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Abstract 

Background Type 1 diabetes (T1D) is an autoimmune disease leading to destruction of insulin-producing pancre-
atic beta cells. Both genetic and environmental factors contribute to pathogenesis. The incidence of T1D is increas-
ing worldwide, with significant geographic and ethnic variations. Patients present with symptoms of hyperglycemia 
and diabetes complications.

Main body In T1D, autoreactive T cells and autoantibodies destroy beta cells, causing insulin deficiency. Exogenous 
insulin therapy is essential but cannot replicate normal physiology. Management requires intensive lifestyle education 
on diet, exercise, glucose monitoring and avoiding complications, in addition to insulin. Novel therapies like immu-
notherapy, cell transplantation, artificial pancreas devices and AI algorithms aim to improve care. Strategies for revers-
ing T1D involve combination immunotherapies to block autoimmunity and regenerate beta cells via stem cells 
or xenotransplantation.

Conclusion While type 1 diabetes remains challenging, ongoing research provides hope. Elucidating individual-
ized disease mechanisms and translating findings into precision prevention and treatment approaches are critical 
to improving long-term outcomes. Innovative and multi-targeted therapies may fundamentally change the trajectory 
of T1D.

Keywords Type 1 diabetes, Beta cell destruction, Immunotherapy, Cell transplantation, Artificial pancreas, Precision 
medicine, Disease heterogeneity

Background
Type 1 diabetes (T1D) is an autoimmune disease char-
acterized by the T cell-mediated destruction of insulin-
producing pancreatic beta cells, resulting in insufficient 
insulin production and hyperglycemia. T1D represents 
5–10% of all diagnosed diabetes cases and most often 
develops in children and adolescents, but can occur at 

any age (Popoviciu et al. 2023). There are significant eth-
nic differences in T1D incidence, with much higher rates 
reported in populations of European descent compared 
to other ethnicities. In the USA, the incidence rate was 
highest among non-Hispanic whites (24.8/100,000 per 
year) compared to Hispanic (17.2/100,000), African-
American (11.3/100,000), and Asian American popula-
tions (8.5/100,000). The reasons for wide geographic and 
ethnic variation are not fully understood, but are likely 
related to differences in genetic susceptibility and envi-
ronmental exposures. The development of T1D is influ-
enced by both genetic and non-genetic factors. There 
is a strong genetic component, with the HLA region 
accounting for 30–50% of genetic susceptibility. Spe-
cific HLA haplotypes such as DR3-DQ2 and DR4-DQ8 
are linked to higher risk. However, only around 10% of 
individuals with high-risk HLA genotypes develop T1D, 
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highlighting the importance of environmental factors 
(Ogrotis and Koufakis 2023). Patients with type 1 diabe-
tes have increased risk of stroke, likely due to hyperglyce-
mia-induced vascular dysfunction (Liu et al. 2021). T1D 
promotes non-alcoholic fatty liver disease and fibrosis 
through insulin deficiency, lipolysis, and metabolic dys-
regulation (Addissouky et  al. 2021). H. pylori infection 
may be linked to T1D onset by promoting inflamma-
tion and molecular mimicry between H. pylori antigens 
and islet autoantigens (Addissouky et  al. 2023a, 2023b), 
though more evidence is needed to confirm this asso-
ciation. Several environmental contributors have been 
identified, including early infant nutrition, viral infec-
tions, gut microbiome composition, and vitamin D sta-
tus. Early exposure to complex foreign proteins like dairy 
and gluten may stimulate autoimmunity in genetically 
susceptible infants. Enteroviral infections have been fre-
quently isolated from the pancreas of newly diagnosed 
T1D patients and may act as triggers of autoimmunity. 
Dysbiosis of the gut microbiome with reduced diversity 
has been associated with T1D development. Vitamin D 
deficiency may also confer increased risk, possibly by 
modulating immune responses. Psychosocial stress and 
low socioeconomic status have been less consistently 
linked to T1D (Corsello et al. 2023). On a molecular level, 
the pathogenesis involves both cellular and humoral 
autoimmune destruction of beta cells. CD4+ and CD8+ 
T cells directly attack beta cells displaying autoantigen 
epitopes like insulin, GAD65, IA-2, and ZnT8. Autoan-
tibodies against these antigens are present years before 
clinical diagnosis and are important diagnostic mark-
ers. Pro-inflammatory cytokines like IL-1β, IFNγ, and 
TNFα secreted by infiltrating immune cells create a toxic 
microenvironment within the islets damaging beta cells 
(Francesca et al. 2022). Genetic susceptibility along with 
environmental encounters leads to breakdown of immu-
nological tolerance and activation of autoreactive T and B 
cells. Defects in regulatory T cells that suppress autoim-
munity and altered intestinal barrier function permitting 
microbial translocation may be contributory. Ultimately, 
there is a prolonged subclinical period of insulitis where 
a majority of beta cell mass is destroyed before onset of 
symptomatic hyperglycemia. Elucidating these molecu-
lar events may allow for development of antigen-specific 
immunotherapies to intercept the pathogenesis of T1D 
(Holborough-Kerkvliet et al. 2023).

Global epidemiology of type 1 diabetes
Type 1 diabetes (T1D) is an autoimmune disease char-
acterized by the destruction of insulin-producing 
beta cells in the pancreas. Recent studies have pro-
vided important insights into the global epidemiology 

of T1D, helping to characterize patterns in incidence, 
prevalence, mortality, and outcomes. According to 
the T1D Index, the first comprehensive effort to esti-
mate the global burden of T1D using a Markov model, 
there were an estimated 8.4 million prevalent T1D 
cases worldwide in 2021, with prevalence rates vary-
ing widely between countries from 1.5 to 534 cases 
per 100,000 populations (Ogle et  al. 2023). Incidence 
of T1D also demonstrated geographical heterogeneity, 
ranging from 0.02 to over 50 cases per 100,000 chil-
dren under 15 years of age. While T1D has traditionally 
been viewed as a disease of children and adolescents, 
the T1D Index findings highlighted that adult-onset 
T1D accounts for the majority of prevalent cases glob-
ally. However, epidemiological data remain limited for 
adult T1D compared to pediatric populations. Accu-
rately determining incidence and prevalence is further 
challenged by issues such as misclassification between 
T1D and type 2 diabetes (T2D) in adults and heteroge-
neity in T1D phenotypes (Ogle et al. 2023; Ogrotis et al. 
2023). National studies have helped address gaps, such 
as research in Iran finding age-standardized incidence 
rates increased in both sexes from 1990 to 2019 across 
different provinces (Bandarian et al. 2023).

