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ABSTRACT

Type 1 diabetes (TID) is a chronic disease caused by autoimmune destruction of pancreatic p-cells,
that progresses in three stages: 1) stage 1: p-cell autoimmunity + normoglycemia; 2) stage 2: p-cell
autoimmunity + mild dysglycemia; 3) stage 3: symptomatic disease + hyperglycemia. Interventions
to prevent or cure T1D in the various stages of the disease have been pursued and may target the
prevention of the destruction of § cells, regression of insulitis, preservation or recovery of f§ cells
residual mass. Some therapies show promising results that might change the natural history and the
approach to patients with T1D in the next few years. Teplizumab, a humanized monoclonal antibody
that binds to CD3, was recently approved in the USA to delay Stage 3T1D in individuals > 8 years of
age. Other non-cellular immunomodulatory therapies, both antigen-specific and non-specific, have
shown interesting results either in patients with stage 2 or recent onset stage 3T1D. Cell therapies
such as non-myeloablative transplantation of autologous hematopoietic stem cells, mesenchymal
stem cells, and tolerogenic dendritic cells have been also studied in these individuals, aiming
immunomodulation. Stem cell-derived islet replacement therapy is promising for patients with long-
standing T1D, especially with asymptomatic hypoglycemia not resolved by technology. This review
aimed to provide updated information on the main immunomodulatory agents and cell therapy
options for type 1 diabetes.
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INTRODUCTION

ype 1 diabetes (TID) is a chronic disease caused

by T-cell mediated autoimmune destruction of
pancreatic p cells. Patients with T1D require lifelong
insulin treatment, which may cause hypoglycemia
and interfere in quality of life. T1D progresses in
three stages. In stage 1, there is pancreatic f cell
autoimmunity with two or more islet autoantibodies
and normoglycemia. Stage 2 is characterized by
pancreatic f cell autoimmunity and asymptomatic
dysglycemia. In stage 3, there is symptomatic disease
and hyperglycemia that fulfill criteria for diabetes (1).
Disease-modifying therapies to prevent or cure T1D
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in its various stages have been pursued. This review
aimed to provide updated information on the main
immunomodulatory agents and cell therapy options for
type 1 diabetes.

AUTOIMMUNITY AND TYPE 1 DIABETES
In T1D, there is an autoimmune attack to the pancreatic
B cells. Both cellular and innate immunity play a role in
this process. Central and peripheral tolerance defects
contribute to the failure in self-tolerance (2).

The
inflammation in the pancreatic § cells. Multiple immune

initial pancreatic lesion is insulitis, an

cell populations play a role in the process and are
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identified in the insular region, but T cells predominate
and have an essential role in the development of islet
autoimmunity and progression to stage 3 T1D. The
specific contribution of each T cell subset as well as
their interplay with other immune and islet cells are not
yet fully understood. The destruction of pancreatic 3
cells depends on a combination of CD4+ and CD8+
T cells, but the mechanisms that trigger and lead to
T cell infiltration to islet cells have not been clarified.
The infiltrating T cells react to autoantigens in the
pancreatic p-cells such as insulin epitopes, glutamic acid
decarboxylase, insulinoma-associated protein 2, zinc
transporter 8 and heat shock protein 60 (3).

A combination of immunological, genetic and
environmental factors may activate autoreactive CD8+ T
cells. Pro-inflammatory cytokines such as IL-12, IFN-y,
and TNF-a can promote activation and differentiation
of autoreactive CD8+ T cells. Molecular mimicry may
also be implicated, which means pathogens can express
antigens that mimic host proteins or share epitopes
with self-antigens. Consequently, the immune response
against the pathogen can divert to attack self-antigens.
Aberrant antigen presentation by dendritic cells or
other antigen-presenting cells, oxidative stress and
regulatory T cell (Treg) dystfunction may also promote
the activation of autoreactive T cells (3-5). Activated
autoreactive CD8+ T cells can lead to secretion of
cytotoxic cytokines and directly attack pancreatic
B-cells (4,5). Regulatory T cells (Tregs) are recruited
to the pancreas and inhibit -cell destruction. Although
in T1D this mechanism is not successful in preventing
disease progression, it may be explored for cellular
and non-cellular medical interventions. Macrophages,
dendritic cells (DC) and B lymphocytes are also found
in the infiltrative pancreatic lesion (4).

Autoantibodies produced by B lymphocytes are ob-
served in the serum during the development of T1D
and can be used as biomarkers for T1D-related autoim-
munity. The main antibodies are directed against insulin
(IAA), glutamic acid decarboxylase 65 (GADA), Insu-
linoma associated protein 2 antigen (IA-2A) and zinc
transporter 8 (ZnT8A). Antibodies seem to be predomi-
nantly a reflection of the lesion with massive antigen lib-
eration rather than the cause of damage. B lymphocytes
seem to participate in the pathogenesis of the disease,
but probably as antigen-presenting cells (APCs) (6-8).

T1D development is a multifactor process, with

the contribution of genetic and environmental
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factors. Genetic risk for T1D is conferred mostly by
polymorphisms in the Human Leukocyte Antigen
(HLA) complex, the human major histocompatibility
complex (MHC), specifically with class II HLA
(especially HLA DRBI*03:01-DQBI1*02:01/DRB1*04
-DQS8 genotype). Class I HLA and more than 70
common non-HLA TID risk loci are also involved,
especially in insulin gene, PTPN22 and CTLA4
Polygenic scores have been proposed to aggregate risk
variants from associated loci into a single number, to
estimate the genetic risk of T1D (9-11).

Infections, gut microbiota and nutrition are the
main proposed environmental risk factors for T1D.
Viral infections, especially mumps, rubella, enterovirus
(such as Cocksakie B virus) and cytomegalovirus
(CMV) infection may lead to local inflammation, which
probably promotes CD8+ T cells activation, cytotoxic
reaction, B cells epitopes presentation, insulitis and
pancreatic f-cell destruction (12). The TEDDY study
group has shown that children who later developed
islet autoimmunity have different immune responses to
enterovirus when compared to controls (13,14).

Curiously, changes in life habits in the past decades,
such as improvement in hygiene, vaccination and
use of antibiotics might have promoted a decrease in
microorganism exposure, a reduction of microbiota
development and also in the ability to train the immune
system to tolerate self-targets, which increased the
appearance of autoimmune diseases, such as T1D (15).
This has been known as “Hygiene theory”.

Nutritional factors may also play an important role
in the development of T1D. Although some epidemio-
logical retrospective studies have suggested that breast-
teeding may have a protective role in T1D risk, a causal
and definite relationship has never been confirmed.
Prospective studies failed to demonstrate any impact of
breastfeeding duration in the risk of T1D (16,17).

Metabolic syndrome and obesity might also influence
the development of T1D. Obesity is associated with
progression to stage 3 T1D (18) and the Accelerator
Hypothesis predicts earlier onset of T1D in individuals
with higher body mass (19).

Vitamin D (VITD) and zinc intake may have an
impact in the immune system. 25-OH-Vitamin D levels
and polymorphisms in the vitamin D receptor (VDR)
gene may have a combined role in the development of
pancreatic autoimmunity in children at increased genetic
risk for T1D (20-22). Furthermore, there is an increased
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incidence of T1D in winter months, which may be
associated with lower sun exposure and lower VIT D levels
(23,24). VDR gene polymorphisms were associated with
the risk of T1D in some (25,26), but not all studies (27).

The autoimmune pancreatic destruction observed in
T1D is clinically evident through the presence of serum
diabetes-related autoantibodies and progressive dysglyce-
mia. Numerous clinical studies have explored the evolu-
tion of this process in pediatric populations, but informa-
tion on the progression in adults is less well-documented.
Adults may exhibit a slower evolution of autoimmune de-
struction, which could have clinical implications for their
response to disease-modifying therapies (28).

In this context, two different endotypes have been
described for T1D: 1) TID endotype 1 (TIDE1),
which is more frequent in patients younger than
associated with HLA DR4-DQ8 and
greater lymphocyte infiltration; 2) TID endotype

7 years,

2 (T1DE2), which is more common in individuals
older than 13 years and is associated with HLA DR3-
DQ2. Patients with TIDE] tend to respond well to
immunomodulatory agents, unlike those with TIDE2.
Additionally, TIDEI is more commonly associated with
celiac disease, while TIDE2 is more prone to develop
thyroid autoimmunity (29). Biomarkers that could
identify each endotype and their potential response to
medications are of great interest, to develop precision
medicine-based intervention strategies. Higher rates of
aberrant proinsulin processing, leading to an elevated
proinsulin to C-peptide ratio, seem characteristic of
TIDEL (29). Similar markers with potential clinical
applications should be further investigated.

DISEASE-MODIFYING INTERVENTIONS FOR
TYPE 1 DIABETES

Non-cellular immunomodulatory therapies
Immunomodulation is a promising strategy to inter-
rupt the autoimmune attack in T1D. The use of im-
munomodulatory agents as disease-modifying therapies
for T1D represents a big challenge, as the treatment
must provide an effective and long-lasting immuno-
modulation but with acceptable adverse effects. Anti-
gen and non-antigen-based therapies have been investi-
gated for recent-onset stage 3 T1D and, more recently,
for stages 1 and 2. These interventions are summarized
in Table 1 and Figure 1. This type of treatment is not
suited for individuals with long-standing T1D, which
already have significant destruction of 3 cells.

Arch Endocrinol Metab, 2024, v.68, 1-17, €240233.

Imnumomodulation for type 1 diabetes

Non-antigen-specific based therapies

Several therapies have been tested for stage 3 T1D
aiming to reduce the loss of B cells and block the
ongoing autoimmune attack.

Broad immunosuppression commonly used in
transplantation provided evidence that immunotherapy
can effectively preserve some pancreatic f§ cell
function, but the risk profile is not acceptable for T1D.
Cyclosporine is a calcineurin inhibitor of T cell receptor
stimulation, which decreases T cell activation and
interleukin 2 (IL-2) production. This drug has been
associated with a better [ cell function throughout
the treatment period for patients with stage 3 T1D.
However, glycemic control and C-peptide levels
deteriorated after drug suspension. Since there was
no long-lasting effect, risks were greater than benefits
(30,31).

Mycophenolate mofetil is another non-specific
immunosuppressor agent that has been evaluated for
recent onset patients with stage 3 T1D. It inhibits T
and B cells proliferation and has been tested alone or
in association with Daclizumab, which is an anti-CD25
monoclonal antibody that inhibits IL-2 binding and
progression of T lymphocytes through the cell cycle.
Either agent alone or in combination did not improve
pancreatic function after 2 years (32).

Newer selective immunotherapies that inhibit
specific immune pathways relevant to the progression
of T1D with few side effects have been tested, such
as Imatinib, anti-thymocyte globulin (ATG) and
Golimumab. Imatinib (Gleevec) is a tyrosine kinase
that may impact both immunologic and metabolic
pathways, reducing endoplasmic reticulum stress in
pancreatic fB-cells (reducing apoptosis), as well as
improving insulin sensitivity in animal models. Newly
diagnosed stage 3 T1D patients (n = 45) that received
Imatinib were compared to placebo (n = 22). Those
in the intervention arm had a higher C-peptide after
12 months, but this was not sustained after 2 years.
HbAlc tended to be lower in the Imatinib patients in
the first year, without a significant difference in insulin
dose. Drug tolerance seemed to be better than seen
in oncologic patients, but 13% had to permanently
discontinue the medication (33).

