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ABSTRACT

Type 1 diabetes (T1D) is an autoimmune disorder caused by the destruction
of insulin-producing B-cells in the pancreas by autoreactive T cells. The disease
starts years before the clinical manifestation with a progressive loss of pancreatic
functions, leading to unbalanced blood glucose levels, due to low insulin
production. Damage of the (-cells is largely ascribed to unrestrained activation of
effector T cells associated with defective suppressive activity of regulatory T (Treg)
cells expressing the forkhead box P3 (FoxP3) transcription factor. This cell subset
plays a key role in the maintenance of immune tolerance and it is now established
that a reduced frequency and function of Treg cells are one of the main causes of
uncontrolled autoreactive responses. While contrasting results are present about
their frequency in literature, it is now clear that in autoimmune diabetes Treg cells
are defective in their suppressive capability. However, the molecular mechanisms
at the basis of their impaired functions are not completely elucidated.

We believed that a dysregulated glucose homeostasis in T1D individuals may affect
the capacity of the immune system to generate an appropriate regulatory response,
thus accelerating the loss of immunological self-tolerance.

For this reason, this thesis has been designed to ascertain whether glucose
levels and their oscillations during T1D progression can impact a proper Treg cell
generation and function, by affecting FoxP3 expression.

Here, by analyzing a large cohort of T1D children at diagnosis we provided
evidence indicating an increased frequency of poor functional Treg cells which is
directly associated with reduced B-cell mass and poor glycaemic control. Of note,

the frequency of peripheral Treg cells decreased one year later the disease onset



reflecting the differences in glucose control (measured by Continuous Glucose
Monitoring). To the best of our knowledge, this thesis is the first to show that the
frequency of Treg cells, measured by the expression of the transcription factor
FoxP3, correlates with glycaemic levels in T1D. Further, we noticed that Tconv
cells from T1D children at onset had higher glycolytic capacity than those derived
from healthy children, and this event was associated with an increased ability to
generate induced (i) FoxP3 Treg cells. Mechanistically, in these conditions, the
enolase-1 enzyme, engaged in the glycolytic pathway, was unable to bind the
regulator region of FOXP3 and repress its transcription. However, iTreg cells from
T1D individuals had a reduced capability to suppress the proliferation of effector
CD4" T cells due to the transient expression of FoxP3. Strikingly, TGF-f and IL-2
supplementation, upon iTreg cell generation, stabilized FoxP3 expression and
restored Treg cell suppressive capability in T1D children at onset.

Collectively, these data suggest that dysregulated glucose levels represent
an accelerating factor of autoimmune reaction by favouring the generation of poorly
functional Treg cells, due to unstable FoxP3 expression. Results of this thesis could
open the way to identify drug interventions aiming at stabilizing FoxP3 and

restoring their suppressive functions during T1D development and progression.



1. BACKGROUND

1.1 Natural history of type 1 diabetes

Type 1 Diabetes (T1D) is an autoimmune disease occurring mainly in
childhood, characterized by high blood glucose levels due to insulin deficiency as
the consequence of pancreatic B-cell loss (1-4). In the majority of subjects (70—
90%), the loss of B-cells is the consequence of T1D-related autoimmune responses;
while, in a smaller subset of individuals with genetic susceptibility is identified by
the absence of self-immune responses or autoantibodies, and the cause of B-cell
destruction is not completely understood (idiopathic T1D or type 1b diabetes
mellitus) (5).

Over the last few years, it has been observed that T1D incidence is increasing
worldwide and it is estimated that nearly 100,000 children will be affected by this

disease each year (Figure 1) (6).
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Figure 1. The incidence and prevalence of T1D in children. The estimated number of new cases of T1D
in children (<15 years) per 100,000 individuals in 2015. The prevalence of T1D in the 10 most-affected
countries is noted. Data from the International Diabetes Federation (http://www.diabetesatlas.org/across-
the-globe.html). Katsarou et al. Nat Rev Dis Primers, 2017.



It is interesting to note that the rate of incidence varies is different worldwide;
indeed, is highest in Nordic regions (Sweden, Finland, Denmark, and Norway),
followed by European countries (Italy, France, Spain and Germany) United
Kingdom, North America and Australia (Figure 1) (6). On the other hand, T1D
incidence in Asian countries, such as China, Korea and Japan is very rare and the
reasons for this remain to be fully investigated but may be related to genetic
susceptibility, environmental and lifestyle factors (Figure 1) (7).

Thanks to scientific progress, the ability to understand the natural history of
T1D has improved dramatically, particularly through the combined use of genetic,
autoantibody, and metabolic markers of the disease (8). Among the models
developed to define the natural history of TID, in the mid-1980s, Eisenbarth
proposed a model integrating each of these three features (3). This model indicates
that genetically susceptible individuals are exposed to a putative environmental
trigger, which induces B-cell autoimmunity. This process, characterized by the
appearance of islet-reactive autoantibodies, leads to the development of activated
autoreactive T cells able to destroy insulin-producing cells, resulting in a
progressive and predictable loss of this hormone (3). It has been proposed that T1D
individuals are asymptomatic until >80%—-90% of the B-cells have been destroyed,
suggesting a marked chronological gap between the onset of autoimmunity and the
clinical manifestation of the disease (3). Although, this model has been considered
for a long time a road map for investigators helping them to understand the natural
history of this disease, recently, some aspects of this model have been modified (9).
In comparison with the classical model, experimental and epidemiological data
suggest that pancreatic f-cells may persist in some individuals with T1D for a more

extended period (10). Indeed, it has been reported that 40%—50% B-cell viability



may be present at the onset of hyperglycemia, with a low exogenous insulin
requirement (11).

In this scenario, an improved understanding of the natural events of
asymptomatic phases (pre-diabetic stages) is critical for directing future studies
aimed at the prevention of T1D development. Indeed, continued identification of
genes controlling disease susceptibility, the unveiling of cellular/molecular
mechanisms at the basis of loss of immune regulation, and identification of
environmental determinants influencing the disease are needed to impact efforts

toward the goal of disease prevention.

1.2 Pathogenesis of type 1 diabetes: the involvement of genetics,

environment and cellular immunity

Decades of studies have shown that, in genetically susceptible individuals,
the disease is a continuum that progresses sequentially through distinct identifiable
stages before the onset of symptoms (12; 13). The pathogenesis of T1D can be
divided into three different stages depending on the presence of islet-autoantibodies,
hyperglycemia and hyperglycemia-associated symptoms (such as polyuria and
thirst) (Figure 2). The first stage is asymptomatic, but the immune system has
already begun attacking the insulin-producing p-cells, as testified by the presence
of two or more islet autoantibodies [i.e. islet antigens insulin (IAA), glutamate
decarboxylase (GADA), and the protein tyrosine phosphatase-like protein IA-2 (IA-
2A), zinc transporter 8 (Znt8)] (Figure 2) (14). The second stage is still

asymptomatic however, the presence of autoantibodies is associated with



dysglycemia due to the increasing loss of B-cells (Figure 2) (14). In the third stage,
there is significant destruction of pancreatic B-cells, and individuals develop T1D
symptoms, including hyperglycemia and metabolic imbalance (Figure 2).
Although B lymphocytes and autoantibodies are associated with the progression of
T1D, it is well known that T cells ultimately exert the killing of insulin-producing
B-cells (15).

Stage 1 Stage 2 Stage 3
B-cell autoimmunity

(with the presence  Present* Present Present
of autoantibodies)
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Figure 2. Type 1 Diabetes staging. Type 1 Diabetes can be subdivided into three stages: stage 1 is
characterized by the presence of autoantibodies and the absence of dysglycaemia; stage 2 is characterized
by the presence of both autoantibodies and dysglycaemia; symptoms only appear at stage 3, which
corresponds to symptomatic T1D. *B[Jcell-directed autoimmunity, marked by the presence of autoantibodies
targeting Plcell autoantigens, is usually present months to years before the onset of Bllcell loss. TIDM,
type 1 diabetes mellitus. Katsarou et al. Nat Rev Dis Primers, 2017.

Despite the T1D stages are predictable and well-defined, the sequel of
immune pathogenic events responsible for the loss of the immunological self-
tolerance during the different phases of disease is not fully elucidated.

As reported above, a clear dissection of contributing factors may help to better

define the pathogenesis of this autoimmune condition.
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1.2.1 Genetics

Pioneer familial aggregation and twin studies supported the importance of genetic
risk factors in T1D (16), as individuals in the United States having a first-degree
relative with T1D have about 1 in 20 risks of developing autoimmune diabetes,
comparing to 1 in 300 risks in the general population (17). In particular,
monozygotic twins have historically been considered to have a disease concordance
rate of 30%—-50%, with dizygotic twins having a concordance of 6%—10%. Of note,
another interesting observation is that differences in disease risk are also dependent
on which parent has diabetes: children of T1D mothers have about 2% risk of
developing T1D, while children of T1D fathers have approximatively 7% risk (17)
of diseases. Later studies found that nearly 50 genetic loci are associated with
susceptibility to T1D (18-20); however, no single gene is itself either necessary or
sufficient to predict the development of autoimmune diabetes.

In this scenario, the Human Leukocyte Antigen (HLA) was the first T1D
susceptibility genetic locus, providing insight into the contribution to the overall
genetic susceptibility. Among the classes of HLA genes, class II genes had the
strongest association with T1D (17). As class Il HLA genes encode for molecules
that participate in antigen presentation, impacts of MHC allelic variability on T1D
risk may be explained by differences in the presentation of B-cell antigens, by
favouring the selection of anti-self-reactive immune cells (21). Regarding the HLA
genes, HLA-DR3-DQ2 and HLA-DR4-DQS8, on chromosome 6, are the most
haplotypes linked to T1D susceptibility (22-24). It is important to note that the risk
of developing p-cell-targeted autoimmunity on the extended HLA-DR-DQ

haplotype is complicated by many HLA-DRBI alleles in humans. Specifically, on
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the HLA-DQS haplotype, HLA-DRB1*04:01 and HLA-DRBI1*04:05 are
associated with greater susceptibility to T1D than HLA-DRB1*04:04, whereas
HLA-DRB1%*04:03 is protective (25-27). These latter are often associated with
insulin autoantibodies (55) however, the extended haplotype HLA-DRB1*03:01-
DQ2 (HLA-DQA1*05:01-DQB1*02:01) was associated with the presence of
GADG5 autoantibody (28; 29). The afore mentioned genetic risk factors are
common in general populations in western countries, although had a low penetrance
(30; 31), which might explain why many people do not develop islet-targeted
autoimmunity or T1D despite having these specific risk factors.