A meta-analysis of 55 countries from 2000 to 2022 
reported significant variations in T1D incidence among 
children and adolescents, with the highest rates found 
in Nordic countries and Sardinia (Hormazábal-Aguayo 
et  al. 2024). Moreover, studies have shown evolving 
incidence trends over time that differ between popu-
lations and world regions, underscoring the need for 
ongoing surveillance (Ogle et  al. 2023; Berthon et  al. 
2023). The T1D Index also estimated that in 2021, 
approximately 35,000 deaths in those under 25 years 
of age were attributed to a lack of T1D diagnosis. Such 
“deaths from non-diagnosis” predominantly impacted 
low- and middle-income countries in Sub-Saharan 
Africa and South Asia. In terms of outcomes, the T1D 
Index model predicted considerable disparities globally 
in health-adjusted life years based on estimated differ-
ences in access to diabetes care (Ogle et al. 2023). Other 
population-based studies have since also reported vari-
ability in life expectancy and mortality rates associated 
with T1D depending on timeframe, region, and quality 
of management (Arffman et  al. 2023). Taken together, 
these findings highlight the importance of strengthen-
ing T1D epidemiology surveillance efforts internation-
ally, as recognized by expert groups, in order to most 
effectively guide public health strategies and resource 
allocation to improve diagnosis rates and patient out-
comes on a global scale (Beran et al. 2023).
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Pathogenesis of type 1 diabetes
The pathogenesis of type 1 diabetes (T1D) is mediated 
by an autoimmune attack targeted against the insulin-
producing pancreatic beta cells. Both autoreactive T cells 
and autoantibodies contribute to selective destruction 
of beta cells, causing insulin deficiency and hyperglyce-
mia. The pathogenesis is complex, involving interactions 
between genetic and environmental factors that trigger 
loss of immunological tolerance.

Destruction of beta cells
Progressive loss of pancreatic beta cell mass and func-
tion is the central feature in T1D pathogenesis. The pro-
cess begins months to years before clinical diagnosis, as 
evidenced by detection of multiple autoantibodies dur-
ing pre-symptomatic stages. Histological examination 
of pancreata from T1D patients reveals insulitis, charac-
terized by infiltration of immune cells including T lym-
phocytes, B lymphocytes, macrophages, and dendritic 
cells into the islets. Cytokines secreted by these inflam-
matory cells induce beta cell apoptosis. Near complete 
beta cell destruction, around 80–95%, occurs by the time 
hyperglycemia is apparent. Both CD4+ and CD8+ T cells 
directly attack beta cells displaying processed autoan-
tigen peptides via the HLA class I and II pathways. The 
beta cell antigens targeted include insulin, glutamic acid 
decarboxylase 65 (GAD65), insulinoma-associated anti-
gen 2 (IA-2), and zinc transporter 8 (ZnT8). Environmen-
tal triggers like viral infections are thought to initially 
damage beta cells, releasing autoantigens that activate 
autoreactive T cells. These cells proliferate and recruit 
additional immune cells to maintain insulitis. Ongo-
ing beta cell apoptosis exceeds any potential for residual 
beta cell regeneration, until few functional beta cells 
remain. The pathogenesis of T1D involves both cellular 
and humoral-mediated autoimmune destruction of pan-
creatic beta cells. Autoreactive CD4+ and CD8+ T cells 
infiltrate the islets, releasing inflammatory cytokines and 
directly attacking beta cells. B cells produce autoantibod-
ies that form immune complexes activating complement. 
Macrophages and dendritic cells also contribute to insu-
litis. This multi-pronged assault overwhelms beta cell 
capacity for regeneration, leading to insufficient insulin 
secretion (Thompson et al. 2023).

Loss of insulin secretion
The autoimmune destruction of beta cells leads to loss of 
insulin production and secretion, resulting in impaired 
glucose homeostasis. Normal beta cells have a remark-
able capacity to upregulate or downregulate insulin 
secretion in response to blood glucose levels. In T1D, 
this ability to tightly regulate insulin release is damaged 
early in pathogenesis due to beta cell stresses that disrupt 

secretory function. Pro-inflammatory cytokines like 
IL-1β, TNF-α, and IFN-γ secreted by infiltrating immune 
cells in insulitic islets are toxic to beta cells. They perturb 
cellular signaling pathways controlling glucose-stimu-
lated insulin secretion. Beta cells initially compensate by 
increasing insulin output per cell and expanding beta cell 
mass. But eventually secretory function cannot offset the 
degree of beta cell death, leading to insufficient basal and 
post-prandial insulin secretion. The resulting insulin defi-
ciency prevents regulation of hepatic glucose production 
and peripheral glucose uptake, causing hyperglycemia 
and classical diabetes symptoms (Sun et al. 2023).

Role of T Cells
CD4+ and CD8+ T cells are major players in the auto-
immune attack against beta cells. CD4+ T helper cells 
recognize beta cell peptides presented by HLA class II 
molecules. They differentiate into inflammatory Th1 and 
Th17 subsets in the islet infiltrate, secreting cytokines like 
IFN-γ, TNF-α, and IL-17 that amplify local inflammation 
and recruit additional immune cells. Th1 and Th17 cells 
also provide help to B cells, supporting autoantibody pro-
duction. CD8+ cytotoxic T cells directly induce beta cell 
apoptosis upon engaging their cognate autoantigen pep-
tides on HLA class I. Their cytotoxic effects are mediated 
through release of granzymes, perforin, and pro-apop-
totic cytokines. Regulatory T cells that normally suppress 
autoimmune responses are unable to control the expan-
sion of pathogenic T cells in T1D. Manipulating the bal-
ance of autoreactive and regulatory T cells is a strategy 
being explored for immunotherapy. In addition to con-
ventional CD4+ and CD8+ T cells, other T cell subsets 
may contribute to beta cell damage. NKT cells recogniz-
ing lipid antigens can produce inflammatory cytokines 
within islets. Gamma-delta (γδ) T cells are expanded in 
the peripheral blood of T1D patients and may infiltrate 
islets early in pathogenesis. Their roles require further 
clarification. Overall, autoreactive T cells at multiple 
levels mediate the autoimmune attack driving beta cell 
destruction and dysfunction (Dinić et al. 2022).

