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Abstract

Systematic Background/Objectives: Type 1 diabetes mellitus (T1DM) is an autoimmune con-
dition in which pancreatic 3-cells are selectively destroyed, predominantly by autoreactive
T lymphocytes. Despite decades of research, the achievement of durable immune tolerance
remains elusive. This review presents a historically grounded and forward-looking perspective
on the evolution of immunotherapy in T1DM, from early immunosuppressive interventions to
advanced precision-based cellular approaches. Specifically, we focus on systemic immunosup-
pressants (e.g., corticosteroids, cyclosporine), monoclonal antibodies (e.g., anti-CD3, anti-IL-1,
anti-TNF), regulatory cell-based approaches (e.g., Tregs, CAR-Tregs, MDSCs), and (3-cell re-
placement strategies using stem cell-derived islets. Methods: We analyzed major clinical and
translational milestones in immunotherapy for T1IDM, with particular attention to the transition
from broad immunosuppression to targeted modulation of immune pathways. Emerging
data on cell-based therapies, artificial intelligence (AI)-driven stratification, and personalized
intervention timing have been incorporated to provide a comprehensive overview of current
and future directions. Results: Initial therapies such as corticosteroids and cyclosporine offered
proof-of-concept for immune modulation, yet suffered from relapse and toxicity. The intro-
duction of monoclonal antibodies (e.g., teplizumab) marked a shift toward immune-specific
intervention, particularly in stage 2 preclinical TIDM. More recent approaches include low-dose
IL-2, checkpoint modulation, and antigen-specific tolerance strategies. Cellular therapies such as
Treg adoptive transfer, chimeric antigen receptor Tregs (CAR-Tregs), and stem cell-derived islet
replacements (e.g., VX-880) have shown promise in preserving [3-cell function and modulating
autoimmunity. Myeloid-derived suppressor cells (MDSCs), although still preclinical, represent
a complementary avenue for immune tolerance induction. Concurrently, Al-based models
are emerging as tools to stratify risk and personalize immunotherapeutic timing, enhancing
trial design and outcome prediction. Conclusions: In conclusion, the historical progression
from broad immunosuppression to precision-driven strategies underscores the importance of
stage-specific, mechanism-based interventions in TIDM. The convergence of targeted biolog-
ics, regenerative cell therapies, and 3-cell replacement approaches, supported by Al-enabled
patient stratification, offers a realistic path toward durable immune tolerance and functional
[3-cell preservation. Continued integration of these modalities, coupled with rigorous long-term
evaluation, will be essential to transform these scientific advances into sustained clinical benefit.
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1. Introduction

The seminal observation in the 1970s that development of TIDM and even its pre-
clinical stages were associated with the presence of autoantibodies directed against the
pancreatic beta cells has attracted much attention with regard to the possible role of the
immune system in the pathogenesis of the disease. The occurrence of immunoinflammatory
infiltrates (insulitis) in the pancreatic beta cells of patients deceased in the first phases of
the disease and the multiple quantitative and qualitative abnormalities of T cell subsets
and cytokines during the preclinical phases and early stages of the disease have confirmed
the hypothesis that an autoimmune process directed against the pancreatic beta cells plays
a major pathogenetic role in its development [1-3]. TIDM is therefore considered asa T
cell-driven autoimmune disorder targeting pancreatic 3-cells, leading to insulin deficiency
and lifelong dependence on exogenous insulin therapy [4]. TIDM currently affects more
than 1.1 million children and adolescents worldwide, with over 100,000 new diagnoses
each year. The diagnosis is typically based on persistent hyperglycemia accompanied by
autoantibodies against islet antigens such as GAD65, IA-2, insulin, and ZnT8 [5]. This
classical paradigm has driven decades of immunotherapeutic research, from broad im-
munosuppression to recent efforts including monoclonal antibody-based therapies, some
of which have reached regulatory approval in specific patient subsets [6,7]. Yet, despite
notable advances, most interventions have yielded only partial or transient benefits, and
durable immune tolerance remains elusive [8].

Recent insights challenge the reductionist autoimmunity model and propose a broader,
more integrated view of TIDM pathogenesis. Factors such as intrinsic 3-cell fragility,
proinflammatory islet microenvironments, altered gut microbiota, and innate immune dys-
regulation have emerged as critical contributors to disease initiation and progression [9,10].
Moreover, the temporal dynamics of autoimmunity appears nonlinear and heterogeneous,
involving stages of immune activation, partial remission, and metabolic compensation that
vary significantly across individuals [11].

This evolving understanding has prompted a shift toward stage-specific and precision
immunotherapy. The JDRF-endorsed staging system, classifying individuals from normo-
glycemic autoantibody positivity (stage 1) to overt hyperglycemia (stage 3) has enabled
earlier intervention, particularly in at-risk individuals where therapies such as teplizumab
have demonstrated delayed progression to clinical onset [7,12]. In parallel, biomarker
development encompassing T-cell phenotyping, cytokine profiling, and transcriptional
signatures is improving patient stratification and trial design [13].

Emerging technologies are also shaping the therapeutic landscape. Cell-based ther-
apies involving regulatory T cells (Tregs), stem cell-derived islet-like cells (SC-f3), and
chimeric antigen receptor Tregs (CAR-Tregs) have emerged [14,15]. Myeloid-derived sup-
pressor cells (MDSCs) have also emerged as promising regulators of autoreactivity through
innate immune pathways [16]. Furthermore, artificial intelligence (Al)-based systems
are being integrated into both clinical and research settings with increasing frequency,
enabling more refined modeling of disease trajectories and prediction of the therapeutic
response [17].

Together, these developments mark a conceptual transition from immune suppression
to immune education, from generalization to precision. As the field moves toward preven-
tive immunotherapy in preclinical TIDM, success will depend on integrating multi-omic
biomarkers, intelligent delivery systems, and combined approaches tailored to immune
and metabolic profiles.
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2. Early Immunosuppression in TIDM: From Corticosteroids
to Cyclosporine

The roots of immunosuppressive therapy in TIDM date back to the early 1980s,
when growing recognition of the disease’s autoimmune nature inspired a bold hypothesis:
that suppressing autoreactive immune responses could help preserve pancreatic 3-cell
function. Grounded in this emerging immune-centric paradigm, the first clinical attempts
employed corticosteroids as therapeutic agents [18]. Corticosteroids, known for their anti-
inflammatory effects, offered transient improvements in glycemic control and C-peptide
levels. However, their use was hampered by significant adverse metabolic consequences,
including weight gain, insulin resistance, and fluid retention [19,20]. Moreover, any clinical
benefit was typically lost upon withdrawal, a phenomenon termed the “rebound effect,” in
which autoimmune activity resurged rapidly (Figure 1) [21].
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Figure 1. Historical trajectory of immunosuppressive strategies in TIDM. Early trials with corti-
costeroids and cyclosporine demonstrated transient preservation of 3-cell function, often followed
by a rebound of autoimmune activity upon drug withdrawal. While these interventions provided
critical proof-of-concept that immune modulation could alter disease course, their inability to in-
duce durable tolerance and their considerable toxicity highlighted the need for more selective and

mechanism-driven approaches [8,19,22].

These early trials, while pioneering, were limited by small sample sizes and relatively
short follow-up periods, making it difficult to fully assess long-term {3-cell preservation.
Moreover, the metabolic side effects highlighted the inherent trade-off of using broad-
spectrum immunosuppression in a chronic disease context [22-24].

The introduction of cyclosporine A marked a turning point by providing a more tar-
geted immunosuppressive mechanism via inhibition of calcineurin and calcium-dependent
T cell activation [23]. Clinical trials demonstrated that early administration of cyclosporine
to newly diagnosed patients could induce a significantly more frequent “honeymoon
phase” with partial insulin independence and improved (3-cell function as compared to
placebo-treated controls [25]. However, these effects were temporary, and relapse occurred
in most individuals after drug discontinuation, underscoring the inability of non-specific
immunosuppression to induce lasting immune tolerance [26].

The rebound phenomenon not only emphasized the resilience of autoreactive path-
ways but also suggested that future interventions would require mechanisms capable of
re-educating rather than merely suppressing the immune response [23,24].

Further evidence from a multicenter double-blind trial by Feutren et al. confirmed
that cyclosporin significantly increased remission rates in recent-onset TIDM patients,
especially at therapeutic blood levels [27]. More recently, Kolb and von Herrath argued that
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transient efficacy of T cell-targeted immunosuppression stems from unaddressed innate
immune mechanisms, prompting a shift toward broader immunoregulatory strategies [23].

Two key clinical concepts emerged from these early experiences: partial remission
and rebound. Partial remission reflects a transient state of 3-cell functional recovery
under immune pressure modulation, while rebound exposes the fundamental weakness of
approaches that fail to reprogram autoreactivity via permanent tolerance induction [28].
Additionally, cyclosporine’s long-term use was constrained by nephrotoxicity, hypertension,
and heightened infection risk, limiting its clinical applicability [29].

The cyclosporine era provided a crucial proof-of-concept, demonstrating that targeted
immunomodulation could transiently modify the course of TIDM. Early clinical investi-
gations in the 1980s demonstrated temporary remission and partial preservation of 3-cell
function, offering the first proof that immune manipulation could modify disease trajectory
albeit transiently [30]. Beyond offering short-term preservation of 3-cell function, these in-
terventions highlighted both the therapeutic potential and the intrinsic limitations of broad
immunosuppressive strategies. These trials also revealed significant limitations: the glucose
control benefits disappeared rapidly after discontinuation, and serious side effects such as
nephrotoxicity emerged, emphasizing that cyclosporine could not induce lasting immune
tolerance [4,31,32]. They underscored that disease modification was achievable, but only
temporarily, and at the cost of considerable toxicity. Historiographical overviews highlight
how the cyclosporine era marked a fundamental transition—from an empirical approach
to the pursuit of precision immunotherapy targeting specific immune pathways [4,24].
These early insights laid the foundation for the development of monoclonal antibodies and
stage-specific immunotherapeutic strategies, fostering a conceptual shift from generalized
suppression to mechanism-driven precision. More recent reviews situate cyclosporine trials
in a continuum that culminates in the approval of teplizumab, showing how the historical
lesson of immunomodulation remains relevant in shaping active, selective strategies [33,34].
In this sense, the cyclosporine experience not only marked the end of an empirical era but
also catalyzed the search for safer, more durable, and biologically informed approaches to
immune modulation in T1DM [22,24,35].

In retrospect, the corticosteroid and cyclosporine era represents not just a historical cu-
riosity but a foundational moment in TIDM immunotherapy. It crystallized the therapeutic
promise and the biological challenges of immune intervention, catalyzing the evolution of
modern, mechanism-driven immunomodulation.

3. Humanized Monoclonal Antibodies in T1IDM: Precision
Immune Modulation

The advent of humanized monoclonal antibodies (mAbs) represented a pivotal mile-
stone in the immunotherapy of type 1 diabetes mellitus (T1DM), marking the transition
from non-specific immunosuppression to precision-based immune modulation. Unlike
earlier broad-spectrum agents, these biologics were specifically engineered to target de-
fined immune pathways directly implicated in the autoimmune destruction of pancreatic
[-cells. By focusing on selective mechanisms rather than generalized suppression, mAbs
offered the first real opportunity to recalibrate, rather than merely suppress, the immune
response. This shift laid the groundwork for stage-specific, biomarker-driven interventions
that continue to shape the modern landscape of TIDM immunotherapy.

mAbs directed T cells or cytokines have largely been evaluated by ourselves and others
in rodent models of human T1DM such as the diabetes-prone (DP)-BB rats, the NOD mouse
and the mouse made diabetics with multiple low doses of streptozotocin. Although the
preclinical data demonstrate that specific blockade of certain endogenous proinflammatory
cytokines such as IL-1beta [36,37], IL-6, IL-12 [38], IL-18 [39], Interferon-gamma [40,41],
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MIF [42,43] and, more recently, IL-17 and IL-25 [44] ameliorated the course of the disease in
these animals the translation of most of the anti-cytokine studies in the clinical setting of
T1DM has yielded, if any, modest results. These findings emphasize the translational gap
between preclinical promise and clinical reality, underscoring the complexity of immune
regulation in humans compared to animal models. This gap highlights the need for stage-
specific approaches and biomarkers capable of identifying patients most likely to benefit
from cytokine blockade [45,46].