Low-dose ATG has been tested in recent onset

patients with stage 3 T1D. Pilot studies demonstrated :

that low-dose ATG + pegylated granulocyte colony

stimulating factor (GCSF) achieved a relative increase °
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Cellular therapies

v

FOR IMMUNOMODULATION:
Tregulatory cells

Tolerogenic dendritic cells (tolDCs)
Hematopoietic stem cells (HSCs)
Mesenchymal stem cells (MSCs)

FOR B CELL REPLACEMENT:

Islet cell transplantation

B cells derived from human
pluripotent stem cells (hPSCs)

B cells derived from embryonic stem

NON-ANTIGEN SPECIFIC: ANTIGEN SPECIFIC:
Non-specific immunosupressors GADalum

Imatinib Insulin
Anti-thymocyte globulin (ATG)

Golimumab

Vitamin D

Dipeptidyl peptidase-4 inhibitors
Pleconaril + ribavirin

Verapamil

Rituximab

Baricitinib

Teplizumab

Abatacept

Hidroxicloroquine

Figure 1. Disease-modifying therapies for type 1 diabetes.

of Tregs in circulation, but with no control arm. Haller
and cols. investigated the use of ATG (2.5 mg/kg) +
GCSF in 89 subjects with recent-onset stage 3 T1D (29
randomized to ATG + GCSEF, 29 received ATG alone
and 31 received placebo), in combination with insulin.
After 12 months, patients that received ATG had a
better pancreatic function than the placebo group, but
this difference was not observed between the ATG +
GCSF and placebo groups. HbAlc was lower in ATG
or in ATG/GCSF groups than in the placebo group.
Treatment was associated to a reduced in CD4,/CD8 T
cells ratio (34). A treatment protocol with different low
dose ATG is on-going (2.5 mg/kg, 1.5 mg/kg, 0.5
mg/kg and 0.1 mg/kg ATG total dose) (35).

Golimumab is a human monoclonal antibody specific
tor tumor necrosis factor alpha. A phase 2, multicenter,
placebo-controlled, double-blind trial investigated its
use for recent onset subjects with stage 3 T1D (n = 84),
during 52 weeks. Patients who received intervention
showed higher C-peptide area under curve (AUC)
than those treated with conventional therapy, with
similar glycemic control, lower insulin requirement and
without serious adverse events (36).

The role of B-lymphocyte depletion with rituximab,
an anti-CD20 monoclonal antibody, has also been
investigated in patients with recent-onset stage 3 T1D.
In a phase 2 randomized double-blind study, 87 patients
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cells (ESCs)
Induced pluripotent stem cells (iPSCs)-
derived pancreatic progenitors

aged 8 to 40 years received infusions of rituximab or
placebo. After 1 year, the mean AUC C-peptide was
higher in the rituximab group than in the placebo
group, with slightly lower levels of HbAlc and lower
insulin requirement. More patients in the rituximab
group than in the placebo group had adverse events,
mostly after the first infusion, but they were generally
mild. Therefore, B lymphocytes may contribute to the
pathogenesis of T1D, which can be explored in future
trials for the prevention or cure of T1D (37).
Baricitinib is a Janus kinase (JAK) inhibitor that
blocks cytokine signaling and is an effective disease-
modifying treatment for several autoimmune diseases,
such as rheumatoid arthritis. In a phase 2, double-blind,
randomized, placebo-controlled trial, patients with
stage 3 T1D (n = 91) that received baricitinib (4 mg
once per day) orally for 48 weeks had higher C-peptide,
lower insulin requirement, similar HbAlc and lower
glucose variation than those in placebo group. The
frequency and severity of adverse events were similar in
both groups, without serious adverse events (38).
Ustekinumab is a monoclonal antibody used in
psoriasis to target interleukin 12 (IL-12) and 23 (IL-23)
pathways. In a pilot open-label study with 20 adults with
stage 3 T1D of recent-onset (<100 days), Marwaha ¢
cols demonstrated that the intervention reduced the
percentage of circulating T helper 17, T helper 1, and
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Table 1. Interventions that have been tested for T1D at each disease stage

Stage Intervention

High genetic risk o
—no antibodies .

Hydrolyzed formula: No impact in the progression to T1D
Removal of bovine insulin from infant formula milk: No impact on the progression to T1D.
e Delayed gluten exposure: No impact in the progression to T1D.

Pre-clinical stage e Abatacept (stage 1): No impact in progression to stage 2 or 3.
e Hydroxychloroquine (stage 1): No impact on progression to stage 2 or 3.
° GAD-Alum: No impact on progression to stage 3.
e Insulin (oral/subcutaneous): No impact on progression to stage 3.
e Teplizumab: Delays the progression of stage 3 in individuals with stage 2 T1D.

Recent-onset NON-CELLULAR THERAPIES
stage 3" e Cyclosporine: Risks greater than temporary benefits.
e Mycophenolate mofetil: No impact.
e (alone or with daclizumab)
o Imatinib: Higher C-peptide levels than conventional treatment.
e Anti-thymocyte globulin (ATG): Higher C-peptide levels than conventional treatment.
e Golimumab: Higher C-peptide and lower insulin requirement.
e Rituximab: Higher C-peptide, lower insulin requirement, lower HbA'c
o Baricitinib: Higher C-peptide and lower insulin requirement.
e Teplizumab: Higher C-peptide, lower insulin requirement, lower HbATc.
e Abatacept: Higher C-peptide, lower insulin requirement, lower HbATc.
e Ustekimumab: Ongoing phase Il trial.
e Vitamin D: Conflicting results. Slightly higher C-peptide than conventional treatment in some studies.
e \Verapamil: Higher C-peptide than conventional treatment.
e Pleconaril + ribavirin: Higher C-peptide than treatment solely with insulin.

e  Sitagliptin: For LADA, compared with insulin intervention alone, sitagliptin plus insulin appeared to maintain -cell function and
improve insulin sensitivity to some extent.

e Microbiome-modulating agents: Higher C-peptide and lower HbA1c.
° GAD-alum vaccination: Benefits in LADA and patients with HLD DR3/DQ2

CELLULAR THERAPIES

e Tregulatory cells: Phase | trials indicated higher C-peptide and lower insulin requirements. Phase Il trials are ongoing.

e Tolerogenic dendritic cells: Phase | and Il trials ongoing.

e Hematopoietic stem cells (HSC) therapy: Autologous nonmyeloablative HSC transplantation + high-dose cyclophosphamide plus ATG as
a conditioning (immune ablative) regimen increased C-peptide and reduced insulin requirement.

e Mesenchymal stem/stromal cells: Slightly lower insulin requirements, better glycemic control, and transient better pancreatic function
but the potential benefits do not seem to be sustained.

Long-standing o

stage 3 diabetes and severe hypoglycemia.

Islet cells transplantation: Transient insulin independence, requires immunosuppression; safe and well-suited for patients with brittle

e Stem-cell-derived differentiated B-like cells: Phase I/1l trial with VX-880 cells has shown an increase in fasting and postprandial
C-peptide, a decrease in HbA1c and reduced insulin requirement. Insulin independency was described in a few patients.

*In all trials, all participants received insulin.

T helper 17.1 cells as well as proinsulin-specific T cells
that secreted Interferon-y and interleukin-17A (39).
A double-blind phase II study to assess the safety and
efficacy of Ustekinumab in children and adolescents
aged 12 to 18 years with recent-onset stage 3 T1D is
currently ongoing (40).

VIT D supplementation has also been investigated
for T1D. The recentidentification of VIT D receptors in
several tissues not associated with calcium metabolism,

Arch Endocrinol Metab, 2024, v.68, 1-17, €240233.

such as pancreatic 3 cells, endothelium and immune
system cells, has increased researchers’ interest in the
systemic role of this prohormone (41). VIT D appears to
act on both the adaptive and innate immune responses,

modulating the maturation of dendritic cells (42). °

Furthermore, VIT D appears to play a suppressive role
in the proliferation of lymphocytes, alter T helperl /T
helper 2 response and act on Tregs. In vitro studies
demonstrated that 1.25 OH vitamin D decreased
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apoptosis in human pancreatic f-cells by reducing the
exposure of MHC class I molecules on the surface and
increasing other anti-apoptotic molecules such as the
A20 protein (43).

In EURODIAB multicenter VIT D
supplementation in childhood was associated to a
reduced risk of T1D, with an odds ratio of 0.67 (44).

This modulation can even occur during intrauterine

study,

phase. VIT D supplementation in pregnant women
is also associated with a lower risk of autoimmune
diabetes in their offspring (45).

These data have led to intervention studies with
VIT D in newly diagnosed T1D patients. A double-
blind, placebo-controlled clinical trial carried out
supplementation of 2,000 UI/day of cholecalciferol
in 38 patients with newly diagnosed T1D. In the
intervention group, there was a smaller reduction in
C-peptide within 18 months and a trend towards an
increase in Tregs (CD4+ CD25+ FOXP3+ cells) and
interleukin 10 (46). Treiber and cols. demonstrated an
enhanced inhibitory capacity of Tregs, reduced fasting
glucose, HbAlcandinsulin dose (47)in 30 patients with
new onset stage 3 T1D assigned to cholecalciferol (70
IU/kg/day) vs. treatment with placebo for 12 months,
in association with insulin. However, not all studies
confirmed these benefits (48). These heterogeneous
results may be secondary to the different doses and
torms of VIT D supplementation (49).

Dipeptidyl peptidase-4 inhibitors (DPP-4i) might
also have some effect in modulating inflammation and
autoimmune f cell destruction. CD26 is a surface T
cell activation antigen with DPP4 enzymatic activity
that plays a central role in thymic maturation and co-
stimulation, migration, and memory development of T
cells (50). However, evidence to confirm this hypothesis
is still lacking, as well as clinical information about the
efficacy of DPP-4i as an immunomodulatory agent
in stage 2 or 3 T1D. Yang and cols. have shown that
patients with LADA (n = 51) who were treated with
sitagliptin + insulin for 24 months appeared to have
slightly better B-cell function and insulin sensitivity to
some extent than those treated solely with insulin (51).

The use of antiviral treatment with pleconaril and
ribavirin aiming to stop the autoimmune aggression has
also been tested for recent-onset patients with stage 3
T1D. Previous studies showed a low-grade enterovirus
infection in the pancreatic islets of patients with newly
diagnosed T1D, which could lead to inflammation
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and pancreatic f-cell destruction. In Diabetes Virus
Detection (DiViD), a phase 2, placebo-controlled,
randomized double-blind trial, 96 children and
adolescents with recent-onset stage 3 T1D received this
intervention (n = 47) or placebo (n = 49) for 6 months.
The treatment was well-tolerated and serum C-peptide
AUC was higher in the intervention group compared to
placebo at 12 months. This result indicates that antiviral
treatment may preserve residual insulin production in
children and adolescents with new-onset stage 3 T1D.
HbAlc was lower in the intervention group than in the
placebo group at 6 but not at 12 months, with similar
insulin requirements (52).

Verapamil, a calcium channel blocker, has also
shown interesting results for patients with stage 3
TID. Preclinical studies showed that thioredoxin-
interacting protein overexpression induced pancreatic
 cell apoptosis and was involved in glucotoxicity-
induced pancreatic § cell death, which could be
reduced by calcium channel blockers. In a double-
blind, randomized clinical trial including children and
adolescents with new-onset stage 3 T1D, participants
received once-daily oral verapamil (n = 47) or placebo
(n =41) during 52 weeks. Although groups had similar
C-peptide levels at baseline, those in the intervention
group had a 30% higher C-peptide level at 52 weeks,
without differences in glycemic control and no serious
adverse events (53).

Microbiome-Modulating  Agents (MMAs) have
also been tested for patients with T1D, as the gut
microbiome has been linked to its pathogenesis.
A systematic review and meta-analysis with high
heterogeneity including 10 randomized controlled
trials (» = 630 with variable disease duration) has
shown that MMA supplementation is associated with
improved fasting C-peptide and HbAlc. The study
findings did not substantiate a favorable association
between MMA intervention and C-reactive protein,
TNEF-a or IL-10. Further large-scale clinical trials are
necessary to elucidate if MMAs have any influence in
the progression of autoimmune pancreatic destruction
(54). Lokesh and cols. investigated the use of probiotics
supplementation in patients with new-onset T1D (n =
50) in a single-center randomized controlled clinical
trial. Individuals who underwent intervention had a
significant increase in the percentage of induced- T
regulatory cells, IL-10 and C-peptide levels as well as a
decrease in HbAlc (55).
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Some immunomodulatory agents have been
tested not only for stage 3 T1D but also for patients
in other stages of T1D. Teplizumab is an Fc receptor-
nonbinding anti-CD3 monoclonal antibody that has
promising results for both stage 2 and stage 3 T1D.
For those with recent-onset stage 3 T1D, a 14-day
tull-dose intervention induced less AUC C-peptide
decline, lower insulin requirement, and better glycemic
control than conventional treatment in a multicenter
randomized trial (n = 516) after one year (56).