Role of autoantibodies
Autoantibodies directed against islet autoantigens are a 
hallmark of T1D. Their presence indicates ongoing auto-
immunity years before clinical diagnosis. Common islet 
autoantibody specificities include insulin, GAD65, IA-2, 
and ZnT8. These autoantibodies are produced by B cells 
that receive T cell help in the islet infiltrate and pancre-
atic lymph nodes. They are highly sensitive and specific 
biomarkers, but do not directly induce beta cell death. 
Rather, autoantibodies contribute to pathogenesis by 
forming immune complexes that activate complement 
cascades and inflammatory responses. They also facilitate 
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antigen presentation to autoreactive T cells. Autoanti-
bodies may reflect the degree of T cell-mediated injury 
and can help predict T1D development in at-risk indi-
viduals. Their detection has become important for stag-
ing pre-symptomatic disease, stratifying risk in relatives 
of T1D patients, and recruiting for prevention trials. 
However, autoantibodies alone are insufficient to cause 
T1D without collaboration from autoreactive T cells. T 
lymphocytes originate from bone marrow progenitor 
cells and mature in the thymus, where central tolerance 
mechanisms enable them to discriminate between self- 
and non-self-antigens (negative selection). Regulatory T 
cells (Tregs) and pathogenic T cells can recognize self- 
or beta cell antigens, but with differing affinities, which 
may explain their opposing functions. Mature T cells cir-
culate and may encounter their specific peptide-MHC/
HLA complex. In T1D, these T cells target beta cell pro-
teins like insulin, GAD55, and others. If antigen present-
ing cells display these beta cell peptides on MHC/HLA, 

T cells activate in lymph nodes, migrate to islets, and 
destroy beta cells in an antigen-specific manner. Tregs 
suppress these events as part of peripheral tolerance. If 
the immune system cannot halt the autoimmune attack 
on beta cells, insulin deficiency, hyperglycemia, and T1D 
result. Most signaling occurs locally in lymph nodes and 
pancreas, evading detection by biomarkers as presented 
in Fig. 1 (Rathod 2022).

Clinical presentation
The clinical presentation of type 1 diabetes (T1D) 
reflects the metabolic consequences of insulin defi-
ciency caused by autoimmune beta cell destruc-
tion. The symptoms largely relate to hyperglycemia 
and include polyuria, polydipsia, weight loss, and in 
severe cases, diabetic ketoacidosis at diagnosis. T1D 
onset can be abrupt and symptomatic, but a prodrome 
phase of months to years with mild hyperglycemic 
symptoms often precedes the classical presentation. 

Fig. 1 Pathogenesis of T1D autoimmunity (Rathod 2022)
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Hyperglycemia manifests several weeks to months 
before diagnosis as beta cell mass and function 
declines. Glucose excretion in the urine due to renal 
threshold saturation leads to compensatory polyu-
ria and polydipsia. Nocturia is commonly reported by 
parents of children with new-onset T1D. Unexplained 
weight loss may also occur as caloric loss through uri-
nation induces catabolism of fat and protein stores. 
Fatigue, blurred vision, and poor wound healing can 
result from constant hyperglycemia. In addition to 
overt diabetes symptoms, the prodrome phase is often 
characterized by unwellness, irritability, food cravings, 
and mood changes as glycemic control worsens. In 
cases where diagnosis is delayed, children and adoles-
cents may present with diabetic ketoacidosis (DKA) as 
the first manifestation of T1D. Insulin deficiency leads 
to hyperglycemia and release of glucagon, cortisol, and 
catecholamines which accelerate lipolysis and ketogen-
esis. This results in ketone body accumulation caus-
ing metabolic acidosis. Patients are typically volume 
depleted and have Kussmaul respirations trying to blow 
off carbon dioxide to compensate for acidosis. Abdomi-
nal pain, nausea, and vomiting are common along with 
mental status changes in severe DKA. Cerebral edema 
is a potentially fatal complication. DKA at diagnosis 
occurs in 13–80% of pediatric T1D cases, with higher 
rates in young children. Prompt diagnosis and treat-
ment of hyperglycemia are vital to avoid progression to 
ketoacidosis. In addition to the classic diabetes symp-
toms stemming from hyperglycemia, patients with 
new-onset T1D often have signs and conditions that 
reflect the underlying autoimmune pathogenesis. There 
is increased risk for other organ-specific autoimmune 
disorders, most commonly autoimmune thyroiditis 
(Hashimoto’s thyroiditis). Up to 20% of T1D patients 
have thyroid autoantibodies, and 2–10% develop clini-
cal hypo- or hyperthyroidism. Celiac disease is another 
associated autoimmune disorder, affecting 5–10% of 
individuals with T1D. Symptomatic celiac disease or 
positive celiac antibodies should prompt screening for 
T1D-associated autoimmunity. Less common autoim-
mune conditions like Addison’s disease (primary adre-
nal insufficiency), autoimmune gastritis, vitiligo, and 
alopecia areata can also co-occur with T1D. Persistent 
presence of other autoantibodies such as anti-nuclear 
antibody or rheumatoid factor may signify increased 
generalized autoimmune tendencies. Patients often 
have a family history of autoimmunity. Together, the 
constellation of polyuria, polydipsia, unexplained 
weight loss, DKA at diagnosis, and concurrent autoim-
munity provides clues to the underlying autoimmune 

etiology of T1D even before diagnostic confirmation 
(Murdaca et al. 2023).

Treatment and management
Insulin therapy
Type 1 diabetes (T1D) is a chronic condition requiring 
intensive insulin therapy to manage blood glucose levels 
and prevent acute and long-term complications. Insulin 
replacement is essential because patients are unable to 
produce their own insulin due to autoimmune destruc-
tion of pancreatic beta cells. Treatment regimens utilize 
different types of insulin with varying pharmacokinetic 
profiles to approximate normal physiologic insulin secre-
tion. Insulin can be administered via injections, insulin 
pumps, or closed-loop pump systems with continuous 
glucose monitoring.

Insulin types
Since the discovery and purification of insulin in the 
1920s, several insulin formulations have been developed 
with different pharmacodynamic properties tailored to 
meet patient needs throughout the day. These include 
rapid-acting, short-acting, intermediate-acting, and long-
acting insulins.

Rapid-acting insulins like insulin lispro (Humalog), 
insulin aspart (Novolog), and insulin glulisine (Apidra) 
have the fastest onset and shortest duration of action. 
They are structurally modified to promote disassociation 
of hexamers into absorbable monomers after subcutane-
ous injection. Onset of action occurs within 15 min, with 
peak effect in 1–2 h and duration of 2–4 h. This profile 
mimics endogenous mealtime insulin secretion, making 
rapid-acting insulins ideal for prandial coverage.

Short-acting (regular) insulin reaches peak concen-
trations in 2–3 h and lasts for 3–6 h. While slower than 
rapid-acting formulations, regular insulin can also be 
used at mealtimes, especially when paired with longer-
acting insulin. It is also used to correct hyperglycemia and 
in insulin infusion protocols for diabetic ketoacidosis.

Intermediate-acting insulins include neutral protamine 
Hagedorn (NPH) insulin which relies on protamine for 
delayed absorption. Its onset is around 2 h, peak effect at 
4–10 h, and duration up to 18 h. NPH is an intermediate-
acting insulin that has traditionally been used as basal 
insulin, but has been largely replaced by longer-acting 
analogs.

