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Summary

Type 1 diabetes (T1D) is an autoimmune disease resulting in the destruction of the insulin-producing pancreatic beta cells. Disease progression
occurs along a trajectory from genetic risk, the development of islet autoantibodies, and autoreactive T cells ultimately progressing to clinical
disease. Natural history studies and mechanistic studies linked to clinical trials have provided insight into the role of the immune system in
disease pathogenesis. Here, we review our current understanding of the underlying etiology of T1D, focusing on the immune cell types that have
been implicated in progression from pre-symptomatic T1D to clinical diagnosis and established disease. This knowledge has been foundational
for the development of immunotherapies aimed at the prevention and treatment of T1D.
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Abbreviations: CAR: chimeric antigen receptor; GADA: glutamic acid decarboxylase; GLP-1R: glucagon-like peptide-1 receptor; GWAS: genome-wide
association studies; HLA: human leukocyte antigen; IA-2: tyrosine phosphatase; IAA: insulin autoantibodies; MHC: major histocompatibility complex; NK: natural
killer; NOD: non-obese diabetic; SNPs: single-nucleotide polymorphisms; T1D: Type 1 diabetes; Treg: regulatory T cells; ZnT8: zinc transporter.

Introduction

Diabetes is a chronic disease characterized by high blood glucose
affecting more than 422 million people worldwide and is increasing
in incidence [1]. Here, we focus on the role of the immune system
in beta cell damage and destruction in Type 1 diabetes (T1D). T1D
represents 10-15% of all diabetes, and diagnosis occurs more
often in children but can also occur in adulthood. The incidence
of T1D is rising; between 2001 and 2009, there was a 21% in-
crease in prevalence in people under the age of 20 years [2], and
it is expected that 5 million people in the USA will have T1D by
2050 [2]. T1D is the result of insufficient production of insulin due
to damage and destruction of the insulin-producing beta cells in
the pancreatic islet by one’s own immune system. Here, we review
what is currently known about immune mechanisms underlying
disease pathogenesis and describe the emerging therapies for the
prevention and treatment of T1D.

T1D is an autoimmune disease. Immune recognition and in-
flammation ultimately result in the destruction of beta cells.
Yet, as in other autoimmune diseases, this process occurs
over time and reflects a series of factors that result in clinical
disease. Studies of the natural history of T1D have shed light
on this process. From the cumulative work of many years, it
is clear that T1D results from a combination of genetic risk,
environmental triggers, and the development of B- and T-cell

autoreactivity toward the beta cell and its products. Two fac-
tors that have been critical in advancing our understanding of
disease progression have been the recognition that first-degree
relatives are at high risk for T1D in part due to human leuko-
cyte antigen (HLA) Class II-associated genes and second is the
work defining the natural history of islet autoantibodies in
individuals deemed to be at high risk for T1D [3-5] (Fig. 1).
This was made possible by advances in assays measuring islet
autoantibodies, either individually or as a composite, including
those targeting insulin autoantibodies (IAA), tyrosine phos-
phatase (IA-2), glutamic acid decarboxylase (GADA), and zinc
transporter (ZnT8) [6]. Using these assays in multiple longitu-
dinal prospective cohorts, it has now been definitively demon-
strated that the presence and number of islet autoantibodies
can be used to predict the development of clinical T1D [3-5].
This knowledge has enabled the staging of pre-symptomatic
T1D to time of clinical diagnosis; Stage 1 is defined by two or
more islet autoantibodies with normoglycemia, Stage 2 is two
or more islet autoantibodies with dysglycemia, and Stage 3 is
clinical diagnosis with symptomatic T1D [7] (Fig. 1). This clas-
sification of T1D stages has been game-changing with respect
to how we think about T1D diagnosis, treatment opportunities,
and disease pathogenesis. However, there remain a number of
key questions, in particular, we need to better understand the

Received 16 May 2022; Revised 26 July 2022; Accepted for publication 17 August 2022