A decline in C-peptide response was seen afterward.
Nevertheless, a reduction in the decline of § cell func-
tion may be seen for as long as seven years after the onset
of stage 3 (57-59). Recently, a randomized placebo-con-
trolled trial tested the impact of two 12-day courses (26
weeks apart) of intravenous teplizumab in patients with
newly diagnosed stage 3 type 1 diabetes. At 78 weeks,
patients treated with teplizumab (n = 217) had signifi-
cantly higher stimulated C-peptide levels than those
who received placebo (n=111) (P<0.001). Among pa-
tients treated with teplizumab, 94.9% maintained peak
C-peptide level > 0.2 pmol per milliliter, as compared to
79.2% of those receiving placebo (60), without signifi-
cant differences in HbAlc and insulin dose.

For those in stage 2 T1D, teplizumab increased
the median time to diagnosis of stage 3 T1D (48.4 vs.
24.4 months), with a hazard ratio for stage 3 T1D of
0.41. There were expected adverse events of rash and
transient lymphopenia. Stage 3 T1D was diagnosed
in 43% of patients who received teplizumab »s. 72%
who received placebo (61). In an extended follow-
up (923-day median), the median times to diagnosis
were 59.6 and 27.1 months for the intervention and
placebo groups, respectively (HR = 0.457, P = 0.01).
Fifty percent of teplizumab-treated but only 22% of the
placebo-treated remained diabetes-free. Teplizumab
treatment improved f cell function and reversed a
decline in insulin secretion before enrollment. The
changes in C-peptide seen with the intervention were
associated with increases in partially exhausted memory
KLRGI*TIGIT*CD8* T cells that showed reduced
secretion of interferon y and TNFa (62). This drug was
approved by the FDA for clinical use in patients with
stage 2 T1D in 2022, but still has limited availability
and high cost. Long-term effects and safety profiles
of teplizumab in children, adolescents and adults with
early stages T1D are still lacking, but data from trials
that included individuals with stage 3 T1D indicated
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that the safety profile seems acceptable, considering the
potential benefits.

Abatacept is a selective modulator of CD80/86-
CD28 costimulatory signal and inhibits T cell
activation blocking specific binding of CD80,/CD86
receptor in antigen-presenting cells to CD28 on T
cells. It has been tested in different stages of T1D. In a
multicenter, double-blind, randomized controlled trial,
patients aged 6-45 years with recent-onset stage 3 T1D
were assigned to receive abatacept (n = 77) or placebo
(n = 35) infusions intravenously (27 infusions over 2
years). C-peptide AUC was 59% higher at 2 years with
abatacept than with placebo. HbAlc levels were lower
in the treatment group than the placebo group, but
a baseline difference was also observed. Lower insulin
requirement was observed at 6 and 12 months in the
intervention group. The study reported few infusion-
related adverse events, no increase in infections or
neutropenia (63). The drug was also tested for patients
in stage 1 T1D (101 participants received abatacept and
111 placebo). There was higher C-peptide responses
to oral glucose tolerance tests with abatacept than
placebo, but the treatment did not delay progression to
dysglycemia in stage 1 patients with T1D (64).

Hydroxychloroquine tested for patients
with stage 1 T1D (n = 273), to prevent or delay the
progression to stage 2 T1D. There were no adverse

was

safety concerns in the hydroxychloroquine arm, but the
drug did not delay progression to stage 2 T1D (65).
A few interventions have been tested for the primary
prevention of T1D in patients with a high genetic risk
but without autoantibodies. The Trial to Reduce IDDM
in Genetically at Risk (TRIGR) Study was a dietary
randomized controlled trial designed to determine
whether weaning to an extensively hydrolyzed formula
in infancy would decrease the risk of type 1 diabetes later
in childhood (66). The open randomized controlled
BABYDIET study investigated the impact of delayed
gluten exposure during the first year of life on the
development of autoantibodies and T1D (67). The
Finnish Dietary Intervention Trial for the Prevention
of Type 1 Diabetes (FINDIA) was a randomized
double-blind clinical trial aimed at determining whether
removing bovine insulin from infant formula milk would
reduce the incidence of beta-cell autoimmunity. None

of these interventions were successful (68). The costs of :

primary prevention trials are very high, and interventions

should be harmless, as the study populations include =
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babies who might not develop autoantibodies or T1D
throughout their lives (69). Therefore, intervention at
this point is quite challenging.

Antigen-specific based therapies

Antigen-specific therapies offer the possibility of im-
munologic intervention with minimal toxicity. The use
of insulin has been tested to delay or prevent stage 3
T1D in nondiabetic relatives of patients who were at
risk for the disease. Patients that had five-year risk of
more than 50 percent were randomly assigned to ob-
servation or an intervention with low-dose subcutane-
ous insulin. The incidence of stage 3 T1D was similar
in both groups (70). For relatives with five-year risk
of 26%-50%, oral insulin was tested as intervention (n
= 388). Although the rates of progression to stage 3
TI1D were similar in both groups, in those with insu-
lin autoantibody (IAA) levels > 80 nU/mL (# = 263),
there was a trend suggesting benefit in the annual risk
of progression to clinical disease (71).

Vaccination with subcutaneous application of a
recombinant GAD molecule (20 mcg GAD-alum) was
tested both in individuals with classic T1D aged 10
to 20 years, and in patients with Latent Autoimmune
Diabetes of Adults (LADA). There was temporary
benefit only in LADA (72). A pilot study with the
administration of GAD-alum in the inguinal lymph
node and VIT D (2,000 IU /day) in 12 newly diagnosed
patients with stage 3 T1D led to the maintenance of
C-peptide, improved glycemic control and reduction
in insulin dose after 15 months (73). In a larger study
with 109 patients using the same protocol, patients with
HLA DR3DQ2 exhibited lower glycemic variability,
greater number of patients in partial remission and
better pancreatic {3 cell function (74). This vaccine was
tested in children with pre-clinical T1D, but it did not
change the progression to stage 3 T1D (75).

These data suggest that antigen-specific therapies
have a modest impact on T1D progression. However,
they may be well-suited for patients with specific
characteristics such as high specific antibody titers.

Additional remarks

The data presented above suggest that multiple non-
cellular immunomodulatory therapies could play a
significant role in preventing the progression to stage
3 T1D and mitigating p-cell loss, once this stage has
begun. While some therapies act by potentializing T
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regulatory response, others appear to have a direct
role in the P cells, the antigen-presenting process, or
additional mechanisms that have not been fully un-
derstood yet. Although antigen-specific therapies have
shown only modest results, they might be suitable for
a fraction of patients with specific characteristics or en-
dotypes, alone or in combination with other drugs.

It remains unclear when is the optimal time to
initiate immunomodulatory treatment, how to select
the appropriate medication, and what outcomes of
combination therapies — using other non-specific drugs
or antigen-specific agents — might be. Combining
drugs with diftferent mechanisms of action seems more
appealing due to the multiple pathways involved in
T1D development.

Early immunomodulation starting in pre-clinical
stages appears more promising, but safety data for the
long-term use of non-specific immunomodulatory
agents in T1D, especially in children and adolescents, is
still lacking. In addition, biomarkers that could identify
the ideal population and the ideal moment to intervene
for each drug are also a matter of interest in the pursuit
of stage 3 T1D prevention.

Furthermore, considering the results of clinical trials
and the loss of benefits over time, it could be necessary
to implement multiple repeated interventions over
time. However, it is crucial to identify treatments with
acceptable safety profiles for this strategy.

Cell therapies for T1D

Cell-based therapies may act as immunoregulatory
agents, which would be suitable only for patients with
recent-onset stage 3 disease and residual §§ cell mass,
or to replace B-cells, for patients with any duration of
the disease. Immunomodulation may be achieved with
Tregs, tolerogenic DCs (tolDCs), hematopoietic stem
cells (HSCs) and mesenchymal stem cells (MSCs).
They offer the possibility to suppress autoimmunity
against islet peptides, while protecting the residual f§
cell mass that is still present in the early stages of T1D.
These therapies have not been tested in individuals in
preclinical stages of T1D (stages 1 and 2).

Cellular immunomodulation to block the
autoimmune attack

Regulatory T cells (Tregs) therapy

Tregs are one of the main regulators of immune
tolerance (unresponsiveness toward self-tissues) by
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inhibiting autoreactive T lymphocytes. Functional
defects of Treg cells have been reported in T1D
(76,77). Adoptive transfer of Treg cells in patients with
TID could restore immune tolerance and increase the
number of Tregs in circulation.

Phase I clinical studies showed that autologous
polyclonal Treg adoptive immunotherapy is feasible
and safe both for children and adults with new-onset
stage 3 T1D (78,79), without infusion reactions or
infectious complications. Autologous polyclonal Tregs
were successfully isolated from peripheral blood of
patients with T1D, expanded ex-vivo, and reinfused
into donors. The number of infused cells diminished
over time, but some persisted in the circulation for
one year or more without acquiring pathological
phenotypes. Higher C-peptide levels and lower insulin
requirements were reported in the treatment group
as compared to others. Further follow-up revealed
that the initial therapeutic effects of exogenous Tregs
are not sustained over time (80). A supplemental
administration with a second dose of polyclonal Tregs
6 to 9 months after the first dose resulted in better
metabolic outcomes at 12 months of follow-up when
compared to those that received none or one dose of
exogenous Tregs. However, these benefits were lower
than those observed after the first Tregs infusion (81).

Despite the substantial benefits of the adoptive
transfer of Tregs, it remains to be elucidated if it can
lead to immune tolerance and prevention of T1D pro-
gression. Two phase 11 studies on umbilical cord de-
rived-Treg therapy in T1D (ClinicalTrials.gov identi-
fier: NCT02932826 (82) and NCT03011021 (83) are
currently recruiting participants and will contribute to
elucidate this. A major challenge for the clinical use of
autologous Tregs for T1D is their progressive decline
in both number and function over the time (84).

Finally, recent efforts on Treg cell-based therapy aim
to maximize organ-target homing of infused Tregs and
their retention over time (85) with therapies that exhibit
pancreatic f-cells antigen specificity, for example (86).
Genetic engineering technologies to generate Treg
cells that express a synthetic chimeric antigen receptor
(CAR) or a T-cell receptor (TCR) that recognize an
islet-specific antigen are also under investigation (87).

Tolerogenic DC (tolDCs) therapy

DC are cells with a major role in the antigen-presenting
process as well as in T cell differentiation and migration,
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possibly having both pro-inflaimmatory and anti-
inflammatory phenotypes. TolDCs are critical players
in regulating immune tolerance. Iz vitro, they exhibit
low T cells co-stimulation capacity, induce anergy of
self-reactive T cells through increased provision of
inhibitory signals, mediate T cells apoptosis and induce
peripheral Tregs and Bregs (regulatory B cells) (88-
90). These tolerogenic properties could contribute to
prevent in vivo anti-self-immune responses.

Human tolDCs can be manufactured by exposing
human peripheral blood monocytes to differentiation
factors, such as granulocyte-macrophage colony-
stimulating factor (GM-CSF) and IL-4, that induce
cell differentiation towards immature DCs. They are
tolerized with anti-inflammatory cytokines (IL-10 and /
or TGF-f) or pharmacological agents (dexamethasone,
rapamycin, and vitamin D3) (88-90).