Long-acting insulin analogs more closely mimic basal 
insulin secretion with a flat pharmacokinetic profile. 
Insulin detemir (Levemir) lasts 12–24 h, and insulin glar-
gine (Lantus) lasts up to 24 h. Insulin degludec (Tresiba) 
is an ultra-long-acting insulin with a half-life exceeding 
24 h and duration up to 42 h, providing flexible dosing 
intervals.
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Insulin delivery methods
The most common and longstanding method of insulin 
delivery is via subcutaneous injection with syringes or 
insulin pens. Multiple daily injection (MDI) regimens 
involve 2–4 injections per day of different insulin types 
to cover basal and prandial needs. Basal insulin is pro-
vided by long-acting insulin, while rapid-acting insulin is 
used for mealtime boluses. Some fixed-ratio combination 
products provide both basal and prandial coverage. The 
insulin pen devices have revolutionized MDI therapy by 
providing convenient, accurate insulin dosing in an easy 
to use design. Insulin pumps offer a continuous subcu-
taneous insulin infusion, with rapid-acting insulin being 
delivered at variable basal rates and bolus doses around 
meals and corrections. The pumps are programmed to 
meet an individual’s insulin needs and can provide higher 
doses that mimic natural peaks. Pumps reduce hypogly-
cemia risk and provide lifestyle flexibility without multi-
ple daily injections. However, they require more extensive 
patient education for appropriate use. Closed-loop pump 
systems incorporate continuous glucose monitoring 
with automated insulin delivery guided by sensor glu-
cose readings. Also known as artificial pancreas systems, 
they represent the most physiologic insulin replacement 
by automatically adjusting insulin infusion based on cur-
rent and predicted near-future glucose levels. Hybrid 
closed-loop systems still require patient meal boluses, 
while fully automated systems provide complete basal 
and bolus dosing. Clinical trials demonstrate improved 
glycemic control, reduced hypoglycemia, and decreased 
patient burden with these advanced systems (Cudini and 
Fierabracci 2023).

Lifestyle modifications
In addition to exogenous insulin therapy, the manage-
ment of type 1 diabetes (T1D) relies heavily on lifestyle 
modifications to achieve optimal glucose control and 
prevent both acute and long-term complications. These 
include appropriate dietary patterns, regular exercise, 
weight control, frequent blood glucose monitoring, and 
diligent avoidance of hypoglycemia and other diabetes-
related complications.

Diet and exercise
Medical nutrition therapy is a critical component of T1D 
treatment. The goals are to maintain healthy body weight, 
optimize glycemic control, achieve normal growth and 
development in children, and prevent cardiovascular 
risks. Individualized meal planning should balance car-
bohydrate intake with insulin therapy, limiting sugar and 
refined carbohydrates while ensuring adequate whole 
grains, fiber, fruits, and vegetables. Adequate protein 
intake is important for growth and weight management. 

Fat intake is focused on healthier unsaturated fats. Any 
needed vitamin/mineral supplements are recommended. 
Most experts advocate for a balanced, healthy diet for 
the whole family rather than restrictive “diabetic diets.” 
Regular physical activity is also encouraged, with ben-
efits including improved insulin sensitivity, cardiovascu-
lar fitness, weight control, and mental health. At least 60 
min daily of moderate aerobic and muscle-strengthening 
exercise is recommended for children, building up to 150 
min per week for adults. Activity levels may need to be 
adjusted around insulin peaks and troughs to prevent 
hypo/hyperglycemia. Patients must monitor blood glu-
cose before, during, and after exercise and adjust insulin 
or consume supplemental carbs as needed. Weight con-
trol through diet and exercise is key, as obesity wors-
ens insulin resistance. Modest 5–10% weight loss can 
improve glycemic control, lipids, and blood pressure in 
overweight T1D patients. Growth monitoring in children 
ensures appropriate weight gain and growth velocity. 
Nutrition education and guidance around meal planning, 
carbohydrate counting, glycemic index, and healthy life-
styles are provided by diabetes educators and dietitians 
as part of comprehensive education.

Blood glucose monitoring
Frequent self-monitoring of blood glucose (SMBG) is 
essential for achieving glycemic targets. Testing is recom-
mended 3 or more times daily, including both pre- and 
post-prandial levels to guide insulin adjustments. More 
frequent monitoring is appropriate with insulin pumps, 
exercise, hypoglycemia, illness, pregnancy, or labile 
glucose. Continuous glucose monitoring (CGM) pro-
vides 24/7 interstitial glucose readings displayed in real-
time on receivers or phones. CGM aids early detection 
of hyper/hypoglycemia and trends. Combining CGM 
with insulin pumps enables automated insulin delivery. 
Patients must be proficient in interpreting and respond-
ing to glucose data.

Complication prevention
Preventing both acute (hypoglycemia, DKA) and long-
term (microvascular, macrovascular) diabetes compli-
cations is imperative. Hypoglycemia can result from 
mismatch in insulin timing, over-correction of hyper-
glycemia, missed meals, exercise, alcohol use, etc. Mild 
hypoglycemia may be treated with oral glucose, while 
severe cases require glucagon injection or intravenous 
dextrose. Patients should carry emergency glucose 
sources at all times. Diabetic ketoacidosis requires emer-
gency medical treatment with fluids, electrolyte correc-
tion, and insulin therapy. Reducing risks of microvascular 
and macrovascular complications long term requires dili-
gent glucose management and control of blood pressure 
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and lipids. Annual eye, kidney, foot and dental examina-
tions screen for retinopathy, nephropathy, neuropathy, 
and vascular disease. Patient education emphasizes life-
style habits and self-care practices that minimize risks of 
acute and chronic complications for optimal longevity 
and quality of life (Tomah et al. 2023).

Novel and emerging therapies
Pancreatic islet transplantation
Despite advances in exogenous insulin therapy and tech-
nology, type 1 diabetes (T1D) remains burdensome due 
to the challenges of maintaining strict glycemic control 
to prevent complications. This has driven research into 
novel therapeutic approaches beyond traditional insulin 
replacement, including regenerative strategies to restore 
endogenous insulin production. Pancreatic islet trans-
plantation involves infusing isolated insulin-producing 
islets from an organ donor pancreas into the liver of 
a T1D patient via the portal vein. Once engrafted, the 
functional islet beta cells can sense blood glucose and 
secrete insulin, restoring glucose-responsive endogenous 
insulin production without the need for exogenous insu-
lin therapy. Islet transplantation is potentially curative for 
T1D, but still considered an experimental procedure with 
limited availability. Though first attempted in the 1970s, 
major advances occurred in the 2000s with the Edmon-
ton protocol which used a steroid-free immunosuppres-
sive regimen and multiple donors per recipient. This 
achieved insulin independence in most recipients, prov-
ing the efficacy of islet transplantation (Addissouky et al. 
2024a, 2024b).