© The Author(s) 2022. Published by Oxford University Press on behalf of the British Society for Immunology.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For

commercial re-use, please contact journals.permissions@oup.com


mailto:jbuckner@benaroyaresearch.org?subject=

106

Environmental

\ Triggers \

Long and Buckner

B o rrocuesson oincnoss
AT o Abnormal Insulin
Lllerfab silisrian Glucose Dependence
Stage 1 >> Stage 2 >> Stage 3 >

Disease Staging >

Figure 1: Predisposition, natural history, and staging of T1D. Disease progression occurs along a trajectory from genetic risk, initiation, and progression
to clinical diagnosis. During initiation and progression, there is immune activation and immune response, respectively, with the development of islet
autoantibodies. Disease progression is sequential but the rate of progression is variable among individuals. There are three stages of pre-symptomatic
disease as defined by JDRF, the Endocrine Society, and the American Diabetes Association [7]: Stage 1 is defined by two or more islet autoantibodies
with normal blood glucose levels; Stage 2 is two or more islet autoantibodies with dysglycemia; and Stage 3 is clinical diagnosis with symptomatic T1D.
Ongoing research seeks to define the environmental triggers that initiate and promote disease progression.

pathogenic mechanisms that promote progression through
each of the stages of T1D, and determine whether these mech-
anisms are shared by all T1D subjects. We can then apply this
information to guide more targeted therapy based on disease
stage and patient type.

Immunopathology and mechanisms of T1D

There are currently many tools to study the immunopathology
and mechanisms of T1D including the non-obese diabetic
(NOD) mouse model of spontaneous autoimmune dia-
betes, humanized mouse models, and human cohorts, both
cross-sectional and longitudinal. Here, we summarize conclu-
sions from human studies, specifically cross-sectional studies
and the more recent longitudinal studies, which are advancing
our understanding of disease state as well as providing insight
into disease trajectory over time.

Genetics, age, and antibody—antigen specificity are all risk
factors for T1D and emphasize the complex nature of T1D
where predisposition involves higher T- and B-cell responses
to islet antigens, impaired immune regulation, and aberrant
innate inflammation that impairs immune regulation and
homeostasis. This innate-adaptive intersection is highlighted
in the following two studies. In the first study analyzing
cross-sectional and longitudinal at-risk cohorts, siblings of
individuals with T1D exhibited increased early innate inflam-
mation with progression to clinical diagnosis characterized by
a loss of immunoregulatory processes [8]. In the more recent
study, innate inflammation drives the activation of natural
killer (NK) cells to impair regulatory T cells (Treg) [9].

Genetics is a key contributor to pathogenesis and
progression of T1D

Although 85% of people with T1D have no family history
of disease, it is well documented that genetics contributes to
T1D susceptibility [10]. The evidence for genetics comes from
family history studies and genome-wide association studies
(GWAS). In families with a member with T1D, siblings have