Genome-wide association studies (GWAS) allowed us to identify more than
50 non-HLA genetic loci that contribute to T1D risk (32; 33). Most of these genetic
factors are associated with the general immune response, whereas only a limited
number of them are associated with the development of [-cell-targeting
autoantibodies (34). For example, non-receptor protein tyrosine phosphatase type
(PTPN)-22, a molecule involved in T and B cell responsiveness and /NS (which
encodes insulin) influences the development of stage 1 in T1D (34; 35). Future
investigations will be needed to reveal the extent to which these non-HLA genes
contribute to disease pathogenesis in stage 2 and stage 3 of T1D. An additional non-
HLA gene associated with T1D is CTLA-4 (cytotoxic T lymphocyte associated-4)
which encodes for a molecule that plays an important role in the regulation of T-
cell activation and overall immune responsiveness (18; 36). Another specific gene
associated with autoimmune diabetes is the interleukin-2 receptor alpha chain (/L-
2RA/CD25) gene region (on 10p15) (37; 38), each thought to influence immune
responsiveness (19). IL-2RA/CD25 association were motivated by results from the

NOD mouse model showing a strong genetic effect for TID mapped to the
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chromosome 3 region encompassing the /L-2 gene (Idd3) (39; 40). Indeed, mice
possessing T1D susceptibility alleles at Idd3 have reduced IL-2 levels in
comparison to mice with C57BL/6 (B6)-derived resistance alleles (41).

HLA-II and INS polymorphisms are also suggested to influence processes
that are involved in the proper thymic immune selection, which determines an
inadequate deletion of B-cell autoreactive T cells or defective generation of specific
Treg cell populations (42; 43). Indeed, some /NS polymorphisms protect against
T1D development, by increasing insulin expression in thymic cells that present self-
antigens to newly forming T cells (43).

All these findings indicated that immune cells expressed many genes that
confer T1D susceptibility, confirming that T1D development is generally influenced
by the magnitude and control of the response to immune stimuli, such as those

encountered during childhood.

1.2.2 Environment

Environmental factors have been recognized as critical determinants in the
pathogenesis of T1D. An increase in the number of patients with a low level of
HLA-defined genetic risk also supports the suggestion of increased environmental

pressure (Figure 3) (44-48).
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a Early twentieth century b Early twenty-first century

Number of cases
Number of cases

0 50 100 0 50 100

Degree of genetic or environmental Degree of genetic or environmental
contribution to T1IDM (%) contribution to T1IDM (%)

Genetic factors Environmental factors ‘

Figure 3. Estimated proportion of genetic (blue) and environmental (red)
components in children with T1D.

The frequency distributions of diagnosed cases in the (part a) early twentieth
century and (part b) early twenty-first century are shown. The relative number of
cases with a strong genetic component has decreased according to multiple
studies. T1DM, type 1 diabetes mellitus. llonen et al. Nat Rev Endocrinol, 2019.

Indeed, viral infections (49-51), the timing of the first introduction of food (52),
gestational infections (53-55) and vitamin D deficiency (56) have been proposed
as candidate etiological factors.

Microbial infections, particularly those associated with the gut, have been
identified as prominent risk factors for T1D development (57). Among these, the
relationship between B-cell autoimmunity and enteroviral infections has long been
reported (58). Specifically, an increased frequency of anti-enteroviral antibodies
and viral RNA in the pancreas and blood have been observed in T1D individuals
(59; 60). However, the presence of antibodies against enteroviruses in those with
T1D, even if true, does not prove a causal relationship. For example, subjects with
autoimmunity may also be more prone to enteroviral infection, may have a stronger
humoral response to infection due to their specific HLA genotype, or may be in a

hyper-immune state. Indeed, different hypothetic models have been proposed to
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explain the relationship between virus infections and the development of T1D. The
so-called “hygiene hypothesis™ attributes the rising incidence of autoimmune
diseases, including T1D, to a reduced or altered stimulation of the immune system
by environmental factors (61-63). Conversely, the “fertile field hypothesis”
proposes that viral infections in pancreas tissues provide a fertile field, where
autoreactive T cells can react with self-molecules due to bystander activation and
molecular mimicry (64).

Also, environmental factors modulate gut microbiota and potentially
contribute to T1D. In this regard, the “old friends hypothesis,” which is based on
the role of normal gastrointestinal microbes, indicates food exposure as a possible
regulator of the immune system through the alteration of gut permeability and
microbiota (65). In this context, recent experimental evidence from T1D human
cohorts and mouse models of the disease support the protective effects of gut
microbial metabolites, such as the short-chain fatty acids (SCFAs), which limit the
frequency of auto-reactive T lymphocytes (66). Other evidence further supports the
protective role of gut microbiota in controlling the progression of autoimmune
diabetes. For example, faecal microbiota transplantation (FMT) halts the
progression of T1D, as several microbiota-derived plasma metabolites and bacterial
strains preserved residual beta cell function (67).

The contribution of various nutritional factors to the risk of T1D has been
intensively studied. The increase in overweight and obesity might be of importance,
especially in children with T1D who have lower-risk HLA genotypes (68; 69).
Numerous dietary components have been linked to the development of anti-islet
autoantibodies since it has been reported that the late introduction of gluten, fruit,

and cow's milk may reduce the risk of T1D (70). The most predominant example
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of this association is the effect of breastfeeding and/or early exposure to cow’s milk
on the incidence of autoimmune diabetes (71). In support of this association, a meta-
analysis revealed a weak but statistically significant correlation between T1D and
both a shortened period of breastfeeding and cow’s milk exposure (72).
Furthermore, a large and well-organized cohort study (i.e., the Trial to Reduce
IDDM in the Genetically at Risk, TRIGR) showed that supplementing breast milk
with highly hydrolyzed milk formula decreased the incidence of diabetes-associated
autoantibodies (71). Furthermore, several milk factors, ranging from casein to
bovine insulin, as well as bovine serum albumin (BSA), have been reported in T1D
development (73-76). Of note, cross-reactivity between insulin and bovine a-casein
has been found, probably due to a potential molecular mimicry (77). However, no
significant association between early exposure to cow’s milk and B-cell damage in
young siblings and offspring of T1D subjects have been reported (78; 79). Also, the
ingestion of plant-derived nutrients has been associated with the development of
T1D. Indeed, two large studies (i.e., the Diabetes Autoimmunity Study in the Young
[DAISY] and the German study of offspring of T1D parents [BABY-DIAB])
reported that T1D risk is associated with the timing of exposure to cereal and gluten
(80; 81). Furthermore, the “accelerator” and “overload” hypotheses suggest that
childhood obesity increases insulin demand, determining the overloading of islet
cells and B-cell damage (81-83). Despite their interesting findings, more
investigations are needed to determine whether early dietary exposures affect
autoimmune diabetes risk (84).

It has been reported that perinatal risk factors such as maternal-child blood

group incompatibility, pre-eclampsia, neonatal respiratory distress, neonatal
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infections, caesarian section, birth weight, gestational age, birth order and maternal
age are associated with T1D development (85).

As previously discussed, the highest incidence of T1D worldwide occurs in
northern Europe, leading some to suggest that low serum concentrations of vitamin
D may be implicated in T1D development (86). In this regard, published evidence
suggested that recent-onset T1D individuals had lower serum concentrations of
Vitamin D compared to healthy individuals (87-89). In this context, the “North-
South Gradient Hypothesis” would be consistent with the notion that the amount of
UV-B exposure, which influences the synthesis of vitamin D, could modulate this
metabolite and consequently the hyper-activated immune responses (90). Moreover,
polymorphisms in the genes involved in vitamin D metabolism have recently been
associated with T1D pathogenesis (91). However, not all reports have found an
association between T1D development and Vitamin D; indeed, Bierschen et al.
suggested that in the general population, most individuals are either vitamin D
deficient or insufficient (92). Thus, a clear cause-effect relationship between
vitamin D and autoimmune diabetes in not completely confirmed.

Finally, a very recent theory was put forward to provide a mathematical
model for calculating TID risk. The “threshold hypothesis” considered the
contributions of genetics and environment as a quantifiable function of invariables
subject to calculation (93). This model hypothesized that a single person has a T1D
combinatorial-based risk based on the sum of single genetic and environmental odds
ratios (93). However, proper testing of this hypothesis requires prospective analysis

of large cohorts with high variability in their genetic and environmental T1D risks.
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1.2.3 Cellular immunity and antibody response

As largely documented, dysregulation of both arms of immune responses,
such as innate and adaptive immunity, is strongly implicated in the pathogenesis of
autoimmune diabetes. A complex interaction between pancreatic B-cells and

immune cells leads to the progressive loss of self-tolerance and T1D development

(Figure 4).
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Figure 4. The main immune components involved in the multi-step process that leads to p-cell destruction
in T1D.

[-cell proteins are phagocytosed by professional antigen-presenting cells (APCs), such as dendritic cells. APCs
process these proteins to peptide fragments that are presented by MHC class II molecules to pro-inflammatory
T helper 1 (Thl) cells, which in turn activate a cascade of immune responses, including activation of B cells
(which produce islet antigen-specific autoantibodies) and islet antigen-specific cytotoxic T lymphocytes (CTLs)
that can directly lyse B-cells presenting islet peptides by MHC class I molecules on their surface. Alternatively,
APCs can present islet antigenic peptides to Treg cells that suppress the pro-inflammatory cascade, preventing
B-cells from being destroyed. Several immunological features (boxes) distinguish patients with T1D from
healthy individuals, collectively predisposing them to disease. Roep & Peakman Nat Rev Immunol, 2010.
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Over the last decades, different theories have been proposed to explain the activation
of B-cell autoimmunity, among these: molecular mimicry, defective MHC antigens
expression on antigen-presenting cells (APCs), trafficking of dendritic cells from (-
cells to pancreatic lymph nodes and loss of immunological self-tolerance (94).