For example, clinical studies utilizing the IL-1 receptor antagonist Anakinra in newly
diagnosed T1DM has shown that the patients treated with this method had similar val-
ues of HbA1 C and mixed meal tolerance testing as controls, though they required less
insulin 1 and 4 months after diagnosis and lower insulin-dose-adjusted Alc 1 month after
diagnosis [47]. However, the potential beneficial effects of IL-1 beta inhibitors in T1IDM of
recent onset were not confirmed in two multicenter randomized double-blind placebo con-
trolled trials that compared the effects of the anti-IL-1 beta mAb canakinumab or Anakinra
vs. placebo in the primary endpoints; additionally, a baseline-adjusted 2 h area under the
curve C-peptide response to the mixed tolerance test at 12 or 9 months was observed in
the canakinumab and Anakinra trials, respectively [45]. More personalized studies may be
required to evaluate whether certain subsets of TIDM patients may benefit from IL-1 beta
inhibition at onset of TIDM. The possibility of combining IL-1 beta inhibitors with anti-CD3
antibody as the combination of anti-CD3 mAb and anakinra synergistically to treat TIDM
in NOD mice is also being considered [48]. This finding is in agreement with our previous
observation that combination of nondepleting anti-CD4 mAb with soluble IL-1 receptors of-
fered long-lasting protection from syngeneic allograft rejection in NOD mice with apparent
induction of tolerance [37]. Collectively, IL-1 inhibition illustrates both the potential and
limitations of cytokine-directed therapies in TIDM: while biologically sound and effective
in animal models, their clinical impact has been modest, reinforcing the importance of
combination strategies and precision timing [45,46,49]. In a similar manner, treatment with
anti-TNF-alpha mAb exhibited a preventive effect on the course of diabetes in NOD mice
when administered before 3 weeks of age [50]. Recent Phase II studies indicate the potential
beneficial effects of specific TNF-inhibitors such as Etanercept or Golinumab in children
with stages 3 TIDM [51,52]. It should, however, be noticed that anti-TNF-alpha mAb
may accelerate diabetogenesis in NOD mice when administered after the age of 4 weeks,
and a case report has evidenced development of T1IDM in a patients with rheumatoid
arthritis treated with anti-TNF-alpha mAb adalimumab [53]. Therefore, careful evaluation
of the optimal timing for administration of TNF-alpha inhibitors, dosage and duration is
needed to further consider the use of specific TNF-alpha inhibitors in patients with newly
diagnosed T1DM. The mixed outcomes with TNF blockade exemplify a recurring theme
in T1IDM immunotherapy: interventions may succeed only within narrow therapeutic
windows, and mistimed administration can paradoxically worsen autoimmunity. This
lesson has shaped the design of more recent, stage-targeted trials [52,54-56].

As mentioned above, mAbs directed against CD3 have and CD4 T cells have largely
been evaluated by ourselves and others in preclinical models of diabetes. Since the seminal
observation by Lucienne Cahtenoud and coworkers that anti-CD3 antibody induces long-
term remission of overt autoimmunity in nonobese diabetic mice [57], the CD3 antigen in T
lymphocytes has attracted much attention as a possible immunotherapeutic target for early
intervention in T1DM patients.

These studies were finally successfully translated into the clinical setting in the form of
teplizumab, an anti-CD3 monoclonal antibody that induces partial T cell exhaustion and re-
stores immune tolerance. Major clinical trials such as AbATE and Protégé demonstrated that
teplizumab can preserve endogenous insulin secretion measured by C-peptide in patients
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with recent-onset TIDM, and may even delay disease onset in high-risk, autoantibody-
positive individuals [58,59]. The therapeutic window appears to be narrow and stage-
dependent, with early intervention yielding the greatest benefit [60,61]. Teplizumab there-
fore stands as a milestone: the firstimmunotherapeutic agent to receive regulatory approval
for delaying stage 3 TIDM. Nonetheless, its benefits remain temporary, confirming that
long-term immune tolerance has yet to be achieved [62-65].

Anti-CD20 therapy, exemplified by rituximab, targets B lymphocytes responsible
for antigen presentation and autoantibody production. The TrialNet study showed that
rituximab modestly slowed (3-cell decline in new-onset patients, though its effects were not
durable [66]. This finding underscores the need for combination therapies or sequential
regimens that modulate multiple immune compartments simultaneously.

Checkpoint modulators have also entered the TIDM arena. CTLA-4-Ig fusion proteins
like abatacept inhibit T cell co-stimulation, with the IMPACT trial showing delayed (-cell
decline but no prevention of clinical diabetes [35]. Programmed death-1 (PD-1) blockade,
while successful in oncology, poses safety risks in autoimmunity and has been cautiously
explored in diabetes [67]. Together, these experiences underline a central limitation: al-
though selective immune targeting can delay (-cell loss, no biologic to date has achieved
durable remission. This reality emphasizes the need for integrated strategies, possibly
combining biologics with cellular or metabolic approaches [35,66,68]. The main clinical
outcomes of monoclonal antibody and biologic trials in TIDM are summarized in Table 1,
complementing the mechanistic overview provided in Figure 2.

Table 1. Major monoclonal antibodies and biologic agents investigated in TIDM. The table summa-
rizes their molecular targets, clinical trial settings, outcomes, and main limitations, highlighting the
challenges of translating immunomodulation into durable clinical benefit.

Agent/Trial Target Clinical Setting Outcome Limitations
Preserved C-peptide; Effect transient;
Teplizumab (AbATE, CD3 New-onset and Stage delaved onzefin ! stage-dependent;
Protégé, TN-10) 2 TIDM N . requires early
igh-risk relatives ) .
intervention
Preserved {3-cell Limited durability;
Otelixizumab CD3 New-onset TIDM function in early dose-limiting side
studies effects
Reduced insulin Failed to show

Anakinra (IL-1Ra)

IL-1 receptor

New-onset T1IDM

needs early after
diagnosis

durable -cell
preservation in RCTs

No significant benefit

Limited efficacy; no

Canakinumab IL-13 New-onset TIDM on C-peptide at 9-12 1
ong-term effect
months
i . _ Risk of acceleration if
. Pediatric Stage 3 Signals of benefit in . .
Etanercept/Golimumab TNF-x T1DM (Phase II) B-cell preservation mistimed; safety
concerns
Rituximab (TrialNet) CD20 New-onset TIDM ~ olowed early decline  Effects not durable;
in C-peptide infection risk
Modest effect; no
New-onset TIDM Delayed {3-cell . L
Abatacept (CTLA-4 Ig) CTLA-4 (IMPACT trial) decline preventl'on of clinical
diabetes
. . Safety risks; risk of
R Experimental/early Limited use; o
PD-1 inhibitors PD- exploration theoretical potential precipitating

autoimmunity
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Targeted Immunomodulation in TIDM:
The Role of Humanized Monoclonal Antibodies
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Figure 2. Mechanism-based immunomodulation in TIDM using humanized monoclonal antibodies.

Each biologic targets a distinct immunologic pathway: Teplizumab induces T cell exhaustion, Rit-
uximab depletes B cells, Abatacept blocks co-stimulation, and low-dose IL-2 expands regulatory T
cells. PD-1 inhibitors are not recommended due to safety concerns. These strategies aim to preserve
C-peptide, delay onset, and stabilize 3-cell function, although combination therapies may be required
for durable efficacy [35,58,66,69].

Altogether, humanized mAbs represent a paradigm shift: rather than suppressing the
immune system indiscriminately, they recalibrate its balance. As highlighted by recent
consensus reviews, the future of TIDM immunotherapy will likely depend on multi-agent
regimens tailored to individual immunophenotypes, supported by artificial intelligence-
driven stratification and adaptive trial designs.

4. Future Perspectives: Toward Precision and Personalized
Immunotherapy

The landscape of TIDM immunotherapy is moving decisively toward precision and
personalization. Instead of uniform, one-size-fits-all strategies, emerging approaches aim
to tailor interventions according to each patient’s immunological profile, disease stage, and
genetic susceptibility. This paradigm shift reflects an evolution from reactive disease man-
agement to proactive, biology-informed prevention. However, translating this vision into
clinical reality requires overcoming major challenges, including the marked heterogeneity
of immune responses, variability in disease trajectories, and the current lack of validated
biomarkers that reliably predict long-term therapeutic benefit. Yet, translating precision
medicine into practice requires overcoming major barriers, including the heterogeneity of
patient immune responses, variability in disease trajectory, and the current lack of validated
biomarkers capable of predicting durable therapeutic benefit [70,71].

Refined risk stratification tools are central to this transformation. Traditional mark-
ers such as HLA haplotypes (e.g., DR3/DR4), islet autoantibodies (IAA, GAD65, 1A-2,
ZnT8), and C-peptide levels remain important. However, emerging immunological mark-
ers including antigen-specific T cell profiles, cytokine gradients, and transcriptional sig-
natures offer enhanced resolution in distinguishing regulatory from proinflammatory
phenotypes [72,73].

A major milestone has been the introduction of a staging model for preclinical TIDM,
endorsed by JDRF and ADA. Individuals are classified as stage 1 (normoglycemia + multi-
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ple autoantibodies), stage 2 (dysglycemia + autoantibodies), or stage 3 (clinical diabetes).
This framework enables risk-adapted intervention, exemplified by teplizumab [6,12]. How-
ever, staging alone does not ensure therapeutic success. Recent analyses have shown that
even within the same disease stage, interindividual immune heterogeneity can strongly in-
fluence treatment response, reinforcing the need for combinatory biomarkers and adaptive
trial designs [74].

Artificial intelligence (Al) now plays an integral role in predicting disease progression
and optimizing trial design. Machine learning algorithms incorporating genetic, metabolic,
and immune data have shown high predictive power, though their clinical implementation
faces practical challenges [75-77]. In the near future, Al is expected to assist in therapy
selection, immune-monitoring, and dynamic dose adjustments based on real-time immuno-
profiling. Despite its promise, Al-driven prediction still faces challenges, including the
integration of multicenter datasets, standardization of immune assays, and the need to
ensure interpretability of algorithmic outputs in clinical decision-making [78,79].

Looking forward, next-generation immunotherapy will likely involve combinatory
regimens: antigen-specific tolerance inducers, regulatory cytokine boosters like low-dose
IL-2, and microbiota-modulating agents. These will be applied at tailored timepoints to halt
or reverse autoimmunity without broad suppression (Figure 3) [80,81]. Importantly, early-
phase clinical trials with low-dose IL-2 and adoptive Treg therapy have demonstrated safety
and biological activity, though their clinical efficacy remains modest and short-lived [82].
These results suggest that durable benefit may require multi-agent regimens targeting both
effector and regulatory arms of the immune system.