However, long-term outcomes showed that less than 
10% remained insulin-free at 5 years. Most recipients 
achieved excellent glycemic control and hypoglycemia 
prevention, despite still needing some exogenous insulin. 
The procedure involves isolating islets from brain-dead 
donor pancreata using collagenase digestion and gradient 
purification. The optimal source is younger donors with 
low body mass index and short cold ischemia time. Isola-
tion protocols have become more efficient, with > 500,000 
islet equivalents typically transplanted per patient in 2–3 
infusions. Infusing islets into the hepatic portal vein ena-
bles efficient engraftment and glucose sensing. Initial 
immunosuppression prevents allorejection using a com-
bination of sirolimus, tacrolimus, and/or anti-IL-2 recep-
tor antibodies. Immunosuppression is required long term 
to prevent autoimmune recurrence. Limitations currently 
restrict islet transplantation to patients having severe 
glycemic lability and hypoglycemia unawareness despite 
optimal insulin therapy. The shortage of cadaveric pan-
creas donors makes wide availability challenging. Ongo-
ing research aims to improve efficacy, durability, and 
applicability by exploring transplantation sites besides 

the liver, encapsulation devices to protect islets from 
immune attack, donor pig islets as an alternative tis-
sue source, and methods to induce immune tolerance of 
transplanted islets (Kabakchieva et al. 2023).

Xenotransplantation
Xenotransplantation is the transplantation of cells, tis-
sues, or organs from another species to humans. Pigs rep-
resent a potential unlimited source of insulin-producing 
islet cells for transplantation into T1D patients. Porcine 
insulin-producing cells are functionally similar to human 
islets but not rejected by the recipient’s immune system. 
Preclinical research and clinical trials are investigating 
the efficacy, safety, and immunological issues surround-
ing transplantation of pig islets or pancreatic tissue. Pig 
islets have been transplanted into diabetic primates with 
successful function in normalizing blood glucose without 
immunosuppression (Addissouky et al. 2023c).

However, in clinical trials, pig islet transplant alone has 
required immunosuppression to achieve even tempo-
rary function without long-term insulin independence. 
Approaches to prevent immunological rejection and per-
mit long-term graft survival are being developed, includ-
ing genetic engineering of donor pigs to remove antigens 
that trigger human immune responses. Encapsulation 
devices may also protect xenografts from rejection. Addi-
tional concerns around xenotransplantation include 
transmission of pig endogenous retroviruses (PERVs) 
to humans. No cases have been documented so far, and 
screening methods to detect PERV infection in pigs are 
advancing. Ethical issues regarding appropriate animal 
husbandry and welfare standards must also be consid-
ered (Citro et al. 2023).

Proteomics and genomics
The pathophysiology and clinical progression of type 1 
diabetes (T1D) varies greatly between individuals, driven 
by differences in genetics, immune phenotypes, and envi-
ronmental exposures. This heterogeneity has spurred 
interest in precision medicine approaches that tailor pre-
vention and treatment based on an individual’s genomic 
and proteomic data. Leveraging proteomics and genom-
ics may enable more personalized strategies to prevent, 
reverse, or appropriately manage autoimmune diabetes.

Proteomics Proteomics involves characterization of the 
entire set of proteins expressed by the genome, includ-
ing variations in protein abundance, structure, function, 
and interactions. Since proteins directly execute cellular 
functions, analysis of protein expression changes in T1D 
can reveal insights into disease pathogenesis and mecha-
nisms. Proteomic profiling of blood or tissues can iden-
tify biosignatures that stratify risk for T1D development, 
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detect disease early, or predict progression. This may 
guide individually tailored prevention, screening, and 
treatment approaches. Several studies have performed 
proteomic analysis of plasma from autoantibody posi-
tive individuals who later progressed to T1D compared 
to those that did not. Differentially expressed proteins 
related to complement activation, lipid metabolism, and 
cytokine signaling were able to predict T1D development. 
Other efforts using serum have defined protein signatures 
that distinguish the presence or absence of autoantibodies 
and progression rate to T1D. Ongoing research aims to 
develop blood-based protein biosignatures that enhance 
predictive accuracy for T1D above genetic and autoanti-
body testing alone. Proteomic examination of pancreas 
specimens has also elucidated potential tissue biomark-
ers of T1D. Proteins involved in regulating apoptosis and 
proteolysis were abnormal, implicating protease activa-
tion in pancreatic beta cell death. Analysis of pancreatic 
fluids and islet secretions may provide further insights 
into islet-specific protein changes. Integration of multiple 
omics datasets including genomics, transcriptomics, and 
metabolomics will strengthen predictive capabilities and 
mechanistic inferences. Ultimately, the goal is to use pro-
teomic profiling to assign T1D subgroups for personal-
ized management. Patients predicted to have rapidly pro-
gressing autoimmunity may benefit from more aggressive 
immunotherapy, while those predicted to have a slower 
decline could avoid overtreatment. Proteomics may also 
aid development of biomarker-driven therapies targeting 
relevant molecular pathways (Syed et al. 2023).

Genomics Genomic analysis evaluates genetic vari-
ability to determine T1D risk, prognosis, and tailored 
interventions. Genome-wide association studies (GWAS) 
have identified over 60 genomic loci associated with T1D 
susceptibility. Genetic testing can identify high-risk HLA 
haplotypes and non-HLA variants, allowing quantifica-
tion of polygenic risk scores. Patients with high genetic 
risk could be preferentially enrolled in prevention trials or 
receive counseling about risk-reducing behaviors. Geno-
typing key loci also enables subclassification into geneti-
cally distinct subtypes of T1D. For example, patients 
lacking high-risk HLA genotypes may have certain mono-
genic forms of diabetes that require alternative manage-
ment. Analyzing autoantibody positive individuals for 
genetic risk scores improves prediction of T1D progres-
sion and allows appropriate targeting of secondary pre-
vention efforts.

Pharmacogenomics assesses genetic determinants of 
drug response to enable individualized therapy. Genotyp-
ing cytochrome p450 enzymes, insulin analog receptors, 
and immune regulatory molecules may guide optimal 
insulin type, dosing, and possibly immunotherapy. For 

prevention trials, genetic screening is necessary to target 
subjects likely to respond and exclude non-responders. 
Whole genome, exome, or RNA sequencing provides 
comprehensive genetic data for precision medicine but is 
not yet practical clinically. As sequencing costs decrease 
and bioinformatic tools improve, analyzing complete 
genetic variability may become viable and enhance 
unraveling of genetic-environmental interactions in T1D 
pathogenesis. Novel immunotherapies and regenerative 
medicine strategies aim to preserve and replace beta cell 
mass in T1D. Therapeutic targets include modulating T/B 
cell responses, inhibiting cytokine signaling, regenerat-
ing beta cells from stem cell sources, and enabling toler-
ance of transplanted islets. Combinatorial approaches are 
needed to simultaneously block autoimmunity, replace 
lost cells, and support engraftment. Closed-loop pump 
systems represent an artificial pancreas by linking con-
tinuous glucose monitoring with automated insulin deliv-
ery adjusted by control algorithms. Fully autonomous 
systems determine basal needs and meal boluses without 
user input (Luckett et al. 2023).