The first clinical trial with tolDCs in T1D patients
reduced the expression of costimulatory molecules
(CD40, CD80, and CD86) and induced a tolerogenic
immunosuppressive phenotype (91). A phase II trial
is currently ongoing to evaluate the efficacy of these
tolDCs in newly diagnosed stage 3 T1D patients (Clin-
icaltrials.gov ID: NCT023544911) (92). Curiously,
a phase I placebo-controlled trial with toIDC pulsed
with the proinsulin peptide C19-A3 in patients with
long-standing T1D showed safety, slight decrease in
HbAlc (average 0.34%), reduced antigen-specific T cell
proliferation and cytokine response to the vaccine pep-
tide for more than two years (93), without changes in
general immune competence (94). A phase I /11 clinical
trial is ongoing to evaluate the safety and tolerability of
autologous tolDCs primed with peptides and differen-
tiated with mesenchymal stem cells (Clinicaltrials.gov
ID: NCT05207995) (95) aiming to halt or delay the
autoimmune destruction process in T1D.

Hematopoietic Stem Cells (HSC) therapy

HSCs transplantation has been investigated as a
strategy to induce tolerance in patients with T1D.
Autologous nonmyeloablative HSC transplantation was
performed in 23 patients with newly diagnosed stage 3
T1D that received high-dose cyclophosphamide plus
ATG as a conditioning (immune ablative) regimen.
Transplantation increased pancreatic [ cells function
and induced prolonged absence or reduction of daily
insulin doses in the majority of the patients, with
acceptable incidence of adverse effects (96,97).

ghts reserved

E&M all rig

=

1

>

Py



The rationale for HSCs therapy in autoimmune
diseases is the restoration of immune tolerance through
(I) deletion of autoreactive immunologic memory
of patients using immunosuppressants (condition
regimen), and (II) re-infusion of previously collected
HSCwhichare cells withoutimmunologic memory. This
aims to restore self-tolerance and to achieve a profound
reconfiguration of the immune system (immune
“resetting”), without long-term immunosuppression,
to preserve residual f-cell mass (98).

Independence from exogenous insulin, lower
insulin dose requirement, decreased HbAlc levels,
and improvement of C-peptide levels were reported
after autologous HSCs therapy in patients with T1D
(96,97,99-102). Immunoablative conditioning may
account for some of these benefits. Still, patients that
underwent intervention were free from macrovascular
and microvascular diabetic complications after a mean
tollow-up of 8 years, while 21.5% and 13.8% of placebo-
treated group experienced microvascular complications
and nephropathy, respectively (103).

Despite all these favorable outcomes, the eftective-
ness of autologous HSCs therapy in T1D seems to be
time-limited and a significant proportion of patients re-
turn to insulin treatment. Studies reported a lack of per-
sistent remission following initial improvement in pa-
tients with T1D treated with autologous HSCs therapy
(102,104). In addition, the effectiveness of HSCs ther-
apy and duration of the remission period vary according
to the immune status of T1D patients. Individuals with
less islet-specific autoreactive CD8+ T cells at baseline
experienced prolonged remission and presented greater
C-peptide levels after therapy than those with lower fre-
quencies of these cells (105). D’Addio and cols. (100)
reported that treatment within 6 weeks after diagnosis
resulted in higher rates of insulin independency (82% vs.
40%) However, this was not confirmed by Snarski and
cols. (105). The requirement of a conditioning regimen
is also a barrier for the use of HSC as a treatment for
T1D in clinical practice as it can lead to a wide range
of complications that can result in death. The risks as-
sociated with HSCs therapy and the risks of diabetes-
associated complications must be weighed to define the
best intervention option to patients (106).

Mesenchymal stem/stromal cells

Mesenchymal  stem/stromal  cells  (MSCs)

multipotent cells with secretory regenerative capacity.

arc
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Their

growth factors with anti-inflammatory and immune-

secretory profile includes cytokines and
modulatory capacities, making this source of adult
stem cells valuable for autoimmune diseases (107).
MSCs have been widely investigated in thousands of
clinical trials (108-110) and are promising as cell-based
products in regenerative medicine.

MSCs can be isolated from different adult tissues.
The most frequent sources that have been tested in
clinical trials are bone marrow, adipose tissue, and
umbilical cord (111,112) mainly due to the ease of
tissue harvesting. MSCs derived from bone marrow,
adipose tissue, and umbilical cord revealed subtle
molecular and phenotypic differences which do not
necessarily result in differences in results obtained in
clinical trials for T1D (113,114).

The pioneering clinical trials with MSC-based
therapy for T1D were based in autologous sources
mainly administered by intravenous infusion (111), but
allogeneic MSC source was also investigated (115,116).

An allogeneic MSC source is particularly interest,
since autoimmune diseases can compromise the anti-
inflammatory and immune-modulatory capacities of
MSCs (117), although one pre-clinical study showed
that MSCs isolated from the bone marrow of newly
diagnosed T1D patients revealed similar clinical results
compared with MSCs from healthy individuals (118).
More importantly, MSC-based allogeneic therapies
may reduce costs and increase reproducibility of these
regenerative therapies, since cells from only one donor
could be isolated and cryopreserved for long-term in
biobanks to be used for at least dozens of patients. This
would reduce the need to harvest and isolate MSCs
for each medical intervention and alleviate concerns
regarding donor MSC variability.

MSC-based therapies are safe, since no clinical trial
reported serious adverse effects, and also seems to be
effective. Studies have reported slight improvement in
several clinical parameters of diabetes such as C-peptide
and HbAlc, suggesting a preservation of pancreatic
f cell function. However, clinical improvement is not
maintained in the long term (111,116), leading to
the hypothesis that repeated injections of MSCs could
improve their regenerative effect on the preservation
of pancreatic f-cell function in T1D (117). Our group
has demonstrated that allogenic adipose tissue-derived
stromal /stem cells (ASCs) transplantation combined

with VITD without immunosuppression was safe and °
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associated with lower insulin requirements, better
glycemic control, and transient better pancreatic
function in recent onset stage 3 T1D, but the potential
benefits do not seem to be sustained (115,116).
Peripancreatic infusion of stem cells is also under
investigation in pre-clinical trials, aiming to optimize
their regenerative capacity, since blood systemic
injection leads to a massive loss of cells in other
organs non-related to T1D. A recent study showed
that transplant of microencapsulated MSCs into the
peritoneal cavity of nonobese diabetic mice induced
sustained remission of T1D (118).

Cellular therapies for 3-cell replacement
Since T1D 1is characterized by pancreatic f cell
destruction, its replacement with allogeneic islet cell
transplantation or cells derived from pluripotent stem
cells holds the potential to cure the disease.

Allogeneic islet transplantation has progressed
immensely over the last decades. Although there is
evidence that 73% of patients that underwent the
intervention required re-infusion and only 8% remained
insulin independent after 20 years, this procedure has
shown to be safe and well-suited for patients with brittle
diabetes and severe hypoglycemia. Database from
the Collaborative Islet Transplant Registry (CITR)
shows that most patients (87.5% in 1 year, 71% in 2
years) that received an allogenic islet transplantation
achieved stable glycemic control (HbAlc < 7% without
severe hypoglycemia). While the risks of life-long
immunosuppression seem to be too high for patients
with T1D in general, they are worthy for adults that
have not achieved target HbAlc due to repeated
episodes of severe hypoglycemia, despite adequate care
(119-121).

Donor shortage and immunosuppressant-related
complications are major hurdles for the wide use of
islet transplantation for T1D treatment. Long-term
immunosuppression may be associated with a decline in
glomerular filtration rate, increase the risk of infections
and tumorigenesis. The survival, proliferation, and
functionality of isolated islets following transplantation
are issues that still need to be addressed. A loss of
up to half of grafted cells is expected in the first days
after transplantation, especially due to delayed graft
revascularization. Therefore, other cell therapies and
alternatives to protect the transplanted cells are under
investigation (122-124).
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Xenogeneic islets and stem cell-difterentiated f cells
emerged as potential alternatives. In theory, they could
offer unlimited source of islets to overcome the donor
shortage problem (125). The most studied xenogeneic
islets are derived from pigs. The ability to produce a large
number of islets and an insulin that is similar to that of
humans makes this type of therapy attractive. However,
safety is an important concern in xenotransplantation.
In pigs, porcine endogenous retroviruses (PERVs) are
well known pathogens integrated through pig genome.
Other potential sources of zoonosis such as herpes
virus and cytomegalovirus should also be considered.
Matsumoto and cols. transplanted microencapsulated
pig islets in eight patients with TID without
immunosuppressant coverage and demonstrated long-
term improvement of hyperglycemia and restoration of
impaired hypoglycemia awareness (126). The precise
edition of the genome to silence genes (CRISPR/
Cas technology) responsible for allogeneic immune
response started to be tested in animal models and
could support the xenotransplantation of islets in
clinical practice (127).

Human pluripotent stem cells (hPSCs) represents
another alternative source for f cell replacement.
hPSCs can be derived from the inner cell mass of the
embryo known as embryonic stem cells (ESCs) and
from reprogramming adult somatic cells known as
induced pluripotent stem cells (iPSCs). Since ESCs are
derived from human embryos, their transplantation has
the potential of allograft rejection and also raises ethical
concerns that could be avoided by the use of iPSCs
(128-131).

HPSCs can be expanded in vitro to provide an
unlimited source of B cells and have the ability to
differentiate into pancreatic progenitors that mature in
vivo into glucose-responsive  cells after transplantation.
Alternatively, these cells can be differentiated into
pancreatic § cells in vitro and then transplanted to
patients. The variability in the differentiation efficiencies
of different hPSCs lines remains a challenge (129,130)
The differentiation of hPSCs into pancreatic § cells has
achieved substantial progress (129-131). Efforts have
been made to isolate and transplant a homogeneous
and pure population of cells, avoiding the selection of
teratogenic cells and the risk of tumorigenesis (132).

The recipient’s immune response to donor islets is :

another important barrier of islet transplantation de-

rived from ESCs. The current immunosuppressive pro- .
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tocol to improve the outcome of islet transplantation
recommends depletion of T-cells, TNF-a inhibitors
during induction of immune suppression and use of
a calcineurin inhibitor or mTOR inhibitors for main-
tenance. This approach increases the risk of impaired
renal function and infections. To overcome these com-
plications, some options have been developed such as
the induction of immune tolerance, physical barriers,
simultaneous infusion of Tregs and immune-evasive
insulin-producing cells (123,124,130,133). There are
successful preclinical reports of co-transplantation of
bone marrow-derived HSCs (123,131,132) or MSCs
(134-136) with allogeneic islets inducing immune tol-
erance, but clinical data are still lacking.

Micro- and macrocapsules with the ability of
blocking entrance of host immune cells can act as
physical barriers. Microcapsules usually encapsulate
one islet in one capsule. Several phase 1/2 clinical
trials evaluated the safety and efficacy of alginate
microencapsulation in humans with promising results.
However, there are reports of inconsistent results
regarding the biocompatibility and immunogenicity of
alginate capsules. Efforts have been made to enhance
the capsules (134,137).

Macrocapsules encapsulate a large number of islets
in chamber-like devices and are composed by polymers.
While microencapsulation devices allow for easier
nutrient and oxygen exchange, macroencapsulation
devices are safer with easy monitoring and retrieval
(130-133,137).

Currently, we have proof of concept of the safety and
potential efficacy of 3 cells generated from hPSCs using
two different approaches: subcutaneous implantation
of immature progenitor cells in a microencapsulation
device; or intraportal delivery of in vitro matured,
glucose-responsive  cells.  Encapsulated pancreatic
endodermal cells, differentiated from human ESCs,
have been tested in some clinical trials (NCT03162926,
NCT03163511, NCT02239354 and NCT02939118)
with promising results in terms of cell survival and
maturation. Subcutaneous implants were well tolerated
with minor adverse effects, but the engraftment and
insulin production were challenging (138).