It has been reported that the appearance of the first islet-targeting autoantibody is
linked to the self-antigen presentation by APCs, and the subsequent CD4" and
CD8" T cell effector responses (14). However, the real triggering event for TID
development is completely unknown. In this scenario, the appearance of an
autoimmune process in the pancreas of a T1D individual is only identified by the
presence of autoantibodies to islet and/or B-cell antigens, which can often be
detected long before the disease becomes clinically evident (95). The five most
prevalent and best-characterized autoantibodies in T1D include: islet cell
autoantibodies (ICAs), autoantibodies to glutamic acid decarboxylase (GADAs),
insulin autoantibodies (IAAs), and autoantibodies to transmembrane tyrosine
phosphatase (IA2As), as well as those against the ZnT8 molecule (ZnT8As) (96;
97). Concerning autoantibody diagnostic and predictive role, T1D-associated
autoantibodies are typically present in 70%—-80% of recent onset T1D individuals
(98). Of note, 0.5% of the general population and about 3%—4% of relatives of T1D
individuals are autoantibody-positive (99). In this regarding, it is noteworthy that
several factors influence autoantibody values, including age, gender, race and
ethnicity of the population studied and, the quality of the autoantibody assay (98;
100). Considering islets autoantibodies as surrogates of T1D progression, the
absolute number of autoantibodies and autoantibody titer is considered both
independent predictors of T1D risk (101). More in detail, when present at high titers

in younger subjects with HLA susceptibility, autoantibodies allow for a more
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accurate prediction of TID risk (8). Furthermore, the risk for TID increases
significantly when more autoantibodies are present in combination (102). For
example, the risk of TID in 5 years was 20%-25% for individuals with one
autoantibody, 50%—-60% for those with two autoantibodies, about 70% for those
with three autoantibodies, and 80% for those with four anti-islets antibodies (102).
The use of autoantibodies for predicting T1D has also been supported by several
large natural history trials, including The Environmental Determinants of Diabetes
in the Young (TEDDY) and the NIH TrialNet efforts, as well as in general
population-based efforts (71; 103; 104). Although autoantibodies were important
for T1D diagnosis, few studies have reported a pathogenic role for B lymphocytes
in T1D in human. A central role of B cells in autoimmune diabetes is well
documented in the NOD mouse model of the disease. Genetic or antibody deletion
of B cells completely arrests the disease development at a pre-insulitis stage in mice
(105). In addition, depletion of mouse B cells using anti-CD20 mAb proved
effective in reversing hyperglycemia at onset (106; 107). This preclinical data
proposed a rationale for developing B cell-directed therapy for T1D patients with a
rapid course of the disease and unresponsive to the clinical trials that targeted T
cells. However, when applied in human setting several limitations of B-cell targeted
therapy should be taken into account.

Antigen-specific interactions between B and T lymphocytes can lead to the
expansion of autoreactive T cell clone targeting -cells, and it is now clear that -
cell damage is mediated by the combined actions of CD4" and CD8" T cells with
specificity for islet autoantigens (108). It has been proposed that pB-cell-targeted
autoimmunity started a long time before disease manifestation as indicated by the

presence of CD4" and CD8" T cells, dendritic cells, macrophages and B cells into
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islets of Langerhans T1D subjects at T1D onset (2; 109). Indeed, both CD4" and
CD8" T lymphocytes specific for B-cell antigens are detectable in both pre-diabetic
and T1D individuals (110; 111). The inflammatory lesion within islets of those with
T1D is typically characterized by a progressive decrease of insulin-producing -
cells along with infiltration in the pancreas of T, B-lymphocytes, and macrophages
(112). Pancreatic histology, either through postmortem examination or via biopsy,
is considered the “real” picture to define the immune-cell pathogenesis of T1D.
However, as pancreatic biopsies have not been considered ethical and tissue autopsy
from cadaveric subjects recently diagnosed with T1D is rare, major programs have
recently been established to obtain these tissues for research (8). Among such,
examples are the Belgium T1D registry, PEVNET (Finland), and the Network for
Pancreatic Organ donors with Diabetes (nPOD) (113-115). Recent experimental
evidence indicates that pathogenic T cells recognize post-translationally modified
peptides from B-cells, which suggests that the loss of tolerance to -cell autoantigens
might result from changes to proteins that occur in response to stress within the -
cell (116-120). Recently it has been shown that individuals with T1D (121) or
children at risk of diabetes (122) have autoantibodies to oxidative post-
translationally modified insulin (oxPTM-INS). Also, the oxPTM-INS peptides are
able to generate a T cell response in T1D children, supportig the concept that
oxidative stress, and neoantigenic epitopes of insulin, may be involved in the

immunopathogenesis of autoimmune diabetes (123).
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1.3 Altered immune tolerance involved in_the progression of type 1

diabetes: the impact of Treg cells

Several intricate regulatory mechanisms are taken in place to maintain
immune homeostasis and prevent autoimmune conditions. In healthy subjects,
pathogenic T cells are held in check by immunological tolerance processes which
start in the thymus with “central” mechanisms that remove autoreactive T cells by
an affinity cut-off of the self-antigens expressed by APCs (124). However, when
self-reactive T lymphocytes escape the “negative selection” in the primary
lymphoid organ, additional cell-mediated mechanisms operate in the periphery to
warrant tissue homeostasis. In this regard, a specialized subpopulation of T cells,
known as regulatory (Treg) cells, is considered a key player in maintaining
immunological unresponsiveness to self-antigens and in suppressing exaggerated
immune responses deleterious to the host. In particular, Treg cells ensure immune
homeostasis through their defining ability to suppress the activation and function of
other immune cell populations, including CD4", CD8" T lymphocytes and APCs.
The expression of the transcription factor forkhead box protein P3 (FoxP3) is a well-
recognized master gene of Treg cells, and FoxP3 is centrally involved in the
establishment and maintenance of Treg cell phenotype and functions (125; 126).
Regulatory mechanisms used by Treg cells include the production of inhibitory
cytokines, cytolysis of autoreactive immune cells, metabolic disruption and
modulation of dendritic cell maturation or function (125).

In the last two decades, there has been an explosion in research investigating
the role of Treg cells and their relevance in the development and progression of

autoimmune conditions. Specifically, a plethora of studies have analyzed the
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frequency of Treg cells in T1D subjects with contrasting results; some of them
reported no alterations in Treg cell frequency (127-133), and others revealed either
increased (134-136) or decreased frequency in T1D (137). However, most of them
analyzed the frequency of Treg cells only by the expression of CD25 molecules on
CD4" lymphocytes, and only few studies on large populations utilized FoxP3 as a
marker to identify Treg cells.

Recently, it has also become clear that FoxP3" Treg cells are a
heterogeneous mixture of immune lymphocytes sharing a common phenotype with
different states of maturation, differentiation and activation, which use different
methods of suppression (138; 139). It is therefore possible that a shift in the balance
or alteration in the frequency of a subtype of Treg cells might be present in T1D.
For example, Okubo et al. recently demonstrated that the frequency of activated
FoxP3" Treg cell subsets was reduced in T1D when compared with healthy subjects
(132). Alterations in Treg cell population in T1D could be related to decrease
stability of FoxP3 expression (140; 141) and an increase in the frequency of Treg
cell subset producing pro-inflammatory cytokines, such as IFN-y and IL-17 (131;
134).

In this scenario, a general consensus is that Treg cell suppressive capability
is defective in T1D individuals, as it has been amply documented that they were less
able to control the proliferation of autologous T effector (Teff) cells in comparison
to healthy controls (131; 134; 138; 141). In 2005, Lindley and colleagues showed,
for the first time, that Treg cells from T1D individuals were less able to control the
proliferation of autologous Teff than those from HLA- and age-matched healthy
individuals (127), a finding later confirmed by many other researcher laboratories

(142-146). Furthermore, it has been shown that Treg cells from T1D individuals
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predominantly released pro-inflammatory cytokines, whereas those from healthy
subjects produced the anti-inflammatory cytokine IL-10 (147).

It has also been observed that Treg cell functions are influenced by many of
the TID susceptibility loci (e.g., IL2RA, IL2, PTPN2, CTLA4 and IL10),
contributing to disease pathogenesis (148). In this context, Pesenacker and
colleagues recently examined the expression of a panel of FoxP3-specific transcripts
in Treg cells from T1D recent-onset individuals and well-matched healthy subjects
(149). They identified a panel of six genes [i.e., FOXP3, TNFRSFI1B (CD120b)
and LRRC32 (GARP)] directly linked to Treg cell function and stability which were
differentially expressed in Treg cells from T1D individuals and healthy subjects
(149). Similarly, other studies have identified differences in Treg cell gene
expression profiles according to T1D development or not (150). Recently, Yang
and colleagues linked many of these associations, demonstrating that T1D
individuals with IL-2 sensitivity in CD4" T-cell subsets, had Treg cells that were
less able to maintain FoxP3 expression under limiting concentrations of IL-2, which
also displayed reduced suppressive functions (151).

To better understand how immune tolerance is lost in T1D, a key issue to
address is whether the altered Treg cell suppressive function is a consequence of the
disease or whether is involved in disease initiation. Studies examining Treg cell
function in autoantibody-positive individuals suggested that Treg cell defects are
present before clinical disease, supporting a causative role for Treg cell suppressive

dysfunction in T1D (144; 152).
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1.4 Regulatory T cells: the control of FOXP3 gene

In the late 1990s, the investigation on suppressor cells, redefined as
“regulatory” T cells, gained new light thanks to the findings of Sakaguchi and
colleagues who showed that a subset of CD4" T lymphocytes, expressing the surface
expression of the IL-2 receptor a-chain (CD25), contributes to maintaining
immunological self-tolerance in a mouse model of autoimmune disease (153). The
identification by the same group, of the transcription factor FoxP3, as the master
regulator for lineage stability and suppressive function (154), has then accelerated
Treg cell biology research in both physiological and pathological settings (155;
156). It has been shown that FoxP3 controls Treg cell differentiation and stability,
and its expression is required for the maintenance of the Treg cell transcriptional
program and suppressive capability (155). Treg cell suppressive activity is exerted
via cell-to-cell contact on different immune cell subsets and is mediated by several
proteins expressed by Treg cells, such as the cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4), programmed cell death (PD)-1, Lymphocyte Activation Gene
3 (LAG-3) and T cell immunoglobulin and ITIM domain (TIGIT) (157-160).
Among the other cell-surface molecules involved in the suppressive activity of Treg
cells, CD39 and CD73, two ectoenzymes highly expressed on these cells, have also
great importance, as they act by facilitating the elaboration of adenosine, which acts
as a paracrine immune modulatory factor (161; 162). Another well-described
mechanism of Treg cell action is based on the release of specific anti-inflammatory
cytokines, mainly represented by IL-10 and TGF-B (163-165); more recently, an

increasing interest is also been conveyed in the analysis of Treg cell-derived
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extracellular vesicles (EVs) which are able to target and inhibit effector T (Tef¥) cell

function in both human and mice settings (166-169).

1.4.1 Regulation of the FOXP3 gene

The human FOXP3 gene is located in the p-arm of the X chromosome,
includes 11 exons and displays a high degree of conservation with the mouse genes,
especially at the exon-intron interfaces (170; 171). The control of FoxP3 expression
depends on several transcription factors and regulatory elements within the FOXP3

gene locus (Figure 5).
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Figure 5. The control of FoxP3 expression by transcription factors and regulatory elements within the
FOXP3 gene locus.

