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3. ABSTRACT

Autoimmune diseases (ADs) represent a major and growing challenge for global health,
with Type 1 Diabetes (T1D) serving as a prominent example. These diseases are
characterized by a failure of immunological tolerance, resulting in the activation of
pathogenic T cells that attack the body's own tissues. In this thesis, we describe the
epidemiology of T1D, the incidence of polyautoimmunity (PolyA), and the role of soluble
CD137 (sCD137) as a reliable biomarker for diagnosing and monitoring autoimmunity. In
addition, we present the design and validation of a novel immunotherapy for autoimmunity
that aims to avoid immunosuppression.

The first chapter describes the global epidemiology of T1D and how patients with this
condition are at risk of developing additional ADs throughout their lives. Through a meta-
analysis of 158 studies, we identified a striking pattern of PolyA. The data revealed that
8.50% of individuals with T1D have at least one other overt AD, while approximately
14.45% present with latent autoimmunity, which could predispose individuals to additional
ADs in the future. This was confirmed by the meta-regression analysis, showing that the
incidence of new-onset PolyA increases with each year lived with the disease. We then
explored the main factors associated with this phenomenon and dived into the molecular
mechanisms that may explain the onset of T1D, including PolyA. We propose that this
vulnerability is often triggered by environmental factors, with molecular mimicry acting as
a key driver. Here, we delve into how a case of mistaken identity, in which the immune
system, while targeting a foreign microbe, mounts a response against a structurally similar
self-protein, can ignite the initial spark of the autoimmune cascade observed at the
population level.

Next, we focus on the central effector cell in autoimmunity: the antigen-specific T cell. In
chapter 2, we follow the trajectory of these cells, from their escape from tolerance
checkpoints to their activation and subsequent diversification through epitope spreading.
We describe the traditional dogma of immunology, which holds that clonal expansion
drives the selection of higher-affinity T-cell clones. However, novel evidence supports that
low-affinity T cells perpetuate autoimmunity, whereas higher-affinity T cells are
predominantly relevant in the early stages of disease, underscoring the critical need for
novel biomarkers that allow the tracking of T cell activation. The CD137 is a strong marker
of T cell activity, and recently, multiple studies included the serum measurement of
sCD137 in several inflammatory conditions. To confirm the utility of this biomarker, we
conducted a second meta-analysis of 47 studies. Our findings showed that sCD137, a
splicing isoform of the costimulatory molecule CD137 produced by regulatory T cells
(Tregs), is elevated in autoimmunity and may serve as a proxy marker for the immune
system's attempt to restrain an enhanced immunological response. However,
immunosuppressive therapies also lead to a marked drop in sCD137 levels, establishing
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sCD137 as a sensitive indicator of the internal imbalance between regulatory and
inflammatory mechanisms.

Finally, Chapter 3 aims to translate the genetic and clinical data into a tangible therapeutic
strategy. We trace this story back to the T1D-protective /dd9.3 genetic locus in the NOD
mouse, pinpointing Cd137 as the key gene. We found that the protective role of this locus
is mediated by an increased production of the immunosuppressive sCD137 isoform. This
pivotal insight from our mouse models was then extended to the human context. We
successfully engineered and validated recombinant human Fc-sCD137 fusion proteins,
confirming that human sCD137 is a potent immune checkpoint. Our mechanistic studies
revealed that sCD137 downregulates the mTORC1 metabolic pathway, a central engine
of T-cell growth and function. This work provides a robust foundation for a new therapeutic
approach that strengthens one of the immune system's inherent anti-inflammatory routes
rather than relying on global immunosuppression.

In essence, this work weaves a single, coherent thread from the large-scale clinical
problem to a specific, molecular solution. It begins with the epidemiological scale of PolyA
in T1D, then narrows its focus to the cellular and molecular drivers, validates a biomarker
that traces T-cell activity, and culminates in a targeted, mechanism-driven
immunotherapy. We expect that this work will lighten the path for future translational
studies in humans and ultimately support the evaluation of the safety and efficacy of this
therapy in T1D.
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4. THEORETICAL FRAMEWORK

ADs are chronic and clinically heterogeneous conditions that affect up to 5% of the world’s
population (1,2), and their incidence is rising (3). Type 1 diabetes (T1D) is one of the most
common ADs in children, characterized by the autoimmune destruction of insulin-
producing B cells (4). The incidence and prevalence of this condition vary worldwide,
possibly due to variations in environmental factors interacting with genetic risk loci,
including HLA and non-HLA genes (4—6). During childhood, the frequency of T1D is
uniformly distributed between sexes; however, the incidence in males is higher in young
adults (15-25 years) (7). Globally, the prevalence of T1D is 9.5 cases per 10,000 people.
Africa and Asia exhibit the lowest prevalence rates (3.5 and 6.9 per 10,000 people,
respectively), whereas Europe (12.2 per 10,000 people) and the Americas (12-19 per
10,000 people) show the highest rates (5). Most cases in the Americas are found in the
USA and Canada, particularly among individuals of Caucasian ancestry (8).

In addition, T1D incidence is increasing rapidly, especially in regions with already high
disease prevalence, such as Europe and America. Recently, a study on Finland and
Sardinia reported an increase in incidence from 40 cases to 60 cases per 100,000 children
in recent years (9,10). A meta-regression analysis confirmed that this pattern is consistent
worldwide, with an approximate 1.4-fold increase in incidence over the last 30 years (5).
Given this upward trajectory, additional efforts to prevent and manage T1D are needed to
reduce its impact on quality of life and the healthcare system.

A common feature of ADs is the failure to control peripheral autoreactive T cells, and most
ADs are associated with dysfunctional Tregs (11). This T cell population constitutively and
highly expresses CD25 (IL-2 receptor a chain) (12), and more specifically, the
transcription factor Forkhead box P3 (FOXP3) (13—-15). The clinical relevance of FOXP3
was first demonstrated in patients with immune dysregulation, polyendocrinopathy,
enteropathy X-linked (IPEX) syndrome (16). More than 70 FOXP3 mutations have been
described in these patients (17), who frequently present with PolyA, such as autoimmune
thyroid disease, autoimmune cytopenias, or T1D (18—-20). Polymorphisms in other genes
implicated in Treg function, such as IL2RA and CTLA4, have also been associated with
the development of endocrine and rheumatic ADs in humans (21). Collectively, this
evidence highlights the crucial role of Tregs in maintaining immune homeostasis and
preventing autoimmunity.

Current management of ADs is centered on immunosuppression. Multiple non-specific
immunosuppressive therapies, such as methotrexate and leflunomide, are used to
ameliorate autoreactivity and limit tissue damage. More recently, antibody-based
treatments target specific molecules or cells involved in the immune response (e.g., anti-
CD20 for B-cell depletion) (22). However, these approaches carry a major drawback: an
increased susceptibility to infections. Recently, new therapeutics focusing on Tregs have
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emerged. For instance, administration of IL-2 in patients with systemic lupus
erythematosus (SLE) ameliorated disease activity by expanding Tregs without increasing
infection risk, and low-dose IL-2 therapy is being investigated in T1D (23-26). Restoring
Treg function may therefore provide a way to treat autoimmunity while reducing life-
threatening adverse effects. Nonetheless, abnormal Treg function and conversion of
Tregs into pathogenic Th17 cells have been reported as complications of Treg-based
therapeutics (27-29). Thus, a deeper understanding of Treg biology is required.

Phase 1 clinical trials in early-onset T1D showed that infusion of autologous ex vivo-
expanded CD4*CD25'CD127- Tregs was associated with reduced exogenous insulin
requirements and preservation of B-cell function, with these effects persisting for up to 1
year after infusion and without severe adverse events (30,31). In a similar study, adult
patients maintained stable C-peptide levels and insulin use for up to 2 years (32).
However, this Treg-based strategy would require periodic reinfusions to maintain
immunoregulation, and autologous Treg transplantation may be difficult in low-resource
settings. In addition, these trials are still in early phases (1 and 2), and the observed effect
sizes have been modest. Therefore, additional strategies are needed to boost peripheral
Treg response and restore homeostasis.

The sCD137 produced by Tregs has emerged as a new candidate for restoring immune
homeostasis by boosting peripheral immune regulation in both mice and humans (33).
Interestingly, unlike many other therapeutic interventions, sCD137 delays the onset of
end-stage T1D and even reverses the disease in mice (33). Furthermore, sCD137 inhibits
human T-cell activation and has been identified as a serum biomarker of disease activity
in T1D (33). Thus, it is tempting to speculate that sCD137 will be a step forward in
controlling the disease in humans. However, the mechanisms by which sCD137 regulates
immune response in humans remain poorly understood. In addition, new strategies to
improve the stability and bioavailability of sCD137 are needed before it can be translated
into clinical practice.