Future Directions in Precision Immunotherapy for Type 1 Diabetes

7 Biomarkers and Profiling
¢ + HLA haplotypes (e.g., DR3, DR4)
+ Islet autoantibodies (GADBGS, I1A- 2, ZnT8)
« Cytokine profiles
+ T cell phenotypes
+ Transcriptomics

4

\\lrf Staging System
+ Stage 1- Mormalycentia + multiple autoantatibodies
+ Stage 2-Dysglycemia + autoantibodides
+ Stage 3—Clinical diabetes
+
gB Tailored Intervention
+ Teplizumab (anti-CD3)
« Low-dose IL-2 (Treg expansion)
+ Microbiota-based therapy

L

@ Goal + Immune rebalancing - B-cell preservation
+ Disease delay or prevention

Figure 3. A conceptual roadmap for precision immunotherapy in T1DM, integrating biomarkers,
disease staging, and tailored interventions. Early identification through genetic and immunological
profiling informs risk stratification via a three-stage model (JDRF). Personalized therapies including
anti-CD3 antibodies, low-dose IL-2, and microbiota-targeted approaches are optimized using artificial
intelligence. The ultimate goal is immune rebalancing, 3-cell preservation, and prevention of clinical
onset [6,12,73,75].

In summary, the immunotherapy of TIDM is advancing toward a new era defined
by personalization, precision, and prevention. The integration of multi-omic biomarkers,
disease staging, and Al-driven decision tools promises to fundamentally reshape the
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therapeutic landscape. Ultimately, the success of next-generation strategies will depend on
rigorous long-term follow-up, harmonized outcome measures across trials, and a careful
balance between efficacy and safety, especially when interventions are administered in
pre-symptomatic individuals [61].

5. Cellular Immunotherapy in TIDM: The Pursuit of Durable
Immune Tolerance

The quest for durable immune tolerance in TIDM has increasingly shifted toward
cell-based immunotherapies, with particular emphasis on regulatory T cells (Tregs) and
myeloid-derived suppressor cells (MDSCs). Unlike broad systemic immunosuppression,
these regulatory cell populations offer the prospect of selectively restraining autoreactive
immunity while preserving global immune competence. Tregs play a central role in
maintaining peripheral tolerance and suppressing auto-aggressive lymphocytes; defects in
their frequency and function are well documented in individuals with TIDM. Accordingly,
therapeutic strategies have focused on restoring this compartment. Low-dose interleukin-2
(IL-2), evaluated in trials such as DILT1D and ITN T1DAL, has demonstrated the ability to
expand endogenous Tregs in vivo with an acceptable safety profile and minimal adverse
effects, providing proof-of-concept that targeted augmentation of immune regulation is
feasible [83,84]. Adoptive Treg therapy, involving ex vivo expansion and reinfusion, is
under active investigation. More advanced, antigen-specific versions, namely CAR-Tregs,
are engineered to recognize pancreatic autoantigens, offering enhanced precision and
tissue targeting in preclinical studies [85]. Despite these advances, challenges remain: the
durability of transferred Tregs is often limited, their in vivo stability can be affected by
inflammatory milieus, and large-scale GMP manufacturing poses logistical and economic
hurdles [83,86,87].

MDSCs, initially characterized in oncology, are now gaining attention in autoimmunity
for their capacity to suppress T cell activation and cytokine-mediated inflammation. In
a pivotal study, endosomal targeting of TLR4 using an agonist antibody successfully
expanded endogenous MDSC populations in a murine model, reversing hyperglycemia
and reducing insulitis severity [88]. Unlike Tregs, MDSCs also exert metabolic regulation
of the immune microenvironment through mechanisms such as arginase-1 expression and
nitric oxide production. However, the translation of MDSC-based therapies to humans
remains in its infancy, with concerns regarding their phenotypic heterogeneity, potential
off-target immunosuppression, and the lack of standardized protocols for their isolation
and expansion [89].

The combination of Tregs and MDSCs may yield synergistic effects in restoring toler-
ance, particularly in early-stage disease where immune deviation remains feasible. Novel
delivery strategies including biomaterial scaffolds and hydrogel matrices are being de-
veloped to enhance cell persistence and tissue-specific homing, thereby maximizing ef-
ficacy [90,91] (Figure 4). It is also critical to acknowledge that most of these innovative
delivery platforms have thus far demonstrated efficacy only in preclinical models, and their
safety, scalability, and regulatory approval pathways remain to be established [92,93].

While clinical translation of these therapies is still in early phases, their conceptual
framework aligns with broader trends in precision immunotherapy. Importantly, these cell
therapies may be adaptable to personalized regimens, particularly when combined with
immunomonitoring tools or multi-omic biomarkers.

In conclusion, Treg- and MDSC-based cellular immunotherapies represent a promising
frontier in the treatment of TIDM. They aim not merely to suppress immunity, but to re-
educate it, moving closer to achieving durable, antigen-specific tolerance without collateral
immune compromise. From a translational perspective, early-phase clinical data support
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the feasibility and safety of adoptive Treg transfer in TIDM patients, with encouraging
results in preserving islet function over time [94,95]. However, longer follow-up and larger
randomized trials are essential to confirm these benefits, as early studies have often been
limited by small sample sizes, short observation windows, and surrogate endpoints rather
than hard clinical outcomes [96,97]. These findings lay the groundwork for broader clinical
application of regulatory cell-based therapies. In summary, while regulatory cell-based
therapies offer a compelling vision of antigen-specific tolerance, their clinical translation
will depend on overcoming challenges of persistence, safety, standardization, and cost
issues that must be addressed before these approaches can be broadly implemented.

Cellular Immunotherapy and Tolerance:
The Role of Tregs and MDSCs

Beta cell i \
injury mmune —
/ Zl;é:ri Tolerance {Qj} 2”’__'

Qo IL-2 MDSCs TLR4
@) Low-Dose Agonist
Beta cell
injury .
CAR-Tregs ARSI

Figure 4. Mechanistic overview of Treg- and MDSC-based cellular immunotherapy in type 1 diabetes.
Low-dose IL-2 and CAR-Tregs promote regulatory responses, while MDSCs can be induced via TLR4
agonists to suppress autoreactive immunity and restore immune tolerance [83-85,88].

6. Beta-Cell Replacement in TIDM: From Islet Transplantation to Stem
Cell-Derived Therapies

Beta-cell replacement has emerged as a complementary and potentially curative strat-
egy in type 1 diabetes mellitus (T1IDM). While exogenous insulin remains the cornerstone
of therapy, its inability to replicate physiologic glucose homeostasis has driven efforts to
restore endogenous insulin secretion. The most established approach is pancreatic islet allo-
transplantation, pioneered by the Edmonton Protocol, which introduced glucocorticoid-free
immunosuppression with tacrolimus and sirolimus [98]. This strategy demonstrated that
short-term insulin independence is achievable in patients with severe hypoglycemia or brittle
diabetes [98,99], and subsequent registry analyses have confirmed improved outcomes over
the past two decades, thereby providing proof-of-concept that functional 3-cell replacement
can modify the clinical course of TIDM [100]. However, long-term success is constrained by
immune rejection, recurrent autoimmunity, and the adverse effects of systemic immunosup-
pression; moreover, registry data indicate that insulin independence rates decline substantially
within 5 years, underscoring the difficulty of sustaining durable graft function [99].

To overcome these limitations, research has shifted towards stem cell-derived f3-
cells (SC-3-cells). These cells are generated from human pluripotent stem cells using
stepwise differentiation protocols that recapitulate pancreatic development. SC-f-cells
show glucose responsiveness and insulin secretion comparable to native islets, and multiple
early-phase clinical trials are currently assessing their safety and efficacy; however, long-
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term biocompatibility and fibrotic encapsulation remain unresolved obstacles [101,102].
This approach holds promise as a scalable and potentially autologous therapy, independent
of donor availability.

Immunoprotection of the graft remains a critical challenge. Strategies under investi-
gation include the encapsulation of SC-3-cells in semipermeable biomaterials that allow
insulin release while blocking immune cell infiltration. Additional approaches involve
immunoengineering, such as HLA knockdown or gene editing, to create hypoimmunogenic
cells [103,104]. The use of immune-privileged sites like the omentum or anterior chamber
of the eye may further enhance graft survival.

Emerging combination strategies incorporate immunomodulatory elements. These
include co-transplantation with regulatory T cells (Tregs), administration of tolerogenic
agents like low-dose IL-2 or rapamycin, or preconditioning the host immune system to
foster a tolerogenic niche. Nonetheless, most of these strategies remain at the preclinical or
pilot trial stage, and their clinical feasibility, safety, and regulatory approval pathways are
yet to be established [95,105]. Such integrated approaches aim not only to replace (-cells
but also to re-establish immune tolerance.

Figure 5 illustrates this therapeutic evolution. While allotransplantation provided
the initial proof-of-concept, stem cell-based therapies promise broader applicability and
individualized solutions. Yet, achieving durable success will require overcoming persistent
challenges of immune rejection, graft longevity, and clinical translation [101,106,107].

Beta-Cell Replacement Therapies: From
Allotransplantation to SC-Derived Cells

(
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Figure 5. Simplified schematic of the evolution of beta-cell replacement therapies in TIDM. On the
left, pancreatic islet allotransplantation requires systemic immunosuppression and is mainly reserved
for high-risk patients due to its limited long-term efficacy [98,99]. In the center, stem cell-derived
beta cells (SC-B-cells), often delivered using encapsulation or immune-shielding technologies, aim to
minimize or eliminate the need for chronic immunosuppression [101-103]. On the right, emerging
strategies integrate SC-p-cells with immunoengineering, transplantation into immune-privileged
sites, and combinatorial approaches to promote both tolerance and regeneration [82,104,105].

7. Clinical Translation of Cell-Based Therapies in TIDM

The clinical translation of cell-based therapies in type 1 diabetes mellitus (T1DM)
represents a pivotal step beyond conventional immunosuppression, aiming not only to
suppress autoimmunity but also to restore durable immune tolerance and functional (3-cell
mass. Current strategies encompass both the adoptive transfer of immunoregulatory cell
populations, such as regulatory T cells (Tregs), and (3-cell replacement approaches using
stem cell-derived islets. Together, these modalities reflect a shift toward integrated precision
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immunotherapy, where immune modulation and (3-cell restoration are pursued in tandem
to achieve long-term disease modification [86,107-109].

One of the earliest clinical strategies involved the ex vivo expansion and reinfusion
of autologous polyclonal Tregs. The Treg-T1D Phase 1 trial (NCT01210664) confirmed the
safety and feasibility of this approach, reporting persistence of Tregs for up to one year and
modest (3-cell preservation in half of the cohort after two years [95]. Despite these early
successes, long-term efficacy was limited by the gradual decline of circulating Tregs.

The TILT study (NCT02772679) attempted to enhance Treg persistence by combining
adoptive transfer with low-dose interleukin-2 (IL-2), achieving dual stimulation of endoge-
nous and infused Tregs [84]. Single-cell RNA sequencing confirmed favorable immune
profiles, supporting further exploration of this dual immunotherapy [110]. In a larger Phase
2 trial involving 110 children with recent-onset TIDM (NCT02691247), polyclonal Treg ther-
apy was well tolerated but failed to significantly halt 3-cell decline, underscoring the need
for more potent or antigen-specific variants [111]. These findings highlight that, while bio-
logically feasible, adoptive Treg therapies remain limited by issues of persistence, stability
in inflammatory milieus, and the logistical burden of large-scale GMP manufacturing.