The figure depicts the characterized coding and non-coding elements of the gene that encodes forkhead box
protein P3 (FOXP3) along with the transcription factors that are reported to activate the transcription of the
gene and their sites of interaction. Transcription factors that bind to the promoter, conserved non-coding
sequence 1 (CNS1), CNS2 and CNS3 regions of FOXP3 are shown in blue, red, green and yellow, respectively.
Also depicted are the CNS2-targeting methylating enzyme DNA methyltransferase 1 (DNMT1) and the
demethylating enzyme ten-eleven translocation 1 (TET1), which influence the inactive and active
transcriptional status of that region, respectively. ATF1, activating transcription factor 1; CBFp, core-binding
factor subunit-f; CREB, cAMP-responsive element-binding protein; FOXO, forkhead box protein O; iTreg, in
vitro-induced regulatory T; NFAT, nuclear factor of activated T cells; pTreg, peripherally derived regulatory
T; RAR, retinoic acid receptor; RUNX1, Runt-related transcription factor 1; RXR, retinoid X receptor; STATS,
signal transducer and activator of transcription 5; tTreg, thymus-derived regulatory T cells. Lu et al. Nat Rev
Immunol , 2017.
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In response to TCR engagement and co-stimulation signals, the FOXP3 promoter is
bound and activated by transcription factors such as NFAT and AP-1 (172). In
addition, the forkhead box O (FOXO) proteins FOXO1 and FOXO3 have been
reported to bind to the FOXP3 promoter as well as to other regulatory elements
(173); cAMP-responsive element-binding protein (CREB)—activating transcription
factor 1 (ATF1) complexes also drive the activation of the FOXP3 promoter (174).
Studies aim at characterizing the promoter of this transcription factor, showed that
its transcription relied on the contribution of conserved enhancer regions (172).
Indeed, both the initiation and maintenance of FOXP3 transcription are dependent
on key conserved non-coding sequences (CNSs), which serve as binding sites for
several transcription factors (Figure 5).

CNS3 is found between exon 1 and exon 2 of FOXP3, promoting the
accumulation of permissive histone modifications at the FOXP3 promoter, leaving
it in an epigenetically controlled -state in both established FoxP3" cells and
FoxP3™ Treg cell precursors (175). Thus, CNS3 has a crucial role as an epigenetic
switch that controls FOXP3 transcription in Treg cells in response to binding by the
transcription factor REL, which is a crucial regulator of this cell subset development
in the thymus (176; 177). However, although it is indispensable for
initiating FOXP3 expression, CNS3 does not seem to be necessary for its
maintenance.

On the other hand, CNS2 (also known as Treg cell-specific demethylated
region) is important for maintaining the expression of FoxP3 in thymus-derived
(t)Treg cells once they reach the periphery (125). The CNS2 region is located within
the first intron of FOXP3, and CpG elements within CNS2 become extensively

hypo-methylated during Treg cell development (178). Demethylated CpG motifs in

27



CNS2 and other regulatory elements in the FOXP3 gene enable the binding of
several transcription factors, including REL, CREB—-ATF1, RUNX1—core-binding
factor subunit- (CBFp), ETSI, signal transducer and activator of transcription 5
(STATS), and FoxP3 itself (172; 175). It has been established that the maintenance
of this epigenetic state allows the stable expression of FoxP3 by tTreg cells under
different conditions, including tissue inflammation (125). Moreover, in vitro-
induced Treg (iTreg) cells, which are less stable than tTreg cells in terms of their
FOXP3 expression and suppressive activity, have a methylated or partially
demethylated CNS2 region (179; 180). By contrast, peripherally derived (pTreg)
cells with an epigenetic profile that resembles that of tTreg cells, are thought to be
functionally stable (179). Hypo-methylation state of CNS2 is warranted by methyl-
CpG-binding domain protein 2 (MBD2) which binds CNS2 and in turn recruits the
ten-eleven translocation (TET) demethylases (125). Loss of function of MBD?2 in
mice results in decreased numbers of Treg cells, with a reduced suppressive
capability (179). Conversely, DNA methyltransferase 1 (DNMT1) is known as the
main enzyme that promotes methylation events at the CNS2 region (125). DNMT1
and similar factors may counteract the epigenetic programming that is responsible
for tTreg cell activity (125). Indeed, IL-6, a pro-inflammatory molecule, triggers the
DNMT1-dependent methylation of CNS2 motifs in Treg cells, whereas exposure to
IL-2 induces TET enzymes which determines hypomethylation at the CNS2 region
(181; 182). Also, exposure of Treg cells to IL-6 reduces the acetylation of histone
H3 at the upstream promoter as well as negatively affects the FOXP3 transcription
(183; 184). On the other side, transforming growth factor-f (TGF-B) signalling
operates the epigenetic stabilization of FOXP3 by the suppression of DNMT1

expression (185).
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The CNSI enhancer is pivotal for the induction of extrathymic FOXP3
expression in T cells and it is indispensable for activating FOXP3 expression in
response to TGFB-induced SMAD signalling (186). Of note, the binding of
activated SMAD3 to CNSI is a key event in the induction of FoxP3 during the
differentiation of pTreg cells but not that of tTreg cells (175). Accordingly, CNSI1-
deficient mice have a defective pTreg cell compartment and consequently loss the

maintenance of immune homeostasis at barrier sites (187).

1.4.2 Post-translational modifications of FoxP3

Compelling evidence revealed that the expression and regulatory activity of

FoxP3 are also controlled at the protein level. The pathways that lead to distinct
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Figure 6. Post-translational modifications of FoxP3 and their impact on Treg cell function.

Depicted on the left is a schematic representation of the mature forkhead box protein P3 (FOXP3) molecule
showing its functional domains and reported post-translational modification sites. The table on the right
summarizes the types of modification that can occur in each region of FOXP3, the effects of these
modifications on FOXP3 protein stability and function, and the subsequent impact on the suppressive
function of regulatory T (Treg) cells. CDK2, cyclin-dependent kinase 2; PP1, protein phosphatase 1; SIRT1,
sirtuin 1; USP7, ubiquitin-specific peptidase 7. Lu et al. Nat Rev Immunol , 2017.
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post-translational modifications of FoxP3 — including acetylation, phosphorylation
and ubiquitination — have been recently shown to be important in this newly

appreciated layer of control over Treg cell function (Figure 6) (125).

1.4.2.1 Acetylation of FoxP3. The enzymes lysine acetyltransferases (KATS)
catalyse the attachment of acetyl groups at specific lysine residues of the FoxP3
protein (125). Acetylated FoxP3 molecules are more stable than those that are not
acetylated, as they avoid ubiquitination at targeted lysine residues and thus resist
proteasomal degradation (125). Acetylation acts by improving the ability of FoxP3
to bind to chromatin and carry out its functions as a transcriptional regulator (188;
189). In this context, it has been shown that FoxP3 interacts with two specific KATs,
such as TIP60 and p300, which promote its acetylation at residues K63, K263 and
K268 (188-191). Of note, the inhibition or deletion of p300 reduced the levels of
both acetylated and total FoxP3 in Treg cells, and negatively influenced the fitness
and function of these immune cell subsets (190; 192). Genetic ablation of 7/P60
also markedly decreased FoxP3 expression levels, leading to Treg cell dysfunction
and the development of autoimmune disorders (190; 192). Indeed, TIP60-deficient
Treg cells showed reduced expression of FoxP3 and CTLA4 molecules, as well as
exaggerated production of the pro-inflammatory cytokines IL-6 and IL-17 (192).
IL-6-induced STAT3 activity can downregulate the levels of the FoxP3 protein by
inhibiting its acetylation (189; 193), while TGF-f augments the FoxP3 stability
and/or functional activity by driving its acetylation (189).

Lysine deacetylases (KDACs) and Histone deacetylases (HDACs) remove acetyl
groups and negatively affect FoxP3 expression and Treg cell function; while their

inhibitors are well known to augment FoxP3 expression in Treg cells and improve
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regulatory capability (188; 191; 194; 195). Specifically, Sirtuin 1 (SIRT1) is a class
IIT KDAC, and its expression has been observed to be inversely proportional to the
expression of Foxp3 during iTreg cell differentiation (196). Interestingly, SIRT1 is
differently regulated by TCR activation depending on the T cell subset considered.
Indeed, while TCR stimulation in non-Treg cells induced SIRT1 levels, on the
contrary in Treg cells TCR engagement reduced SIRT1 expression (196). Moreover,
forced SIRT1 expression in Treg cells not only leads to the deacetylation of FoxP3
but also triggers the rapid polyubiquitylation of the transcription factor and its
degradation by the proteasome (196). Conversely, Treg cell-specific SIRT! ablation
determined an increase of FoxP3 expression and Treg cell suppressive functions by
upregulating the expression of Treg cell-associated genes (for example, Ctla4)
(197). Also, chemical inhibition of this enzyme similarly increases FoxP3 levels and
the in vivo suppressive capability of iTreg cells (198). Recently, it has been
observed that the serine/threonine kinase and Hippo pathway participant
mammalian sterile 20-like kinase 1 (MST1) antagonize the FoxP3-deacetylating
activity of SIRT1 (199). In particular, MST1 interacts with FoxP3 and promotes its
activity as a transcriptional suppressor by increasing its acetylation; Treg cells
isolated from MST1-deficient mice have reduced levels of FoxP3 protein owing to
its degradation (199).

Finally, commensal microorganisms in the gut are involved in the induction of
pTreg cells by the acetylation of FoxP3 (200; 201). For example, CD4" T cell
exposure to short-chain fatty acids (SCFAs), such as butyrate, produced by certain
species of gut bacteria, increased FoxP3 induction by promoting histone

modifications (200). This ability of SCFAs to support Treg cell induction seems to
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involve HDAC inhibition and results in the reduced acetylation of the FoxP3 protein

and histones at the FOXP3 locus (201).

1.4.2.2 Phosphorylation of FoxP3. 1t is now well-established that FoxP3 regulation
also depends on phosphorylation processes. The C terminus region of FoxP3 can be
modified by an unknown kinase at S418 which improves the ability of FoxP3 to
bind to DNA and drives Treg cell-associated gene expression(125). By contrast,
Foxp3 protein phosphorylation at different sites inhibits its ability to promote
Treg cell suppressive capability; further, cyclin-dependent kinase 2 (CDK2), which
is activated by TCR signalling, is capable of phosphorylating four CDK motifs
within the N-terminal domain of FoxP3 (202). CDK-mediated phosphorylation
might negatively influence FoxP3 expression, as CDK2-deficient Treg cells are
more suppressive compared to wild-type cells (203). Indeed, specific
phosphorylation by CDK-2 of S19 was observed in vitro, and mutation of this and
other residues (S88, T114 and T175) in the repressor domain was associated with
an increased FoxP3 half-life and increased repression of target genes (125). In
agreement, the ectopic expression in Tconv cells of a mutant FoxP3 construct
insensitive to S19 phosphorylation determined a high suppressive function in
vitro and in vivo (202).

Among the protein kinase that controls FoxP3, it has been shown that the kinase
PIM1 interacts with FoxP3 and exerts its phosphorylation (204). Indeed, Li ef al.
found that PIMI, highly expressed by human Treg cells, interacts with the C-
terminal domain of FoxP3 and targets S422 residue (204). The PIM1-induced
phosphorylation of S422 affects FoxP3 activity and hampers the expression of

Treg cell-associated genes (204). Although TCR signalling limits the induction of
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PIM1 expression, IL-6 can upregulate the expression of the kinase. Of note,
inhibitory modification at S422 prevents phosphorylation at S418 (204), improving
Treg cell function (205).