4.1 HLA and non-HLA susceptibility genes for T1D

The genetic risk of developing T1D is mainly determined by polymorphisms in the HLA
region of the major histocompatibility complex (MHC) class Il. Among these, the HLA-DR
and HLA-DQ loci confer the greatest risk. Haplotypes of alleles in the HLA-DRB1, HLA-
DQA1, and HLA-DQB1 genes are associated with different levels of disease
susceptibility. The haplotypes DRB1*04:01 and DRB1*04:05 carry the highest risk,
whereas DRB1*04:02 and DRB1*04:04 are associated with a lower risk of T1D.
Interestingly, the presence of DRB1*04:03 transforms the haplotype into a protective one
(34). These findings suggest that the specific combination of inherited haplotypes is critical
for T1D development (i.e., summative effect) (8). Such combinations may differentiate the
risk of the disease across ethnicities. For instance, the DRB1*07-DQA1*03-

10
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DQB1*02 haplotype confers a high T1D risk in people of African descent, whereas the
DRB1*07-DQA1*02:01-DQB1*02 is associated with low risk or even protection in
individuals of European ancestry (35).

Since MHC Il is highly associated with disease risk, antigen presentation to CD4+ T cells
is altered, promoting autoreactivity or antigen cross-reactivity via molecular mimicry (36).
Interestingly, haplotypes associated with T1D risk are also associated with
seroconversion (i.e., positivity for islet-specific autoantibodies), but not with progression
to overt disease (37). It suggests that despite autoreactivity and latent autoimmunity,
additional environmental, immunological, and genetic factors outside the MCH Il region
are required to develop clinical T1D.

There also appears to be an independent relationship between certain MHC | alleles and
T1D susceptibility. These class | molecules are expressed on nearly all nucleated cells
and present antigens to CD8" T cells, which are critical for B-cell destruction (8). HLA-
A*24, B*18, and B*39 accelerate progression to overt T1D after seroconversion (38—40).
MHC | and MHC Il haplotypes can interact. For example, HLA-A*24:02, B*39:01, and
B*39:06 alleles were restricted to specific HLA-DR/DQ haplotypes in Finnish patients with
T1D (41).

Multiple genes and polymorphisms associated with T1D have been identified outside the
MCH region. Genome-wide association studies (GWAS) have identified several non-MHC
polymorphisms associated with T1D risk. However, the causal genes remain uncertain
due to strong linkage disequilibrium across several populations (8). Moreover, many of
these genes are also associated with other ADs such as multiple sclerosis, rheumatoid
arthritis (RA), coeliac disease, and SLE (42). This supports shared pathogenic
mechanisms across ADs (i.e., autoimmune tautology) (43—46), and may explain the
appearance of PolyA in children with T1D (47).

The development of systemic tolerance depends on the ectopic expression of numerous
tissue-specific proteins in the thymus, which are presented during thymic selection and
can mediate the deletion of autoreactive T cells. There are polymorphisms in genes
involved in central tolerance in T1D. Single-nucleotide polymorphisms (SNPs), often
linked to variable-number tandem repeats (VNTRSs) in non-coding regions, are found in
the insulin (INS) gene. VNTR variants associated with reduced INS expression in the
thymus are linked to a higher risk of T1D (48).

Similarly, mutations in the autoimmune regulator (AIRE) gene have confirmed the role of
central tolerance in T1D. AIRE controls the expression of autoantigens and the selection
of autoreactive T cells in the thymus (18-20). AIRE dysfunction impairs the elimination of
autoreactive T cells and may hinder the generation of Treg cells (18-20), as described in
IPEX syndrome (16). Patients with such dysfunction exhibit a high frequency of PolyA,
including T1D (18-20).

11
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Additional genes implicated in T1D include protein tyrosine phosphatase non-receptor
type 22 (PTPNZ22), which regulates antigen-driven activation of T and B cells and the
survival of autoreactive cells in the thymus during central tolerance (49-51). Variants in
the interleukin-2 receptor subunit alpha (IL2RA) gene impair IL-2 signaling and reduce
Treg function in T1D (52). Furthermore, polymorphisms in the cytotoxic T-lymphocyte-
associated protein 4 (CTLA4) gene, a key negative regulator of T-cell activation, are
associated with increased T1D risk (53). Therefore, T1D is genetically complex and
requires an integrated analysis of multiple genes with diverse immunological effects, along
with their interactions with environmental factors.

4.2 Environmental factors and islet autoimmunity

Environmental factors play a crucial role in the onset of T1D in addition to the strong
genetic influence on its development (54,55). Maternal age, vitamin D deficiency, infant
diet, gut microbiota, and exposure to environmental chemicals contribute to its
development (56-58). Infectious agents, particularly viruses, are considered leading
triggers of T1D. Children genetically predisposed to T1D have been reported to exhibit a
significantly higher risk of developing the disease following viral respiratory infections
during the colder months, suggesting a seasonal pattern and supporting a pathogenic role
for microbes in T1D (59-61).

Within this context, several enteroviruses have been linked to T1D. Epidemiological data
indicate that enterovirus outbreaks are followed by an increase in T1D incidence (62). In
a recent study assessing enterovirus RNA or viral protein levels in blood or stool, children
with T1D were found to have evidence of infection ten times more frequently than controls,
and patients with pre-diabetes showed a higher odds of infection than healthy individuals
(63). Coxsackievirus has been associated with the onset of T1D in both animal models
and individuals with recent-onset T1D (64—66). Other viruses linked to T1D include
rotaviruses, rubella virus, parechoviruses, influenza virus, Ljungan virus, and mumps virus
(67-71).

The discovery of similarity between the epitopes of pancreatic cells and viral components
lends support for molecular mimicry in T1D (36). Viral antigens are thought to initially
activate T lymphocytes that cross-react with pancreatic targets in T1D patients (61). This
mechanism has been proven in transgenic mice expressing lymphocytic choriomeningitis
virus (LCMV) glycoprotein in pancreatic 8 cells, in which LCMV infection induces CD8* T
cell-mediated diabetes (72). Cross-reactivity between enteroviral protein 1 and the -cell
antigen tyrosine phosphatase IA-2 has been described, as well as epitope similarity
between coxsackievirus and CMV proteins and the B-cell antigen glutamic acid
decarboxylase 65 (GAD65) (73,74). In addition, the viruses may also act as innate
immune triggers (particularly type | interferons/IFN-a/B, IFN-A, and related pathways) that

12
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can affect pancreatic B-cells or islets, potentially contributing to "innate autoimmunity" or
accelerating T1D in susceptible individuals (75).

Infectious agents or disturbances in the gut microbiota may facilitate the release of
pancreatic antigens, promoting phagocytosis by antigen-presenting cells (APCs) and,
subsequently, the activation of autoreactive T cells in genetically susceptible individuals
(8). However, this evidence is still a matter of debate. For instance, inoculation with
coxsackievirus B3 in non-obese diabetic (NOD) mice conferred long-term protection
against, rather than induction of, T1D (76). Collectively, these findings underscore the
complexity of T1D pathogenesis and highlight the need for integrative analyses that
consider multiple environmental and genetic factors simultaneously.

4.3 Insulitis and perpetuation of autoimmunity

The presentation of pancreatic antigens by APCs leads to the activation of autoreactive
CD4* and CD8* T cells, which perpetuate insulitis (i.e., infiltration of immune cells into the
pancreatic islets) and the destruction of  cells (77,78). In NOD mice, dendritic cells (DCs)
and macrophages are the first cells to infiltrate pancreatic islets, where they produce
inflammatory cytokines such as TNF-a (79). This early event is critical for subsequent T
cell migration and accumulation. In addition, resident APCs are essential for sensing
exogenous insults to the pancreas, which may constitute the first step in the inflammatory
process (80).

A recent study in NOD mice using an anti-CSF-1 monoclonal antibody to deplete
macrophages showed that treatment, whether initiated at the onset of autoimmunity or
during established diabetes, led to a significant reduction in uncontrolled glycemia (81). In
addition, they showed that the early entry of CD4* T cells and DCs into pancreatic islets
was reduced, and that there was an impairment in the presentation of insulin epitopes by
dispersed islet cells to T cells (81).

These findings are consistent with previous studies indicating that resident macrophages
act as initial triggers of T cell infiltration and are critical for disease perpetuation (82). They
also suggest that targeting innate immune responses would offer a novel strategy for
managing T1D. For instance, treatment of NOD mice with an agonistic TLR4/MD-2
monoclonal antibody induced APC tolerance in vitro and in vivo (81), suggesting that
educating the innate immune response, regardless of disease stage, may help control
autoreactivity and disease progression (83).

Following the initial APC-driven inflammatory response, T cells migrate into the pancreas.
CD8* T cells are the predominant infiltrating immune cells, although CD4* T cells and B
cells are also present, especially in young children (84). Class | HLA hyperexpression is
a hallmark of insulitis in all islet cells. This hyperexpression is consistent with effective

13
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autoantigen presentation to cytotoxic CD8* T cells in the infiltrate and is connected to local
interferon gamma production (85). Such infiltration is also found in the exocrine pancreas,
which secretes digestive enzymes, ions, and water into the duodenum (86).

