 (Merck) has been used at the concentration of 10μM in 

all the experiments. 

 

5.2.3  T cell proliferation assay 

In vitro proliferation was evaluated using CellTrace proliferation kit (CFSE or Violet, 

Thermofisher Scientific). PBMCs were resuspended in PBS and incubated with 0.5μM 

of CellTrace for 10 minutes at 37°C. The reaction was stopped by adding RPMI 1640 

containing 5% of FBS. Stained PBMCs were then washed with PBS to remove unreacted 

CellTrace, resuspended in RPMI medium, as described above, and seeded at 2x105 

cells/well in 96 well plates for 6 days. 

Proliferating cells were identified as the percentage of cells diluting the fluorescent 

intensity of CellTrace in flow cytometry analysis.  

 

5.2.4  Assessment of cell apoptosis/necrosis 

Annexin V/propidium iodide (PI) staining was performed using the Dead Cells 

apoptosis kit according to the manufacturer‘s instructions (Invitrogen). PBMCs were 

washed twice with cold PBS and resuspended at a concentration of 1x106 cells/ml in 1X 
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binding buffer. 100μL of cell suspension was stained using 5μL of FITC-conjugated 

annexin V and 5μL PI for 15 minutes in the dark before analysis. The samples were 

acquired on a Becton Dickinson FACS CANTO II cytometer and analyzed using FlowJo 

software v10.9.0. All events were intentionally included in this gating strategy, excluding 

only debris, to ascertain the frequency of dead cells under different conditions. By 

adopting this inclusive approach to gating, we ensured a comprehensive evaluation that 

considers the entire cell population. 

 

5.2.5  Erythrolysis assay 

Whole blood was collected from healthy subject. 20µL of blood was resuspended in 

180µL of PBS and treated with WZB117 10µM for 30 minutes or distilled water. Samples 

were then centrifuged at 10.000 rpm for 5 minutes and the release of hemoglobin into the 

surrounding medium was evaluated. 

 
5.2.6  EndoC-βH1 cell line 

EndoC-βH1 cells were derived from human fetal pancreatic buds transduced with a 

lentiviral vector expressing SV40LT under the insulin promoter control, grafted into 

SCID mice in order to develop mature pancreatic tissue [223]. EndoC-βH1 cells were 

cultured in DMEM (Thermo Fisher Scientific) supplemented with 5.5mM glucose, 2% 

BSA fraction V, 50μM 2-mercaptoethanol, 10mM nicotinamide, 5.5μg/ml transferrin, 

6.7ng/ml sodium selenite, penicillin (100U/ml)/streptomycin (100U/mL). Cells were 

passaged when confluence was observed.  

 
5.2.7  Dynamic insulin secretion test of EndoC-βH1 cell line 

The insulin secretion was performed using the BioRep® Perifusion V2.0.0 system. 

Krebs buffer (pH 7-7.4), containing 25mM HEPES, 115mM NaCl, 24mM NaHCO3, 

5mM KCl, 1mM MgCl2, 2.5mM CaCl2, and 0.1% BSA was used for pre-priming and 

priming the system before perifusion. The whole system was maintained at a constant 

temperature of 37°C. The mechanical arm, which holds the plate, was maintained at a 

temperature of 4°C. Briefly, EndoC-βH1 cells were initially perfused with a low glucose 

insulin-free perifusion buffer (2mM glucose) for 80 minutes to allow islet equilibration 

and removal of culture medium.	Next, cells were stimulated with insulin-free perifusion 

buffer at 15mM glucose for 20 minutes, followed by 20 minutes with 2mM glucose. Then 
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30mM KCl was added for 20 minutes and finally, cells were perfused with low glucose 

for the last 20 minutes. WZB117 at a concentration of 10µM was administered at different 

time points. The eluate was collected in 96 well plates and the insulin secretion was 

measured by ELISA test (Mercodia). 

 

5.2.8  Cell staining for multiparameter flow cytometry analysis 

For FACS analysis, PBMCs were stained with fluorochrome-conjugated monoclonal 

antibodies. After 6 days in culture cells were harvested, resuspended in PBS 

supplemented with 5% FBS and placed in FACS tubes. After antibodies for external 

staining were added, cells were incubated on ice for 20 minutes in the dark and then 

washed twice in 2mL of PBS to remove excess of antibody. Zombie UV fixable viability 

dye (Biolegend) was added to exclude dead cells from the analysis. After 20 minutes of 

incubation on ice in the dark, the reaction was brought to a stop by adding cold PBS 

supplemented with 5% of FBS and centrifuging at 300g x 10 minutes. Cells were then 

resuspended and washed in PBS. For intracellular detection of markers, cells were fixed 

and permeabilized using eBioscience™ Foxp3/Transcription Factor Staining Buffer Set 

(Invitrogen), according to the manufacturer’s instructions. Briefly, cells were incubated 

for 30 minutes in the dark with 1mL of fixation/permeabilization solution and then 

washed with 2mL of 1X Permeabilization Buffer at 300g for 5 minutes. Cells were stained 

with monoclonal antibodies for intracellular detection, incubated for 20 minutes on ice, 

protected from the light, and washed twice with 2mL of cold 1X Permeabilization Buffer. 