A related kinase known as PIM2 also exerts inhibitory phosphorylation of FoxP3 in
Treg cells, as it targets multiple N-terminal sites (i.e., S33 and S41), thus interfering
with the expression of Treg cell-associated genes; indeed, inhibition of PIM2 in
mouse Treg cells increases their suppressive capabilities (206). Interestingly, it has
also been reported that PIM2 expression is FoxP3-dependent and involved in the
expansion of Treg cells (207). It is possible to hypothesize that the upregulation of
this kinase impairs the suppressive function of Treg cells in order to favour
proliferative response.

Taken together, these findings suggest that phosphorylation event may modulate
FoxP3 stability, thus representing an additional mechanism through which is

possible to control Treg cell fitness.

1.4.2.3 Ubiquitination of FoxP3. Ubiquitination at lysine residue 48 (K48
polyubiquitylation) is critical for facilitating the proteasomal degradation of several
proteins (208). Scientific evidence has shown that the FoxP3 protein can be
modified by this process which has major implications for Treg cell functions (209).
For example, it has been demonstrated that in differentiating CD4" T cells, hypoxia-
inducible factor 1-a (HIF-a) was found to physically interact with FoxP3 and
trigger K48 polyubiquitylation; accordingly, knocking down components of the
HIF1-a stabilized the FoxP3 protein pool (210).

The ubiquitin-dependent degradation processes control FoxP3 stability also in

established Treg cells under inflammatory response. In this context, it is interesting
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to note that the cellular levels of the FoxP3 protein are subject to constant turnover
depending on K48-type polyubiquitylation-induced proteasomal degradation (211;
212). Also, the half-life of FoxP3 is reduced upon exposure to a range of
inflammatory conditions in vitro, including lipopolysaccharide, which leads to the
degradation of Foxp3 through K48-linked polyubiquitination by the E3 ubiquitin
ligase Stubl (211). Mechanistically, the chaperone molecule heat shock 70 kDa
protein (HSP70) recruits the stress-activated U-box domain type E3 ubiquitin ligase
Stubl, which in turn mediates the degradation of FoxP3 and other important Treg
cell transcription factors, such as RUNX2, HIFl-a (211; 213; 214). This
downregulation results from K48-type polyubiquitylation at residues K227, K250,
K263 and K268 in human FoxP3 by Stubl, with subsequent proteasome activity
(211). Ectopic Stubl-mediated FoxP3 loss hampers Treg cell suppressive functions
while knocking down STUBI stabilizes FoxP3 expression and increases their

regulatory capability (211).

1.4.3 Instability of Treg cell lineage and generation of ex-Treg cells

As stated before FoxP3 is indispensable for the development and functions
of Treg cells. However, increasing evidence indicates that under specific micro-
environmental conditions (such as IL-2 depletion, strong TCR engagement with
autoantigens and pro-inflammatory cytokines), Treg cells can lose FoxP3
expression and differentiate in so-called ‘ex-Treg’ cells in vivo (Figure 7) (215-

217).
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Figure 7. Environmental cues modulate the transcription, stability and function of FoxP3.

The induction and maintenance of forkhead box protein P3 (FOXP3) transcription can be positively
influenced by cytokines such as transforming growth factor-f (TGF-B) and interleukin-2 (IL-2), and by
other factors in the tissue microenvironment, such as retinoic acid, vitamin C and short-chain fatty acids
(SCFAs). By contrast, FOXP3 is negatively regulated by pro-inflammatory cytokines, such as tumour
necrosis factor (TNF) and IL-6, and by other factors, such as Toll-like receptor (TLR) activation or robust
T cell receptor (TCR) and co-stimulatory molecule signalling. These factors can alter the post-translational
modifications that are made to the mature FOXP3 protein to either stabilize or deplete the cellular pools of
FOXP3 and modulate its functional capacity. By affecting FOXP3 expression and function, these factors
influence the many functions of regulatory T (Treg) cells, such as their production of anti-inflammatory
cytokines, their modulation of antigen-presenting cell (APC) function, their consumption of growth factors
and their ability to induce apoptosis in effector immune cells. ATRA, all-trans-retinoic acid; CNS,
conserved non-coding sequence; CTLA4, cytotoxic T Ilymphocyte antigen 4; DNMTI1, DNA
methyltransferase 1; FOXO, forkhead box protein O; IL-2R, IL-2 receptor; LAG3, lymphocyte activation
gene 3 protein; mTOR, mechanistic target of rapamycin; PI3K, phosphoinositide 3-kinase; PP1, protein
phosphatase 1; STAT, signal transducer and activator of transcription; TET, ten-eleven translocation;
TGFBR, TGFp receptor; USP7, ubiquitin-specific peptidase 7. Lu et al. Nat Rev Immunol, 2017.

The TCR repertoire of ex-Treg cells substantially overlaps with that of both Treg
and Tconv cells, suggesting that ex-Treg cells are a heterogeneous cell subset
derived in part from established Treg cells that have lost FoxP3 expression and in
part from Tconv cells that expressed unstable FoxP3 (215; 218). FoxP3 expression

in Treg cells is maintained intrinsically by a positive feedback loop exerted by
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several transcription factors, including the transcription complex CbfB-RunxI-
FoxP3 which binds the CNS2 region (175; 219-222); indeed, Treg cells lacking
either CNS2 or CbfB, or Runx1 have an unstable FoxP3 expression (175; 220). A
recent study revealed that several STAT proteins, such as STATS, STAT6 and
STATS3 bind to the CNS2 FOXP3 locus (223). While STATS (downstream of the
IL2 pathway) stabilized FoxP3 expression, STAT6 and STAT3 activated by pro-
inflammatory cytokines may effectively compete with STATS5 for the binding and
may bring DNA methyltransferases silencing FOXP3 transcription (223). Also, in
the absence of CNS2, Treg cells are unable to maintain heritable FoxP3 expression
levels either under IL-2-limiting conditions (223). A relevant study shows that the
CNS2-mediated feedback loop is critical for the maintenance of Treg cell lineage
stability. Indeed, Li ef al. revealed that NFAT-mediated looping between CNS2 and
the FoxP3 promoter is critical for the expression of FoxP3 in activated Treg cells
(224). Recent evidence reports that PTEN is essential for maintaining Treg cell
stability by limiting phosphoinositide 3-kinase (PI3K) signalling, which also
supports the notion that TCR overstimulation destabilizes Treg cells (225; 226). In
addition, other signalling pathways are involved in the control of FoxP3 stability; it
has been established that both CDK2 and PIM1 mediated the down-regulation of
DNA binding activity of human FoxP3, thus inducing Treg cell instability (202;
204). Upon loss of FoxP3, Treg cells showed an impaired suppressive capability
and acquired an effector phenotype characterized by the production of IFN-y and
IL-17. The stability of Treg cells is pivotal to ensure immune homeostasis especially
in local tissues, such as pancreas islets and loss of FoxP3 alters the immune balance

and unleashes a local pathogenic T-cell response (227). Also, the Th cell-like
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effector functions of ‘ex-Treg’ cells directly contribute to the further implement
pathogenic immune responses in local tissues (227).

In this regard, it has been proposed a model to understand the pathogenesis of
autoimmune diseases on the basis of the presence of ex-Treg cells (Figure 8) (227).
First, exposure of self-antigens and pro-inflammatory cytokines in damaged tissues
continually activates effector Th cell-mediated immune responses, which in turn
attack the self-tissues, resulting in more self-antigen exposure and production of
pro-inflammatory cytokines in situ (227). Next, self-antigens and pro-inflammatory
cytokines in damaged tissues promote the instability of Treg cells; unstable Treg
cells further sustain the autoimmune attack, by favouring the activation and
expansion of autoreactive effector T cells which in turn promote the generation of

ex-Treg cells by their cytokine secretions (e.g., IL-4 and IL-6) (227).

tissue
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Figure 8. The multilayer feed-forward loop model of autoimmune diseases.

(1) Exposed autoantigens and pro-inflammatory cytokines in damaged tissues activate effector Th cells, which
in turn exacerbate self-tissue damage. (2) Exposed self-antigens and pro-inflammatory cytokines in damaged
tissues promote the generation of exTreg cells, which are pathogenic for the self-tissues. (3) exTreg cells favor
the activation and expansion of autoreactive effector Th cells, which may further induce the generation and
effector Th-like functions of exTreg cells through Th-producing cytokines. Together, these feed-forward loops
constitute a higher-level feed-forward loop (4) that drives the development of autoimmune diseases forward.
Th, T helper cells; Treg, regulatory T cells. Guo & Zhou Cell Mol Immunol, 20135.
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2. AIM OF THE STUDY

The main objective of this PhD thesis was to ascertain at cellular and
molecular levels whether altered glucose levels and their oscillations during T1D
progression impact a proper Treg cell generation and function, affecting FoxP3
expression and stability. Our working hypothesis is that the absence of appropriate
glucose homeostasis, typically observed in TID individuals, may affect the
capability of the immune system to generate an effective regulatory response, thus
accelerating the loss of immunological self-tolerance. Although glucose is an
energetic fuel essential for Treg cells, it is possible to hypothesize that high amounts
and/or defective control of its levels may lead to impaired Treg cell functions, thus
associating with the development of pathological inflammatory/autoimmune
conditions. In agreement, high glucose intake has been proposed as one of the main
environmental risk factors responsible for the increasing incidence of autoimmune
disorders (228-232). As a relevant example, the study cohort Diabetes
Autoimmunity Study in the Young (DAISY) showed that a higher glycemic index
and increased intake of total sugars were associated with a major risk of T1D
progression (233; 234). The observed association between increased total sugar
consumption and more rapid T1D progression in children with islet autoantibodies

may be driven by direct or indirect biological mechanisms not yet discovered.
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Therefore, to test our hypothesis several objectives were explored:

e Frequency of peripheral Treg cells and their suppressive capability in T1D
children at onset and one year later, in correlation with B-cell function and
glucose levels.

e Impact of blood glucose levels on in vitro FoxP3 induction and its stability

in iTreg cells from T1D subjects.