Both CD4* and CD8* T cells from T1D patients can recognize islet antigens associated
with autoantibody production (e.g., GAD65 and |IA-2) (87,88). Interestingly, the massive
reaction against islet antigens is thought to be related to epitope spreading and bystander
activation phenomena highly associated with environmental and infectious agents (89).
The cytotoxic response against B-cells ultimately leads to the destruction of insulin-
producing cells, resulting in overt diabetes.

In addition to CD4* and CD8* T-cell autoreactivity, Tregs fail to maintain peripheral
tolerance  (90). Patients with  T1D show increased resting Tregs
(CD4*CD25*FOXP3*CD45RA) and decreased activated Tregs
(CD4*CD25*FOXP3*CD45R0O) compared with healthy subjects. In addition, such low
Treg levels were associated with an increased likelihood of lower residual C-peptide
secretion and poorer HbA1C control (91). In other studies, Tregs from patients with T1D
showed defective suppression of T cell proliferation in vitro (92). As further discussed for
NOD mice, altered Tregs function is critical for perpetuating autoimmunity in T1D.
Restoring or boosting Treg activity offers an exciting field of research for treating T1D.

The serum of T1D patients is frequently positive for autoantibodies that identify insulin
(IAA), GADA, IA-2A, and zinc transporter 8 (ZnT8A). These autoantibodies are highly
predictive of the disease, especially when combined to build predictive models (93). T1D
can develop up to 20 years after seroconversion (94,95). These autoantibodies are also
helpful for the stage-based classification of the disease. Stage 1 is defined as the
presence of numerous autoantibodies with normal glucose levels; stage 2 is characterized
by dysglycemia without clinical symptoms; stage 3 corresponds to symptomatic illness
(96). This classification helps to correlate pathological findings with the clinical
presentation of the disease.

4.4 The NOD strain and its implications for T1D research

The NOD mouse, which spontaneously develops autoimmune T1D, has long served as a
model to delineate both genetic and immune mechanisms of T1D and its treatment. This
model was established in 1980 by Makino et al. (97) and emerged from breeding a mouse
strain that spontaneously developed cataracts (i.e., CTS strain) (98). Two groups of mice
emerged: males with glucose intolerance but without glucosuria, later known as the non-
obese non-diabetic (NON) strain, and females with polyuria, ketoacidosis, and glucosuria,
subsequently known as the NOD strain (98). Histological examinations of NOD mice
demonstrated lymphocyte infiltration of pancreatic islets (insulitis), as well as a decrease
in B-cell number and islet size (97).
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Typically, 80% of female NOD mice develop insulitis at three weeks and T1D at ~20 weeks
(99). The H297 MHC haplotype essential for T1D development in NOD mice has the unique
I-A allele (I-A97). 1-A9” encodes histidine and serine at positions 56 and 57 instead of the
two usually conserved proline and aspartic acid residues found in other mouse strains
(100). The diabetogenic variants of the human class || HLA-DQB homolog also have non-
aspartic acid substitutions at residue 57 (101). The genetic association of both MHC class
| and class Il with disease supports the pathogenic role of CD8* and CD4* T cells in the
destruction of B-cells in humans and mice (102—-105). Multiple autoantigens are targeted
by autoreactive T cells (e.g., GAD, insulin, or HSP) (106). However, while the MHC Il -
A9 is a major susceptibility allele, it is not sufficient for the development of diabetes, as
shown by complete T1D resistance in B10 mice expressing I-A%’ (107). In B6 congenic
mice expressing I-A9’, circulating T cells can recognize the same B-cell autoantigens as
in NOD mice; however, no autoimmunity occurs. These B6.G7 congenic mice confirm the
importance of non-MHC genes in controlling autoimmunity in the NOD genetic
background (108,109).

In addition to CD4* and CD8" T cell autoreactivity, Tregs suppress the development of
T1D in NOD mice. Depletion of CD4*CD25" Treg cells at critical time points can accelerate
T1D progression (110). Ablation of essential proliferative or co-stimulatory signals
required for Treg cells, such as IL-2 or CD28, exacerbates T1D (111). NOD Treg quantity
and functional capability are reduced, and increasing NOD Treg cell activity can prevent
diabetes (112—114). These studies suggested that, in addition to the crucial role of T cell
autoreactivity, immunological pathways related to Tregs could be genetically determined
in the NOD model. Further studies showed shared susceptibility genes affecting Treg
function between mice and humans for T1D (e.g., IL2RA and CTLA-4) (115-117). Thus,
studying NOD Treg function and control may enable the development of novel
therapeutics in humans. These considerations highlight the significance of identifying non-
HLA genes implicated in immune regulatory function, Treg function and development, and
T1D pathogenesis (117). Identifying genes in the B6/B10 genetic background that can
control autoimmunity has thus been a major goal in this field.

4.5 Immunogenetic studies of NOD and Human T1D and translation to novel
therapeutics

Before the advent of whole-genome sequencing, many non-HLA genomic regions
associated with T1D were discovered by linkage analysis of the NOD genome
(111,118,119). lIdentified genetic regions were confirmed to play a role in T1D
pathogenesis by constructing congenic mice (120). Congenic mice were constructed by
introgression of resistant insulin-dependent diabetes (/dd) loci/regions onto the NOD
background. Backcrossing of NOD with B6 (C57BL/6J), B10 (C57BL/10Sn), and other
T1D-resistant strains demonstrated that over 30 murine recessive Idd loci were
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associated with protection from spontaneous diabetes (121) (Figure 1A-B). These studies
allowed the classification of /dd intervals into two groups: those that confer both insulitis
and diabetes resistance, and a second group that protects against T1D but has no effect
on insulitis (118) (Figure 1A). For example, the /dd3 locus on chromosome 3 was
implicated in protection against insulitis and T1D, whereas the /dd4 locus on chromosome
11 did not protect against insulitis but did prevent T1D (122). It suggested that genes
within these regions exhibited differential effects on T1D development (i.e., T cell
migration, cytotoxicity, or Treg function). The next step was to identify and confirm
candidate genes within the introgressed genetic regions. This confirmation process
ultimately has taken decades of work and the development of new technologies (e.g.,
whole-genome sequencing, CRISPR).

A. Spontaneously develops B. NOD C57BL/10Sn (B10)

R g

Repeated backcrossing

v

Congenic NOD.B10

M NOD strain
W NOD.B10 strain
W 129 strain

(Jak and Lck)

~

o

 (Cd30and Tnfr2)

(Wsl1, Cd137 and Ox40)

@ a-cells

®) p-cells

@ Lymphocyte Infiltration
@ Dead B-cells

Figure 1. Functional and immunological roles of CD137. (A) Effects of congenic intervals
on the clinical and histological phenotypes of NOD mice. (B) Breeding of NOD and B10
mice to produce congenic mice with /dd9 regions. Chr: Chromosome; NOD: Non-obese
diabetic; /dd: Insulin-dependent diabetes; T1D: Type 1 diabetes. Source: (123).
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One of the first identified non-HLA candidate genes encodes interleukin 2 (IL-2). /I2 is
located in the Idd3 region and has profound effects on T cell and Treg function, making it
a good candidate gene for T1D (124). NOD produces an altered IL-2 protein compared to
the protective B10 allele, with a shortened tandem repeat sequence encoding a poly-
glutamine stretch, plus an extra four amino acid insert, in the N-terminal coding region of
IL-2 (111). These immunogenetic studies uncovered evidence of multiple genes with
multiplicative effects on the immune response. For example, the /dd3/ldd5 double
congenic mice, comprising the //12 and Ctla4 candidate genes, were completely protected
from T1D, whereas, when studied alone, only ~20% and ~50% protection were observed,
respectively (117,125,126).

Genetic studies in mice were compared with human T1D genetic studies, and strong
similarities were observed. The genetic architecture of mouse and human T1D is
remarkably similar, with variants affecting multiple immune genes and pathways in
common between both species, including IL-2, IL-2RA, CTLA-4, IL-10, the HLA region,
PTPN22, and IL-7R For example, SNPs in the human homologous //2 region were also
associated with T1D susceptibility, identifying the IL-2 pathway as potentially shared in
the pathogenesis of disease in both species (127,128). The NOD II12 gene variant reduced
IL-2 production, and elegant engineering of 112 gene haploinsufficiency reproduced the
NOD effect, yielding functionally deficient Tregs (129). Low-dose IL-2 therapy increased
Tregs in mouse models, leading to human trials; however, while this boosted human Treg
numbers, it did not affect T1D outcomes in initial trials (130). A variety of approaches have
been tried to optimize IL-2-mediated immune modulation. IL-2 targeted in vitro expansion
of Tregs is one approach that was effective in NOD mice, tying the IL-2 immunogenetic
effects to the enhancement of Treg deficiencies in T1D (131). Large numbers of Tregs
are needed for human trials, and in vitro expansion may overcome some of the
deficiencies of earlier Treg trials (132). Clinical trials in human T1D are ongoing with low-
dose IL-2 therapy (133) and Treg therapy (134), which have built upon these earlier
results. CTLA-4 is another critical immune molecule with variants identified in mice and
humans. The mouse locus (/dd5) overlaid the orthologous human IDD12 locus (125).