an average of 6-7% lifetime risk compared to 0.4% risk in
the general population [11, 12]. Moreover, the risk of T1D in
identical twins with one having T1D is >70% [13]. The HLA
region on the short arm of chromosome 6 accounts for 50%
of the genetic association with T1D. The HLA region corres-
ponds to the major histocompatibility complex (MHC) in
other animals and encodes cell surface receptors that present
antigens to T cells. For T1D, the HLA Class Il alleles, HLA-DR
and HLA-DQ have the strongest association with DR3-DQ2
and DR4-DQ8, the highest risk genotypes and DQ*0602,
a protective genotype. Specifically, people with T1D are
carriers of either HLA-DR3, DQB1%0201 (DR3-DQ2) or
DR4, DQB1*0302 (DR4-DQS8) [14, 15]. To a lesser degree,
the HLA Class I alleles, HLA B38 and A24 also predispose
disease, especially a younger age for onset and faster disease
progression. GWAS have also identified more than 60 single-
nucleotide polymorphisms (SNPs) outside the HLA region
that are associated with T1D susceptibility [16-18]; of these
only 10% are within the coding region of the genome with the
remaining 90% located in non-coding regions. Furthermore,
The Environment Determinants of Diabetes in the Young
(TEDDY) study has reported an overlap between SNPs as-
sociated with T1D susceptibility and those associated with
the development of the islet autoantibodies thus implicating
genetics in both disease pathogenesis and progression [19].
Research investigating the functional impact of T1D-
associated SNPs is ongoing. SNPs within coding regions have
been implicated in a number of immune pathways including
antigen presentation (HLA, INS-VNTR, CTSH), T-cell acti-
vation (PTPN22, CD25, LAT, CD226, SH2B3, UBASH3A),
cytokine signaling for tuning differentiation and degree of the
immune response (PTPN2, CD2S5, IL7RA, IL-6RA, IFIH1,
TYK2), and immune regulatory pathway for dampening the
response region (CTLA4, PTPN2, PTPN22, SIRPG) [20]. It
should be noted, however, that the functional impact of T1D-
associated SNPs is often specific to cell type and/or activa-
tion state. For example, SNPs in PTPN22 have been shown
to influence the function of T cells, B cells, and monocyte
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populations [21, 22], and SNPs in PTPN2 and CD25 influ-
ence the IL-2 signaling pathway in effector and Treg, whereas
other SNPs in the CD25 locus influence the response to IL-2
in either Treg or Teff but not the other [23-25]. Importantly,
some of the associated risk alleles influence gene expression in
beta cells [26, 27] and in particular the response of beta cells
to inflammation [28], suggesting some cross-talk between
immune cell- and beta cell-derived genetic risk. Defining the
functional impact of non-coding SNPs has been more chal-
lenging with emerging evidence suggesting that these SNPs
function by altering the three-dimensional structure of chro-
matin and thus affect the regulation of distal genes important
in disease pathogenesis [29-31]. In addition, the role of the
epigenome comprised of DNA methylation, histone modifica-
tions, and non-coding RNAs has only just begun to be investi-
gated in the setting of autoimmune disease. Lastly, genetic risk
scores (GRS) integrating HLA genotypes, GWAS SNPs, and in
some cases autoantibody trajectories, are currently under de-
velopment to predict T1D susceptibility and rates of disease
progression [32, 33].

Autoantibodies, antigens, and age influence
disease pathogenesis and progression

Multiple islet antigens have been defined for T1D. Importantly
islet autoantibodies precede clinical disease development and
now are used as a tool to predict the development of T1D
[6]. Similarly, T-cell responses targeting islet antigens are well
described prior to and at the time of clinical T1D onset [34].
More recently, a growing number of “neo-epitopes” have
been defined including post-translationally modified islet pro-
teins and hybrid insulin peptides [34]. These neo-epitopes are
likely generated in tandem with beta cell stress, and their role
in disease risk or progression is still being determined [335].
Although it is well documented that seroconversion to mul-
tiple autoantibodies ensures progression to clinical diagnosis,
less is known about the contribution of epitope spreading,
specifically the order and timing of islet autoantibody ap-
pearance. However, it is clear that there is heterogeneity and
emerging evidence suggests that patterns of epitope spreading
impact the rate of disease progression differently. The first
autoantibodies to appear target either JAA or GADA and
which autoantibody is first depends on HLA haplotype and
age. [AA appears first in individuals who are around 1 year of
age and have the HLA-DR4-DQS8 genotype whereas GADA
appears first at around 2 years of age in HLA-DR3 individ-
uals [36]. Furthermore, a recent transcriptomic analysis re-
vealed that IAA-first individuals had different gene expression
signatures than GADA-first individuals [37]. In TAA-first in-
dividuals, a NK cell-based signature was identified that in-
creased with progression toward onset of clinical disease. In
contrast, GADA-first individuals had a monocyte-based sig-
nature. Collectively, these studies highlight the importance of
understanding epitope spreading in the context of pathogen-
esis and progression of disease.