In parallel, stem cell-derived {3-cell (SC-f3) therapies have advanced significantly. The
ViaCyte PEC-Encap trial (NCT02265809) used encapsulated pancreatic endoderm cells to
avoid immune rejection. Although safe, it was hindered by limited vascularization and
inflammatory responses to the device [112]. In contrast, Vertex Pharmaceuticals’ VX-880
program (NCT04786262) has demonstrated robust early success using fully differentiated
SC-p cells infused into the portal vein, supported by transient immunosuppression. Par-
ticipants achieved measurable insulin production, HbAlc < 7%, and independence from
exogenous insulin in some cases [113]. Nevertheless, long-term durability, risks of alloim-
mune and recurrent autoimmunity, and the need for transient immunosuppression remain
critical concerns [114].

Emerging platforms include CAR-Tregs, engineered with chimeric antigen receptors
targeting (3-cell autoantigens, to provide localized immunosuppression. Preclinical studies
show that these cells can delay or prevent diabetes onset in murine models [115]. MDSCs,
another suppressive immune population, may synergize with Tregs to promote tolerance,
but remain in early-stage investigation [88]. Their clinical translation will require addressing
safety, scalability, and regulatory pathways, as well as demonstrating superiority over
conventional Treg therapy in well-controlled trials [116].

As summarized in Table 2 clinical trials of cell therapies in TIDM illustrate the field’s
shift from generalized suppression to precision immuno-regeneration. The integration of
SC-f3 replacement with antigen-specific immunotherapy may represent the next genera-
tion of personalized, durable treatments for TIDM. However, rigorous long-term follow-
up and harmonized outcome measures will be essential to confirm safety, efficacy, and
durability [61,116-118].

Table 2. Ongoing and completed clinical trials of cell-based therapies involving Type 1 Diabetes

patients.
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NCT Therapy Mechanism Phase Population Endpoint
Immune Safety, Treg
NCT01210664 ExPanded X tolerance via Phase 1 Recent-onset persistence,
vivo Tregs T1DM .
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NCT02772679 IL-2 (TILT) in vivo Treg Phase 1 TIDM immunologic

expansion response




J. Clin. Med. 2025, 14, 5621 13 of 20
Table 2. Cont.
: . Primary
NCT Therapy Mechanism Phase Population Endpoint
Functional Treg Pediatric
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NCT04786262 Vertex VX-880 infused via Phase 1/2/3 h 1 . P !
ortal vein ypoglycemia HbA1c, severe
p unawareness hypoglycemia

8. From Historical Lessons to Precision Immuno-Regeneration in TIDM

The evolution of immunotherapy in type 1 diabetes mellitus (T1DM) reflects a transi-
tion from broad immunosuppressive regimens to increasingly precise, mechanism-driven
strategies. Early interventions with corticosteroids, azathioprine, and cyclosporine pro-
vided critical proof-of-concept that immune modulation could alter disease trajectory, but
these benefits were short-lived and overshadowed by significant toxicity and the inability to
induce durable tolerance. These historical experiences not only underscored the resilience
of autoreactive pathways but also catalyzed the pursuit of therapies aimed at achieving
targeted, stage-specific, and sustainable immune regulation [26,27]. Importantly, registry
follow-up has confirmed that while early immunosuppression could modify disease trajec-
tory, the benefits were consistently transient, underscoring the resilience of autoreactive
immune pathways [119,120]. These early experiences catalyzed the search for specificity.

The advent of humanized monoclonal antibodies targeting CD3, CD20, and CTLA-4
ushered in the “Age of Immune Precision.” Agents like teplizumab and abatacept demon-
strated the potential to delay or partially preserve (3-cell function, especially when ad-
ministered in early disease stages [35,58]. Nonetheless, heterogeneity in clinical response
and relapse risk underscored the need for immunophenotypic stratification and adaptive
strategies. This heterogeneity highlights the necessity of combinatory biomarkers and
adaptive trial designs capable of identifying which patients are most likely to respond,
rather than applying uniform treatment regimens [78,79].

Recent developments, such as regulatory T cell (Treg) and myeloid-derived suppressor
cell (MDSC)-based therapies, further advance this paradigm by aiming to restore tolerance
through immune re-education rather than suppression. Novel approaches like CAR-Tregs
and TLR4-driven MDSC induction have shown preclinical efficacy in reversing autoimmu-
nity while preserving immune integrity [85,88]. Nevertheless, the clinical translation of
these cell-based strategies remains limited by uncertainties regarding long-term persistence,
safety in inflammatory milieus, and the scalability of GMP-grade manufacturing [92,121].

Simultaneously, beta-cell replacement strategies using stem cell-derived insulin-
producing cells offer the potential for functional restoration of glucose homeostasis. Clinical
trials such as VX-880 show promise, particularly when integrated with immune-shielding
or tolerogenic co-therapies [101,122]. Encapsulation technologies, immune-privileged trans-
plantation sites, and combinatory regimens with Tregs represent the frontier of regenerative
immunotherapy. Yet, fibrotic encapsulation, alloimmune rejection, and the risk of recurrent
autoimmunity continue to pose significant obstacles that must be overcome before these
approaches can achieve widespread applicability [103,107,123].
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From a translational perspective, the field is converging toward personalization. Al-
assisted risk stratification, multi-omic biomarkers, and dynamic staging frameworks (e.g.,
JDRF/ADA classification) allow interventions to be tailored to individual immune pro-
files and disease phases [17,76,124]. However, the successful implementation of these
technologies will require harmonized outcome measures, rigorous long-term follow-up,
and cost-effective integration into real-world clinical practice [13,76]. The integration of
antigen-specific, cellular, and (3-cell regenerative modalities exemplifies the future vision:
precision immuno-regeneration.

Ultimately, the future of TIDM care may not lie in a single breakthrough but in
harmonizing multiple strategies—immune, cellular, and technological—into coherent,
patient-specific interventions. In this sense, the future of TIDM immunotherapy may not
hinge on a single curative breakthrough, but rather on the rational integration of immune,
cellular, and technological strategies into coherent, patient-specific regimens designed to
achieve durable tolerance and sustained metabolic control.

9. Conclusions

Immunotherapy for TIDM has entered a decisive new phase, marking the transi-
tion from non-specific systemic immunosuppression to more precise, tolerogenic, and
regenerative strategies. The earliest interventions with corticosteroids, azathioprine, and
cyclosporine provided important proof that the immune system could be manipulated to
alter disease trajectory. However, the clinical benefits of these approaches were consistently
short-lived, and their use was severely limited by significant toxicity and the inability to
induce lasting tolerance. These historical lessons remain crucial, as they laid the foundation
for the shift toward therapies designed to achieve targeted, durable, and stage-appropriate
immune regulation.

The introduction of humanized monoclonal antibodies represented a pivotal step
forward. Agents such as teplizumab, abatacept, and rituximab demonstrated that specific
immune modulation could delay [3-cell decline and preserve residual insulin secretion,
particularly when administered in the early stages of the disease. Yet, variability in patient
response and the recurrence of autoimmunity after treatment highlighted the need for
improved stratification tools, stage-specific approaches, and adaptive clinical trial designs.

At the same time, cellular immunotherapies have provided renewed optimism. Reg-
ulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs) aim to re-educate
the immune system rather than simply suppress it, offering the possibility of restoring
self-tolerance without compromising overall immune defense. Innovative approaches, such
as CAR-Tregs or novel methods to expand MDSCs, show promise in preclinical models,
though their translation to clinical use remains limited by questions of persistence, safety,
and large-scale feasibility.

In parallel, 3-cell replacement strategies have advanced significantly. Islet transplan-
tation has long demonstrated the feasibility of restoring endogenous insulin production,
and recent progress with stem cell-derived insulin-producing cells, such as in the VX-880
trial, has confirmed the potential for functional cure. Nevertheless, challenges such as
alloimmune rejection, fibrotic encapsulation, and the risk of recurrent autoimmunity remain
critical barriers to widespread adoption.

Looking forward, the convergence of immunomodulation, cell therapy, and {3-cell
replacement within a framework of precision medicine offers the most promising path.
Advances in multi-omic biomarkers, artificial intelligence-assisted risk prediction, and
dynamic staging systems are making it increasingly possible to tailor therapies to the
immunological and metabolic profiles of individual patients. Ultimately, the future of
T1DM care is unlikely to rest on a single breakthrough. Instead, it will depend on the
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integration of complementary strategies into coherent, patient-specific regimens designed
to achieve durable tolerance and sustained restoration of endogenous insulin production.

Author Contributions: Conceptualization, E.C., G.R.P.N. and EN.; writing—original draft prepara-
tion, E.C. and G.R.P.N.; writing—review and editing, FN.; supervision, EN. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

Budd, M.A.; Monajemi, M.; Colpitts, S.J.; Crome, S.Q.; Verchere, C.B.; Levings, M.K. Interactions between islets and regulatory
immune cells in health and type 1 diabetes. Diabetologia 2021, 64, 2378-2388. [CrossRef]

Nicoletti, F.; Conget, I.; Di Mauro, M.; Di Marco, R.; Mazzarino, M.; Bendtzen, K.; Messina, A.; Gomis, R. Serum concentrations of
the interferon-y-inducible chemokine IP-10/CXCL10 are augmented in both newly diagnosed type I diabetes mellitus patients
and subjects at risk of developing the disease. Diabetologia 2002, 45, 1107-1110. [PubMed]

Nicoletti, F.; Conget, I.; Di Marco, R.; Speciale, A.M.; Morinigo, R.; Bendtzen, K.; Gomis, R. Serum levels of the interferon-y-
inducing cytokine interleukin-18 are increased in individuals at high risk of developing Type I diabetes. Diabetologia 2001, 44,
309-311. [CrossRef] [PubMed]

Cavalli, E.; Rosario, G.; Nicoletti, P.; Nicoletti, F. A Historical and Epistemological Review of Type 1 Diabetes Mellitus. J. Clin.
Med. 2025, 14, 4923. [CrossRef] [PubMed]

ElSayed, N.A.; Aleppo, G.; Bannuru, R.R.; Bruemmer, D.; Collins, B.S.; Ekhlaspour, L.; Gaglia, J.L.; Hilliard, M.E.; Johnson, E.L.;
Khunti, K;; et al. 2. Diagnosis and Classification of Diabetes: Standards of Care in Diabetes—2024. Diabetes Care 2024, 47, S20-S42.
Herold, K.C.; Bundy, B.N.; Long, S.A.; Bluestone, J.A.; DiMeglio, L.A.; Dufort, M.].; Gitelman, S.E.; Gottlieb, P.A.; Krischer, J.P,;
Linsley, PS; et al. An Anti-CD3 Antibody, Teplizumab, in Relatives at Risk for Type 1 Diabetes. N. Engl. J. Med. 2019, 381, 603-613.
[CrossRef]

Saleem, M.R.; Khan, M.T. Teplizumab: A promising intervention for delaying type 1 diabetes progression. Front. Endocrinol. 2025,
16, 1533748. [CrossRef]

Nambam, B.; Bratina, N.; Schatz, D. Immune Intervention in Type 1 Diabetes. Diabetes Technol. Ther. 2020, 22, S141-5148.
[CrossRef]

Aubin, A.M.; Lombard-Vadnais, E; Collin, R.; Aliesky, H.A.; McLachlan, S.M.; Lesage, S. The NOD Mouse Beyond Autoimmune
Diabetes. Front. Immunol. 2022, 13, 874769. [CrossRef]

Foster, T.P; Bruggeman, B.S.; Haller, M.]. Emerging Immunotherapies for Disease Modification of Type 1 Diabetes. Drugs 2025,
85, 457. [CrossRef]