Results of this PhD thesis could open the way to understanding whether altered
glucose metabolism is able to affect the molecular mechanisms regulating FoxP3
protein expression, thus explaining the defective functional capability of Treg cells
observed in T1D. Targeting manipulation of glucose concentration during T1D
progression phase may contribute to developing novel immune-therapeutic

strategies with a view to controlling the loss of immunological self-tolerance.
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3. RESEARCH DESIGN AND METHODS

3.1 Study population

Newly diagnosed T1D children (n=100) were recruited after glycaemic
stabilization (10 days from clinical onset) by treatment with exogenous insulin
(glucose values between 3.5-10 mmol/l or 80-180 mg/dl) at the Department of
Translational Medical Sciences, Paediatric section, University of Naples ‘Federico
I’ and were followed-up for 1 year. Diagnosis of T1D was defined according to the
Global International Diabetes Federation/International Society for Paediatric and
Adolescent Diabetes Guidelines for Diabetes in Childhood and Adolescence and
included symptoms of diabetes in addition to casual plasma glucose concentration
>11.1 mmol/L (200 mg/dl), or fasting plasma glucose >7.0 mmol/l (=126 mg/dl), or
2 hours post-load glucose >11.1 mmol/l (=200 mg/dl) during an oral glucose
tolerance test, and glycated haemoglobin (HbAlc) >6.5 and all of them were
positive for at least two anti-islet autoantibodies.

Glucose control was assessed by HbAlc and CGM by FreeStyle Libre (at 1-year
follow-up), defined according to the international consensus on time in range. CGM
measurement included: the percentage of readings within the target glucose range
of 70-180 mg/dl (TIR), time below (TBR) and time above the target glucose range
(TAR).

In parallel, healthy control children with similar sex and age distribution (n = 100)
were recruited in the same Paediatric department, upon selection for the following
criteria: fasting blood glucose <5.5 mmol/l (<100 mg/dl); negative personal and
familial history of autoimmune disorders; and negativity for islet autoantibodies at

the 99th percentile.
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The Institutional Review Board of the Ethics Committee of the University of Naples
“Federico II” approved the study. All adult human subjects, or parents of

participating children, provided written informed consent.

3.2 Laboratory testing

Blood samples from T1D and healthy children were withdrawn at 8.00 a.m.
into heparinized BD Vacutainers and processed within the following 4 hours. Serum
or plasma was obtained after centrifugation and kept at —80°C until use. Fasting C-
peptide levels were measured in duplicate serum samples, at the same time for all
samples, using a commercial ELISA kit (Merck Millipore Corporation). Glucose
levels were measured using the enzymatic hexokinase method and HbA 1c by high-
performance liquid chromatography (HLC-723 G7 TOSOH, Bioscience). Islet
autoantibodies (GADA, TA-2A, TAA, ZnT8) were measured by a commercial
ELISA kit (Pantec). The remaining part of the blood samples was processed and
after Ficoll-Hypaque (GE-Healthcare) gradient centrifugation, PBMCs were

obtained.

3.3 Multiparametric flow-cytometry analyses

Multiparametric flow cytometry was used for the evaluation of Treg cells
from PBMCs: APC-H7 anti-human CD4 (BD Pharmingen, clone RPA-T4), FITC
anti-human CD45RA (Miltenyi Biotec, clone REA562), BB700 anti-human CCR7
(BD Horizon, clone 3D12), PECy7 anti-human CD25 (BD Pharmingen, clone M-

A251), BV421 anti-human PD-1 (BD Horizon, clone EH12-1), PE anti-human
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FoxP3-all (BD Pharmingen, clone 259D/C7), APC anti-human CD152/CTLA-4
(BD Pharmingen, clone BN13), BV421 anti-human GITR (BD Horizon, clone V27-
580). Staining for intracellular factors was performed by using the fixation and
permeabilization FoxP3 buffer kit (BD Pharmingen), according to the
manufacturer’s instructions. Samples were acquired by using two lasers equipped
FACSCanto II (BD Bioscience); at least 3x10* events in the lymphocyte gate. For
the evaluation of positive events, fluorescence minus one (FMO) controls were used
for setting the gate; non-viable cells were detected by 7-AAD viability staining (BD
Pharmingen). Cytofluorimetric analyses were performed by using FlowJo Software

(FlowJo, LLC).

3.4 Induction of Treg cells in vitro, isolation and re-stimulation

assay

For the generation of iTreg cells, CD4"CD25 T cells (Tconv cells) were isolated
from PBMCs by negative selection with a human CD4"CD25" T cell kit (Miltenyi)
(cell purity >98%). Cells were cultured (2x10° cells/ml) with RPMI-1640 medium
supplemented with 100 Ul/ml penicillin, 100 pg/ml streptomycin (Life
Technologies) and 5% autologous plasma and were stimulated for 12 or 36 hours
with anti-CD3/CD28 microbeads (Invitrogen) at a density of 0.1 beads per cell. To
isolate iTreg cells, stimulated Tconv cells were stained with the following mAbs—
PE—Cy7 - anti-human CD25 and APC-H7 anti-human CD4; then cells were sorted
by flow cytometry on the basis of CD25 surface expression (purity > 98%) with a

BD FACSJazz (BD, Biosciences). For the re-stimulation assay isolated iTreg cells
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were re-stimulated with a low dose of anti-CD3/CD28 microbeads (0.1 beads per
cell) for 24, 48 and 96 hours, respectively, with or without supplementation of TG-

FB (20 ng/mL) and IL-2 (100 UI/mL).

3.5 Suppression assay

For the assessment of Treg cell suppressive capability, autologous CD4"CD25" T
cells were labelled with the fluorescent dye Celltrace Violet (Thermo Fischer
Scientific). Then labelled CD4"CD25™ T cells were stimulated for 72 hours with
anti-CD3/CD28 microbeads (0.2 beads per cell) alone or with different numbers of
peripheral Treg or iTreg cells (ratios from 1:1 to 8:1, labelled CD4"CD25" T
cells/Treg cells) in round-bottomed 96-well plates (all from Becton-Dickinson). All
tests were performed in the presence of RPMI-1640 medium supplemented with
100 Ul/ml penicillin, 100 pg/ml streptomycin (Life Technologies) and with heat-
inactivated 5% autologous plasma, with or without supplementation of TGF-f (20
ng/mL) and IL-2 (100 UI/mL), as reported. Celltrace Violet dilution analysis was
performed by gating on labelled CD4°CD25™ T cells using BD FACSCanto II and

analysed by FlowJo software.

3.6 Seahorse analyses

Metabolic profile was evaluated in Tconv cells stimulated for 12 and 36 hours in
the presence of anti-CD3/CD28 microbeads (0.1 beads/cells) to generate iTreg cells.

Extracellular acidification rates (ECAR) were performed by an XFe-96 Analyzer
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(Seahorse Bioscience). Specifically, cells were plated in XFe-96 plates (Seahorse
Bioscience) at the concentration of 4x10° cells/well and cultured with RPMI-1640
medium supplemented with 5% autologous plasma. ECAR was measured in XF
media in basal condition and in response to 10 mM glucose, 5 uM oligomycin and
100 mM of 2-deoxyglucose (2-DG) (all from Sigma Aldrich). Experiments with the
Seahorse were done with the following assay conditions: 3 minutes mixture; 3

minutes wait; 3 minutes measurement.

3.7 Western Blot analyses

To perform Western blotting assay, freshly isolated or TCR-stimulated Tconv and
iTreg cells were purified (90-95% purity) from PBMCs by magnetic cell separation
with CD4"CD25™ T Cell Kit (from Miltenyi) or by cell-sorting on the basis of CD25
surface expression, as reported above. Subcellular fractionations were performed
with a nuclear-cytosol fractionation kit (NE-PER Nuclear and Cytoplasmic
Extraction Reagents; Thermo-Fisher). Cells were lysed on ice in RIPA buffer
(Sigma-Aldrich) plus SIGMAFAST Protease Inhibitor (Sigma-Aldrich) and Sigma
Phosphatase Inhibitor (Sigma-Aldrich) for 20 min. Protein concentration was
calculated by BCA protein assay kit (Pierce, Thermo Fisher Scientific) and 15 pg
of proteins were separated by SDS-PAGE under reducing conditions, as previously
described (235). The membrane was incubated overnight at 4°C with anti-FoxP3-
All (PCH101) (eBioscience); anti-aldolase, anti-hexokinase, and anti-enolase-1 (all
from Santa Cruz Biotechnology). Then, the filter was washed three times in
phosphate-buffered saline 0.5% Tween 20 (PBST) and incubated with a peroxidase-

conjugated secondary antibody (GE Healthcare) for 1 hour. After washing with
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PBST, peroxidase activity was detected with ECL system (Roche) or Femto (Pierce,
Thermo Fisher Scientific). We scanned four films with different timing exposures,
and all signals were quantified normalizing to B-actin (clone C4, Santa Cruz
Biotechnology), a-tubulin (for cytoplasmic extracts) or PARP (for nuclear extracts).

Densitometric analysis was performed using ImageJ Software (NIH).

3.8 Statistical analyses

Statistical analyses of data were carried out by GraphPad Prism 7 software
(GraphPad, California, USA). Comparisons were performed by Mann-Whitney U-
test, Student’s t-test, one-way ANOVA and two-way ANOVA-corrected for
multiple comparisons using the Bonferroni test and Wilcoxon matched pairs test as
indicated. Correlation analyses were performed by Pearson's correlation. For all
analyses, a two-tailed test was used, with P<0.05 values denoting statistical

significance.
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4. RESULTS

4.1 Recent-onset T1D children had high levels of peripheral Treg

cells with impaired suppressive function.

To explore the expression levels of FoxP3 in T1D, we analysed peripheral Treg
cells from T1D at onset (10 days after disease manifestation) in comparison to age-
matched healthy children. Flow cytometry analysis revealed a higher frequency of
CD4'FoxP3" Treg cells in T1D children at onset (n=100) compared with matched

healthy donors (n=100) (Figure 9).
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Figure 9. High frequency of peripheral Treg cells in T1D children at disease onset.

Left, representative flow cytometry plots show the percentage of CD4*FoxP3" cells in PBMCs from healthy
and recent-onset T1D children. Numbers in plots indicate the percentage of positive cells. Right, cumulative
data of CD4*FoxP3" cells in PBMCs from healthy and recent-onset T1D children. Data are expressed as mean
+ SEM. Each symbol represents an individual healthy or T1D child, as indicated. ****P <0.0001 by two-tailed
Student’s ¢-test.

To assess whether high expression of CD4FoxP3" cells in T1D children is
associated with increased Treg cell regulatory properties, we tested in vitro their
ability to suppress the proliferation of TCR-activated autologous CD4'CD25
Tconv cells. Surprisingly, we found that freshly isolated peripheral Treg cells from
T1D children at onset were less able to suppress Tconv cell proliferation in vitro

(Figure 10).
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Figure 10. Impaired regulatory capability of peripheral Treg cells in recent-onset T1D children.

Percent of suppression exerted by peripheral Treg cells isolated from healthy and T1D children on proliferation
of CellTrace Violet-labeled Tconv cells stimulated for 72 hours in vitro with anti-CD3/CD28 beads (at indicate
cell-to-cell ratio). Data are expressed as mean + SEM. *P<0.05; ***P<0.001; ****P<(0.0001 by two-way
ANOVA corrected for Bonferroni’s multiple comparisons test.