Stem cell therapy
Type 1 diabetes (T1D) results from autoimmune destruc-
tion of insulin-producing pancreatic beta cells. An 
appealing therapeutic strategy involves regenerating new 
functional beta cells using stem cells to replace those lost 
in T1D. Stem cells are primitive cells that can self-renew 
and give rise to more differentiated cell types. Harness-
ing stem cells to regenerate beta cells could potentially 
cure T1D by restoring a patient’s ability to produce their 
own insulin. Different stem cell sources and methodolo-
gies are being investigated to generate insulin-secreting 
beta-like cells for transplantation into T1D patients. 
Major approaches include embryonic stem cells (ESCs), 
induced pluripotent stem cells (iPSCs), and adult stem/
progenitor cells from sources like the pancreas, liver, adi-
pose tissue, and bone marrow. Each have advantages and 
disadvantages regarding availability, capacity to prolifer-
ate, and ability to differentiate into beta cells (Işildar et al. 
2022).

Embryonic stem cells Embryonic stem cells (ESCs) 
are derived from the inner cell mass of blastocyst stage 
embryos. They are pluripotent, capable of unlimited self-
renewal and differentiating into all somatic cell types. 
Over the past two decades, protocols have been developed 
to differentiate ESCs in a stepwise fashion into beta-like 
cells expressing insulin and other beta cell markers. How-
ever, the resulting cells are immature and lack complete 
functional maturity. Their utility is also limited ethically 
and by allogenic immune rejection risks with transplanta-
tion (Singh et al. 2023).
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Induced pluripotent stem cells Induced pluripotent 
stem cells (iPSCs) are generated by reprogramming adult 
somatic cells like skin fibroblasts back into a pluripotent 
state via forced expression of specific genes. Patient-
derived iPSCs can differentiate into replacement beta cells 
that are autologous, avoiding immune rejection. Studies 
have demonstrated in vitro generation of glucose-respon-
sive insulin-secreting cells from human iPSCs. Transla-
tion to clinical therapy is in early phases. Safety concerns 
around tumorigenicity of undifferentiated cells and opti-
mal transplantation sites need to be addressed. Encapsu-
lation may enable retrieval if necessary (Montanucci et al. 
2023).

Pancreatic progenitors The adult pancreas contain pan-
creatic progenitor cells involved in normal tissue turno-
ver that can be expanded and differentiated into beta 
cells. Multipotent cells have been isolated from pancre-
atic ducts and islets that display some beta cell plasticity. 
Pancreatic tissue obtained from organ donors provides 
another potential source of progenitors. Isolation proto-
cols and differentiation factors to convert progenitors into 
functional beta cells with adequate yield require improve-
ment.

Other adult stem cells Mesenchymal stem cells (MSCs) 
derived from bone marrow, adipose tissue, umbilical cord, 
and other sources have shown some ability to transdiffer-
entiate toward a beta cell phenotype. MSCs are likely not 
a robust source for generation of fully functional, glucose-
responsive beta cells but may have immunomodulatory 
effects in T1D. Liver stem cells and GI epithelium have 
been proposed as potential origins of insulin-expressing 
cells. None have conclusively demonstrated adequate beta 
cell neogenesis (Farid et al. 2023).

Nanomedicine
Nanomedicine utilizes engineered nanoparticles to pre-
cisely deliver therapies to target locations in the body. 
Applying nanotechnology to treat type 1 diabetes (T1D) 
involves designing nanoparticles to carry and release 
immunomodulatory drugs aimed at preserving insulin-
producing beta cells. Nanoparticle platforms can ferry 
agents that modulate immune cells and cytokines to 
intervene in disease pathogenesis. This may enable tissue-
specific therapy without systemic immunosuppression. 
Several properties make nanoparticles well-suited as 
T1D immunotherapies. Their small size facilitates move-
ment out of circulation into tissues and enables uptake 
into target immune cells. A high surface area-to-volume 
ratio allows multifunctional modifications like tissue-
specific ligands. Nanoparticles physically protect cargo 
drugs from degradation and inactivation. Controlled 

release kinetics provide sustained delivery to maintain 
therapeutic levels of rapidly cleared agents (Vijayakumar 
and Kim 2022). Examples of nanoparticle systems being 
explored as T1D immunotherapies include:

Polymeric nanoparticles Polymer-based nanoparticles 
formulated from materials like poly-lactic-co-glycolic 
acid (PLGA) provide versatile drug delivery platforms. 
Polymeric nanoparticles can encapsulate immunomodu-
latory agents and release them in a controlled manner 
by diffusion or polymer degradation. Tuning polymer 
properties modulates the drug release profile. Surface 
functionalization with targeting moieties promotes selec-
tive tropism toward pancreatic tissues and immune cells. 
PLGA nanoparticles carrying rapamycin demonstrated 
ability to reverse hyperglycemia in mouse models by pro-
moting regulatory T cells and inhibiting effector T cells to 
reestablish tolerance. PLGA nanoparticles have also ena-
bled oral delivery of insulin peptides to stimulate systemic 
tolerance against beta cells. The biocompatibility and 
biodegradability of polymeric nanoparticles make them 
promising for translation to clinical applications (Valdés 
Álvarez and Rojas-López 2023).

Lipid‑based nanocarriers Liposomes and solid lipid 
nanoparticles (SLNs) composed of physiological lipids are 
biocompatible platforms being utilized to deliver immu-
nosuppressive and tolerance-inducing drugs for T1D. 
Liposomes encapsulate agents within the aqueous core 
or bilayer shell, protecting them from clearance and deg-
radation. SLNs prepared from semi-solid lipids can inte-
grate agents within the solid matrix. Oral insulin delivery 
using SLNs is being investigated to induce oral tolerance 
to beta cells and improve glycemic control (Huang et al. 
2023).

Dendrimers Dendrimers are highly branched, well-
defined polymeric nanostructures that allow precise 
nanoscale engineering and multivalent presentation of 
biological ligands. Dendrimer-based nanoparticles have 
been designed to target diabetogenic immune cells and 
deliver payloads that delete or silence autoreactive T cells 
and shift the balance toward regulation. Dendrimers also 
enable nanoparticle uptake into lymphocytes and pan-
creatic tissues. The well-controlled synthesis of dendrim-
ers allows customization for targeted immunotherapy 
(Raghav et al. 2022).

Inorganic nanoparticles Inorganic materials like silica 
nanoparticles and gold nanorods are also being engi-
neered as therapeutic carriers. Silica nanoparticles pro-
tect encapsulated agents from deactivation and provide 
controlled release. They have been used to ferry anti-
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sense oligonucleotides that modify gene expression and 
silence pro-inflammatory cytokines in T1D models. Gold 
nanorods accumulate preferentially in pancreatic tissues 
upon infrared irradiation, allowing localized delivery 
when coupled to insulin peptides (Jing et al. 2022).

Artificial organs and the use of AI and machine learning
Advances in biomedical engineering and materials sci-
ence have enabled development of artificial organs to 
replace functions lost in disease. For type 1 diabetes, arti-
ficial pancreas devices utilizing AI and machine learn-
ing algorithms replicate aspects of glucose homeostasis. 
These technologies aim to automate insulin delivery in a 
more personalized, precise manner than current meth-
ods (Addissouky et al. 2024c, 2023d).