Kwon, B.C.; Anand, V.; Achenbach, P; Dunne, J.L.; Hagopian, W.; Hu, J.; Koski, E.; Lernmark, A. ; Lundgren, M.; Ng, K.; et al.
Progression of type 1 diabetes from latency to symptomatic disease is predicted by distinct autoimmune trajectories. Nat. Commun.
2022, 13, 1514. [CrossRef]

Insel, R.A.; Dunne, J.L.; Atkinson, M.A.; Chiang, J.L.; Dabelea, D.; Gottlieb, P.A.; Greenbaum, C.J.; Herold, K.C.; Krischer, J.P,;
Lernmark, A.; et al. Staging presymptomatic type 1 diabetes: A scientific statement of jdrf, the endocrine society, and the
American diabetes association. Diabetes Care 2015, 38, 1964-1974. [CrossRef]

Michalek, D.A.; Onengut-Gumuscu, S.; Repaske, D.R.; Rich, S.S. Precision Medicine in Type 1 Diabetes. . Indian Inst. Sci. 2023,
103, 335-351. [CrossRef] [PubMed]

Velikova, T.; Vasilev, G.V.; Linkwinstar, D.; Siliogka, E.; Kokudeva, M.; Miteva, D.; Vasilev, G.H.; Gulinac, M.; Atliev, K,;
Shumnalieva, R. Regulatory T cell-based therapies for type 1 diabetes: A narrative review. Metab. Target Organ Damage 2025, 5, 18.
[CrossRef]

Zhang, Q.; Lu, W.; Liang, C.L.; Chen, Y.; Liu, H.; Qiu, F; Dai, Z. Chimeric antigen receptor (CAR) Treg: A promising approach to
inducing immunological tolerance. Front. Immunol. 2018, 9, 385915. [CrossRef] [PubMed]

Yin, B.; Ma, G.; Yen, C.-Y.; Zhou, Z.; Wang, G.X.; Divino, C.M.; Casares, S.; Chen, S.-H.; Yang, W.-C.; Pan, P.-Y. Myeloid-Derived
Suppressor Cells Prevent Type 1 Diabetes in Murine Models. . Immunol. 2010, 185, 5828-5834. [CrossRef]


https://doi.org/10.1007/s00125-021-05565-6
https://www.ncbi.nlm.nih.gov/pubmed/12189440
https://doi.org/10.1007/s001250051619
https://www.ncbi.nlm.nih.gov/pubmed/11317661
https://doi.org/10.3390/jcm14144923
https://www.ncbi.nlm.nih.gov/pubmed/40725617
https://doi.org/10.1056/NEJMoa1902226
https://doi.org/10.3389/fendo.2025.1533748
https://doi.org/10.1089/dia.2020.2511
https://doi.org/10.3389/fimmu.2022.874769
https://doi.org/10.1007/s40265-025-02150-8
https://doi.org/10.1038/s41467-022-28909-1
https://doi.org/10.2337/dc15-1419
https://doi.org/10.1007/s41745-023-00356-x
https://www.ncbi.nlm.nih.gov/pubmed/37538198
https://doi.org/10.20517/mtod.2024.52
https://doi.org/10.3389/fimmu.2018.02359
https://www.ncbi.nlm.nih.gov/pubmed/30369931
https://doi.org/10.4049/jimmunol.0903636

J. Clin. Med. 2025, 14, 5621 16 of 20

17.

18.

19.
20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Loskot, W.; Szwech, ].; Matczak, M.; Jasiniski, K.; Broda, A.; Hoksa, K.; Jodlowski, K.; Dubniewicz, E.; Majewska, P.; Staszek, A.
Artificial intelligence in type 1 diabetes mellitus. J. Educ. Health Sport 2025, 79, 57913. [CrossRef]

Jacobsen, L.M.; Bratina, N.; Schatz, D. Immune Intervention and Replacement Therapies in Type 1 Diabetes. Diabetes Technol. Ther.
2025, 27, 5200-5207. [CrossRef]

Yasir, M.; Goyal, A.; Sonthalia, S. Corticosteroid Adverse Effects. StatPearls 2023, 46, 434.

Saboo, B.; Joshi, S.; Gupta, A.; Maheshwari, A.; Saboo, B.; Makkar, B.M.; Bantwal, G.; Kesavadeyv, ].; Sreenivasamurthy, L.;
Tiwaskar, M.; et al. Responsible Use of Oral Corticosteroids in People with Comorbid Diabetes: An Expert Consensus. J.
Assoc. Physicians India 2024, 72, 79-93. Available online: https://www.japi.org/article/japi-72-7-79 (accessed on 17 June 2025).
[CrossRef]

Reyhanoglu, G.; Rehman, A. Somogyi Phenomenon. In StatPearls; StatPearls Publishing: Orlando, FL, USA, 2023.

Pillay, S.; Pillay, A.; Kalhan, A. Efficacy of immunosuppression in preserving beta cell function and reducing insulin requirements
in Type 1 diabetes mellitus: A comprehensive review. . Endocrinol. Metab. Diabetes S. Afr. 2025, 30, 14-20. [CrossRef]

Kolb, H.; von Herrath, M. Immunotherapy for Type 1 Diabetes: Why Do Current Protocols Not Halt the Underlying Disease
Process? Cell Metab. 2017, 25, 233-241. [CrossRef] [PubMed]

Warshauer, J.T.; Bluestone, J.A.; Anderson, M.S. New Frontiers in the Treatment of Type 1 Diabetes. Cell Metab. 2020, 31, 46-61.
[CrossRef] [PubMed]

Group, T.C.-E.R.C.T. Cyclosporin-Induced Remission of IDDM After Early Intervention: Association of 1 yr of Cyclosporin
Treatment with Enhanced Insulin Secretion. Diabetes 1988, 37, 1574-1582.

Stiller, C.R.; Dupré, J.; Gent, M.; Jenner, M.R.; Keown, P.A.; Laupacis, A.; Martell, R.; Rodger, N.W.; Graffenried, B.V.; Wolfe, B.M.J.
Effects of cyclosporine immunosuppression in insulin-dependent diabetes mellitus of recent onset. Science 1984, 223, 1362-1367.
[CrossRef]

Feutren, G.; Assan, R.; Karsenty, G.; Du Rostu, H.; Sirmai, J.; Papoz, L.; Vialettes, B.; Vexiau, P.; Rodier, M.; Lallemand, A.; et al.
CYCLOSPORIN INCREASES THE RATE AND LENGTH OF REMISSIONS IN INSULIN-DEPENDENT DIABETES OF RECENT
ONSET. Results of a Multicentre Double-blind Trial. Lancet 1986, 328, 119-124. [CrossRef]

Palmer, J.P.; Fleming, G.A.; Greenbaum, C.J.; Herold, K.C.; Jansa, L.D.; Kolb, H.; Lachin, ].M.; Polonsky, K.S.; Pozzilli, P.; Skyler,
J.S.; et al. C-Peptide Is the Appropriate Outcome Measure for Type 1 Diabetes Clinical Trials to Preserve 3-Cell Function: Report
of an ADA Workshop, 21-22 October 2001. Diabetes 2004, 53, 250-264. [CrossRef]

Parving, H.H.; Tarnow, L.; Nielsen, ES.; Rossing, P., Mandrup-Poulsen, T.; Osterby, R.; Nerup, J. Cyclosporine nephrotoxicity in
type 1 diabetic patients. A 7-year follow-up study. Diabetes Care 1999, 22, 478-483. [CrossRef]

Hassan, G.A ; Sliem, H.A ; Ellethy, A.T.; Salama, M.E.-S. Role of immune system modulation in prevention of type 1 diabetes
mellitus. Indian |. Endocrinol. Metab. 2012, 16, 904. [CrossRef]

Raz, I; Eldor, R.; Naparstek, Y. Inmune modulation for prevention of type 1 diabetes mellitus. Trends Biotechnol. 2005, 23, 128-134.
[CrossRef]

Jing, Z.; Li, Y.; Ma, Y.; Zhang, X.; Liang, X.; Zhang, X. Leverage biomaterials to modulate immunity for type 1 diabetes. Front.
Immunol. 2022, 13, 997287. [CrossRef]

Felton, J.L.; Griffin, K.J.; Oram, R.A.; Speake, C.; Long, S.A.; Onengut-Gumuscu, S.; Rich, S.S.; Monaco, G.S.F; Evans-Molina, C.;
DiMeglio, L.A ; et al. Disease-modifying therapies and features linked to treatment response in type 1 diabetes prevention: A
systematic review. Commun. Med. 2023, 3, 1-16. [CrossRef] [PubMed]

Rodacki, M; Silva, K.R.; Araujo, D.B.; Dantas, ].R.; Ramos, M.E.N.; Zajdenverg, L.; Baptista, L.S. Inmunomodulatory agents and
cell therapy for patients with type 1 diabetes. Arch. Endocrinol. Metab. 2024, 68, €240233. [CrossRef] [PubMed]

Orban, T.; Bundy, B.; Becker, D.J.; DiMeglio, L.A.; Gitelman, S.E.; Goland, R.; Gottlieb, P.A.; Greenbaum, C.J.; Marks, ].B.; Monzavi,
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, 412—419. [CrossRef] [PubMed]

Nicoletti, F.; di Marcou, R.; Barcelliniu, W.; Magro, G.; Schorlemmeru, H.U.; Kurrleu, R.; Lunettau, M.; Grasso, S.; Zacconeu,
P.; Meronif, P. Protection from experimental autoimmune diabetes in the non-obese diabetic mouse with soluble interleukin-1
receptor. Eur. |. Immunol. 1994, 24, 1843-1847. [CrossRef]

Drage, M.; Zaccone, P; Phillips, ].M.; Nicoletti, F.; Dawson, J.; Bradley, ].A.; Cooke, A. Nondepleting anti-CD4 and soluble
interleukin-1 receptor prevent autoimmune destruction of syngeneic islet grafts in diabetic NOD mice. Transplantation 2002, 74,
611-619. [CrossRef]

Nicoletti, F.; Di Marco, R.; Zaccone, P.; Magro, G.; Di Mauro, M.; Grasso, S.; Meroni, P.L. Endogenous interleukin-12 only plays a
key pathogenetic role in non- obese diabetic mouse diabetes during the very early stages of the disease. Immunology 1999, 97,
367-370. [CrossRef]

Zaccone, P; Phillips, J.; Conget, I.; Cooke, A.; Nicoletti, F. IL-18 binding protein fusion construct delays the development of
diabetes in adoptive transfer and cyclophosphamide-induced diabetes in NOD mouse. Clin. Immunol. 2005, 115, 74-79. [CrossRef]


https://doi.org/10.12775/JEHS.2025.79.57913
https://doi.org/10.1089/dia.2025.8815.lmj
https://www.japi.org/article/japi-72-7-79
https://doi.org/10.59556/japi.72.0573
https://doi.org/10.1080/16089677.2025.2464466
https://doi.org/10.1016/j.cmet.2016.10.009
https://www.ncbi.nlm.nih.gov/pubmed/27839907
https://doi.org/10.1016/j.cmet.2019.11.017
https://www.ncbi.nlm.nih.gov/pubmed/31839487
https://doi.org/10.1126/science.6367043
https://doi.org/10.1016/S0140-6736(86)91943-4
https://doi.org/10.2337/diabetes.53.1.250
https://doi.org/10.2337/diacare.22.3.478
https://doi.org/10.4103/2230-8210.102989
https://doi.org/10.1016/j.tibtech.2005.01.009
https://doi.org/10.3389/fimmu.2022.997287
https://doi.org/10.1038/s43856-023-00357-y
https://www.ncbi.nlm.nih.gov/pubmed/37794169
https://doi.org/10.20945/2359-4292-2024-0233
https://www.ncbi.nlm.nih.gov/pubmed/40215356
https://doi.org/10.1016/S0140-6736(11)60886-6
https://www.ncbi.nlm.nih.gov/pubmed/21719096
https://doi.org/10.1002/eji.1830240818
https://doi.org/10.1097/00007890-200209150-00005
https://doi.org/10.1046/j.1365-2567.1999.00836.x
https://doi.org/10.1016/j.clim.2004.11.007