Etiology

With the rising incidence of T1D, the contribution of high-risk
HLA haplotypes has decreased [38] indicating that genetics
alone is not sufficient to drive the development of T1D. To
date, no single trigger has been identified and it is postulated
that there is a “threshold effect” involving multiple triggers.
Both enterovirus infection and rapid weight gain early in
life are risk factors [39]. The gut microbiome has also been
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implicated as a risk factor; lack of microbial diversity and/
or changes in the microbiome appear to increase the risk of
T1D [40-43]. Interestingly, there is also evidence in the NOD
mouse model that cross-reactivity between gut bacteria and
self-antigens may trigger autoimmunity in T1D [44]. The
identification of environmental triggers continues to be a
challenge, but our growing ability to screen the population
for T1D risk factors (genes and islet autoantibodies) holds
promise as a mechanism to better define these triggers and
intervene early to impede the development of T1D.

Immunopathology

Decades of research comparing the immune system in T1D to
that in healthy subjects continues to emphasize the role of the
adaptive immune response, including B and T cells, in disease
pathology. These findings are supported by mouse models
and genetic associations with T1D. In humans, key insight
into T1D pathogenesis has been revealed through studying
immune cells in the context of the natural history of disease
and comparing fast and slow disease progression. Findings
from these studies are also informative for development of
immunotherapies and biomarkers of disease progression.
Natural history studies have shown that some immune fea-
tures associated with T1D are present throughout disease de-
velopment whereas others are only present at specific stages
of disease (Fig. 2), suggesting that the altered immune features
in T1D are either genetically fixed or acquired over time [45].
Reduced response to IL-2 by conventional CD4* T cells, ex-
pansion of transitional B cells, and increased NK cell lytic
function are examples of fixed immune features observed at
time of the first appearance of a single autoantibody and pre-
sent throughout progression to established disease [9, 45]. In
contrast, increased frequency of both T follicular helper cells
[46-48] and T peripheral helper cells [49] are acquired with
disease progression following fixed immune perturbations
while increased T effector resistance to Treg-mediated sup-
pression [50, 51, 52] and more terminal NK differentiation
[9] are acquired immune features, occurring with the transi-
tion to overt clinical diabetes. Similarly, the enhanced T-cell
response to IL-6 [53] and the expansion of anergic B cells
[54] are also acquired but only after onset of clinical disease.
Interestingly, alterations in the B-cell response to either IL-21
or BCR signaling are dynamic with an enhanced response in
autoantibody-positive at-risk subjects, but a diminished re-
sponse in at-risk subjects that progress to clinical diagnosis
and established T1D subjects [45]. The frequency of anergic B
cells is also dynamic with reduced frequency prior to disease
onset and an increased frequency in established T1D [535, 56].
Thus, some immune alterations may be present at or near
disease initiation and influence overall disease risk.
Comparing the immune landscape of individuals with slow
disease progression to individuals with fast disease progres-
sion has also been informative and complementary to the nat-
ural history studies. To date, these studies have focused on rate
of disease progression in at-risk subjects as measured by time
to clinical diagnosis, and in recent-onset subjects as measured
by loss of C-peptide, a proxy for beta cell function. A number
of immune features distinguish slow progressors from fast
progressors (Fig. 3). The specificity of the first autoantibody is
associated with HLA risk and rate of progression suggesting
a role for antigen and antigen-presenting cells; IAA autoanti-
body first and DR4 are associated with fast progression while
GADA autoantibody first and DR3 are associated with slower
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Figure 2: Balance of innate and adaptive fixed and acquired immune phenotypes during the trajectory of T1D. Early fixed phenotypes in orange, early
dynamic phenotypes in light blue, phenotypes acquired during progression in purple, and phenotypes acquired at clinical disease onset in red.