A phase 1/2 trial (VX-880, NCT04786262) trans-
planted ESC difterentiated p-like cells to 17 patients
with T1D with previous history of severe hypoglycemia
and hypoglycemic unawareness. The unencapsulated
cells were delivered by the portal vein combined with
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immunosuppressant use. The patients experienced an
increase in fasting and postprandial C-peptide, a de-
creased HbAlc and reduced insulin requirement (139).
Insulin independence was described in a few patients.
Long-term data with larger numbers of patients are still
awaited. The trial has been temporarily suspended due
to two deaths, but an independent investigation indi-
cated that neither of them were related to the treat-
ment and the study was resumed.

Opver the past two decades, major advances allowed
the generation of stem cell-derived p-like cells that share
many features with genuine cells. However, producing
tully functional mature cells remains challenging.
Further studies are required to validate the safety and
efficacy of the current promising options. Finally, the
cost-effectiveness of f cell replacement therapy is a
crucial factor for its clinical translation and scalability
(130-132). Strategies such as immune modulation of
hPSCs by deletion of HLA antigens, immune-cloaking
and incorporation of suicide genes could produce
universal donor cell lines that would allow wide-scale
clinical application of cell therapy for the treatment of
TID (122,123,129,132,134,137). The combination
of iPSCs with gene-editing technologies seems to be a
promising tool for future precision medicine.

FUTURE DIRECTIONS

Subcutaneous insulin therapy has been the mainstay
of T1D treatment for more than 100 years, to
compensate for the lack of endogenous secretion.
Although most autoimmune diseases are treated with
immunomodulatory agents, this is still not a reality for
autoimmune diabetes. Recently, FDA has approved the
first disease-modifying therapy for T1D (teplizumab)
and other therapies have shown promising results.
Substantial advances are expected in this field soon.
Therefore, it is likely that, in the forthcoming century,
we will not only offer insulin therapy but also disease-
modifying therapies, to interrupt the autoimmune
attack and/or replace lost 88 cells. As T1D has a
multifactorial origin, combination therapies including
agents with different synergistic mechanisms of action
seem appealing, exploring interactions between the
immune system and other locations, such as the gut.
These combined therapies may have an impact on
diabetes prevention and progression.

Some major challenges must be faced to establish

this new reality, such as identifying candidates within the =
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ideal moment to receive intervention, which depends
on cost-effective screening programs for T1D, and
establishing therapies with acceptable adverse events
risks and realistic costs. With the advancement of tissue
engineering approaches, cell-based therapies aiming
not only to achieve immunomodulation but also {3 cell
replacement will be pursued and improved, leading to
more effective and long-lasting treatments for T1D.

Author contributions: all authors wrote the paper.

Disclosure: DBA is an empoyee at NovoNordisk Pharmaceutics,
Denmark, but has no potential conflict of interest relevant to this
article. Other authors have no conflict of interest for this article.

REFERENCES

1. Insel RA, Dunne JL, Atkinson MA, Chiang JL, Dabelea D, Gottlieb PA,
et al. Staging presymptomatic type 1 diabetes: a scientific statement of
JDREF, the Endocrine Society, and the American Diabetes Association.
Diabetes Care 2015;38(10):1964-74. doi: 10.2337/dc15-1419.

2. llonen J, Lempainen J, Veijola R. The heterogeneous pathogenesis
of type 1 diabetes mellitus. Nat Rev Endocrinol. 2019;15(11):635-50.
doi: 10.1038/s41574-019-0254-y.

3. Knip M, Siljander H. Autoimmune mechanisms in type 1 diabetes.
Autoimmun Rev. 2008;7(7):550-7. doi: 10.1016/j.autrev.2008.04.008.

4. Scherm MG, Wyatt RC, Serr |, Anz D, Richardson SJ, Daniel C. Beta
cell and immune cell interactions in autoimmune type 1 diabetes:
How they meet and talk to each other. Mol Metab. 2022;64:101565.
doi:10.1016/j.molmet.2022.101565.

5. Gearty SV, Dindar F, Zumbo P, Espinosa-Carrasco G, Shakiba
M, Sanchez-Rivera FJ, et al. An autoimmune stem-like CD8 T cell
population drives type 1 diabetes. Nature. 2022;602(7895):156-61.
doi:10.1038/s41586-021-04248-x.

6. Atkinson MA, Mirmira RG. The pathogenic “symphony” in type 1
diabetes: A disorder of the immune system, 8 cells, and exocrine
pancreas. Cell Metab. 2023;35(9):1500-18.  doi:10.1016/].
cmet.2023.06.018.

7. Ziegler AG, Rewers M, Simell O, Simell T, Lempainen J, Steck A,
et al. Seroconversion to multiple islet autoantibodies and risk of
progression to diabetes in children. JAMA. 2013;309(23):2473-9. doi:
10.1001/jama.2013.6285.

8. Krischer JP, Liu X, Lernmark A, Hagopian WA, Rewers MJ, She JX,
et al. Predictors of the Initiation of Islet Autoimmunity and Progression
to Multiple Autoantibodies and Clinical Diabetes: The TEDDY Study.
Diabetes Care. 2022;45(10):2271-81. doi: 10.2337/dc21-2612.

9. Redondo MJ, Gignoux CR, Dabelea D, Hagopian WA, Onengut-
Gumuscu S, Oram RA, et al. Type 1 diabetes in diverse ancestries
and the use of genetic risk scores. Lancet Diabetes Endocrinol.
2022;10(8):597-608. doi: 10.1016/S2213-8587(22)00159-0.

10. Bjgrnvold M, Undlien DE, Joner G, Dahl-Jgrgensen K, Njglstad PR,
Akselsen HE, et al. Joint effects of HLA, INS, PTPN22 and CTLA4
genes on the risk of type 1 diabetes. Diabetologia. 2008;51(4):589-96.
doi: 10.1007/s00125-008-0932-0.

11. Luckett AM, Weedon MN, Hawkes G, Leslie RD, Oram RA, Grant
SFA. Utility of genetic risk scores in type 1 diabetes. Diabetologia.
2023;66(9):1589-600. doi: 10.1007/s00125-023-05955-y.

12. Op de Beeck A, Eizirik DL. Viral infections in type 1 diabetes
mellitus--why the B cells? Nat Rev Endocrinol. 2016;12(5):263-73.
doi: 10.1038/nrendo.2016.30.

13. Lin J, Moradi E, Salenius K, Lehtipuro S, Hakkinen T, Laiho JE, et al.
Distinct transcriptomic profiles in children prior to the appearance of type

Arch Endocrinol Metab, 2024, v.68, 1-17, €240233.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Imnumomodulation for type 1 diabetes

1 diabetes-linked islet autoantibodies and following enterovirus infection.
Nat Commun. 2023;14(1):7630. doi: 10.1038/s41467-023-42763-9.

Del Chierico F, Rapini N, Deodati A, Matteoli MC, Cianfarani S,
Putignani L. Pathophysiology of Type 1 Diabetes and Gut Microbiota
Role. Int J Mol Sci. 2022;23(23):14650. doi: 10.3390/ijms232314650.
Bach JF. The hygiene hypothesis in autoimmunity: the role of
pathogens and commensals. Nat Rev Immunol. 2018;18(2):105-20.
doi: 10.1038/nri.2017.111.

Holmberg H, Wahlberg J, Vaarala O, Ludvigsson J; ABIS Study
Group. Short duration of breast-feeding as a risk-factor for beta-cell
autoantibodies in 5-year-old children from the general population. Br J
Nutr. 2007;97(1):111-6. doi: 10.1017/S0007114507210189.

Couper JJ, Steele C, Beresford S, Powell T, McCaul K, Pollard A, et al.
Lack of association between duration of breast-feeding or introduction
of cow’s milk and development of islet autoimmunity. Diabetes.
1999;48(11):2145-9. doi: 10.2337/diabetes.48.11.2145.

Ferrara CT, Geyer SM, Evans-Molina C, Libman IM, Becker DJ,
Wentworth JM, et al. The Role of Age and Excess Body Mass Index
in Progression to Type 1 Diabetes in At-Risk Adults. J Clin Endocrinol
Metab. 2017;102(12):4596-603. doi: 10.1210/jc.2017-01490.

Kibirige M, Metcalf B, Renuka R, Wilkin TJ. Testing the accelerator
hypothesis: the relationship between body mass and age at
diagnosis of type 1 diabetes. Diabetes Care. 2003;26(10):2865-70.
doi: 10.2337/diacare.26.10.2865.

Norris JM, Lee HS, Frederiksen B, Erlund I, Uusitalo U, Yang J, et
al. Plasma 25-Hydroxyvitamin D Concentration and Risk of Islet
Autoimmunity. Diabetes. 2018;67(1):146-54. doi: 10.2337/db17-0802.
Hyppdnen E, Laara E, Reunanen A, Jarvelin MR, Virtanen SM. Intake
of vitamin D and risk of type 1 diabetes: a birth-cohort study. Lancet.
2001;358(9292):1500-3. doi: 10.1016/S0140-6736(01)06580-1.

Liu C, Lu M, Xia X, Wang J, Wan Y, He L, et al. Correlation of serum
vitamin d level with type 1 diabetes mellitus in children: a meta-analysis.
Nutr Hosp. 2015;32(4):1591-4. doi: 10.3305/nh.2015.32.4.9198.
Littorin B, Sundkvist G, Nystréom L, Carlson A, Landin-Olsson M,
Ostman J, et al. Family characteristics and life events before the onset
of autoimmune type 1 diabetes in young adults: a nationwide study.
Diabetes Care. 2001;24(6):1033-7. doi: 10.2337/diacare.24.6.1033.
Svoren BM, Volkening LK, Wood JR, Laffel LM. Significant vitamin
D deficiency in youth with type 1 diabetes mellitus. J Pediatr.
2009;154(1):132-4. doi: 10.1016/j.jpeds.2008.07.015.

Mory DB, Rocco ER, Miranda WL, Kasamatsu T, Crispim F, Dib SA.
Prevalence of vitamin D receptor gene polymorphisms Fokl and Bsml
in Brazilian individuals with type 1 diabetes and their relation to beta-
cell autoimmunity and to remaining beta-cell function. Hum Immunol.
2009;70(6):447-51. doi: 10.1016/j.humimm.2009.03.007.

Motohashi Y, Yamada S, Yanagawa T, Maruyama T, Suzuki R, Niino
M, et al. Vitamin D receptor gene polymorphism affects onset pattern
of type 1 diabetes. J Clin Endocrinol Metab. 2003;88(7):3137-40.
doi: 10.1210/jc.2002-021881.

Ferraz RS, Silva CS, Cavalcante GC, de Queiroz NNM, Felicio KM,
Felicio JS, et al. Variants in the VDR Gene May Influence 25(0OH)D
Levels in Type 1 Diabetes Mellitus in a Brazilian Population. Nutrients.
2022;14(5):1010. doi: 10.3390/nu14051010.

Phillip M, Achenbach P, Addala A, Albanese-O’Neill A, Battelino T, Bell
KJ, et al. Consensus Guidance for Monitoring Individuals With Islet
Autoantibody-Positive Pre-Stage 3 Type 1 Diabetes. Diabetes Care.
2024 Aug 1;47(8):1276-98. doi: 10.2337/dci24-0042.

Redondo MJ, Morgan NG. Heterogeneity and endotypes in type
1 diabetes mellitus. Nat Rev Endocrinol. 2023;19(9):542-54.
doi: 10.1038/s41574-023-00853-0.

Stiller CR, Dupré J, Gent M, Jenner MR, Keown PA, Laupacis A, et :

al. Effects of cyclosporine immunosuppression in insulin-dependent
diabetes mellitus of recent onset. Science. 1984;223(4643):1362-7.
doi: 10.1126/science.6367043.

his resel

ght® AE&M all rig

Copyrig



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Parving HH, Tarnow L, Nielsen FS, Rossing P, Mandrup-Poulsen
T, Osterby R, et al. Cyclosporine nephrotoxicity in type 1 diabetic
patients. A 7-year follow-up study. Diabetes Care. 1999;22(3):478-83.
doi: 10.2337/diacare.22.3.478.