T1D susceptibility was also mapped to a non-coding region of human CTLA-4, resulting
in lower levels of the CTLA-4 soluble splice variant; the mouse gene also demonstrated
alterations in CTLA4 splicing (135). Human trials targeting CTLA-4 with a soluble form
that blocks T cell activation appear promising (136). These therapies may be effective
even though the human disease shows remarkably different patterns of insulitis than those
in the mouse, with much less exuberant immune infiltrates (137). The difference in B-cell
immune infiltration may explain why prevention of diabetes in NOD is readily achieved,
whereas in humans, prevention trials have, until recently, failed. One successful approach
to preventing human T1D has been achieved using anti-CD3 antibodies, which
preferentially target CD8 effector cells (138). Notably, anti-CD3 antibodies were identified
in NOD mice to reverse established disease (not just prevent it), demonstrating the
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usefulness of therapeutic trials of acute T1D in NOD mice. Overall, these examples
illustrate the rich insights and potential therapies resulting from T1D immunogenetic
studies. The latest large-scale study identified 78 genetic regions linked to T1D (including
36 novel loci) and confirmed their strong association with immune function and their
potential for clinical therapeutics (139). Thus, much more work is needed to apply
immunogenetic studies to novel therapeutic pathways.

4.6 The role of Idd9 and its main candidate gene, Cd137, in NOD T1D

After identifying the /dd9 region in linkage studies, the Wicker group constructed congenic
mice with the B10 /dd9 region introgressed onto the NOD background. The B10 /dd9
region prevented the onset of spontaneous diabetes in NOD mice (less than 5% of female
mice developed T1D) (140). However, most mice still developed insulitis, driven by T cells
expressing CD30 and producing high levels of IL-4 (140) (Figure 1A). This confirmed that
genes associated with lymphocyte infiltration were outside the /dd9 interval but suggested
that some genes within this region halted autoimmunity.

This hypothesis was validated in double-congenic mice comprising B6 (/dd3, Idd17, Idd10,
and /dd18) from the chromosome 3 region and B10 (/dd9) from the B10 region (also
known as the NOD.c3c4 strain). NOD.c3c4 mice were completely protected from
diabetes, and only 10% of mice developed insulitis (140) (Figure 1A). This confirmed that
spontaneous diabetes is a complex trait in which epistasis among multiple genes (HLA
and non-HLA) is critical for its development, but it also suggested that the 1dd9 interval
contains genes associated with T cell activation and modulation.

The Idd9 region, a 48 cM interval, was fine-mapped into three intervals (i.e., /dd9.1, 9.2,
and 9.3), with seven candidate genes (i.e., Jak1, Lck, Cd30, Tnfr2, Cd137, Wsl1, and
Ox40). Wsl1, Cd137, and Ox40 were initially proposed as candidate genes within the
1dd9.3 locus (140). However, B6 WSsI1 did not exhibit sequence variations compared to
NOD, and Ox40 was subsequently found to lie outside the /dd9.3 region and was excluded
as a candidate gene (140). Thus, Cd7137 remained the key candidate for T1D protection
within the /dd9.3 locus. Jumping ahead 15 years, it was recently confirmed, using
combined congenic mapping and nuclease-based gene targeting, that Cd7137 is the
susceptibility gene within the /dd9.3 locus critical for modulation of T1D (140,141).

Cd137 is located at 1.217-Mb of the /dd9 locus (i.e., 1dd9.3) (142), and /dd9.3 conferred
~40% protection for T1D (140). Analysis of coding variants demonstrated two
synonymous SNPs in NOD vs. B10 Cd737: a valine to alanine substitution at position 24
and a leucine to proline substitution at position 211 (near the transmembrane domain).
There is also an alanine insertion in NOD between amino acids 174 and 175 (140) (Figure
2). These structural modifications suggested that membrane-bound CD137(mCD137)
could be hypofunctional in NOD mice (136,140).Mouse Cd137 (4-1bb or Tnfrsf9) codes
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for two CD137 isoforms: mCD137 and sCD137 (Figure 3) (143). Membrane CD137 is
mostly expressed on CD4* and CD8" T cells, whereas sCD137 is produced by Tregs (83).
The ligand for both isoforms, CD137L, is coded by Tnfsf9 on chromosome 17 and is
expressed on APCs and activated T cells (83).

1 187 209 256
* * *
V24A A174-175ins L211P

B ™ domain ¥ B10Vs.NOD variant

} Partial Cysteine-rich motif ’ Cysteine-rich motif

B RAF1/2 Domain

Figure 2. Non-synonymous SNPs of B10 Cd7137 vs. NOD. Valine to alanine substitution
at position 24, leucine to proline substitution at position 211 (near the transmembrane
domain). And alanine insertion in NOD between amino acids 174 and 175. SNPs: Single
nucleotide polymorphisms; STP: Ser/Thr/Pro-rich; TM: Transmembrane domain; TRAF:
Tumor necrosis factor receptor-associated factor. Source: Author.

Since the NOD Cd17137 SNPs suggested that mCD137 was hypofunctional compared to
the NOD.B10 strain (140), Cannons et al.(142) evaluated T cell activation and proliferation
to test this hypothesis. They confirmed that NOD and NOD.B10 mice showed similar
mCD137 expression after anti-CD3 stimulation in Th1 and Th2 culture conditions.
However, when T cells from NOD mice were costimulated with CD137L, they proliferated
less and produced lower levels of IL-2 than T cells from mice carrying the B10 allele of
Cd137. This strongly suggested that the NOD SNPs lead to a hypo-functional mCD137
protein, which could play a role in T1D pathogenesis. Over the last 15 years, our lab has
begun to delineate the complex immune biology of CD137 and CD137L in T1D.
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Figure 3. Murine mCD137 and sCD137 spliced variant structure. The modules represent
the basic structure and configuration of CD137. As an integral member of the TNF
receptor superfamily, the CDR and submodules configuration define this receptor's unique
function. The CDR2 (modules A1 and B2) and CDR3 (module A2) are responsible for
binding CD137L. These regions are homologous to mCD137 in humans. Structurally, the
spliced variant lacks the transmembrane domain. SP: Signal peptide; CRD: Cysteine-rich
domain; STP: Serine/threonine/proline-rich segment; TM: Transmembrane domain; Cyto:
Cytoplasmic domain. Source: Author.

4.7 CD137 and CD137L: A double-edged sword in autoimmunity

CD137 is a glycoprotein belonging to the TNF receptor superfamily, and the membrane
form is expressed on activated CD4* and CD8* T lymphocytes (144), Tregs (145-151),
natural killer (NK) cells (152), and monocytes (153). mCD137 is also constitutively
expressed on a subset of Tregs (150). CD137L (4-1BBL), its ligand, belongs to the TNF
superfamily and is expressed on activated APCs, including macrophages, B cells, and
DCs (154-156). Activated T cells also upregulate and express CD137L (157). mCD137
lacks intrinsic enzymatic activity in its intracellular domain and functions by binding to the
TRAF1 and TRAF2 adaptor proteins, which enhance K63 polyubiquitination in the CD137
signalosome (158,159). CD137L aggregation, upon interaction with mCD137, induces
mCD137 receptor clustering and TRAF-mediated activation of the ERK, JNK, p38, NF-
kB, and MAPK intracellular signaling pathways, resulting in cell activation, proliferation,
and T cell survival (160-167). Notably, signaling in the CD137:CD137L pathway is
bidirectional: both the receptor and ligand signal into their respective cells (168,169). This
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bidirectional signaling adds a layer of complexity to the analysis of the pathway's biological
function.

4.7.1 T Cells mCD137/CD137L Signaling

The effects of mCD137 in T cell biology are diverse but with specific implications for
inflammation and immune regulation. TCR-induced proliferation and cytokine production
were enhanced after T cells were stimulated with agonistic anti-mCD137 antibodies (also
known as 3H3), independent of B7-CD28/CTLA-4 interactions (170,171). mCD137
signaling results in NF-kB activation that promotes the expression of antiapoptotic genes,
including Bcl-xL and Bfl-1 (170,171), and mitochondrial function and biogenesis, thereby
improving T cell survival (172,173).

mCD137 has a prominent role in CD8* T-cell costimulation, influencing cytotoxicity in an
IL-2-independent manner. Furthermore, CD8* T cells produce a greater amount of IFN-y
after mCD137 activation (174). In vivo experiments showed that knockout
mCD137/CD137L mice exhibited a reduced memory CD8* T cell response to viruses
(175-177) and decreased T cell survival (178). These findings pointed to a costimulatory
role for mCD137 in long-lasting memory T-cell activation and the enhancement of
cytotoxicity, and laid the basis for mCD137-based therapies for cancer (179-182). In
contrast to these effects, when knockout mice were stimulated with anti-CD3, T cells
showed hyperresponsiveness, indicating an additional immunosuppressive role for
sCD137 (164).