Next, through multiparametric flow cytometry assay, we investigated the expression
levels of the main Treg cell-regulatory markers associated with suppressive
functions. Flow cytometry analysis displayed that peripheral Treg cells from T1D
children had reduced expression of CTLA4 and PD-1 molecules compared with

those of healthy individuals (Figure 11).
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Figure 11. Reduced expression of regulatory molecules on peripheral Treg cells from recent-onset T1D
children.

Cumulative data of the expression of Treg cell-specific markers (CTLA-4, PD-1) in peripheral CD4"FoxP3*
cells in PBMCs from healthy and recent-onset T1D children, as indicated. Data are expressed as mean + SEM.
Each symbol represents an individual healthy or T1D child, as indicated. **P <0.01; ****P <0.0001 by two-
tailed Student’s #-test.
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Taken together these results indicated that although the high frequency of Treg cells
in T1D subjects at onset, the expression levels of FoxP3 were uncoupled to their

regulatory ability.

4.2 Pancreatic f-cell function and blood glucose levels associated with

frequency of peripheral Treg cells in recent-onset T1D children.

Since we found that recent-onset T1D children had a higher frequency of
peripheral Treg cells compared with healthy children, here we evaluated whether
Treg cell expression of FoxP3 associated with B-cell function and glucose levels,
measured as circulating c-peptide levels, glycated haemoglobin (HbAlc) and
insulin dose required. We showed a significantly negative correlation between the
frequency of CD4'FoxP3" cells and C-peptide levels (Figure 12A); on the contrary,
a positive correlation among peripheral Treg cells, HbAlc and insulin dose was

observed (Figure 12B-C).
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In all, these results suggest that the higher frequency of peripheral Treg cells
observed in T1D children depended on the altered blood glucose levels presented

before the onset, since their Treg cell rate reflected the low 3-cell functionality and

the high Hbalc levels.
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Figure 12. Frequency of circulating Treg cells correlated with B-cell function and blood glucose
levels in T1D children at disease onset.

Statistical correlation between CD4*FoxP3* cells and (A) c-peptide levels, as a measure of B-cell function,
(B) HbAlc, as a measure of altered blood glucose levels and (C) daily insulin dose in T1D children at
disease onset. P<0.05 denoting statistical significance by Spearman’s correlation.
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4.3 In vivo glycemic normalization associated with nTreg cell

frequency in T1D children one-year later the disease onset

To test whether in vivo glucose normalization upon insulin treatment

restored Treg cell frequency, we fo
diagnosis to one year later (T1D-F
including time in range (TIR) and
cytometry analysis revealed that
expression on CD4" T cells) was re
disease onset (Figure 13A).
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s in T1D children one year after diagnosis.

(A)Cumulative data of CD4'FoxP3* cells in PBMCs from T1D children at disease onset (T0) and one year
later (T1). (B) Cumulative data shows the frequency of CD4"FoxP3* cells in PBMCs from T1D who had

decreased (left) or increased number of Treg ce

1ls at disease onset (T0) and one year later (T1), respectively.

Data are expressed as mean + SEM. Each symbol represents an individual healthy or T1D child, as indicated.
*P<0.05, ****P <0.0001 by paired Wilcoxon test.

Strikingly, despite a general decrease of Treg cells in T1D overtime (Figure 13B,

left panel), we noticed that a few T1D-FU children had an increased percentage of
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Treg cells one year later (Figure 13B, right panel). Also, we observed that the
FoxP3 differences relied on glycaemic control, as T1D individuals with a TIR>70%

had low Treg cell frequency compared to T1D subjects with poor glucose control

(TAR>25%) that expressed higher Treg cells (Figure 14).
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Figure 14. Correlation between peripheral Treg cells and glycaemic values in T1D-FU children.
Statistical correlation between CD4 FoxP3™ cells and either percentage of time in range (left) or above the range
(right) of blood glucose levels, measured by CGM in T1D-FU children. P<0.05 denoting statistical significance
by Spearman’s correlation.

All together these data indicate that dysregulated glucose levels in vivo impact

FoxP3 expression during T1D progression.

51



4.4 Increased glycolytic metabolism during iTreg cell generation in

recent-onset T1D children associated with the enolase-1 cytoplasmic

localization.

Since our published data revealed that glycolysis contributes to the induction
of FoxP3 during Treg cell generation (236), herein we tested the hypothesis that
high amount and/or defective control of glucose levels during T1D progression may
affect Tconv cells metabolic responses, thus impairing a proper differentiation in
iTreg cells. To this aim, ex-vivo extracellular acidification rate (ECAR) was
measured as a method for the detection of glycolytic flux in 12 hours and 36 hours
TCR-stimulated Tconv cells during iTreg cell generation. We found that TCR-
stimulated Tconv cells from T1D at onset showed a high glycolytic rate in
comparison with healthy children (Figure 15, upper panels).

More in detail, analysis of glycolytic parameters revealed increased glycolysis and
glycolytic capacity of Tconv cells during iTreg cell generation in T1D children at

onset (Figure 15, lower panels).
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Glucose metabolism of TCR-stimulated Tconv cells during iTreg cell generation
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Figure 15. Increased glucose metabolism in Tconv cells from T1D children at disease onset during
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iTreg cell generation.
Upper panel, ExtraCellular Acidification Rate (ECAR) profile, as an indicator of glycolysis, of isolated

Tconv cells from healthy and recent-onset T1D children stimulated for 12 hours (left) or 36 hours (right)
with anti-CD3/CD28 beads. Injection of glucose, the ATP-synthase inhibitors oligomycin and 2-deoxy-
D-glucose (2DQ), as indicated. Lower panel, parameters of the glycolytic pathway of TCR-stimulated
Tconv cells upon 36 hours from healthy and recent-onset T1D children. Parameters of the glycolytic
pathway were calculated from the ECAR profile. Data are expressed as mean = SEM. ****P<(.0001 by

two-tailed Mann-Whitney test.

To corroborate this finding, we analysed the levels of the main glycolytic enzymes
in iTreg cells by Western blot. An increased expression of intracellular levels of

hexokinase, aldolase, and enolase-1 in iTreg cells was observed in T1D children at

onset compared with healthy children (Figure 16).
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Figure 16. High expression of the glycolytic enzymes in iTreg cells from T1D children at disease onset.
Left panel shows representative immunoblot for glycolytic enzymes and actin proteins in isolated iTreg cells
from healthy and recent-onset T1D children. Right panel shows the relative densitometric quantitation of
glycolytic enzymes normalized on actin, in the aforementioned experimental conditions. Data are shown as
mean = SEM. **P<0.01 by two-tailed Mann-Whitney test.

Since data from our laboratory revealed that the enzyme enolase-1 is responsible for
FOXP3 transcription in iTreg cells when engaged in glucose metabolism, we
evaluated its cytoplasmic and nuclear localization in freshly isolated Tconv cells
and upon TCR stimulation in T1D and healthy children. We observed that enolase-
1 was more located in the cytoplasm of freshly isolated Tconv cells from T1D
children at onset compared with those of healthy individuals (Figure 17).
Furthermore, upon early TCR-engagement (15, 30 minutes), enolase-1 remained in
the cytoplasm of Tconv cells from T1D children, supporting glucose metabolism;
upon 36 hours its levels decreased in TCR-stimulated Tconv cells from T1D
individuals and enolase-1 protein localization increased in the nucleus compartment

(Figure 17).
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Figure 17. Increased localization of enolase-1 in the cytoplasm of Tconv cells from T1D children at
disease onset.

(A) Left panel shows representative immunoblot for the enzyme enolase-1 and tubulin proteins in the
cytoplasmic compartment of freshly-isolated Tconv cells and upon 15 minutes, 30 minutes and 36 hours of
TCR-stimulation from healthy and recent-onset T1D child. Right panel shows the relative densitometric
quantitation for the enzyme enolase-1 normalized on tubulin, in the aforementioned experimental
conditions. Data are shown as mean + SEM. *P<0.05, **P<0.01, ***P<0.01 by two-way ANOVA
corrected for Bonferroni’s multiple comparisons test. (B) Left panel shows representative immunoblot for
the enzyme enolase-1 and PARP proteins in the nuclear compartment of freshly-isolated Tconv cells and
upon 15 minutes, 30 minutes and 36 hours of TCR-stimulation from healthy and recent-onset T1D children.
Right panel showing the relative densitometric quantitation for the enzyme enolase-1 normalized on PARP,
in the aforementioned experimental conditions. Data are shown as mean = SEM. **P<0.01 by two-way
ANOVA corrected for Bonferroni’s multiple comparisons test.

All together these data indicate that Tconv cells from T1D subjects were more prone
to utilize glucose for the glycolytic pathway during iTreg cell generation, also

recruiting enolase-1 in the cytoplasm.

55



4.5. Recent onset T1D children had a high frequency of poorly

suppressive iTreg cells which was associated with unstable FoxP3

expression.

To ascertain whether high glucose metabolism and cytoplasmic localization
of enolase-1 in Tconv cells observed in T1D children are able to influence their
capacity to differentiate in iTreg cells, we analysed CD25 and FoxP3 induction
levels in TCR-stimulated Tconv cells from children at TID diagnosis. Flow
cytometry experiments showed that FoxP3 expression levels were higher in 1Treg
cells from T1D (n=16) in comparison with matched healthy children (n=16), while
no differences were observed for CD25 induction in the two studied groups (Figure

18).

Gated on CD4* lymphocytes from iTreg cells

o
=]
T

o Healthy Children
e T1D onset

Healthy Child T1D onset

w
] T ©
1 352% | 2 80y
oF i
N 60-
[m)] e®
O L ]
T
1] - <t
._o : , 8 L
E ,, - 3
20 ke o Healthy Children

9.64% e T1D onset

-
w
L

-
(=]

@

FoxP3 ———» (CD25 —————»
o

%CD4*FoxP3* cells

v
=)

CD4

Figure 18. High frequency of iTreg cells in T1D children at disease onset.

Upper panels, representative flow cytometry plots and cumulative data show the expression of CD25
molecules in iTreg cells from healthy and recent at onset T1D children. Lower panels, representative flow
cytometry plots and cumulative data show the expression of FoxP3 in iTreg cells from healthy and recent-
onset T1D children. Numbers in plots indicate the percentage of positive cells. Data are expressed as mean +
SEM. Each symbol represents an individual healthy or T1D child, as indicated. ****P <0.0001 by two-tailed
Mann-Whitney test.
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To verify whether the observed high FoxP3 expression levels were associated with
iTreg cell suppressive capability in T1D condition, we isolated iTreg cells (on the
basis of CD25 expression) and tested their functional ability to control the
proliferation of autologous TCR-activated CD4"'CD25 Tconv cells. Surprisingly,
we noticed that iTreg cells from newly-diagnosed T1D subjects had reduced
capability to control the proliferation of TCR-activated T cells, despite the highest

FoxP3 levels (Figure 19).
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Figure 19. Impaired regulatory capability of iTreg cells in recent-onset T1D children.