Gottlieb PA, Quinlan S, Krause-Steinrauf H, Greenbaum CJ, Wilson
DM, Rodriguez H, et al. Failure to preserve beta-cell function with
mycophenolate mofetil and daclizumab combined therapy in patients
with new- onset type 1 diabetes. Diabetes Care. 2010;33(4):826-32.
doi: 10.2337/dc09-1349.

Gitelman SE, Bundy BN, Ferrannini E, Lim N, Blanchfield JL,
DiMeglio LA, et al. Imatinib therapy for patients with recent-onset
type 1 diabetes: a multicentre, randomised, double-blind, placebo-
controlled, phase 2 trial. Lancet Diabetes Endocrinol. 2021;9(8):502-
14. doi: 10.1016/S2213-8587(21)00139-X.

Haller MJ, Schatz DA, Skyler JS, Krischer JP, Bundy BN, Miller JL,
et al. Low-Dose Anti-Thymocyte Globulin (ATG) Preserves B-Cell
Function and Improves HbA1c in New-Onset Type 1 Diabetes.
Diabetes Care. 2018;41(9):1917-25. doi: 10.2337/dc18-0494.
Wilhelm-Benartzi CS, Miller SE, Bruggraber S, Picton D, Wilson M,
Gatley K, et al. Study protocol: Minimum effective low dose: anti-
human thymocyte globulin (MELD-ATG): phase Il, dose ranging,
efficacy study of antithymocyte globulin (ATG) within 6 weeks of
diagnosis of type 1 diabetes. BMJ Open. 2021;11(12):e053669.
doi: 10.1136/bmjopen-2021-053669.

Quattrin T, Haller MJ, Steck AK, Felner El, Li Y, Xia Y, et al. Golimumab
and Beta-Cell Function in Youth with New-Onset Type 1 Diabetes. N
Engl J Med. 2020;383(21):2007-17. doi: 10.1056/NEJM0a2006136.
Pescovitz MD, Greenbaum CJ, Krause-Steinrauf H, Becker
DJ, Gitelman SE, Goland R, et al. Rituximab, B-lymphocyte
depletion, and preservation of beta-cell function. N Engl J Med.
2009;361(22):2143-52. doi: 10.1056/NEJM0a0904452.

Waibel M, Wentworth JM, So M, Couper JJ, Cameron FJ,
Maclsaac RJ, et al. Baricitinib and -Cell Function in Patients with
New-Onset Type 1 Diabetes. N Engl J Med. 2023;389(23):2140-50.
doi: 10.1056/NEJM0a2306691.

Marwaha AK, Chow S, Pesenacker AM, Cook L, SunA, Long SA, et
al. Aphase 1b open-label dose-finding study of ustekinumab in young
adults with type 1 diabetes. Immunother Adv. 2021;2(1):Itab022.
doi: 10.1093/immadv/Itab022.

Gregory JW, Carter K, Cheung WY, Holland G, Bowen-Morris
J, Luzio S, et al. Phase Il multicentre, double-blind, randomised
trial of ustekinumab in adolescents with new-onset type 1 diabetes
(USTEK1D): trial protocol. BMJ Open. 2021;11(10):e049595.
doi: 10.1136/bmjopen-2021-049595.

Bouillon R, Marcocci C, Carmeliet G, Bikle D, White JH, Dawson-
Hughes B, et al. Skeletal and Extraskeletal Actions of Vitamin
D: Current Evidence and Outstanding Questions. Endocr Rev.
2019;40(4):1109-51. doi: 10.1210/er.2018-00126.

Gregori S, Giarratana N, Smiroldo S, Uskokovic M, Adorini L.
A 1alpha,25-dihydroxyvitamin D(3) analog enhances regulatory
T-cells and arrests autoimmune diabetes in NOD mice. Diabetes.
2002;51(5):1367-74. doi: 10.2337/diabetes.51.5.1367.

Gysemans CA, Cardozo AK, Callewaert H, Giulietti A, Hulshagen L,
Bouillon R, et al. 1,25-Dihydroxyvitamin D3 modulates expression
of chemokines and cytokines in pancreatic islets: implications for
prevention of diabetes in nonobese diabetic mice. Endocrinology.
2005;146(4):1956-64. doi: 10.1210/en.2004-1322.

Vitamin D supplement in early childhood and risk for Type | (insulin-
dependent) diabetes mellitus. The EURODIAB Substudy 2 Study
Group. Diabetologia 1999;42(1):51-4. doi: 10.1007/s001250051112.
Fronczak CM, Baron AE, Chase HP, Ross C, Brady HL, Hoffman
M, et al. In utero dietary exposures and risk of islet autoimmunity
in children. Diabetes Care. 2003;26(12):3237-42. doi: 10.2337/
diacare.26.12.3237.

Arch Endocrinol Metab, 2024, v.68, 1-17, €240233.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Imnumomodulation for type 1 diabetes

Gabbay MA, Sato MN, Finazzo C, Duarte AJ, Dib SA. Effect of
cholecalciferol as adjunctive therapy with insulin on protective
immunologic profile and decline of residual B-cell function in new-onset
type 1diabetes mellitus. Arch Pediatr Adolesc Med. 2012;166(7):601-7.
doi: 10.1001/archpediatrics.2012.164.

Treiber G, Prietl B, Frohlich-Reiterer E, Lechner E, Ribitsch A, Fritsch
M, et al. Cholecalciferol supplementation improves suppressive
capacity of regulatory T-cells in young patients with new-onset
type 1 diabetes mellitus - A randomized clinical trial. Clin Immunol.
2015;161(2):217-24. doi: 10.1016/j.clim.2015.08.002.

Dadon Y, Hecht Sagie L, Mimouni FB, Arad |, Mendlovic. Vitamin
D and Insulin-Dependent Diabetes: A Systematic Review of Clinical
Trials. Nutrients. 2024;16(7):1042. doi: 10.3390/nu16071042.

Yan X, Li X, Liu B, Huang J, Xiang Y, Hu Y, et al. Combination therapy
with saxagliptin and vitamin D for the preservation of $-cell function
in adult-onset type 1 diabetes: a multi-center, randomized, controlled
trial. Signal Transduct Target Ther. 2023;8(1):158. doi: 10.1038/
$41392-023-01369-9.

Penaforte-Saboia JG, Couri CEB, Albuquerque NV, Linard LLP,
Aratdjo DAC, de Oliveira SKP, et al. PRE1BRAZIL Protocol: A
Randomized Controlled Trial to Evaluate the Effectiveness and Safety
of the DPP-4 Inhibitor Alogliptin in Delaying the Progression of Stage
2 Type 1 Diabetes. Diabetes Metab Syndr Obes. 2024;17:857-64.
doi: 10.2147/DMS0.S437635.

Yang L, Liang H, Liu X, Wang X, Cheng Y, Zhao Y, et al. Islet
Function and Insulin Sensitivity in Latent Autoimmune Diabetes
in Adults Taking Sitagliptin: A Randomized Trial. J Clin Endocrinol
Metab. 2021;106(4):e1529-41. doi: 10.1210/clinem/dgab026.
Krogvold L, Mynarek IM, Ponzi E, Mgrk FB, Hessel TW, Roald T, et
al. Pleconaril and ribavirin in new-onset type 1 diabetes: a phase 2
randomized trial. Nat Med. 2023;29(11):2902-8. doi: 10.1038/s41591-
023-02576-1.

Forlenza GP, McVean J, Beck RW, Bauza C, Bailey R, Buckingham
B, et al. Effect of Verapamil on Pancreatic Beta Cell Function in Newly
Diagnosed Pediatric Type 1 Diabetes: A Randomized Clinical Trial.
JAMA. 2023;329(12):990-9. doi: 10.1001/jama.2023.2064.

Zhang Y, Huang A, Li J, Munthali W, Cao S, Putri UMP, et al. The
Effect of Microbiome-Modulating Agents (MMAs) on Type 1 Diabetes:
A Systematic Review and Meta-Analysis of Randomized Controlled
Trials. Nutrients. 2024;16(11):1675. doi: 10.3390/nu16111675.
Lokesh MN, Kumar R, Jacob N, Sachdeva N, Rawat A, Yadav J,
et al. Supplementation of High-Strength Oral Probiotics Improves
Immune Regulation and Preserves Beta Cells among Children with
New-Onset Type 1 Diabetes Mellitus: A Randomised, Double-Blind
Placebo Control Trial. Indian J Pediatr. 2024 Apr 1. doi: 10.1007/
$12098-024-05074-5.

Sherry N, Hagopian W, Ludvigsson J, Jain SM, Wahlen J, Ferry
RJ Jr, et al.; Protégé Trial Investigators. Teplizumab for treatment
of type 1 diabetes (Protégé study): 1-year results from a randomised,
placebo-controlled trial. Lancet. 2011;378(9790):487-97. doi: 10.1016/
S0140-6736(11)60931-8.

Herold KC, Hagopian W, Auger JA, Poumian-Ruiz E, Taylor L,
Donaldson D, et al. Anti-CD3 monoclonal antibody in new-onset
type 1 diabetes mellitus. N Engl J Med. 2002;346(22):1692-8.
doi: 10.1056/NEJMo0a012864.

Herold KC, Gitelman SE, Masharani U, Hagopian W, Bisikirska B,
Donaldson D, et al. A single course of anti-CD3 monoclonal antibody
hOKT3gamma1(Ala-Ala) results in improvement in C-peptide
responses and clinical parameters for at least 2 years after onset
of type 1 diabetes. Diabetes. 2005;54(6):1763-9. doi: 10.2337/
diabetes.54.6.1763.

Perdigoto AL, Preston-Hurlburt P, Clark P, Long SA, Linsley PS,
Harris KM, et al.; Immune Tolerance Network. Treatment of type 1

diabetes with teplizumab: clinical and immunological follow-up after 7 -

14

his resel

ght® AE&M all rig

Copyrig



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

years from diagnosis. Diabetologia. 2019;62(4):655-64. doi: 10.1007/
s00125-018-4786-9.

Ramos EL, Dayan CM, Chatenoud L, Sumnik Z, Simmons KM,
Szypowska A, et al.; PROTECT Study Investigators. Teplizumab
and B-Cell Function in Newly Diagnosed Type 1 Diabetes. N Engl J
Med. 2023;389(23):2151-61. doi: 10.1056/NEJM0a2308743.
Herold KC, Bundy BN, Long SA, Bluestone JA, DiMeglio LA, Dufort
MJ, et al. An Anti-CD3 Antibody, Teplizumab, in Relatives at Risk for
Type 1 Diabetes [published correction appears in N Engl J Med. 2020
Feb 6;382(6):586]. N Engl J Med. 2019;381(7):603-13. doi: 10.1056/
NEJMoa1902226.

Sims EK, Bundy BN, Stier K, Serti E, Lim N, Long SA, et al.; Type 1
Diabetes TrialNet Study Group. Teplizumab improves and stabilizes
beta cell function in antibody-positive high-risk individuals. Sci Transl|
Med. 2021;13(583):eabc8980. doi: 10.1126/scitranslmed.abc8980.
Orban T, Bundy B, Becker DJ, DiMeglio LA, Gitelman SE, Goland
R, et al. Co-stimulation modulation with abatacept in patients with
recent-onset type 1 diabetes: a randomised, double-blind, placebo-
controlled trial. Lancet. 2011;378(9789):412-9. doi: 10.1016/S0140-
6736(11)60886-6.

Russell WE, Bundy BN, Anderson MS, Cooney LA, Gitelman SE,
Goland RS, et al. Abatacept for Delay of Type 1 Diabetes Progression
in Stage 1 Relatives at Risk: A Randomized, Double-Masked,
Controlled Trial. Diabetes Care. 2023;46(5):1005-13. doi: 10.2337/
dc22-2200.