4.7.2 APCs mCD137/CD137L Signaling

The expression of CD137L on APCs is increased at sites of inflammation in vivo
(183,184). Intrinsic activation of APCs by CD137L upregulated B7-1 and B7-2, and
increased IL-6 and IL-12 secretion (183). CD137L is upregulated on activated T cells,
and CD137L signaling is critical for CD8" T cell survival via STAT3- and FAS-mediated
pathways (185). CD4* T cell activation can also be modulated by CD137L- expressing
APCs (via APC CD137L signaling through T cell mCD137) that stimulate IL-2 and IL-4 T
cell production (170,171).

CD137L on APCs, therefore, affects the cytotoxic immune response and is critical for the
survival of CD8* and CD4* T cells. Inhibition of mCD137 or CD137L might reduce
inflammation via CD8* T cells but may, at the same time, affect CD4*CD25* CD137-
expressing Tregs. Indeed, Cd137 is upregulated by Foxp3 (186). CD137 is expressed by
Tregs infiltrating the islets in T1D, suggesting an immunoregulatory role for CD137* Tregs
(187). Thus, modulating CD137 or CD137L signaling in T effector cells could decrease
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immunosuppression via Tregs, underscoring the intricacies of this pathway and the
potential for double-edged effects.

4.7.3 Tregs mCD137/CD137L Signaling

Type 1 regulatory T (Tr1) cells are another type of regulatory T cell characterized by IL-
10 production and the lack of constitutive Foxp3 expression (188). Despite evidence of
CD137L mRNA expression after stimulation (189), it is unknown whether these cells also
exert their suppressive function via sCD137 or whether they play a role in NOD mice
during T1D pathogenesis. Since Cd137 is upregulated by Foxp3 (186), Tr1 cells may not
produce large quantities of sCD137. Further studies of this cell subset and their
involvement in the mCD137/CD137L axis are warranted.

Agonistic anti-mCD137 antibodies induced the proliferation of CD4*CD25* Tregs while
maintaining their suppressive activity (149). Interestingly, the effects of agonistic anti-
mCD137 antibodies are diverse and dependent on the target and the disease. Activating
CD8* T cells by anti-mCD137 antibodies in cancer models leads to tumor cell elimination.
In sharp contrast, in models of autoimmunity, e.g., murine models of SLE (189,190),
experimental autoimmune encephalomyelitis (191), collagen-induced arthritis (178,192),
Sjogren’s syndrome-like sialadenitis (193), and inflammatory bowel disease (194), anti-
mCD137 antibody treatment leads to immunoregulation and disease amelioration (150).
For example, anti-mCD137 administration in the SLE murine model reversed disease,
reduced autoantibody production (i.e., dsDNA antibodies), and decreased immune
complex deposition (190). Induction of T cell anergy by anti-mCD137 antibodies might
play a role in some of these models (190,195).

4.8 Anti-CD137 Antibodies prevented T1D via Treg expansion but accelerated T1D
in the absence of Tregs

Since Cd137 was a candidate gene in T1D, we initiated an investigation into its role in
T1D using agonistic anti-mCD137 antibodies. We showed that anti-mCD137 antibodies
in NOD mice prevented the development of T1D but did not ameliorate insulitis, consistent
with residual insulitis in NOD congenic mice protected from T1D by the B10 /dd9.3 region
(150). We found that anti-mCD137 expanded CD4*CD25* Tregs, and their transfer to
NOD-scid mice completely prevented T1D (150). However, T1D progressed more rapidly
when NOD-scid mice were treated with anti-mCD137 after pathogenic CD4* and CD8" T
cell transfer in the absence of Tregs. Therefore, in the absence of Tregs, mCD137
stimulation could potentiate pancreatic destruction through CD8* T-cell cytotoxicity. This
is similar to the effect of anti-mCD137 administered in the context of autoimmune
thyroiditis, which worsens the disease (196).
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Due to this dual effect, activation of effector T cells in acute autoimmunity may preclude
the use of agonistic mCD137 antibodies in clinical autoinflammatory states, including T1D,
because activated T cells upregulate mCD137 in these settings. In contrast, mCD137
antibodies in non-inflammatory states (e.g., pre-diabetes) might prevent autoimmunity, as
they target Tregs that constitutively express mCD137 without activating T cell effector

cells. This dual effect led us to explore alternative approaches to therapeutically target the
mCD137/CD137L pathway in T1D.

We turned our attention to sCD137, which is formed by alternative splicing (157,197) and
exists as a dimer (198). Murine sCD137 differs from humans. In mice, only the exon
coding for the transmembrane domain of CD137 is spliced out (Figure 2-3), whereas in
the latter, two splice variants are observed (199,200) (Figure 4).

Human CD137
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mCD137 sCD137-1 sCD137-2
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Figure 4. Structures of human mCD137 and sCD137 spliced isoforms. The modules
represent the basic structure and configuration of CD137. As an integral member of the
TNF receptor superfamily, the CDR and submodules configuration define this receptor's
unique function. The CDR2 (modules A1 and B2) and CDR3 (module A2) are responsible
for binding CD137L. These regions are homologous to mCD137 in mice. Structurally, the
spliced variants lack CRD4 module B1. However, it would not interfere with binding to
CD137L. SP: Signal peptide; CRD: Cysteine-rich domain; STP: Serine/threonine/proline-
rich segment; TM: Transmembrane domain; Cyto: Cytoplasmic domain. Source: Author.

The larger spliced variant (i.e., 162 amino acids), the sCD137-1, lacks the region from
nucleotide 414 to 545, which encodes the serine/threonine/proline-rich segment of
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mCD137. This deletion results in a frame-shift mutation and a translational stop codon 96
nucleotides downstream. Thus, this spliced variant lacks the transmembrane domain but
retains a terminal sequence that differs from the native mCD137 cytoplasmic domain
(Figure 4) (199). In the smaller spliced variant (152 amino acids), the deletion starts at the
same nucleotide as in sCD137-1. However, it extends to nucleotide 681, comprising the
exon for the transmembrane domain and the § upstream exon (Figure 4) (199). The
terminal section differs from mCD137 and sCD137-1 (Figure 4). Whether these
differences between spliced variants are biologically significant remains unknown. The
sCD137 is preferentially secreted by CD4* T cells, whereas CD8* T cells express higher
amounts of mCD137 (201). We found that the major source of sCD137 s
CD47CD25*CD137* Tregs (151).

Spliced variants are critical for modulating the immune response (202). The induction of
alternative splicing is poorly understood but may occur as a response to environmental
signals. In autoimmunity, splicing also occurs in the modulation of immune responses
(202). Changes in the immunological environment (i.e., T cell autoreactivity and a pro-
inflammatory milieu) induce Treg cells to produce sCD137. We have demonstrated that
activating Treg cells increases sCD137 production by Tregs in mice and humans (33).

We previously demonstrated that the mouse sCD137 is produced as a homodimer, which
is capable of suppressing total CD4* and CD8* T cells, preventing and reversing T1D in
NOD mice (33,198). Although the ultrastructure of human sCD137 remains unknown,
there is some evidence pointing to differences between species. Unlike its human
counterpart, mouse CD137L forms a covalent dimer (203). As mouse CD137L only binds
to two receptor molecules (i.e., CD137) due to its dimeric structure, this leads to a 2:2
stoichiometry in the CD137/CD137L complex (two CD137L molecules bind to two CD137
molecules) rather than the 3:3 stoichiometry as observed in humans (200). Since mouse
CD137L can only bind to two CD137 molecules, it may not be sufficient to trigger strong
signaling on its own. Mouse Gal-9 helps to bring multiple CD137 molecules together,
forming larger clusters that are necessary for efficient signaling via interaction with
glycosylated spots in their CRD4 region. In this line, the mouse sCD137 could either
prevent CD137L multimerization or induce a negative signal, as we previously
demonstrated (33).

On the other hand, human CD137L forms non-covalent bonds, giving rise to homotrimers
(200). Interestingly, it was found that the human CD137 receptor interaction is dominated
by a single monomer within the trimer with little interaction with the adjacent ligand
protomer (200). In addition, such interaction requires Gal-9, which facilitates CD137
aggregation, signaling, and functional activity in T cells, dendritic cells, and natural killer
cells (204). This has significant implications for our understanding of human sCD137
biology since the sCD137 isoforms (i.e., sCD137-1 and sCD137-2) lack the glycosylation
sites in the CRD4 region, which are relevant for CD137/Gal-9 interaction in mice (203).
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Further studies uncovering the functional implication of the CRD4 modifications in the
human sCD137 isoforms, their ultrastructure (e.g., homodimer or homotrimer), the
modulation of Gal-9, and the sCD137/CD137L interaction are necessary.