Artificial pancreas systems Artificial pancreas systems 
are comprised of three components—a continuous glu-
cose monitor (CGM), an insulin pump, and a control 
algorithm that links the two by automating insulin dosing 
based on current glucose levels. CGMs provide real-time 
interstitial glucose measurements, while insulin pumps 
deliver rapid-acting insulin subcutaneously. Early ver-
sions used simple threshold-based algorithms, but cur-
rent systems incorporate sophisticated AI algorithms to 
determine optimal insulin delivery (Dermawan and Pur-
bayanto 2022).

AI‑driven automated insulin delivery Integrating AI and 
machine learning algorithms allows artificial pancreas 
systems to analyze CGM data, learn an individual’s insu-
lin needs, and customize delivery rather than rely on fixed 
programmed settings. Techniques like fuzzy logic, neural 
networks, and predictive control modeling mimic com-
plex clinical decision making (Addissouky et  al. 2024d, 
2024e).

Utilizing past trends and data patterns, AI algorithms 
can forecast future glucose levels and preemptively adjust 
insulin dosage. Some systems are hybrid closed loops, 
still needing user input for announcing meals and cali-
brating carbohydrate intake. Fully automated artificial 
pancreas systems using AI determine basal needs and 
calculate mealtime boluses autonomously. The sophisti-
cated self-learning abilities reduce user burden for input-
ting data and tailor therapy based on fluctuating daily 
insulin demands (Cambuli and Baroni 2023).

Benefits of  AI‑driven systems Clinical trials demon-
strate artificial pancreas systems with AI algorithms sig-
nificantly improve glycemic control, reduce hypoglycemia 
episodes, and ease patient burden compared to sensor-
augmented pump therapy. Users had less worry about 
managing blood glucose fluctuations. Automating insulin 

delivery using patient-specific AI modeling gave tighter 
control than standardized formulas. The adaptive capa-
bilities of AI systems accommodate variations in insulin 
sensitivity, insulin action timing, and glucose absorption 
that affect optimal insulin dosing. Machine learning tech-
niques applied to large datasets also enable detection of 
predictive patterns that humans cannot discern to further 
optimize insulin delivery. As more data are aggregated, 
the algorithms become more personalized and precise.

Challenges and  future directions While showing great 
promise, barriers remain in translating fully automated 
AI-driven artificial pancreas systems to widespread clini-
cal use. Most have only been tested in controlled research 
settings over limited timespans. Technical challenges 
around sensor accuracy, connectivity, and reliability need 
to be optimized. Safety protocols and technologies to 
automatically detect and mitigate failure are critical. User 
trust in AI-guided autonomous systems needs to be fos-
tered, and ethical principles established regarding data 
privacy and algorithm transparency. Regulatory approval 
pathways also need to be better defined. As these devices 
evolve to address limitations, integrate with emerging 
technologies like microneedle sensors, and expand clini-
cal learnings, AI-driven artificial pancreas systems could 
transform type 1 diabetes management (Andellini et  al. 
2023).

Herbal and traditional Chinese medicine
Plants have been used medicinally for centuries in many 
traditional systems like Ayurveda, traditional Chinese 
medicine, and Native American herbalism. Some herbs 
are being investigated for immunomodulating effects 
relevant to type 1 diabetes (T1D) pathogenesis. Certain 
phytochemicals appear to have anti-inflammatory, anti-
oxidant, and cytoprotective properties that could pre-
serve residual beta cell function (Addissouky et al. 2024f; 
Addissouky et al. 2024g; Addissouky et al. 2020).

However, rigorous evidence for clinical efficacy 
in humans is still lacking. Preclinical studies have 
evaluated various herbal extracts and phytocom-
pounds that have shown protective effects in rodent 
and in  vitro models of T1D. For example, resveratrol 
reduced immune cell infiltration and pro-inflammatory 
cytokines in the pancreatic islets of non-obese dia-
betic (NOD) mice. Curcumin treatment delayed dia-
betes onset and preserved insulin-positive cells along 
with anti-inflammatory effects in NOD mice. Berber-
ine, from plants like barberry, ameliorated hypergly-
cemia and boosted pancreatic antioxidant defenses 
in diabetic rats. Other plant compounds like epigal-
locatechin gallate (EGCG), capsaicin, naringenin, and 
quercetin inhibited autoimmune cytokine production 
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and apoptotic signaling in vitro, suggesting potential to 
protect beta cells from autoimmune attack (Gang et al. 
2023).

The putative mechanisms underlying the anti-diabetic 
effects of herbs and phytochemicals are diverse. They 
include antioxidant activity to counter oxidative stress-
induced beta cell damage; suppression of pro-inflamma-
tory cytokines like IL-1beta, TNF-alpha; inhibition of T 
cell proliferation and autoimmune phenotype; upregula-
tion of protective cytokines like IL-4; modulation of gut 
microbiome dysbiosis; induction of regulatory T cells; 
reduction in autoantibody levels; protection against 
apoptosis by decreasing caspase activation; promoting 
survival signaling proteins like AKT/PI3K; and enhanc-
ing pancreatic beta cell proliferation and regeneration 
(Montanucci et  al. 2023). The pleiotropic effects target 
various arms of the autoimmune inflammatory process 
as well as directly promote beta cell health and survival. 
This multi-pronged immunomodulation could poten-
tially prevent T1D onset or halt progression in early dis-
ease (Shamsudin et al. 2022).

Specific herbs reported to have anti-diabetic immu-
nomodulatory activity include turmeric (Curcuma 
longa), ginger (Zingiber officinale), milk thistle (Sily-
bum marianum), astragalus (Astragalus membranaceus), 
licorice (Glycyrrhiza glabra), bitter melon (Momordica 
charantia), cinnamon (Cinnamomum cassia), fenugreek 
(Trigonella foenum-graecum), garlic (Allium sativum), 
holy basil (Ocimum tenuiflorum), ginseng (Panax gin-
seng), resveratrol (Polygonum cuspidatum), and berber-
ine (Berberis vulgaris). However, purity, standardization, 
and optimal dosing of herbal products remain a chal-
lenge. Well-designed robust clinical trials are needed 
to evaluate safety and efficacy in humans (Gupta et  al. 
2017). Moreover, the gut microbiota is altered in both 
type 1 diabetes (T1D) and type 2 diabetes (T2D) patients, 
indicating an etiological relationship between the gut 
microbiota and diabetes. Studies show the microbiome 
of T1D has reduced diversity and increased Firmicutes, 
while T2D patients have increased opportunistic patho-
gens and decreased butyrate-producers. Genera like 
Bifidobacterium, Bacteroides, and Faecalibacterium neg-
atively correlate with T2D, while Ruminococcus, Fuso-
bacterium, and Blautia positively correlate. Dysbiosis of 
the gut microbiota contributes greatly to the pathogene-
sis of diabetes (Liu et al. 2023). Few rigorous human trials 
have been completed, with inconsistent results to date. 
Small studies of berberine and curcumin suggested anti-
inflammatory effects but no definitive clinical improve-
ments. Resveratrol showed potential to preserve beta cell 
function in recent-onset T1D. Some trials of plant mix-
tures found benefits for glycemic control and antioxidant 
status (Jacob and Narendhirakannan 2018).