Libman |, Bingley PJ, Becker D, Buckner JH, DiMeglio LA, Gitelman
SE, et al. Hydroxychloroquine in Stage 1 Type 1 Diabetes. Diabetes
Care. 2023;46(11):2035-43. doi: 10.2337/dc23-1096.

Knip M, Akerblom HK, Becker D, Dosch HM, Dupre J, Fraser W, et
al.; TRIGR Study Group Hydrolyzed infant formula and early B-cell
autoimmunity: a randomized clinical trial. JAMA. 2014;311(22):2279-
87. doi: 10.1001/jama.2014.5610.

Hummel S, Pfliger M, Hummel M, Bonifacio E, Ziegler AG. Primary
dietary intervention study to reduce the risk of islet autoimmunity
in children at increased risk for type 1 diabetes: the BABYDIET
study. Diabetes Care. 2011;34(6):1301-5. doi: 10.2337/dc10-2456.
Vaarala O, llonen J, Ruohtula T, Pesola J, Virtanen SM, Harkdnen
T, et al. Removal of bovine insulin from cow’s milk formula and
early initiation of beta-cell autoimmunity in the FINDIA Dpilot
study. Arch Pediatr Adolesc Med. 2012;166(7):608-14. doi: 10.1001/
archpediatrics.2011.1559.

Ziegler AG, Danne T, Dunger DB, Berner R, Puff R, Kiess W,
et al. Primary prevention of beta-cell autoimmunity and type 1
diabetes - The Global Platform for the Prevention of Autoimmune
Diabetes (GPPAD) perspectives. Mol Metab. 2016;5(4):255-62.
doi: 10.1016/j.molmet.2016.02.003.

Diabetes Prevention Trial--Type 1 Diabetes Study Group. Effects of
insulin in relatives of patients with type 1 diabetes mellitus. N Engl J
Med. 2002;346(22):1685-91. doi: 10.1056/NEJMoa012350.

Skyler JS, Krischer JP, Wolfsdorf J, Cowie C, Palmer JP, Greenbaum
C, et al. Effects of oral insulin in relatives of patients with type 1
diabetes: The Diabetes Prevention Trial--Type 1. Diabetes Care.
2005;28(5):1068-76. doi: 10.2337/diacare.28.5.1068.

Ludvigsson J. GAD65: a prospective vaccine for treating Type
1 diabetes? Expert Opin Biol Ther. 2017;17(8):1033-43. doi:
10.1080/14712598.2017.1328495.

Casas R, Dietrich F, Barcenilla H, Tavira B, Wahlberg J, Achenbach
P, et al. Glutamic Acid Decarboxylase Injection into Lymph Nodes:
Beta Cell Function and Immune Responses in Recent Onset Type
1 Diabetes Patients. Front Immunol. 2020;11:564921. doi: 10.3389/
fimmu.2020.564921.

Ludvigsson J. Glutamic acid decarboxylase immunotherapy for type
1 diabetes. Curr Opin Endocrinol Diabetes Obes. 2022;29(4):361-9.
doi: 10.1097/MED.0000000000000748.

Arch Endocrinol Metab, 2024, v.68, 1-17, €240233.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Imnumomodulation for type 1 diabetes

Salami F, Spiliopoulos L, Maziarz M, Lundgren M, Brundin C,
Bennet R, et al. Long-Term GAD-alum Treatment Effect on Different
T-Cell Subpopulations in Healthy Children Positive for Multiple
Beta Cell Autoantibodies. J Immunol Res. 2022;2022:3532685.
doi: 10.1155/2022/3532685.

Brusko TM, Wasserfall CH, Clare-Salzler MJ, Schatz DA, Atkinson
MA. Functional defects and the influence of age on the frequency of
CD4+ CD25+ T-cells in type 1 diabetes. Diabetes. 2005;54(5):1407-
14. doi: 10.2337/diabetes.54.5.1407.

Kukreja A, Cost G, Marker J, Zhang C, Sun Z, Lin-Su K, et al.
Multiple immuno-regulatory defects in type-1 diabetes. J Clin Invest.
2002;109(1):131-40. doi: 10.1172/JCI13605.

Marek-Trzonkowska N, Mysliwiec M, Dobyszuk A, Grabowska
M, Techmanska |, Juscinska J, et al. Administration of
CD4+CD25highCD127- regulatory T cells preserves -cell function in
type 1 diabetes in children. Diabetes Care. 2012;35(9):1817-20. doi:
10.2337/dc12-0038.

Marek-Trzonkowska N, Mysliwiec M, Dobyszuk A, Grabowska M,
Derkowska |, Juscinska J, et al. Therapy of type 1 diabetes with
CD4(+)CD25(high)CD127-regulatory T cells prolongs survival of
pancreatic islets - results of one year follow-up. Clin Immunol.
2014;153(1):23-30. doi: 10.1016/j.clim.2014.03.016.

Bluestone JA, Buckner JH, Fitch M, Gitelman SE, Gupta S, Hellerstein
MK, et al. Type 1 diabetes immunotherapy using polyclonal regulatory
T cells. Sci Transl Med. 2015;7(315):315ra189. doi: 10.1126/
scitransimed.aad4134.

Dong S, Hiam-Galvez KJ, Mowery CT, Herold KC, Gitelman
SE, Esensten JH, et al. The effect of low-dose IL-2 and Treg
adoptive cell therapy in patients with type 1 diabetes. JCI Insight.
2021;6(18):e147474. doi: 10.1172/jci.insight.147474.
ClinicalTrials.gov. Safety Study and Therapeutic Effects of Umbilical
Cord Blood Treg on Autoimmune Diabetes. Available from: Available
from: https://clinicaltrials.gov/study/NCT02932826?tab=history&a=5.
Accessed in: 18 Jan 2024.

ClinicalTrials.gov. Safety and Efficacy of Umbilical Cord Blood
Regulatory T Cells Plus Liraglutide on Autoimmune Diabetes.
Available from: https://clinicaltrials.gov/study/NCT03011021.
Accessed in: 18 Jan 2024.

Marek-Trzonkowska N, Mysliwiec M, Iwaszkiewicz-Grzes D, Gliwinski
M, Derkowska |, Zaliiska M, et al. Factors affecting long-term efficacy
of T regulatory cell-based therapy in type 1 diabetes. J Transl Med.
2016;14(1):332. doi: 10.1186/s12967-016-1090-7.

Qu G, Chen J, Li Y, Yuan Y, Liang R, Li B. Current status and
perspectives of regulatory T cell-based therapy. J Genet Genomics.
2022;49(7):599-611. doi: 10.1016/j.jgg.2022.05.005.

Tarbell KV, Petit L, Zuo X, Toy P, Luo X, Mgadmi A, et al. Dendritic
cell-expanded, islet-specific CD4+ CD25+ CD62L+ regulatory T
cells restore normoglycemia in diabetic NOD mice. J Exp Med.
2007;204(1):191-201. doi: 10.1084/jem.20061631.

Tenspolde M, Zimmermann K, Weber LC, Hapke M, Lieber M,
Dywicki J, et al. Regulatory T cells engineered with a novel insulin-
specific chimeric antigen receptor as a candidate immunotherapy
for type 1 diabetes. J Autoimmun. 2019;103:102289. doi:10.1016/].
jaut.2019.05.017.

Giannoukakis N. Tolerogenic dendritic cells in type 1 diabetes: no
longer a concept. Front Immunol. 2023;14:1212641. doi: 10.3389/
fimmu.2023.1212641.

Khan FU, Khongorzul P, Raki AA, Rajasekaran A, Gris D, Amrani A.
Dendritic Cells and Their Immunotherapeutic Potential for Treating
Type 1 Diabetes. Int J Mol Sci. 2022;23(9):4885. doi: 10.3390/
ijms23094885.

Rios-Rios WJ, Sosa-Luis SA, Torres-Aguilar H. Current advances :

in using tolerogenic dendritic cells as a therapeutic alternative in the
treatment of type 1 diabetes. World J Diabetes. 2021;12(5):603-15.
doi: 10.4239/wjd.v12.i5.603.

his resel

ght® AE&M all rig

Copyrig



91. Giannoukakis N, Phillips B, Finegold D, Harnaha J, Trucco M. Phase
| (safety) study of autologous tolerogenic dendritic cells in type 1
diabetic patients. Diabetes Care. 2011;34(9):2026-32. doi: 10.2337/
dc11-0472.

92. ClinicalTrials.gov. NCT023544911. Autologous Immunoregulatory
Dendritic Cells for Type 1 Diabetes Therapy. Available from: https://
clinicaltrials.gov/study/NCT02354911. Accessed in: 17 Jan 2024.

93. Nikolic T, Zwaginga JJ, Uitbeijerse BS, Woittiez NJ, de Koning EJ,
Aanstoot HJ, et al. Safety and feasibility of intradermal injection with
tolerogenic dendritic cells pulsed with proinsulin peptide-for type 1
diabetes. Lancet Diabetes Endocrinol. 2020;8(6):470-2. doi: 10.1016/
S$2213-8587(20)30104-2.

94. Nikolic T, Suwandi JS, Wesselius J, Laban S, Joosten AM, Sonneveld
P, et al. Tolerogenic dendritic cells pulsed with islet antigen induce
long-term reduction in T-cell autoreactivity in type 1 diabetes patients.
Front Immunol. 2022;13:1054968. doi: 10.3389/fimmu.2022.1054968.

95. ClinicalTrials.gov. NCT05207995. The Treatment of Patients with
Type 1 Diabetes Mellitus With Autologous Tolerogenic Dendritic
Cells. Available from: https://clinicaltrials.gov/study/NCT05207995.
Accessed in: 17 Jan 2024.

96. Voltarelli JC, Couri CE, Stracieri AB, Oliveira MC, Moraes DA,
Pieroni F, et al. Autologous nonmyeloablative hematopoietic stem cell
transplantation in newly diagnosed type 1 diabetes mellitus. JAMA.
2007;297(14):1568-76. doi: 10.1001/jama.297.14.1568.

97. Couri CE, Oliveira MC, Stracieri AB, Moraes DA, Pieroni F, Barros GM,
et al. C-peptide levels and insulin independence following autologous
nonmyeloablative hematopoietic stem cell transplantation in newly
diagnosed type 1 diabetes mellitus. JAMA. 2009;301(15):1573-9.
doi: 10.1001/jama.2009.4700.

98. Alexander T, Bondanza A, Muraro PA, Greco R, Saccardi R, Daikeler
T, et al. SCT for severe autoimmune diseases: consensus guidelines
of the European Society for Blood and Marrow Transplantation for
immune monitoring and biobanking. Bone Marrow Transplant.
2015;50(2):173-80. doi: 10.1038/bmt.2014.251.

99. Snarski E, Milczarczyk A, Torosian T, Paluszewska M, Urbanowska
E, Krol M, et al. Independence of exogenous insulin following
immunoablation and stem cell reconstitution in newly diagnosed
diabetes type |. Bone Marrow Transplant. 2011;46(4):562-6. doi:
10.1038/bmt.2010.147.

100.D’Addio F, Valderrama Vasquez A, Ben Nasr M, Franek E, Zhu D,
Li L, et al. Autologous nonmyeloablative hematopoietic stem cell
transplantation in new-onset type 1 diabetes: a multicenter analysis.
Diabetes. 2014;63(9):3041-6. doi: 10.2337/db14-0295.

101.Gu B, Miao H, Zhang J, Hu J, Zhou W, Gu W, et al. Clinical benefits
of autologous haematopoietic stem cell transplantation in type 1
diabetes patients. Diabetes Metab. 2018;44(4):341-5. doi: 10.1016/).
diabet.2017.12.006.

102. Penaforte-Saboia JG, Montenegro RM Jr, Couri CE, Batista
LA, Montenegro APDR, Fernandes VO, et al. Microvascular
Complications in Type 1 Diabetes: A Comparative Analysis of Patients
Treated with Autologous Nonmyeloablative Hematopoietic Stem-Cell
Transplantation and Conventional Medical Therapy. Front Endocrinol
(Lausanne). 2017;8:331. doi: 10.3389/fendo.2017.00331.