Inflammatory environmental changes may explain the origin of spliced variants of CD137
from Tregs as a homeostatic response to ameliorate inflammation. A similar process is
seen with soluble CTLA4 (sCTLA4), a spliced variant of membrane-bound CTLA4 mainly
produced by Foxp3* Tregs (205). sCTLA4 particularly suppresses early T-cell activation
by preventing the interaction of CD80/CD86 with the costimulatory receptor CD28 (206).
In addition, it inhibits IFN-a, IL-2, IL-7, and IL-13 production while activating TGF-f3 and
IL-10 release (207). Silencing sCTLA-4 mRNA by RNA interference accelerated the onset
of T1D in NOD mice and impaired Treg ability to downregulate DC costimulation (205).
Both spliced variants, sCTLA4 and sCD137, may be critical for effective Treg function in
the pathogenesis of T1D.

What is the role of sCD1377? Our hypothesis was that sCD137, like sCTLA4, functions as
a negative feedback mechanism to downregulate immune response mediated by
mCD137 and CD137L (143,208). sCD137 reduces the production of IL-10 and IL-12 from
activated splenocytes (201). In addition, T cell proliferation and IL-2 release were inhibited
when sCD137 was administered to these cells (209). These initial reports clarified the
effects of CD137 in different conditions (i.e., cancer and autoimmunity) and suggested
that sCD137 was the missing link in understanding the dual effects of the
mCD137/CD137L axis.

To confirm the role of CD137 in the [/dd9.3 locus, we evaluated the function
(immunosuppressive effects) and quantity of CD137* Treg cells in NOD./dd9.3 congenic
mice (151). When compared to NOD mice, the NOD./dd9.3 strain had significantly higher
percentages of CD4*CD25*CD137*Foxp3* Tregs in the thymus and spleen, and the
numbers increased with age. This supported the hypothesis that the hypofunctional NOD
Cd137 allele led to decreased Treg survival, consistent with the known effects of mCD137
on cell survival. CD137* Tregs showed superior immunosuppression compared to
CD4*CD25*CD137- Tregs, directly showing an effect of CD137 on Treg function. Thus,
increased numbers of CD137" Tregs, mediated by the protective allele, led to increased
overall suppressive capacity. Importantly, CD137* Tregs showed suppressive capability
in an independent contact assay. This supported our continued focus on the possible
immunosuppressive role of sCD137 in T1D.

4.9 sCD137 is produced by Tregs and inhibits T cell autoreactivity in a paracrine
fashion

We first confirmed that sCD137 was mainly produced by CD4*CD25*CD137* Tregs and
in higher amounts in NOD./dd9.3 congenic mice (151). Next, we demonstrated that
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sCD137 primarily exists as a ~55 kDa homodimer under non-reducing and a ~35 kDa
monomer under reducing conditions (198). Next, we showed that administering
recombinant sCD137 to NOD mice prevented diabetes and reduced insulitis by preserving
insulin® islets (198). Since CD4*CD25*CD137" Tregs inhibited T cells in a contact-
independent manner (151), we evaluated the role of sCD137 in T cell inhibition. We
demonstrated that sCD137 inhibited activated T cells by binding to CD137L (198). In
addition, sCD137 can directly stop the proliferation of effector CD4*CD25CD137- T cells
in the absence of APCs, and without inducing cell death (198) (Figure 5).

In addition to its crucial role in immunosuppression, reports suggest that mCD137, like
other costimulatory molecules, plays a nonredundant role in maintaining the pathogenic
activity of B-cell-autoreactive T cells in NOD mice. We found that, compared with wild-type
mice, T1D development is reduced in NOD Cd137-/- mice. Cd137/ and their T cells are
less capable of inducing T1D in NOD.Rag1/ recipients (210). This, at first, seemed
contradictory to our data on the immunoregulatory properties of CD137* Tregs and
sCD137. As sCD137 produced by Tregs is suppressive, evaluating the distinctive role of
mCD137 in CD4* and CD8" T cells was crucial. Isolated T cells from NOD and
NOD.Cd137/- mice were transferred into NOD.Rag17/ recipients. The T cell adoptive
transfer studies revealed that mCD137 expression in CD8* T cells was required for the
development of T1D in NOD mice, whereas mCD137 expression in CD4* T cells was
diabetes-protective (210). Specifically, mCD137 expression on CD4* Tregs is important
for their T1D suppression function. We further demonstrated that mCD137 cell-intrinsically
stimulates the accumulation and proliferation of autoreactive CD8* T lymphocytes within
the islets, suggesting a role for mCD137 in the diabetogenic activity of CD8" T cells.
However, sCD137 suppressed the proliferation of CD8* T cells. These experiments
supported the concept that the T1D protection conferred by the /dd9.3 locus is mediated
by sCD137 produced by Tregs.

As the sCD137/CD137L interaction modulates effector CD8* T cells, clarifying the role of
CD137L in T1D immunomodulation is essential. CD137L-deficient NOD mice exhibited
less insulitis and a delayed onset of T1D (211). Interestingly, CD137L expression on
myeloid APCs appeared to be necessary for the survival of B-cell-autoreactive CD8* T
cells and T1D progression, but CD137L has no effect on the formation or homeostasis of
Foxp3* Tregs (211). It remains to be determined if mCD137 in Tregs modulates their
function and whether Tregs capable of producing sCD137 but not mCD137 are sufficient
to suppress T1D.
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Figure 5. Tregs produce sCD137 as a dimer. sCD137 induces altered CD137L signaling
in APCs and autoreactive T cells (compared to mCD137), reducing inflammation and
damage in the pancreas. In contrast to sCD137, anti-mCD137 antibodies activate Tregs
(a strong immune regulatory effect), but they may also increase autoreactive T cell survival
and proliferation, thereby perpetuating inflammation and autoimmunity. APCs: Antigen-
presenting cells; CD137L: CD137 Ligand; mCD137: Membrane-bound CD137; sCD137:
Soluble CD137; Tregs: T regulatory cells. Source: (123).

4.10 sCD137 directly suppresses T cells in an APC and Treg-independent manner,
inducing anergy

It is relatively easy to prevent T1D in NOD mice, and a much more stringent target is the
reversal of actual acute T1D. Thus, we treated NOD mice with new-onset T1D with
recombinant sCD137 (33). This experiment confirmed that sCD137 could not only prevent
T1D but also halt acute T1D and avert the development of end-stage diabetes. In
effectively treated mice, p-cell immunohistochemistry revealed considerable preservation
of insulin® B cells and a rise in insulin® islets (33). In this setting, T cells showed
downregulation of mTORC1, developed an anergic phenotype (reversed by IL-2), and
were suppressed by sCD137 in antigen-experienced and activated memory T cells. CD8*
effector memory cells also showed a reduction in the production of inflammatory cytokines
in the presence of sCD137 (i.e., IFN-y) (33).

In pediatric patients with human T1D, we found lower levels of sCD137 than in age-
matched non-diabetic controls during acute flares (hospital admissions for
hyperglycemia). We also confirmed that human Tregs were the primary source of sCD137
(33). Furthermore, human peripheral CD4* T cells activated by sCD137 were inhibited.
These results were analogous to those in NOD congenic strains, supporting the notion
that these murine models are useful and relevant to affecting the autoimmune phenomena
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driving human T1D. This evidence showed that sCD137 is associated with autoimmunity
in humans with T1D and that low sCD137 levels may serve as a biomarker for T1D.
Further studies are required to confirm the role of sCD137 in reversing established
destructive insulitis and the pathways underlying this phenomenon.

Surprisingly, sCD137 is reported to be increased in patients with RA (199,212,213) and
multiple sclerosis (214), and the levels were directly correlated with the severity of the
disease (212). Increased levels of sCD137 could be a homeostatic attempt by Tregs to
modulate inflammation in these conditions. However, it also raises the possibility that, in
the presence of a substantial inflammatory substrate, the stoichiometric ratio of sCD137
to CD137L could be reduced, thereby reducing sCD137's efficacy or possibly indicating
that higher sCD137 doses would be required. New strategies to improve the half-life and
potency of sCD137 could be critical to enhancing their therapeutic effects in human
autoimmunity.