Cellular debris and multi-nucleate events were gated out using forward (FSC) and side 

scatter (SSC). Samples were acquired on a Cytek Aurora and analyzed using FlowJo 

software v10.9.0.  

 

Of note, CTLA-4 staining was conducted after permeabilization, as part of the 

intracellular stains. We used the PE Mouse Anti-Human CD152 from BD Biosciences 

(https://www.bdbiosciences.com/en-ca/products/reagents/flow-cytometry-

reagents/research-reagents/single-color-antibodies-ruo/pe-mouse-anti-human-

cd152.557301), which is designed for flow cytometry intracellular staining. CTLA-4 is 

expressed primarily as an intracellular antigen with transport to the cell surface under 

tight regulation of several molecules including Trim, PLD and TIRC7. CTLA-4 

https://www.bdbiosciences.com/en-ca/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/pe-mouse-anti-human-cd152.557301
https://www.bdbiosciences.com/en-ca/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/pe-mouse-anti-human-cd152.557301
https://www.bdbiosciences.com/en-ca/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/pe-mouse-anti-human-cd152.557301
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undergoes rapid internalization once expressed at the cell surface [224]. In our 

experiments, cells were either non-stimulated (for ex-vivo experiments) or analyzed after 

6 days of in culture stimulation (for in vitro experiments). Since CTLA-4 surface 

expression is maintained up to 48 hours after activation [225], surface expression might 

not have been detectable in our experimental conditions.  

 

5.2.9  MHC class I and II dextramers staining 

For dextramers staining, thawed PBMCs were washed twice and resuspended at 2x107 

cells/mL in PBS supplemented with 5% of FBS. The cell suspension was then incubated 

for 90 minutes at room temperature in the dark with a pool of dextramers, containing 7 

MHC Dextramer reagents (10µL each) (Immudex), plus 2.8µL of mouse serum and 

8.4µL of 10X PBS, according to the manufacturer’s instruction. The pool solution was 

previously centrifuged at 10.000g for 1 minute, to avoid potential precipitate.  

 

The following HLA-A*0201 dextramers were used for CD8+ T cells identification: 

o PE-conjugated HLA-A*0201 GAD65114-123 VMNILLQYVV             

o PE-conjugated HLA-A*0201 Insulin10-19 HLVEALYLV                                  

o PE-conjugated HLA-A*0201 IGRP265-273 VLFGLGFAI                              

o APC-conjugated HLA-A*0201 CMV IE-1316-324 VLEETSVML    

The following HLA-DR*0401 dextramers were used for CD4+ T cells identification: 

o PE-conjugated DRB1*0401 GAD65555-567 NFIRMVISNPAAT                   

o PE-conjugated DRB1*0401 Proinsulin73-90 GAGSLQPLALEGSLQKRG       

o APC-conjugated DRB1*0401 Flu HA306-318 PKYVKQNTLKLAT                      

The following dextramers were used as negative control: 

o PE-conjugated DRB1*0401 PVSKMRMATPLLMQA 

o PE-conjugated HLA-A*0201ALIAPVHAV 

 

Antibodies for external staining were immediately added to the dextramers-stained cell 

suspension and incubated for 20 minutes at room temperature. Cells were then washed in 

PBS supplemented with 5% of FBS. The protocol followed as described in the paragraph 

“Cell staining for multiparameter flow cytometry analysis”. Cells were resuspended 

in 500µL of 1X Permeabilization Buffer and immediately analyzed on a Cytek Aurora.  
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We followed the MHC Dextramer® Staining Protocol provided by Immudex, the 

manufacturer of the dextramers, which includes a fixation step after dextramer staining. 

Fixation was also required for the intracellular stains in our protocol. Previous studies 

support the compatibility of MHC dextramer staining with fixation [226, 227]. 

 

The gating strategy was as follows: the lymphocytes were identified by the forward (FSC) 

and side scatter (SSC) profile, doublets were discarded and living cells were distinguished 

from dead by plotting SSC vs ZombieUV. CD3+ T cells were identified by the SSC and 

CD3 channel, CD4+ and CD8+ T cells were gated on CD3+ positive T cells. Then, 

autoreactive T cells were considered as events in the gate positive for pool of dextramers 

in PE. 

 

5.2.10  Statistical analysis  

Flow cytometry data were analyzed using FlowJo software v10.9.0 and calculated as 

mean fluorescence intensity (MFI) of the total CD4+, CD8+ or Treg cells, and 

subpopulations as percentage of positive cells.  

Data for the protein expression levels among the dextramers positive T cells in SPK 

subgroups were compared by calculating the Log2 of the fold change for each protein and 

represented as heatmaps. 