J. Clin. Med. 2025, 14, 5621 17 of 20

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

Nicoletti, F.; Zaccone, P.; Di Marco, R.; Di Mauro, M.; Magro, G.; Grasso, S.; Mughini, L.; Meroni, P.; Garotta, G. The effects of a
nonimmunogenic form of murine soluble interferon-y receptor on the development of autoimmune diabetes in the NOD mouse.
Endocrinology 1996, 137, 5567-5575. [CrossRef]

Nicoletti, F.; Zaccone, P.; Di Marco, R.; Lunetta, M.; Magro, G.; Grasso, S.; Meroni, P.; Garotta, G. Prevention of spontaneous
autoimmune diabetes in diabetes-prone BB rats by prophylactic treatment with antirat interferon-y antibody. Endocrinology 1997,
138, 281-288. [CrossRef]

Cvetkovic, I.; Al-Abed, Y.; Miljkovic, D.; Maksimovic-Ivanic, D.; Roth, J.; Bacher, M.; Lan, H.Y.; Nicoletti, F; Stosic-Grujicic, S.
Critical role of macrophage migration inhibitory factor activity in experimental autoimmune diabetes. Endocrinology 2005, 146,
2942-2951. [CrossRef]

Stosic-Grujicic, S.; Stojanovic, I.; Maksimovic-Ivanic, D.; Momcilovic, M.; Popadic, D.; Harhaji, L.; Miljkovic, D.; Metz, C,;
Mangano, K.; Papaccio, G.; et al. Macrophage migration inhibitory factor (MIF) is necessary for progression of autoimmune
diabetes mellitus. J. Cell. Physiol. 2008, 215, 665-675. [CrossRef]

Emamaullee, J.A.; Davis, J.; Merani, S.; Toso, C.; Elliott, ].F.; Thiesen, A.; Shapiro, A.M.]. Inhibition of Th17 cells regulates
autoimmune diabetes in NOD mice. Diabetes 2009, 58, 1302-1311. [CrossRef] [PubMed]

Moran, A.; Bundy, B.; Becker, D.J.; DiMeglio, L.A.; Gitelman, S.E.; Goland, R.; Greenbaum, C.J.; Herold, K.C.; Marks, J.B,;
Raskin, P; et al. Interleukin-1 antagonism in type 1 diabetes of recent onset: Two multicentre, randomised, double-blind,
placebo-controlled trials. Lancet 2013, 381, 1905-1915. [CrossRef] [PubMed]

von Herrath, M.; Peakman, M.; Roep, B. Progress in immune-based therapies for type 1 diabetes. Clin. Exp. Immunol. 2013, 172,
186-202. [CrossRef] [PubMed]

Sumpter, K.M.; Adhikari, S.; Grishman, E.K.; White, P.C. Preliminary studies related to anti-interleukin-1p therapy in children
with newly diagnosed type 1 diabetes. Pediatr. Diabetes 2011, 12, 656-667. [CrossRef]

Ablamunits, V.; Henegariu, O.; Hansen, ].B.; Opare-Addo, L.; Preston-Hurlburt, P.; Santamaria, P.; Mandrup-Poulsen, T.; Herold,
K.C. Synergistic reversal of type 1 diabetes in NOD mice with anti-CD3 and interleukin-1 blockade: Evidence of improved
immune regulation. Diabetes 2012, 61, 145-154. [CrossRef]

Study Details. Anti-Inflammatory Therapy with Anakinra in Newly Diagnosed Type 1 Diabetes. ClinicalTrials.gov. Available
online: https://clinicaltrials.gov/study/NCT00645840 (accessed on 28 July 2025).

Lee, L.E,; Xu, B.; Michie, S.A.; Beilhack, G.F.; Warganich, T.; Turley, S.; McDevitt, H.O. The role of TNF-« in the pathogenesis
of type 1 diabetes in the nonobese diabetic mouse: Analysis of dendritic cell maturation. Proc. Natl. Acad. Sci. USA 2005, 102,
15995-16000. [CrossRef]

Mastrandrea, L.; Yu, ].; Behrens, T.; Buchlis, J.; Albini, C.; Fourtner, S.; Quattrin, T. Etanercept treatment in children with new-onset
type 1 diabetes: Pilot randomized, placebo-controlled, double-blind study. Diabetes Care 2009, 32, 1244-1249. [CrossRef]
Quattrin, T.; Haller, M.].; Steck, A K.; Felner, E.I; Li, Y.; Xia, Y.; Leu, ].H.; Zoka, R.; Hedrick, J.A.; Rigby, M.R.; et al. Golimumab
and Beta-Cell Function in Youth with New-Onset Type 1 Diabetes. N. Engl. ]. Med. 2020, 383, 2007-2017. [CrossRef]

Tack, CJ.; Kleijwegt, ES.; Van Riel, PL.C.M.; Roep, B.O. Development of type 1 diabetes in a patient treated with anti-TNF-o
therapy for active rheumatoid arthritis. Diabetologia 2009, 52, 1442-1444. [CrossRef] [PubMed]

Yang, X.D.; Tisch, R.; Singer, S.M.; Cao, Z.A.; Liblau, R.S.; Schreiber, R.D.; McDevitt, H.O. Effect of tumor necrosis factor alpha on
insulin-dependent diabetes mellitus in NOD mice. I. The early development of autoimmunity and the diabetogenic process. J.
Exp. Med. 1994, 180, 995. [CrossRef] [PubMed]

Rigby, M.R.; DiMeglio, L.A.; Rendell, M.S.; Felner, E.I; Dostou, ].M.; Gitelman, S.E.; Patel, C.M.; Griffin, K.J.; Tsalikian, E.;
Gottlieb, P.A ; et al. Targeting of memory T cells with alefacept in new-onset type 1 diabetes (TIDAL study): 12 month results of a
randomised, double-blind, placebo-controlled phase 2 trial. Lancet Diabetes Endocrinol. 2013, 1, 284-294. [CrossRef] [PubMed]
Rao, A.; Quinn, L.M.; Narendran, P. Long-term TNF-alpha therapy for preserving beta cell function in new onset type 1 diabetes:
A case report. Clin. Diabetes Endocrinol. 2024, 10, 26. [CrossRef]

Chatenoud, L.; Thervet, E.; Primo, J.; Bach, J.E. Anti-CD3 antibody induces long-term remission of overt autoimmunity in
nonobese diabetic mice. Proc. Natl. Acad. Sci. USA 1994, 91, 123-127. [CrossRef]

Herold, K.C.; Gitelman, S.E.; Ehlers, M.R.; Gottlieb, P.A.; Greenbaum, C.J.; Hagopian, W.; Boyle, K.D.; Keyes-Elstein, L.; Aggarwal,
S.; Phippard, D.; et al. Teplizumab (Anti-CD3 mAb) treatment preserves C-peptide responses in patients with new-onset type 1
diabetes in a randomized controlled trial: Metabolic and immunologic features at baseline identify a subgroup of responders.
Diabetes 2013, 62, 3766-3774. [CrossRef]

Sims, E.K.; Bundy, B.N.; Stier, K,; Serti, E.; Lim, N.; Long, S.A.; Geyer, S.M.; Moran, A.; Greenbaum, C.J.; Evans-Molina, C.; et al.
Teplizumab improves and stabilizes beta cell function in antibody-positive high-risk individuals. Sci. Transl. Med. 2021, 13,
eabc8980. [CrossRef]

Ehlers, M.R. Immune interventions to preserve & cell function in type 1 diabetes. J. Investig. Med. 2016, 64, 7-13. [CrossRef]
Jeun, R. Immunotherapies for prevention and treatment of type 1 diabetes. Immunotherapy 2025, 17, 201-210. [CrossRef]


https://doi.org/10.1210/endo.137.12.8940385
https://doi.org/10.1210/endo.138.1.4846
https://doi.org/10.1210/en.2004-1393
https://doi.org/10.1002/jcp.21346
https://doi.org/10.2337/db08-1113
https://www.ncbi.nlm.nih.gov/pubmed/19289457
https://doi.org/10.1016/S0140-6736(13)60023-9
https://www.ncbi.nlm.nih.gov/pubmed/23562090
https://doi.org/10.1111/cei.12085
https://www.ncbi.nlm.nih.gov/pubmed/23574316
https://doi.org/10.1111/j.1399-5448.2011.00761.x
https://doi.org/10.2337/db11-1033
https://clinicaltrials.gov/study/NCT00645840
https://doi.org/10.1073/pnas.0508122102
https://doi.org/10.2337/dc09-0054
https://doi.org/10.1056/NEJMoa2006136
https://doi.org/10.1007/s00125-009-1381-0
https://www.ncbi.nlm.nih.gov/pubmed/19440690
https://doi.org/10.1084/jem.180.3.995
https://www.ncbi.nlm.nih.gov/pubmed/8064245
https://doi.org/10.1016/S2213-8587(13)70111-6
https://www.ncbi.nlm.nih.gov/pubmed/24622414
https://doi.org/10.1186/s40842-024-00185-6
https://doi.org/10.1073/pnas.91.1.123
https://doi.org/10.2337/db13-0345
https://doi.org/10.1126/scitranslmed.abc8980
https://doi.org/10.1097/JIM.0000000000000227
https://doi.org/10.1080/1750743X.2025.2473311

J. Clin. Med. 2025, 14, 5621 18 of 20

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

74.

75.
76.
77.

78.
79.

80.

81.

82.

83.

84.

85.

86.

Chatenoud, L.; Primo, J.; Bach, J.F. CD3 antibody-induced dominant self tolerance in overtly diabetic NOD mice. J. Immunol. 1997,
158, 2947-2954. [CrossRef]

Demeester, S.; Keymeulen, B.; Kaufman, L.; Van Dalem, A.; Balti, E.V.; Van De Velde, U.; Goubert, P.; Verhaeghen, K.; Davidson,
H.W.; Wenzlau, ].M.; et al. Preexisting insulin autoantibodies predict efficacy of otelixizumab in preserving residual b-Cell
function in recent-onset type 1 diabetes. Diabetes Care 2015, 38, 644-651. [CrossRef] [PubMed]

Study Details. AbATE Follow-Up Study. ClinicalTrials.gov. Available online: https:/ /clinicaltrials.gov/study/NCT02067923
(accessed on 28 July 2025).