progression [3, 57]. Moreover, IA-2A as the second autoanti-
body is associated with higher risk as compared to all other
autoantibodies [58]. Slow progressors have been character-
ized by a lack of islet autoantigen-specific CD8* T cells, B cells
expressing higher levels of CD935, and expansion of activated
memory Tregs [59, 60]. In addition, slow progressors have al-
terations in Treg-mediated suppression with Tregs having im-
paired function and CD4* T effector cells more responsive to
Treg-mediated suppression [60]. In the setting of recent-onset
T1D, slow progressors have high levels of islet-specific CD8*
T cells with features of exhaustion, and these cells are not lost
over time [61, 62]. Slow progressors also have the highest
frequency of CD4*CD25*CD127" cells at diagnosis [63]. In
contrast, fast progressors have the highest levels of B cells and
low levels of circulating neutrophils [64, 65]. Interestingly, the
levels of B cells were dependent on age and predicted of rate of
progression in young subjects only [64]. More recent studies
also implicate newly described cell types in rate of disease
progression including lytic CD4* T cells that are expanded
in slow progressors [66] and activated islet-specific CD8* T

cells resembling pathogenic self-renewing stem-like CD8* T
cells [67-70] that are expanded in fast progressors [61]. T1D
progression has also been recently associated with a loss in
CD3*CDS56* Tregs [71]. Overall, these studies have advanced
our understanding of pathogenic and protective immune cell
types prior to clinical diagnosis as well as in established T1D.
Also notable, these studies have been foundational for clinical
trials investigating the immune response to therapy, helping
to define the immune features that distinguish responders
from non-responders.

Current treatment methods

Insulin replacement therapy, first administered to a human
patient in 1922, remains the standard of care for treating
T1D. Over the years, insulin therapy has been improved
through the development of different types of insulin: short-,
intermediate-, and long-acting forms and use of mixed insulin
types. In recent years, there have been substantial improve-
ments in how insulin is administered with the development
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Figure 3: HLA, age, and immune features distinguish fast disease progression from slow disease progression. Beta cell function as measured by
C-peptide loss. Fast progressors are defined by complete loss of beta cell function within 2 years of diagnosis.

of insulin delivery pens, insulin pumps, glucose sensors, and
closed loop systems, sometimes known as artificial pancreas.
The closed loop system integrates an insulin pump and con-
tinuous glucose monitoring, and a recent clinical trial demon-
strated that this technology reduced the frequency of severe
hypoglycemic events in hypoglycemic-prone adults with T1D
[72]. These improvements have led to improved glucose con-
trol and enhanced the lives of the many people living with
T1D.

Future of treatment

Despite the improvements in insulin therapy, the ultimate goal is
for the patient to produce their own insulin by preserving their
pancreatic beta cells or through replacement of beta cells. Thus,
immunotherapy and stem cell-derived islet beta cells represent
the future for prevention and treatment of T1D. This goal is be-
coming a reality as demonstrated in two recent clinical trials.
The first showed that targeting T cells with the monoclonal anti-
body teplizumab in individuals deemed to be at-risk resulted in
a delay of progression to clinical diagnosis by at least 2 years
[73], indicating that immunotherapies, particularly when applied
early, have the potential to delay or prevent disease. The second
breakthrough is an ongoing trial testing whether transplanting
stem cell-derived beta cells into people with T1D is safe and ef-
fective at producing insulin and regulating blood glucose levels
(ClinicalTrials.gov Identifier: NCT04786262). These therapies
in themselves are exciting, and also demonstrate that prevention
and cure are possible. However, challenges remain in generating
sufficient numbers of islets, preserving post-transplant survival,
and preventing immunogenicity [74].