Left, flow cytometry histograms showing proliferation of CellTrace-labeled autologous Tconv cells
stimulated for 72 hours in vitro with anti-CD3/CD28 beads and cultured alone (dashed curves) or in the
presence of various numbers of isolated iTreg cells (from 1:1 to 8:1 cell-to cell ratio), from healthy and recent-
onset T1D children. Numbers in plots indicate the percentage of CellTrace Violet (CTV) dilution in Tconv
cells cultured alone (upper) or in the presence of iTreg cells at different disease stages, as reported. Right, the
percentage of suppression exerted by isolated iTreg cells isolated from healthy and T1D children on the
proliferation of CTV Tconv cells stimulated for 72 hours in vitro with anti-CD3/CD28 beads (at indicate cell-
to-cell ratio). Data are expressed as mean + SEM. *P<0.05; ***P<0.01; ***P<(0.001; ****P<0.0001 by two-
way ANOVA corrected for Bonferroni’s multiple comparison test.

Since stable expression of FoxP3 was pivotal for Treg cell lineage and regulatory
capability, we investigated whether its altered stability is responsible for reduced
iTreg cell suppressive functions observed in recent-onset T1D children. To this aim,
we performed a Western Blot analysis revealing that, TCR-stimulated iTreg cells
from T1D children progressively reduced FoxP3 expression levels at 24 and 48

hours upon iTreg cell generation from Tconv cells, compared with those of healthy
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control (Figure 20A). Furthermore, cytofluorimetric experiments showed that upon
96-hour induction in Tconv cells the FoxP3 protein was completely lost in iTreg
cells from T1D children at onset, likely determining the formation of poorly
suppressive ex-Treg cells (Figure 20B).

In all these findings indicate high glucose levels in T1D lead to unstable

FoxP3 expression in Treg cells.
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Figure 20. Progressive decrease of FoxP3 expression levels in iTreg cells from T1D children at disease
onset.

(A) Left panel shows representative immunoblot for FoxP3 and actin proteins in freshly isolated iTreg cells (0)
and upon 24, 48 hours of TCR re-stimulation from healthy and recent-onset T1D children. Right panel shows
the relative densitometric quantitation of FoxP3 normalized on actin, in the aforementioned experimental
conditions. Data are shown as mean + SEM. *P<0.05, ***P<0.001, ****P<0.0001 by two-way ANOVA
corrected for Bonferroni’s multiple comparison test. (B) Representative flow cytometry plots and cumulative
data show the FoxP3 expression in isolated iTreg cells upon 96 hours of TCR re-stimulation from healthy and
recent-onset T1D children. Numbers in plots indicate the percentage of positive cells. Data are expressed as
mean + SEM. *P <0.05 by two-tailed Mann-Whitney test.
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4.6 Stabilization of FoxP3 expression in iTreg cells from T1D children

at the onset by a high dose of TGF- and IL-2 treatment

It has been reported that TGF-f and IL-2 had synergistic effects needed for
maintaining Treg cell phenotype as well as FoxP3 expression (237). Thus, to
determine whether unstable FoxP3 expression observed in iTreg cells from T1D
children at onset could be recovered by in vitro supplementation of these cytokines,
we cultured isolated iTreg cells in presence of TCR stimulation and the addition of
TGF-B and IL-2 for 96 hours. Flow-cytometry analyses revealed that cytokines
supplementation in iTreg cells led to an increased and stable FoxP3 expression at
levels similar to those observed in healthy children (Figure 21A). Furthermore, we
found that cytokine-stabilization of induced FoxP3 in iTreg cells from T1D children
at onset was associated with a 10-fold increased suppressive ability (Figure 21B).
As expected, iTreg cells from healthy children did not improve their functionality
when treated with TGF-f§ and IL-2 (Figure 21B). Our data revealed that TGF-f and
IL-2 stabilized defective levels of induced FoxP3 in iTreg cells from TID
individuals, thus suggesting that cytokine supplementation represents a possible
therapeutic strategy to restore the functionality of Treg cells in autoimmune

diabetes.
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A iTreg cells upon TCR re-stimulation and cytokine supplementation in T1D children (96 hours)
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Figure 21. TGF-f and IL-2 addition maintain stable FoxP3 expression and restore iTreg

cell suppression in reent-onset T1D children.

(A)Representative flow cytometry plots and cumulative data show the FoxP3 expression in isolated
iTreg cells untreated or with TGF-f and IL-2 addition upon 96 hours of TCR re-stimulation, from T1D
children at disease onset. Numbers in plots indicate the percentage of positive cells. Data are expressed
as mean £ SEM. *P <0.05 by two-tailed Mann-Whitney test. (B) TGF-f and IL-2 addition improved
iTreg cell suppressive function specifically in T1D individuals. Asuppression was calculated as
follows: the percentage of untreated-iTreg cell suppression — the percentage of treated-iTreg cell
suppression. Data are expressed as mean = SEM. ***P <0.001, ****P <(0.0001 by two-way ANOVA
corrected for Bonferroni’s multiple comparison test
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S. DISCUSSION

This PhD project assessed the effects of dysregulated glucose levels on
FoxP3 expression, Treg cell frequency and their functionality in children with T1D
at the onset. Our data revealed that blood glucose levels, in T1D children, influence
FoxP3 expression Treg cell stability and their suppressive functions.

The role of Treg cells in the maintenance of immune tolerance was fully
documented, and their functional defects and reduced number are considered pivotal
for the development and progression of autoimmune diseases (156). Over the past
years, several studies have analysed the frequency and functional activity of Treg
cells in T1D reporting contrasting results. Some studies described no alterations in
Treg cell frequency (127-133), while others revealed either increased (134-136) or
decreased frequency in T1D (137). On the other hand, mounting evidence from
mouse models, as well as from human disease, strongly indicated defects in Treg
cell-mediated suppression in autoimmune diabetes.

In this study, by analyzing a large cohort of T1D children at diagnosis we provided
evidence of an increased Treg cell frequency, which is associated with reduced [3-
cell mass and poor glycaemic control, leading us to hypothesize that glucose levels
per se are able to affect Treg cell fitness. Published evidence from our laboratory
showed that glycolysis is involved in FoxP3 induction (236), here we confirmed
these results in an in vivo disease model, finding that blood glucose levels affected
FOXP3 gene expression and its stability in Treg cells from T1D children. Glucose
is the critical energy source in the human body and it is considered the major fuel
source used by immune cells for their biological functions (238; 239). However,

increased glucose load has been associated with a high incidence of various
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autoimmune and inflammatory syndromes (230; 240-242). Evidence from the study
cohort DAISY showed that higher glycemic index and increased intake of total
sugars were associated with a major risk of T1D progression (233; 234). Of note, a
very recent study revealed increased blood glucose concentrations in children who
developed islet autoantibodies (243); this finding indicates that metabolic shifts are
present much earlier in the disease process than previously considered and that they
may precede the appearance of autoimmune reactions.

Although most of the studies revealed that high glucose intake can exacerbate the
development of autoimmune diseases, by sustaining hyper-activation of Th17 cells
(231), our working hypothesis is that chronic dysregulation in glucose fluctuation,
during T1D progression, influence also Treg cell-mediated immune tolerance.

It has been shown that glycolysis is required for the generation of iTreg cells through
the engagement of the glycolytic enzyme enolase-1, which is unable to repress
FOXP3 transcription through its binding to FOXP3 regulatory regions (236). Herein
we showed that in a high glucose microenvironment, typical of T1D condition,
enolase-1 is mostly located into the cytoplasmic compartment, as a consequence of
its engagement into the glycolytic pathway, supporting the FoxP3 expression and
higher frequency of iTreg cells in T1D children at the onset. However, our data
revealed that in T1D individuals, FoxP3 expression was transient, thus generating
poorly functional iTreg cells. It has been established that transcription of the FOXP3
in Treg cells is intrinsically maintained by a series of molecular determinants which
operate a positive feedback loop favouring FOXP3 regulatory regions in a
permissive status (244). In agreement with these data, we revealed that iTreg cells

from T1D children, when sustained with a high amount of TGF-3 and IL-2, restored
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their suppressive capability as a consequence of FoxP3 protein expression
stabilization.

Our data have identified a previously unknown molecular mechanism that
links glucose metabolism to the regulation of FOXP3, whose transcription is
necessary for the induction and function of Treg cells. These findings unveiled an
apparent paradox in T1D: while abnormal glucose levels lead to a high frequency
of Treg cells by forcing FoxP3 induction, on the other hand, FoxP3 levels are
unstable determining its rapid loss that is associated with the generation of poorly
functional Treg cells. In this context, alteration in glycolytic metabolism at
asymptomatic early stages of disease represents a novel contributing factor which
may “accelerate” T1D progression by impairing the regulatory T cell compartment.

Given the crucial role of Treg cells in immune balance, the instability of
Treg cells, especially in local tissues, such as pancreas islets, disturbs the immune
balance and unleashes a local pathogenic T-cell response. Targeting such poorly
functional Treg cells, to stabilize their FoxP3 expression could prevent and or/delay
T1D clinical onset. Also, the development of therapies aiming at controlling
possible glucose oscillation in the asymptomatic stages of T1D could help to
maintain a stable amount of FoxP3 protein, thus generating a fully functional Treg

cell population.
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6. CONCLUSIONS

T1D development is due to a complex interplay among B-cells, the immune
system, and the environmental factors in genetically susceptible individuals.
Although the initiating mechanism(s) behind T1D development and progression are
under intensive investigation, defects in Treg cell-mediated suppression have been
largely shown. The discovery of FoxP3, as an essential transcription factor, for the
differentiation and suppressive capability of Treg cells, has provided new insights
into the role of this cell subset in the pathogenesis of immune-mediated diseases, in
particular T1D. By using an in vivo human setting, this PhD project explored the
different aspects of the impact of altered glucose levels on Treg cell biology in
children with autoimmune diabetes.

Herein, we found that the frequency of the Treg cell population was
increased in recent-onset T1D children and associated with impaired suppressive
ability. Also, we showed that altered glucose metabolism influenced FoxP3 stability
as well as the functional activity of Treg cells. Finally, our data revealed that
exogenous administration of IL-2 and TGF-f after Treg cell generation stabilized
FoxP3 protein and restored in T1D children their Treg cell suppressive capability.
Overall, results from this PhD research pointed out that dysregulated glucose levels
may represent one of the pathogenic determinants affecting Treg cell fitness with
subsequent loss of the immunological self-tolerance and B-cell failure in T1D. This
finding reveals a previously unrecognized adverse effect of imbalanced glucose
concentration in TID development, which may open the way to novel

immunometabolic strategies to prevent T1D in high-risk individuals.
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