Evans-Molina, C.; Oram, R.A. Teplizumab approval for type 1 diabetes in the USA. Lancet Diabetes Endocrinol. 2023, 11, 76-77.
[CrossRef] [PubMed]

Pescovitz, M.D.; Greenbaum, C.].; Krause-Steinrauf, H.; Becker, D.J.; Gitelman, S.E.; Goland, R.; Gottlieb, P.A.; Marks, J.B.; McGee,
PF.; Moran, A.M,; et al. Rituximab, B-Lymphocyte Depletion, and Preservation of Beta-Cell Function. N. Engl. J. Med. 2009, 361,
2143-2152. [CrossRef] [PubMed]

Tison, A.; Garaud, S.; Chiche, L.; Cornec, D.; Kostine, M. Immune-checkpoint inhibitor use in patients with cancer and pre-existing
autoimmune diseases. Nat. Rev. Rheumatol. 2022, 18, 641-656. [CrossRef] [PubMed]

Lin, C,; Li, X,; Qiu, Y.; Chen, Z; Liu, J. PD-1 inhibitor-associated type 1 diabetes: A case report and systematic review. Front.
Public Health 2022, 10, 885001. [CrossRef]

Todd, J.A.; Evangelou, M.; Cutler, A.J.; Pekalski, M.L.; Walker, N.M.; Stevens, H.E.; Porter, L.; Smyth, D.J.; Rainbow, D.B,;
Ferreira, R.C.; et al. Regulatory T Cell Responses in Participants with Type 1 Diabetes after a Single Dose of Interleukin-2: A
Non-Randomised, Open Label, Adaptive Dose-Finding Trial. PLoS Med. 2016, 13, €1002139. [CrossRef]

Herold, K.C.; Delong, T.; Perdigoto, A.L.; Biru, N.; Brusko, T.M.; Walker, L.S.K. The immunology of type 1 diabetes. Nat. Rev.
Immunol. 2024, 24, 435. [CrossRef]

Mallone, R.; Roep, B.O. Biomarkers for immune intervention trials in type 1 diabetes. Clin. Immunol. 2013, 149, 286-296. [CrossRef]
Nossal, G.J.V.; Herold, K.C.; Goodnow, C.C. Autoimmune tolerance and Type 1 (insulin-dependent) diabetes mellitus. Diabetologia
1992, 35, S49-559. [CrossRef]

Fyvie, M.J.; Gillespie, KM. The importance of biomarker development for monitoring type 1 diabetes progression rate and
therapeutic responsiveness. Front. Immunol. 2023, 14, 1158278. [CrossRef]

Redondo, M.J.; Hagopian, W.A.; Oram, R.; Steck, A.K.; Vehik, K.; Weedon, M.; Balasubramanyam, A.; Dabelea, D. The clinical
consequences of heterogeneity within and between different diabetes types. Diabetologia 2020, 63, 2040. [CrossRef]

Skyler, J.S. Hope vs hype: Where are we in type 1 diabetes? Diabetologia 2018, 61, 509-516. [CrossRef] [PubMed]

Shapiro, M.R.; Tallon, EM.; Brown, M.E.; Posgai, A.L.; Clements, M.A.; Brusko, T.M. Leveraging artificial intelligence and
machine learning to accelerate discovery of disease-modifying therapies in type 1 diabetes. Diabetologia 2024, 68, 477. [CrossRef]
Ferrat, L.A.; Templeman, E.L.; Steck, A.K.; Parikh, HM.; You, L.; Onengut-Gumuscu, S.; Gottlieb, P.A.; Triolo, T.M.; Rich,
S.S.; Krischer, J.; et al. Type 1 diabetes prediction in autoantibody-positive individuals: Performance, time and money matter.
Diabetologia 2025, 68, 1709-1720. [CrossRef] [PubMed]

The Lancet Digital Health. Machine learning to predict type 1 diabetes in children. Lancet Digit. Health 2024, 6, €374.

American Diabetes Association. Novel Artificial Intelligence Models Detect Type 1 Diabetes Risk Before Clinical Onset. Available
online: https:/ /diabetes.org/newsroom/press-releases/novel-artificial-intelligence-models-detect-type-1-diabetes-risk-clinical
(accessed on 28 July 2025).

Bone, R.N.; Evans-Molina, C. Combination Immunotherapy for Type 1 Diabetes. Curr. Diab. Rep. 2017, 17, 50. [CrossRef]

Li, J.; Xie, Z.; Yang, L.; Guo, K.; Zhou, Z. The impact of gut microbiome on immune and metabolic homeostasis in type 1 diabetes:
Clinical insights for prevention and treatment strategies. J. Autoimmun. 2025, 151, 103371. [CrossRef]

Marek-Trzonkowska, N.; Wujtewicz, M.A.; Mysliwiec, M.; Witkowski, P.; Dobyszuk, A.; Meynarski, W.; Grabowska, M.; Balcerska,
A.; Techmanska, I.; Mysliwska, J.; et al. Administration of CD4*CD25M8"CD127~ Regulatory T Cells Preserves 3-Cell Function
in Type 1 Diabetes in Children. Diabetes Care 2012, 35, 1817-1820. [CrossRef]

Hartemann, A.; Bensimon, G.; Payan, C.A.; Jacqueminet, S.; Bourron, O.; Nicolas, N.; Fonfrede, M.; Rosenzwajg, M.; Bernard, C.;
Klatzmann, D. Low-dose interleukin 2 in patients with type 1 diabetes: A phase 1/2 randomised, double-blind, placebo-controlled
trial. Lancet Diabetes Endocrinol. 2013, 1, 295-305. [CrossRef]

Dong, S.; Hiam-Galvez, K.J.; Mowery, C.T.; Herold, K.C.; Gitelman, S.E.; Esensten, ].H.; Liu, W.; Lares, A.P,; Leinbach, A.S.; Lee,
M.; et al. The effect of low-dose IL-2 and Treg adoptive cell therapy in patients with type 1 diabetes. JCI Insight 2021, 6, e147474.
[CrossRef]

Spanier, ]J.A.; Fung, V.; Wardell, C.M.; Alkhatib, M.H.; Chen, Y.; Swanson, L.A.; Dwyer, A.].; Weno, M.E,; Silva, N.; Mitchell,
J.S.; et al. Insulin B peptide-MHC class II-specific chimeric antigen receptor-Tregs prevent autoimmune diabetes. bioRxiv 2023.
[CrossRef] [PubMed]

Klatzmann, D.; Abbas, A K. The promise of low-dose interleukin-2 therapy for autoimmune and inflammatory diseases. Nat. Rev.
Immunol. 2015, 15, 283-294. [CrossRef] [PubMed]


https://doi.org/10.4049/jimmunol.158.6.2947
https://doi.org/10.2337/dc14-1575
https://www.ncbi.nlm.nih.gov/pubmed/25583753
https://clinicaltrials.gov/study/NCT02067923
https://doi.org/10.1016/S2213-8587(22)00390-4
https://www.ncbi.nlm.nih.gov/pubmed/36623518
https://doi.org/10.1056/NEJMoa0904452
https://www.ncbi.nlm.nih.gov/pubmed/19940299
https://doi.org/10.1038/s41584-022-00841-0
https://www.ncbi.nlm.nih.gov/pubmed/36198831
https://doi.org/10.3389/fpubh.2022.885001
https://doi.org/10.1371/journal.pmed.1002139
https://doi.org/10.1038/s41577-023-00985-4
https://doi.org/10.1016/j.clim.2013.02.009
https://doi.org/10.1007/BF00586279
https://doi.org/10.3389/fimmu.2023.1158278
https://doi.org/10.1007/s00125-020-05211-7
https://doi.org/10.1007/s00125-017-4530-x
https://www.ncbi.nlm.nih.gov/pubmed/29275427
https://doi.org/10.1007/s00125-024-06339-6
https://doi.org/10.1007/s00125-025-06434-2
https://www.ncbi.nlm.nih.gov/pubmed/40347237
https://diabetes.org/newsroom/press-releases/novel-artificial-intelligence-models-detect-type-1-diabetes-risk-clinical
https://doi.org/10.1007/s11892-017-0878-z
https://doi.org/10.1016/j.jaut.2025.103371
https://doi.org/10.2337/dc12-0038
https://doi.org/10.1016/S2213-8587(13)70113-X
https://doi.org/10.1172/jci.insight.147474
https://doi.org/10.1172/JCI168601
https://www.ncbi.nlm.nih.gov/pubmed/37561596
https://doi.org/10.1038/nri3823
https://www.ncbi.nlm.nih.gov/pubmed/25882245

J. Clin. Med. 2025, 14, 5621 19 of 20

87.

88.

89.

90.

91.
92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Rossetti, M.; Spreafico, R. Regulatory T-cell therapy in transplantation and severe autoimmunity. Crit. Rev. Immunol. 2015, 35,
479-503. [CrossRef] [PubMed]

Locker, K.C.S.; Kachapati, K.; Wu, Y,; Bednar, K.J.; Adams, D.; Patel, C.; Tsukamoto, H.; Heuer, L.S.; Aronow, B.J.; Herr, A.B.; et al.
Endosomal Sequestration of TLR4 Antibody Induces Myeloid-Derived Suppressor Cells and Reverses Acute Type 1 Diabetes.
Diabetes 2022, 71, 470-482. [CrossRef]

Veglia, F; Sanseviero, E.; Gabrilovich, D.I. Myeloid-derived suppressor cells in the era of increasing myeloid cell diversity. Nat.
Rev. Immunol. 2021, 21, 485-498. [CrossRef]

Maldonado, R.A.; von Andrian, U.H. How Tolerogenic Dendritic Cells Induce Regulatory T Cells. Adv. Immunol. 2010, 108,
111-165.

Parekkadan, B.; Milwid, ]. M. Mesenchymal stem cells as therapeutics. Annu. Rev. Biomed. Eng. 2010, 12, 87-117. [CrossRef]

Xu, D,; Li, C; Xu, Y.,; Huang, M.; Cui, D.; Xie, ]. Myeloid-derived suppressor cell: A crucial player in autoimmune diseases. Front.
Immunol. 2022, 13, 1021612. [CrossRef]

Song, Y.; Li, J.; Wu, Y. Evolving understanding of autoimmune mechanisms and new therapeutic strategies of autoimmune
disorders. Signal Transduct. Target. Ther. 2024, 9, 263. [CrossRef]

Tang, Q.; Bluestone, J.A. Regulatory T-Cell Therapy in Transplantation: Moving to the Clinic. Cold Spring Harb. Perspect. Med.
2013, 3, a015552. [CrossRef]

Marek-Trzonkowska, N.; Mysliwiec, M.; Dobyszuk, A.; Grabowska, M.; Derkowska, I.; Jusciniska, J.; Owczuk, R.; Szadkowska, A;
Witkowski, P.; Miynarski, W.; et al. Therapy of type 1 diabetes with CD4+CD25highCD127-regulatory T cells prolongs survival of
pancreatic islets—Results of one year follow-up. Clin. Immunol. 2014, 153, 23-30. [CrossRef]

Huang, Q.; Zhu, J. Regulatory T cell-based therapy in type 1 diabetes: Latest breakthroughs and evidence. Int. Immunopharmacol.
2024, 140, 112724. [CrossRef]

Bayati, F.; Mohammadi, M.; Valadi, M.; Jamshidi, S.; Foma, A.M.; Sharif-Paghaleh, E. The Therapeutic Potential of Regulatory T
Cells: Challenges and Opportunities. Front. Immunol. 2021, 11, 585819. [CrossRef] [PubMed]

Shapiro, A.M.].; Lakey, ] R.T,; Ryan, E.A.; Korbutt, G.S.; Toth, E.; Warnock, G.L.; Kneteman, N.M.; Rajotte, R.V. Islet Transplantation
in Seven Patients with Type 1 Diabetes Mellitus Using a Glucocorticoid-Free Immunosuppressive Regimen. N. Engl. ]. Med. 2000,
343, 230-238. [CrossRef] [PubMed]

Hering, B.J.; Clarke, W.R.; Bridges, N.D.; Eggerman, T.L.; Alejandro, R.; Bellin, M.D.; Chaloner, K.; Czarniecki, C.W.; Goldstein,
J.S.; Hunsicker, L.G.; et al. Phase 3 trial of transplantation of human islets in type 1 diabetes complicated by severe hypoglycemia.
Diabetes Care 2016, 39, 1230-1240. [CrossRef] [PubMed]