In summary, Linkage studies and the construction of congenic mice enabled the
identification of candidate genes implicated in the pathogenesis of T1D. The cumulative
evidence suggests that Cd737 and its coding isoforms are crucial for T1D development,
and the CD137-CD137L pathway is a promising therapeutic target. Treg-generated
sCD137 modulates the mCD137/CD137L axis, reduces insulitis, and halts T1D in the
NOD mouse. The ability to effectively halt acute T1D with exogenous sCD137 is an
exciting development with attractive therapeutic potential. Prevention studies in humans
are difficult to implement, and those attempted so far have failed (215). Therefore, treating
acute disease is a more appealing strategy, but the current approved therapeutic
landscape is limited. The use of antibodies targeting the CD137-CD137L axis is
appealing; however, while anti-mCD137 antibodies are protective in some models of
autoimmune disease by activating Tregs, they can also enhance CD8" T cell killing activity
in the absence of Tregs. sCD137, on the other hand, only suppresses CD4* and CD8* T
cell activation and may therefore be safer than an anti-mCD137-based approach. In
human studies, low levels of sCD137 during T1D flares and the inhibition of activated
CD8" T cells in vitro after sCD137 stimulation support its further translational use. Soluble
CD137 suppresses autoreactive CD8* T cells by inducing anergy. However, little is known
about sCD137's role in innate immunity. The mechanistic role of sCD137 on CD137L-
expressing myeloid APCs should be explored to determine if there will be lasting effects
on innate immune function. In addition, it is unknown whether mCD137 on Tregs drives
their differentiation to a more robust inhibitory phenotype. This could have therapeutic
implications, particularly for the pharmacokinetics and pharmacodynamics of human
sCD137.
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5. AIMS

Aim
1. To evaluate the tolerizing effects of SCD137 on the mCD137-CD137L signaling in
humans for the treatment of T1D.

Specific aims

2. To characterize the epidemiological landscape of T1D and describe the possible
mechanisms implicated in its development.

3. To investigate the cellular and molecular characteristics of pathogenic antigen-
specific T cells and validate sCD137 as a dynamic biomarker of immune
dysregulation in ADs.

4. To translate the immunogenetic insights of CD137 from animal models to human

immunology and functionally validate recombinant human Fc-sCD137 as a novel,
mechanism-based immunotherapeutic agent.

29



ff) Universidad del

* Ag Rosario

UNIVERSITY OF CALIFORNIA

6. CHAPTERS

CHAPTER I: To characterize the epidemiological landscape of T1D and describe the
possible mechanisms implicated in its development.

This chapter integrates two major studies: a comprehensive meta-analysis on the
prevalence of polyautoimmunity in T1D and a state-of-the-art review on the mechanisms
of molecular mimicry in this condition.

Manuscript 1: Prevalence of Latent and Overt Polyautoimmunity in Type 1 Diabetes: A
Systematic Review and Meta-Analysis

This study analyzed data from 158 articles involving 270,890 individuals with T1D to define
the landscape of co-occurring autoimmune diseases. We found that the pooled
prevalence of overt PolyA (clinical coexistence of two or more ADs fulfilling classification
criteria) in T1D patients is 8.50% (95% CI: 6.77 to 10.62), with North America exhibiting
the highest prevalence of overt polyautoimmunity at 14.50%. The most common co-
occurring AD was autoimmune Thyroid Disease (AITD) with a prevalence of 7.44%.

On the other hand, latent PolyA (the presence of autoantibodies unrelated to an index AD,
without clinical criteria fulfilment) was significantly higher at 14.45% (95% CI: 11.17 to
18.49). Asia exhibited the highest rates of latent polyautoimmunity (23.29%), followed by
Oceania (21.53%). The most frequently detected autoantibodies in these asymptomatic
patients were Rheumatoid Factor (RF), followed by Ro52, Thyroid Peroxidase (TPO), and
Thyroglobulin (TG) antibodies.

There was a significant positive association between the duration of T1D and the
frequency of both latent (B: 0.0456, p=0.0140) and overt (B: 0.0373, p=0.0152) PolyA.
This suggests that the risk of developing additional autoimmune conditions is dynamic
and increases progressively as patients age. Individuals with T1D should regularly
undergo assessments to identify potential concurrent autoimmune diseases, especially
as they age.

Manuscript 2: Autoimmunity, Epitope Analysis, and Molecular Mimicry

This review redefines the traditional understanding of molecular mimicry by incorporating
modern structural biology and environmental triggers. We proposed a novel classification
beyond simple sequence matching:

A. Direct Mimicry: Exact protein-level identity (e.g., viral hijacking).

B. Linear Homology: Shared sequential peptide epitopes.

C. Structural Mimicry: Convergence of 3D shapes (tertiary/quaternary) without
sequence similarity.
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D. Functional Mimicry: Non-peptide molecules (metabolites, glycans) mimicking
immune signals.

Structural and functional mimicry could account for more than 40% of cross-reactive
responses in autoimmunity. Most of these occur as mimotopes, defined as 3D molecular
analogs that escape tolerance because of structural rather than linear resemblance to
self-antigens. In addition, besides structural homology, we identified three molecular
pathways involved in breaking tolerance:

1. Polyspecific TCR recognition: A single TCR interacts with both microbial and self-
antigens.

2. Dual TCR expression: A single T cell carries two different TCRs.

3. Chimeric TCR assembly: Hybrid a/f chain combinations.

In addition, there is a novel field focused on the formation of new epitopes and the
modification of existing ones that could trigger autoimmunity, including post-translational
modifications (PTMs) and neo-epitopes. Factors such as smoking or specific infections
(e.g., P. gingivalis) induce PTMs (e.g., citrullination) that create new targets for the
immune system. In T1D, the covalent cross-linking of proinsulin peptides creates neo-
epitopes that bypass thymic tolerance and activate autoreactive T cells.

Molecular mimicry often acts as the "initial spark." The subsequent tissue damage leads
to the release of more self-antigens, causing the immune response to diversify (spread),
which eventually leads to chronic clinical disease. Mimicry alone may be innocuous;
clinical autoimmunity requires additional random events, such as changes in regulatory T
cell function or cytokine production thresholds.

Novel computational models like AlphaFold2 & ColabFold have revolutionized the field by
providing high-confidence 3D structural predictions of proteins and their isoforms, allowing
the identification of "cryptic mimotopes" that lack linear sequence similarity but share
tertiary topologies. In addition, combining structural predictions with Cryo-Electron
Microscopy (Cryo-EM) data helps visualize the physical docking between TCRs and
peptide-MHC (pMHC) complexes. Other software, such as NetMHCpan-4.1 and
HPEPDOCK, are considered leading tools for predicting MHC antigen presentation by
integrating mass spectrometry (MS)- eluted ligand data, which is crucial for identifying
T1D-relevant neo-epitopes. This may enable the study of molecular mimicry beyond
peptide structure and the development of novel immunotherapies.
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CHAPTER II: To investigate the cellular and molecular characteristics of pathogenic
antigen-specific T cells and validate sCD137 as a dynamic biomarker of immune
dysregulation in ADs.

This chapter focuses on the cellular drivers of autoimmunity and the validation of sCD137
as a systemic signature of immune dysregulation.

Manuscript 3: Soluble CD137 in Health and Disease: A Systematic Review and Meta-
Analysis

This meta-analysis of 47 articles (4,854 individuals) confirms that sCD137 levels are
significantly higher in patients with disease than in healthy controls (Standardized mean
difference [SMD]: 1.08; 95% CI: 0.71 to 1.44). The highest elevations were found in
infectious diseases (SMD: 1.78, 95% CI, 0.08 to 3.47) and gastrointestinal/genitourinary
syndromes (SMD: 1.30, 95% CI, 0.12 to 2.48), while autoimmune diseases (SMD: 0.73,
95% CI, 0.03 to 1.43) and cancer (SMD: 0.79, 95% CI, 0.23 to 1.34) showed lower but
significant elevations. In autoimmune contexts, successful therapy significantly reduced
sCD137 levels (SMD: -0.73, 95% ClI, -1.24 to -0.23), whereas cancer immunotherapies
(e.g., anti-PD-1) increased them (SMD: 1.14, 95% ClI, 0.60 to 1.67), reflecting its role as
a marker of immunoregulatory pressure. The biomarker's reliability was not influenced by
age, geographical location, or the specific measurement technique (ELISA vs. high-
throughput proteomics). This study confirms that sCD137 could be used in the diagnosis
and follow-up of inflammatory conditions and cancer.

Manuscript 4: Antigen-Specific T Cells and Autoimmunity

The central dogma of immunity states that clonal expansion drives the selection of higher-
affinity T-cell clones; however, novel evidence supports the Involvement of low-affinity T
cells in the perpetuation of autoimmunity. Initial islet destruction is likely triggered by high-
affinity T-cell clones that recognize primary autoantigens. Then, chronic, long-term
insulitis is sustained by low-affinity T-cell clones. These clones are often missed by
standard MHC |l tetramer assays but are identified through novel 2D affinity tests
(micropipette-based adhesion). Effective T1D treatment should target both high- and low-
affinity repertoires to prevent continuous B-cell destruction.