Immune therapies targeting T cells, B cells, and cytokines
have been developed for a variety of autoimmune diseases and
have been applied to T1D. Initial studies have been performed
in new-onset T1D. Many of these trials indicate that although
immune therapies are able to preserve or slow beta cell func-
tion for a short period of time, none result in long-term re-
versal or retention of C-peptide. Notably, this pattern has
been true for therapies that target different components of
the immune response, including B-cell depletion (rituximab),
co-stimulation blockade (Abatacept) [75, 76], low-dose anti-
thymocyte globulin (ATG) [77, 78] and inhibition of TNF-a
(etanercept, golimumab) [79, 80], anti-CD3(teplizumab) [81,
82], and anti-CD2 (alefacept) [83, 84]. In contrast, other
therapies targeting other components of the immune system
have shown no benefit including IL-6 receptor blockade
(tocilizumab) [85], and IL-1f blockade (canakinumab) [86].
In all cases, these studies have yielded insight into the concept
that some individuals may respond to therapy while others
may not indicating that among individuals with T1D there
may be distinct endotypes that are responsive to different im-
mune interventions [87].

A question posed by the inability to reverse or retain beta
cell function in the context of new-onset T1D is whether treat-
ment prior to clinical disease would be more effective. Not
only would an individual still have adequate insulin produc-
tion at this point but there may also be a window of oppor-
tunity to reinstate tolerance prior to clinical disease. In T1D,
studies addressing this question are ongoing in individuals at
high risk for T1D due to their genetic background and the
presence of autoantibodies. Most notably among these is the
teplizumab trial described above which demonstrated efficacy
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in this setting. A key take-home message from all these trials
to date is that deciding on the appropriate immunotherapy
and the appropriate window of opportunity for treatment is
critical and depends on disease stage.

Development of the next generation of immunotherapies
is well underway, specifically antigen-specific therapies and
combination therapies. T1D presents a unique opportunity
for antigen-specific therapies to be used as an intervention
prior to clinical disease since the antigens have already been
identified and characterized. Current approaches to delivering
antigen-specific therapies include peptide immunization [88],
nanoparticles [89], or antigen-specific Treg [90]. Combination
therapies are also being explored. A number of these are
combining immunomodulatory therapies with drugs that
protect beta cell health. For example, a recent Phase 2 trial
demonstrated that combining an IL-21 monoclonal antibody
with the glucagon-like peptide-1 receptor (GLP-1R) agonist,
liraglutide, preserved beta cell function in recently diag-
nosed T1D [91]. Other combination therapies are focused on
enhancing immunotherapies. A recent trial combined poly-
clonal Tregs with low-dose IL-2 to enhance Treg survival and
expansion [92]. Following immune depletion therapies with
immune tolerizing therapies is also under consideration. In
addition, the combination of tolerizing therapies such as chi-
meric antigen receptor (CAR) Treg in combination with beta
cell replacement may allow re-establishment of insulin inde-
pendence for individuals with established T1D. Despite the
promise of therapies targeting the immune system, there re-
main some major challenges. First, better biomarkers of suc-
cess are needed for clinical trials in order to shorten the length
of the trial. We currently rely on C-peptide preservation as a
measure of beta cell function as we cannot directly visualize
islets or beta cell injury. Also, we need to ensure that the fu-
ture therapy is better than the improved insulin replacement
therapies, especially in terms of adverse events.

Conclusions

T1D is a chronic disease that we have learned to manage over
the past 100 years through ever-improving delivery of insulin.
In that time, through the development of strong networks of
clinicians, scientists, and patients, we have developed a solid
understanding of the immunopathology of T1D and now
have the ability to predict who is at highest risk for disease.
This gives us the opportunity to work toward disease preven-
tion and preservation of the ability to produce insulin. Our
challenges are to identify not only the best therapies, but also
to whom they should be given and importantly at what point
in the progression of disease. This will require the develop-
ment of precision medicine-based approaches to clinical trial
design and ultimately to treatment, so that we can ensure that
the benefit outweighs the risk for any treatment we use.
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