Prevention and cure
Preventing and ultimately curing type 1 diabetes (T1D) 
remains an elusive goal despite extensive research. Pre-
vention encompasses primary strategies to intercept dis-
ease before onset, secondary efforts to preserve residual 
beta cell mass at diagnosis, and tertiary approaches to 
halt progression of complications. A cure likely requires 
regenerating functional beta cells or restoring endog-
enous insulin production. Combination immunothera-
pies, gene therapies, and regenerative medicine are being 
explored to reverse established T1D. Prediction involves 
detecting autoantibodies and genetic risk. Progression is 
heterogeneous but staging helps identify high-risk indi-
viduals. Prevention trials have targeted high-risk children 
or those with autoantibodies, using immunomodulators, 
antigens, or probiotics, to delay onset. Optimal timing 
balances early intervention against burden of diagnosis, 
requiring broad screening of genetic risk and autoanti-
bodies as illustrated in Fig. 2 (Yedjou et al. 2023).

Primary prevention
Primary prevention aims to protect genetically suscep-
tible individuals from developing autoimmune beta 
cell destruction. It relies on identifying risk factors and 
biomarkers to detect those at highest likelihood of pro-
gression. Early intervention with immunotherapy or 
tolerogenic vaccines that selectively target the auto-
reactive immune response without general immu-
nosuppression may then prevent activation of islet 
autoimmunity. One approach is stimulating protective 
regulatory T cells using low-dose antigens like proinsulin 
or GAD65. Another tactic involves eliminating aggres-
sive T cell clones and resetting immunologic balance. 
Ongoing trials are evaluating agents like teplizumab and 
abatacept that modulate T cell activation. Oral insulin 
to induce tolerance is also being tested. Primary preven-
tion may be most effective during a putative “honeymoon 
period” before extensive beta cell loss (Mameli et  al. 
2023).

Secondary prevention
Secondary prevention seeks to intervene at diagnosis to 
salvage residual functional beta cell mass before complete 
destruction. Many trials have focused on immunotherapy 
in new-onset T1D patients to suppress inflammation and 
protect surviving beta cells. Drugs like anti-CD3 antibod-
ies, CTLA-4-Ig, and IL-1 receptor antagonists showed 
initial disease-modifying efficacy but effects waned after 
treatment. Combination approaches may be required for 
durable effects by targeting multiple arms of autoimmun-
ity and supporting beta cell recovery. Use of biologics, 
immunosuppressants, and immunoregulators needs to 
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be balanced with potential risks. Further understanding 
immunopathogenic phenotypes and staging beta cell loss 
could personalize interventions to those with remaining 
targets for preservation.

Tertiary prevention
Tertiary prevention centers on halting progression of 
T1D complications like hypoglycemia, ketoacidosis, 
microvascular damage, and macrovascular disease. Dili-
gent glucose control and self-management behaviors that 
minimize glycemic variability and oxidative stress are key 
(Addissouky et al. 2024h, 2023e). Monitoring for comor-
bid autoimmune conditions is also important. Optimiz-
ing glycemic control and cardiovascular risks reduces 
likelihood of long-term diabetes complications but can-
not fully prevent them once autoimmunity is established 
(Francesca et al. 2023).

Cure and reversal
A complete cure likely requires reconstituting a fully 
functional beta cell mass capable of glucose-responsive 
insulin secretion after autoimmunity has developed. This 
remains an aspirational goal. Combination approaches 

to simultaneously block autoimmunity, replace beta 
cells, and promote survival may incrementally reverse 
T1D. Immune system reprogramming using gene thera-
pies to delete or induce specific T cell populations could 
reset tolerance. Stem cell generation and transplanta-
tion of replacement islets offer regenerative possibili-
ties. Xenotransplantation provides an unlimited beta cell 
source if hurdles are overcome. These emerging tech-
nologies suggest pathways to possible remission, if not 
definitive cure, are on the horizon (Weir and Bonner-
Weir 2023).

Conclusions
Type 1 diabetes (T1D) remains a challenging autoim-
mune disorder characterized by the destruction of insu-
lin-producing pancreatic beta cells, leading to lifelong 
exogenous insulin dependence and the risk of acute and 
chronic complications. While current management strat-
egies involving intensive insulin therapy, lifestyle modifi-
cations, and education have improved outcomes, they do 
not address the underlying autoimmune pathogenesis or 
restore endogenous insulin production. The heterogene-
ity of T1D pathogenesis, driven by complex interactions 

Fig. 2 Targeted prediction and prevention strategies in T1D (Yedjou et al. 2023)
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between genetic susceptibility and environmental factors, 
highlights the need for personalized precision medicine 
approaches to prediction, prevention, and treatment. 
Elucidating individualized disease mechanisms through 
multi-omics technologies like proteomics and genomics 
holds promise for developing targeted therapies tailored 
to specific molecular pathways. However, the limited 
understanding of the precise triggers and molecular 
events leading to beta cell autoimmunity remains a sig-
nificant limitation hindering the development of effective 
preventive and curative strategies.

Recommendations
To fundamentally change the trajectory of type 1 diabe-
tes (T1D), a multifaceted approach combining innova-
tive technologies and collaborative research efforts is 
recommended. Prioritizing the development of person-
alized precision medicine strategies, leveraging omics 
data and advanced bioinformatics, could enable more 
accurate prediction of disease risk, targeted preven-
tion, and tailored treatment based on individual dis-
ease mechanisms. Investing in regenerative medicine 
approaches, such as stem cell-derived beta cell replace-
ment therapies, xenotransplantation, and advanced 
encapsulation techniques, could provide a path toward 
restoring endogenous insulin production and potentially 
curing T1D. Additionally, exploring combination immu-
notherapies that durably modulate autoimmunity while 
concurrently supporting beta cell regeneration and sur-
vival could synergistically address both arms of the dis-
ease pathogenesis. Integrating these emerging therapies 
with cutting-edge technologies like artificial pancreas 
systems driven by machine learning algorithms could 
optimize glycemic control and reduce patient burden. 
Furthermore, conducting large-scale, well-designed clini-
cal trials to rigorously evaluate the safety and efficacy of 
these novel interventions is crucial. Encouraging multi-
disciplinary collaboration among researchers, clinicians, 
bioengineers, and patient advocates could accelerate the 
translation of scientific breakthroughs into tangible ther-
apeutic benefits for individuals living with T1D.
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