The most common T-cell targets in T1D include Pre-proinsulin (PPI), Glutamate
decarboxylase (GAD), Zinc-transporter 8 (ZnT8), and Islet-specific glucose-6-
phosphatase catalytic subunit-related protein (IGRP). In addition, there are neo-epitopes
formed by the fusion of insulin fragments with other secretory granules. They avoid thymic
negative selection and are recognized by highly pathogenic CD4* T cells in both NOD
mice and human T1D patients. Targeting these specific clones (e.g., via CAR-Tregs or
altered peptide ligands) offers a path to treat autoimmunity without the risks of systemic
immunosuppression.
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CHAPTER llI: To translate the immunogenetic insights of CD137 from animal models to
human immunology and functionally validate recombinant human Fc-sCD137 as a novel,
mechanism-based immunotherapeutic agent.

This chapter traces the translational journey from the NOD mouse model to the
development of human Fc-sCD137.

Manuscript 5: The Long and Winding Road: From Mouse Linkage Studies to a Novel
Human Therapeutic Pathway in T1D

In the NOD mouse model of T1D, Cd137 was mapped within the /dd9.3 region, which we
proved prevented T1D. The B6 variant of /dd9.3 protected from T1D by enhancing the
survival of CD137* Tregs, which were more immunosuppressive than CD137- Tregs. We
subsequently demonstrated that Cd7137 was the /dd9.3 susceptibility gene. Production of
mouse sCD137 was increased in mice with the B6 allele of /dd9.3 and in mice effectively
treated with an agonist anti-CD137 antibody, suggesting a possible immunomodulatory
role of mouse sCD137. Treatment of acute diabetic NOD mice with sCD137 ameliorates
the disease. Mouse sCD137 delayed the onset of end-stage disease, maintained insulin-
producing B-cells in the islets, and, in some cases, prevented progression to end-stage
T1D. The immunological mechanism of sCD137 was anergy induction in CD4*T cells
(reversed by exogenous IL-2), resulting in reduced antigen-specific T cell proliferation and
IL-2/IFN-y secretion via modulation of the mTOR complex 1 (mTORC1) pathway.
Additionally, sCD137 significantly reduced the production of inflammatory cytokines by
CD8* effector memory T cells, which play a key role in p-cell damage. These results
suggested that, wunlike mCD137, sCD137 induced a counter-regulatory
immunosuppressive response that opposed the initial costimulatory action of mCD137.
We observed that human T1D patients had lower serum sCD137 levels than age-matched
controls. These results suggested that sCD137 could be a promising avenue for treating
T1D and other T cell-mediated ADs.

Manuscript 6: Alternate Splicing Converts Human CD137 from Costimulatory to
Immunosuppressive Function

We found that human TNFRSF is alternatively spliced to produce two isoforms, sCD137-
1/2, which lack the CRD4 region and form unique structures compared to mCD137.
Human activated Tregs produce both CD7137 splice isoforms, which are rapidly
upregulated after cell activation, and identify an activated Treg phenotype along with
FOXP3, CTLA4, and sCTLA4. We engineered recombinant Fc-Hu-sCD137 variants,
which were immunosuppressive, inhibiting IFN-y secretion and proliferation in purified
CD4*and CD8* T cells in an APC-independent manner. These effects are mediated by
the downregulation of S6 and 4EBP1 of the mTOR complex 1 pathway. Human sCD137
variants, unlike the membrane-bound form, are immunosuppressive and may represent a
novel treatment for inflammation and autoimmunity.
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We found that human macrophages differentiated with M-CSF and Fc-sCD137 variants
exhibited lower membrane expression of M1/M2 markers (i.e., CD86, CD163, and
CD206), the CD137 ligand, and a diminished response to LPS, as measured by reduced
TNF-a production while continuing to produce IL-10. Additionally, Fc-sCD137 variants
reduced the extracellular acidification rate of differentiated monocytes, indicating reduced
glycolytic capacity. These changes were modulated by downregulation of mMTORC1, and
STAT-3 pathways. Human sCD137 variants regulate adaptive and innate immune

responses, highlighting their potential as therapeutic agents for controlling inflammatory
and autoimmune diseases.
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7. CONCLUSIONS

CHAPTER:

v

14.45% of patients with T1D present latent PolyA, and 8.50% have overt
polyautoimmunity, with AITD as the most frequent disease.

The presence of rheumatoid factor, Ro52, and thyroid autoantibodies is the most
common cause of latent PolyA in T1D.

Routine screening for AITD patients with T1D is necessary for overall
management, especially as the patients age.

Structural mimicry, rather than simple sequence homology, is a key driver of T1D
initiation, as well as the development of additional ADs (i.e., PolyA).

Environmental triggers like viruses utilize molecular mimicry to break immune
tolerance in susceptible individuals.

Endogenous neo-epitopes, such as Hybrid Insulin Peptides, are primary targets for
autoreactive T cells in T1D.

Advanced Al-driven modeling (i.e., AlphaFold2) is essential to identify structural
mimotopes. In addition, docking and affinity analyses will allow the detection of
novel pathogenic peptides and the design of targeted therapies for ADs.

CHAPTERIII:

v

ADs pathogenesis follows a "Two-Hit" model involving both high and low-affinity T-
cell clones.

High-affinity T cells initiate the early destruction of tissues, while low-affinity T-cell
clones are responsible for the chronic, long-term persistence of autoimmunity.

Standard MHC |l tetramer assays often fail to detect the full spectrum of low-affinity
pathogenic T cells. However, the novel 2D affinity tests (i.e., micropipette-based
adhesion) allow the detection of such T-cell clones.

sCD137, produced by activated Tregs, is significantly elevated in inflammatory
conditions, including ADs and cancer, which could serve as a diagnostic biomarker.

On the other hand, sCD137 decreases with immunosuppressive treatment but
increases in the presence of cancer immunotherapy. This suggests that sCD137
could also work as a response/failure therapeutic biomarker in both conditions.
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CHAPTERIIiI:

v

The Cd137 gene is the definitive susceptibility factor within the /dd9.3 locus in NOD
mice, and administration of sSCD137 restored self-tolerance in this model, mediated
by the downregulation of the mTORC1 pathway in antigen-specific effector T cells.

Human Tregs produce sCD137-1/2 which differ from mCD137 due to altered
CRDA4-STP domain.

The human sCD137 isoforms transcripts could be used as markers for an activated
Treg phenotype, similarly to FOXP3, CTLA4, and sCTLA4.

The novel human Fc-sCD137 variants reduced the proliferation and production of
cytokines via the modulation of mTORCH1.

Human recombinant Fc-sCD137 represents a promising, targeted therapeutic
strategy for T1D and other T-cell mediated ADs.

The effect of the variants is not T-cell dependent. This new treatment modifies
monocyte activity and differentiation, further enhancing the overall effect of the
therapy
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8. PERSPECTIVES

v Cohort studies are necessary to confirm the progression from latent to overt PolyA in
T1D. This will enable the generation of prediction models based on autoantibody
positivity and may also require analysis of other covariates, such as disease duration,
sex, and HLA genotypes.

v It is still unknown whether having any PolyA is related to adverse outcomes in T1D.
The study of this phenotype is of major clinical relevance in patients with this condition.

v" We found geographical variations in the prevalence of latent and overt PolyA in T1D.
It warrants further study to identify genetic variants associated with the onset of
additional ADs in T1D.

v Despite the strong results of sCD137 in differentiating healthy controls from diseased
patients, further studies are required to evaluate the utility of this biomarker in the
severity of the disease, and in the follow-up of flares in diseases like SLE, RA, or MS,
as well as its correlation with cell subtypes like Tregs FOXP3*CD137* and multivariate
modeling with other soluble markers such as sCTLA4.

v" Even though the techniques for sCD137 detection are well validated, and we found no
difference between them (i.e., ELISA, Olink proteomic assay, Multiplex bead-based
immunoassay), it is still unknown which isoform is detected. There is still a need to
define which isoform is more clinically relevant.

v" We demonstrated that soluble Fc-sCD137 variants are strong suppressors of immune
cells; however, it is still unknown which of the isoforms is more relevant in the immune
modulation by Tregs. Studies using CRISPR-edited Tregs (knockout of sCD137-1 or -
2 via splice-specific guides) will confirm the biological relevance of each isoform and
guide future Immunotherapeutics.

v" We found that sCD137 isoforms exhibit modifications in the CRD4 domain. This region
is of major relevance for mCD137/CD137L complex formation and activation in
humans via the interaction with Galectin-9 (Gal-9). Further studies on the functional
implications of CRD4 modifications in human sCD137 isoforms, their ultrastructure
(e.g., homodimer or homotrimer), modulation of Gal-9, and the sCD137/CD137L
interaction are necessary.

v' ltis critical to define the efficacy of the variants in animal models to further move into
clinical trials in humans. Conditions such as graft-versus-host disease and pancreatic
islet transplantation models will allow us to test the efficacy of this novel therapy.
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