Statistical analyses were performed using GraphPad Prism software version 9.0. Data 

were presented as mean and SD, tested for normal distribution and analyzed with the 

paired Student’s t-test (parametric data) or Wilcoxon rank test (nonparametric data). One-

way ANOVA, followed by post hoc Turkey test, or nonparametric unpaired Mann-

Whitney test, was used for comparison between groups of patients with T1D, HD and 

SPK recipients.  

Dimensionality reduction was performed with the UMAP FlowJo plugin v4.0.4. 

Dextramer-positive or negative populations from each individual were down-sampled for 

comparability (FlowJo Downsample plugin v3.3), barcoded and concatenated. FlowSOM 

algorithm v3.0.18 [169] was applied for unsupervised clustering, using default 

combinations of parameter values.  
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Outliers were excluded using the robust regression and outlier detection method (ROUT) 

on GraphPad Prism software. For all analyses, a two-tailed p<0.05 was considered 

significant.  
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5.3 Materials 

5.3.1  Antibodies and reagents for flow cytometry  

5.3.1.1. Antibodies 

 

Specificity Clone Producer 
CD3 SK7 Biolegend 
CD4 SK3 Biolegend 
CD95 DX2 Biolegend 
CD127 A019D5 Biolegend 
CD194 L291H4 Biolegend 
CD195 J418F1 Biolegend 
CD196 G034E3 Biolegend 
CD197 G043H7 Biolegend 
LAG-3 11C3C65 Biolegend 
CD27 O323 Biolegend 
PD-1 EH12.2H7 Biolegend 
CD38 S17017A Biolegend 
CD45RA HI100 Biolegend 
CD62L DREG-56 Biolegend 
HLA-DR L243 Biolegend 
HELIOS  22F6 Biolegend 
FoxP3 206D Biolegend 
CD122 5H4 BD Bioscience 
CD183 1C6/CXCR3 BD Bioscience 
CD25 M-A251 BD Bioscience 
CD278 DX29 BD Bioscience 
CD28 CD28.2 BD Bioscience 
CD69 FN50 BD Bioscience 
CD73 AD2 BD Bioscience 
TIGIT 741182 BD Bioscience 
CD272 J168-540 BD Bioscience 
CD39 TU66 BD Bioscience 
CD152 BNI3 BD Bioscience 
KI-67 B56 BD Bioscience 
CD98 590559 R&D System 
GLUT3 202017 R&D System 
CD8 RPA-T8 eBioscience 
GLUT1 Polyclonal Novus Bio 
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5.3.1.2 Other reagents for staining  

5.3.1.2.1 Fluorescent dyes for cell staining 

Reagent  Producer 

Carboxyfluorescein diacetate succinimidyl ester (CFSE)  
Thermofisher 

scientific 

CellTrace Violet  
Thermofisher 

scientific 

eBioscience™ Foxp3 / Transcription Factor 

Fixation/Permeabilization Concentrate and Diluent 
 

Invitrogen 

 

Dead Cell Apoptosis Kits with Annexin V  Invitrogen 

Zombie UV fixable viability dye  Biolegend 

 

5.3.1.2.2 MHC multimers 

The following MHC dextramers were purchased from Immudex (Copenhagen, 

Denmark): 

 

Reagent Fluorochrome 

HLA-A*0201 GAD65114-122 (VMNILLQYV) PE 

HLA-A*0201 Insulin10-19 (HLVEALYLV) PE 

HLA-A*0201 IGRP265-273 (VLFGLGFAI) PE 

HLA-A*0201 CMV IE-1316-324 (VLEETSVML) APC 

o HLA-A*0201ALIAPVHAV PE 

DRB1*0401 GAD65555-567 (NFIRMVISNPAAT)          PE 

DRB1*0401 Proinsulin73-90 

(GAGSLQPLALEGSLQKRG) 
PE 

DRB1*0401 Flu HA306-318 (PKYVKQNTLKLAT)                     APC 

o DRB1*0401 PVSKMRMATPLLMQA PE 
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5.3.2  Cell culture reagents and buffers 

5.3.2.1 Cell culture medium 

Reagent Producer 

RPMI 1640 Gibco 

RPMI 1640 without glucose  Gibco 

Penicillin-Streptomycin (5,000 U/mL) Gibco 

Fetal Bovine Serum (FBS) Gibco 

Dialyzed FBS Gibco 

Dynabeads™ Human T-Activator CD3/CD28 for T Cell 

Expansion and Activation 
Gibco 

 

5.3.2.2 Drugs  

 

Reagent Producer 

WZB117 Merck 

Rapamycin Merck 

FK506 Merck 

Mycophenolate mofetil (MMF) Roche Laboratories 

 
5.3.3 Other reagents  

Reagent 
Producer 

Cytiva Ficoll-Paque™ PLUS Fisher Scientific 

Ammonium Chloride (NH4Cl)  Merck 

Potassium bicarbonate (KHCO3) Merck 

Ethylenediaminetetraacetic acid disodium salt solution (EDTA) Merck 

Phosphate Buffered Saline (PBS) Gibco 
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