103.Walicka M, Milczarczyk A, Snarski E, Jedynasty K, Halaburda
K, Torosian T, et al. Lack of persistent remission following initial
recovery in patients with type 1 diabetes treated with autologous
peripheral blood stem cell transplantation. Diabetes Res Clin Pract.
2018;143:357-63. doi: 10.1016/j.diabres.2018.07.020.

104. Malmegrim KC, de Azevedo JT, Arruda LC, Abreu JR, Couri CE, de
Oliveira GL, et al. Immunological Balance Is Associated with Clinical
Outcome after Autologous Hematopoietic Stem Cell Transplantation
in Type 1 Diabetes. Front Immunol. 2017;8:167. doi: 10.3389/
fimmu.2017.00167.

105. Snarski E, Milczarczyk A, Hataburda K, Torosian T, Paluszewska M,
Urbanowska E, et al. Immunoablation and autologous hematopoietic

Arch Endocrinol Metab, 2024, v.68, 1-17, €240233.

Imnumomodulation for type 1 diabetes

stem cell transplantation in the treatment of new-onset type 1
diabetes mellitus: long-term observations. Bone Marrow Transplant.
2016;51(3):398-402. doi:10.1038/bmt.2015.294

106.Van Megen KM, van ‘t Wout ET, Forman SJ, Roep BO. A Future
for Autologous Hematopoietic Stem Cell Transplantation in
Type 1 Diabetes. Front Immunol. 2018;9:690. doi: 10.3389/
fimmu.2018.00690.

107. Pittenger MF, Discher DE, Péault BM, Phinney DG, Hare JM, Caplan
Al. Mesenchymal stem cell perspective: cell biology to clinical
progress. NPJ Regen Med. 2019;4:22. doi: 10.1038/s41536-019-
0083-6.

108. Garcia-Olmo D, Garcia-Arranz M, Herreros D, Pascual |, Peiro C,
Rodriguez-Montes JA. A phase | clinical trial of the treatment of Crohn’s
fistula by adipose mesenchymal stem cell transplantation. Dis Colon
Rectum. 2005;48(7):1416-23. doi: 10.1007/s10350-005-0052-6.

109. Fernandez-Garza LE, Barrera-Barrera SA, Barrera-Saldafia HA.
Mesenchymal Stem Cell Therapies Approved by Regulatory Agencies
around the World. Pharmaceuticals (Basel). 2023;16(9):1334.
doi: 10.3390/ph16091334.

110. Carlsson PO, Espes D, Sisay S, Davies LC, Smith CIE, Svahn
MG. Umbilical cord-derived mesenchymal stromal cells preserve
endogenous insulin production in type 1 diabetes: A Phase I/
II' randomised double-blind placebo-controlled ftrial. Diabetologia.
2023;66(8):1431-41. doi: 10.1007/s00125-023-05934-3.

111. Liu J, Wan XX, Zheng SY, He HH, Khan MA, Feng YX, et al.
Mesenchymal Stem Cell Transplantation in Type 1 Diabetes
Treatment: Current Advances and Future Opportunity. Curr Stem Cell
Res Ther. 2023 Oct 10. doi: 10.2174/011574888X26874023100205
4459,

112. Miklosz A, Chabowski A. Adipose-derived Mesenchymal Stem
Cells Therapy as a new Treatment Option for Diabetes Mellitus. J
Clin Endocrinol Metab. 2023;108(8):1889-97. doi: 10.1210/clinem/
dgad142.

113. Wang ZG, He ZY, Liang S, Yang Q, Cheng P, Chen AM. Comprehensive
proteomic analysis of exosomes derived from human bone marrow,
adipose tissue, and umbilical cord mesenchymal stem cells. Stem
Cell Res Ther. 2020;11(1):511. doi: 10.1186/s13287-020-02032-8.

114. Zhang W, Ling Q, Wang B, Wang K, Pang J, Lu J, et al. Comparison
of therapeutic effects of mesenchymal stem cells from umbilical cord
and bone marrow in the treatment of type 1 diabetes. Stem Cell Res
Ther. 2022;13(1):406. doi: 10.1186/s13287-022-02974-1.

115. Araujo DB, Dantas JR, Silva KR, Souto DL, Pereira MFC, Moreira
JP, et al. Allogenic Adipose Tissue-Derived Stromal/Stem Cells and
Vitamin D Supplementation in Patients with Recent-Onset Type 1
Diabetes Mellitus: A 3-Month Follow-Up Pilot Study. Front Immunol.
2020;11:993. doi: 10.3389/fimmu.2020.00993.

116. Dantas JR, Araujo DB, Silva KR, Souto DL, Pereira MFC, Raggio LR,
et al. Adipose Tissue-Derived Stromal/Stem Cells Transplantation
with Cholecalciferol Supplementation in Recent-Onset Type 1
Diabetes Patients: Twelve Months Follow-Up. Horm Metab Res.
2023;55(8):536-45. doi: 10.1055/a-2094-1039.

117. Lu J, Shen SM, Ling Q, Wang B, Li LR, Zhang W, et al. One repeated
transplantation of allogeneic umbilical cord mesenchymal stromal
cells in type 1 diabetes: an open parallel controlled clinical study. Stem
Cell Res Ther. 2021;12(1):340. doi: 10.1186/s13287-021-02417-3.

118. Le Blanc K, Davies LC. Mesenchymal stromal cells and the innate
immune response. Immunol Lett. 2015;168(2):140-6. doi: 10.1016/).
imlet.2015.05.004.

119. Yaochite JN, de Lima KW, Caliari-Oliveira C, Palma PV, Couri CE,
Simdes BP, et al. Multipotent mesenchymal stromal cells from patients
with newly diagnosed type 1 diabetes mellitus exhibit preserved in
vitro and in vivo immunomodulatory properties. Stem Cell Res Ther.
2016;7:14. doi: 10.1186/s13287-015-0261-4.

120. Montanucci P, Pescara T, Alunno A, Bistoni O, Basta G, Calafiore R.
Remission of hyperglycemia in spontaneously diabetic NOD mice

16

his resel

ght® AE&M all rig

Copyrig



upon transplant of microencapsulated human umbilical cord Wharton
jelly-derived mesenchymal stem cells (hUCMS). Xenotransplantation.
2019;26(2):e12476. doi: 10.1111/xen.12476.

121. Collaborative Islet Transplant Registry 10th edition 2015. Available
from: https://citregistry.org/system/files/10th_CITR_Network_Report_
Allograft_2017.pdf

122. Hering BJ, Clarke WR, Bridges ND, Eggerman TL, Alejandro R, Bellin
MD, et al. Phase 3 Trial of Transplantation of Human Islets in Type
1 Diabetes Complicated by Severe Hypoglycemia. Diabetes Care.
2016;39(7):1230-40. doi: 10.2337/dc15-1988.

123. Lee J, Yoon KH. B cell replacement therapy for the cure of diabetes. J
Diabetes Investig. 2022;13(11):1798-802. doi: 10.1111/jdi.13884.
124.Memon B, Abdelalim EM. Stem Cell Therapy for Diabetes: Beta Cells
versus Pancreatic Progenitors. Cells. 2020;9(2):283. doi: 10.3390/

cells9020283.

125.Bourgeois S, Sawatani T, Van Mulders A, De Leu N, Heremans Y,
Heimberg H, et al. Towards a Functional Cure for Diabetes Using Stem
Cell-Derived Beta Cells: Are We There Yet? Cells. 2021;10(1):191.
doi: 10.3390/cells10010191.

126. Maxwell KG, Millman JR. Applications of iPSC-derived beta cells
from patients with diabetes. Cell Rep Med. 2021;2(4):100238. doi:
10.1016/j.xcrm.2021.100238.

127.Matsumoto S, Abalovich A, Wechsler C, Wynyard S, Elliott RB.
Clinical Benefit of Islet Xenotransplantation for the Treatment of
Type 1 Diabetes. EBioMedicine. 2016;12:255-62. doi: 10.1016/.
ebiom.2016.08.034.

128. Niedzwiedzka-Rystwej P, Wotgcewicz M, Cywoniuk P, Klak M,
Wszota M. Crosstalk Between Immunity System Cells and Pancreas.
Transformation of Stem Cells Used in the 3D Bioprinting Process as
a Personalized Treatment Method for Type 1 Diabetes. Arch Immunol
Ther Exp (Warsz). 2020;68(2):13. doi: 10.1007/s00005-020-00578-2.

129.Schuetz C, Anazawa T, Cross SE, Labriola L, Meier RPH,
Redfield RR 3rd, et al. B Cell Replacement Therapy: The Next
10 Years. Transplantation. 2018;102(2):215-29. doi: 10.1097/
TP.0000000000001937.

130.Chen S, Du K, Zou C. Current progress in stem cell therapy for type 1
diabetes mellitus. Stem Cell Res Ther. 2020;11(1):275. doi: 10.1186/
$13287-020-01793-6.

arf

ole distributed under the terms of the Creative Commons Attribution Lic

[Omom
BY This is an open-ac

Arch Endocrinol Metab, 2024, v.68, 1-17, €240233.

Imnumomodulation for type 1 diabetes

131.Walker S, Appari M, Forbes S. Considerations and challenges
of islet transplantation and future therapies on the horizon. Am J
Physiol Endocrinol Metab. 2022;322(2):E109-17. doi: 10.1152/
ajpendo.00310.2021.

132.Jones PM, Persaud SJ. B-cell replacement therapy for type 1
diabetes: closer and closer. Diabet Med. 2022;39(6):e14834.
doi: 10.1111/dme.14834.

133. Pellegrini S, Cantarelli E, Sordi V, Nano R, Piemonti L. The state of
the art of islet transplantation and cell therapy in type 1 diabetes. Acta
Diabetol. 2016;53(5):683-91. doi: 10.1007/s00592-016-0847-z.

134.Ben Nasr M, Vergani A, Avruch J, Liu L, Kefaloyianni E, D’Addio F,
et al. Co-transplantation of autologous MSCs delays islet allograft
rejection and generates a local immunoprivileged site. Acta Diabetol.
2015;52(5):917-27. doi: 10.1007/s00592-015-0735-y.

135.Brusko TM, Russ HA, Stabler CL. Strategies for durable § cell
replacement in type 1 diabetes. Science. 2021;373(6554):516-22.
doi: 10.1126/science.abh1657.

136. Ohmura Y, Tanemura M, Kawaguchi N, Machida T, Tanida T, Deguchi
T, et al. Combined transplantation of pancreatic islets and adipose
tissue-derived stem cells enhances the survival and insulin function
of islet grafts in diabetic mice. Transplantation. 2010;90(12):1366-73.
doi: 10.1097/TP.0b013e3181ffba31.

137. Vaithilingam V, Tuch BE. Islet transplantation and encapsulation: an
update on recent developments. Rev Diabet Stud. 2011;8(1):51-67.
doi: 10.1900/RDS.2011.8.51.

138.Shapiro AMJ, Thompson D, Donner TW, Bellin MD, Hsueh W,
Pettus J, et al. Insulin expression and C-peptide in type 1 diabetes
subjects implanted with stem cell-derived pancreatic endoderm
cells in an encapsulation device. Cell Rep Med. 2021;2(12):100466.
doi: 10.1016/j.xcrm.2021.100466.

139. Reichman TW, Ricordi C, Naji A, Markmann JF, Perkins BA, Wijkstrom
M, et al. 836-P: Glucose-Dependent Insulin Production and Insulin-
Independence in Type 1 Diabetes from Stem Cell-Derived, Fully
Differentiated Islet Cells — Updated Data from the VX-880 Clinical
Trial. Diabetes. 2023;72(Suppl 1):836-P. https://doi.org/10.2337/
db23-836-P

his resel

ght® AE&M all rig

Copyrig