Barton, EB.; Rickels, M.R.; Alejandro, R.; Hering, B.J.; Wease, S.; Naziruddin, B.; Oberholzer, J.; Odorico, J.S.; Garfinkel, M.R,;
Levy, M.; et al. Improvement in outcomes of clinical islet transplantation: 1999-2010. Diabetes Care 2012, 35, 1436-1445. [CrossRef]
Pagliuca, EW.; Millman, ].R.; Giirtler, M.; Segel, M.; Van Dervort, A.; Ryu, ]. H.; Peterson, Q.P.; Greiner, D.; Melton, D.A. Generation
of functional human pancreatic 3 cells in vitro. Cell 2014, 159, 428-439. [CrossRef]

Ramzy, A.; Thompson, D.M.; Ward-Hartstonge, K.A.; Ivison, S.; Cook, L.; Garcia, R.V.; Loyal, J.; Kim, PT.W.; Warnock, G.L,;
Levings, M.K.; et al. Implanted pluripotent stem-cell-derived pancreatic endoderm cells secrete glucose-responsive C-peptide in
patients with type 1 diabetes. Cell Stem Cell 2021, 28, 2047-2061.e5. [CrossRef]

Vegas, A.].; Veiseh, O.; Giirtler, M.; Millman, J.R.; Pagliuca, EW.; Bader, A.R.; Doloff, ].C.; Li, J.; Chen, M.; Olejnik, K; et al.
Long-term glycemic control using polymer-encapsulated human stem cell-derived beta cells in immune-competent mice. Nat.
Med. 2016, 22, 306-311. [CrossRef]

Millman, J.R.; Pagliuca, EW. Autologous pluripotent stem cell-derived (3-like cells for diabetes cellular therapy. Diabetes 2017, 66,
1111-1120. [CrossRef]

Henriques, F.L.; Buckle, I.; Forbes, .M. Type 1 diabetes mellitus prevention: Present and future. Nat. Rev. Endocrinol. 2025, 2025,
1-15. [CrossRef]

Rezania, A.; Bruin, J.E.; Arora, P.; Rubin, A.; Batushansky, I.; Asadi, A.; O'Dwyer, S.; Quiskamp, N.; Mojibian, M.; Albrecht, T.;
et al. Reversal of diabetes with insulin-producing cells derived in vitro from human pluripotent stem cells. Nat. Biotechnol. 2014,
32, 1121-1133. [CrossRef]

Shapiro, A.M.].; Pokrywczynska, M.; Ricordi, C. Clinical pancreatic islet transplantation. Nat. Rev. Endocrinol. 2017, 13, 268-277.
[CrossRef] [PubMed]

Ray, S.; Palui, R. Immunotherapy in type 1 diabetes: Novel pathway to the future ahead. World ]. Diabetes 2024, 15, 2022.
[CrossRef] [PubMed]

Shilleh, A.H.; Russ, H.A. Cell Replacement Therapy for Type 1 Diabetes Patients: Potential Mechanisms Leading to Stem-Cell-
Derived Pancreatic 3-Cell Loss upon Transplant. Cells 2023, 12, 698. [CrossRef] [PubMed]

Miragaia, R.J.; Gomes, T.; Chomka, A.; Jardine, L.; Riedel, A.; Hegazy, A.N.; Whibley, N.; Tucci, A.; Chen, X,; Lindeman, I;
et al. Single-Cell Transcriptomics of Regulatory T Cells Reveals Trajectories of Tissue Adaptation. Immunity 2019, 50, 493-504.€7.
[CrossRef]


https://doi.org/10.1615/CritRevImmunol.2016016222
https://www.ncbi.nlm.nih.gov/pubmed/27279045
https://doi.org/10.2337/db21-0426
https://doi.org/10.1038/s41577-020-00490-y
https://doi.org/10.1146/annurev-bioeng-070909-105309
https://doi.org/10.3389/fimmu.2022.1021612
https://doi.org/10.1038/s41392-024-01952-8
https://doi.org/10.1101/cshperspect.a015552
https://doi.org/10.1016/j.clim.2014.03.016
https://doi.org/10.1016/j.intimp.2024.112724
https://doi.org/10.3389/fimmu.2020.585819
https://www.ncbi.nlm.nih.gov/pubmed/33519807
https://doi.org/10.1056/NEJM200007273430401
https://www.ncbi.nlm.nih.gov/pubmed/10911004
https://doi.org/10.2337/dc15-1988
https://www.ncbi.nlm.nih.gov/pubmed/27208344
https://doi.org/10.2337/dc12-0063
https://doi.org/10.1016/j.cell.2014.09.040
https://doi.org/10.1016/j.stem.2021.10.003
https://doi.org/10.1038/nm.4030
https://doi.org/10.2337/db16-1406
https://doi.org/10.1038/s41574-025-01128-6
https://doi.org/10.1038/nbt.3033
https://doi.org/10.1038/nrendo.2016.178
https://www.ncbi.nlm.nih.gov/pubmed/27834384
https://doi.org/10.4239/wjd.v15.i10.2022
https://www.ncbi.nlm.nih.gov/pubmed/39493558
https://doi.org/10.3390/cells12050698
https://www.ncbi.nlm.nih.gov/pubmed/36899834
https://doi.org/10.1016/j.immuni.2019.01.001

J. Clin. Med. 2025, 14, 5621 20 of 20

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Putnam, A.L.; Safinia, N.; Medvec, A.; Laszkowska, M.; Wray, M.; Mintz, M.A_; Trotta, E.; Szot, G.L.; Liu, W,; Lares, A.; et al.
Clinical grade manufacturing of human alloantigen-reactive regulatory T cells for use in transplantation. Am. J. Transplant. 2013,
13, 3010-3020. [CrossRef]

Schulz, T.C.; Young, H.Y.; Agulnick, A.D.; Babin, M.].; Baetge, E.E.; Bang, A.G.; Bhoumik, A.; Cepa, I.; Cesario, R.M.; Haakmeester,
C.; et al. A scalable system for production of functional pancreatic progenitors from human embryonic stem cells. PLoS ONE
2012, 7, e37004. [CrossRef]

Phase 1/2 Study to Evaluate the Safety, Tolerability, and Efficacy of VX-880 in T1D Subjects—Health Research Authority. Available
online: https://www.hra.nhs.uk/planning-and-improving-research/application-summaries/research-summaries/phase-12
-study-to-evaluate-the-safety-tolerability-and-efficacy-of-vx-880-in-t1d-subjects/ (accessed on 19 June 2025).

Vaithilingam, V; Bal, S.; Tuch, B.E. Encapsulated Islet Transplantation: Where Do We Stand? Rev. Diabet. Stud. 2017, 14, 51.
[CrossRef]

Zhang, L.; Sosinowski, T.; Cox, A.R.; Cepeda, ].R.; Sekhar, N.S.; Hartig, S.M.; Miao, D.; Yu, L.; Pietropaolo, M.; Davidson, H.W.
Chimeric antigen receptor (CAR) T cells targeting a pathogenic MHC class II:peptide complex modulate the progression of
autoimmune diabetes. J. Autoimmun. 2019, 96, 50-58. [CrossRef]

Vertex Pharmaceuticals. Vertex Announces Program Updates for Type 1 Diabetes Portfolio. Available online: https://investors.
vrtx.com/news-releases/news-release-details /vertex-announces-program-updates-type-1-diabetes-portfolio (accessed on 28
July 2025).

Bluestone, J.A.; Buckner, ].H.; Herold, K.C. Immunotherapy: Building a bridge to a cure for type 1 diabetes. Science 2021, 373,
510-516. [CrossRef]

Lemos, J.R.N.; Skyler, J.S. Challenges in Beta Cell Replacement for Type 1 Diabetes. Horm. Res. Paediatr. 2024, 98, 435-449.
[CrossRef]

Infante, M.; Alejandro, R.; Ricordi, C.; Fabbri, A. The heterogeneity of type 1 diabetes: From immunopathology to immune
intervention. Transl. Autoimmun. Autoimmune Dis. Differ. Organs 2022, 4, 83-104.

Hollander, N.-H.M.; de Roep, B.O. From Disease and Patient Heterogeneity to Precision Medicine in Type 1 Diabetes. Front. Med.
2022, 9, 932086. [CrossRef]

Richardson, N.; Wootton, G.E.; Bozward, A.G.; Oo, Y.H. Challenges and opportunities in achieving effective regulatory T cell
therapy in autoimmune liver disease. Semin. Immunopathol. 2022, 44, 461-474. [CrossRef]

Vertex Pharmaceuticals. Vertex Presents Positive VX-880 Results from Ongoing Phase 1/2 Study in Type 1 Diabetes at the
American Diabetes Association 83rd Scientific Sessions. Available online: https://investors.vrtx.com/news-releases/news-
release-details/vertex-presents-positive-vx-880-results-ongoing-phase-12-study (accessed on 19 June 2025).

Gerace, D.; Zhou, Q.; Kenty, ] H.R,; Veres, A ; Sintov, E.; Wang, X.; Boulanger, K.R; Li, H.; Melton, D.A. Engineering human stem
cell-derived islets to evade immune rejection and promote localized immune tolerance. Cell Rep. Med. 2023, 4, 100879. [CrossRef]
Identifying New Biomarkers to Treat Type 1 Diabetes—RNA Genetherapy. Available online: https://www.rna-genetherapy.eu/
identifying-new-biomarkers-to-treat-type-1-diabetes/ (accessed on 19 June 2025).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/ajt.12433
https://doi.org/10.1371/journal.pone.0037004
https://www.hra.nhs.uk/planning-and-improving-research/application-summaries/research-summaries/phase-12-study-to-evaluate-the-safety-tolerability-and-efficacy-of-vx-880-in-t1d-subjects/
https://www.hra.nhs.uk/planning-and-improving-research/application-summaries/research-summaries/phase-12-study-to-evaluate-the-safety-tolerability-and-efficacy-of-vx-880-in-t1d-subjects/
https://doi.org/10.1900/RDS.2017.14.51
https://doi.org/10.1016/j.jaut.2018.08.004
https://investors.vrtx.com/news-releases/news-release-details/vertex-announces-program-updates-type-1-diabetes-portfolio
https://investors.vrtx.com/news-releases/news-release-details/vertex-announces-program-updates-type-1-diabetes-portfolio
https://doi.org/10.1126/science.abh1654
https://doi.org/10.1159/000542206
https://doi.org/10.3389/fmed.2022.932086
https://doi.org/10.1007/s00281-022-00940-w
https://investors.vrtx.com/news-releases/news-release-details/vertex-presents-positive-vx-880-results-ongoing-phase-12-study
https://investors.vrtx.com/news-releases/news-release-details/vertex-presents-positive-vx-880-results-ongoing-phase-12-study
https://doi.org/10.1016/j.xcrm.2022.100879
https://www.rna-genetherapy.eu/identifying-new-biomarkers-to-treat-type-1-diabetes/
https://www.rna-genetherapy.eu/identifying-new-biomarkers-to-treat-type-1-diabetes/

	Introduction 
	Early Immunosuppression in T1DM: From Corticosteroids to Cyclosporine 
	Humanized Monoclonal Antibodies in T1DM: Precision Immune Modulation 
	Future Perspectives: Toward Precision and Personalized Immunotherapy 
	Cellular Immunotherapy in T1DM: The Pursuit of Durable Immune Tolerance 
	Beta-Cell Replacement in T1DM: From Islet Transplantation to Stem Cell-Derived Therapies 
	Clinical Translation of Cell-Based Therapies in T1DM 
	From Historical Lessons to Precision Immuno-Regeneration in T1DM 
	Conclusions 
	References

