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ABSTRACT

Background: The highly complex pathogenesis of Type 1 Diabetes is driven by several immune cell types with both effector and regulatory
characteristics, which ultimately ends in the destruction of the insulin-producing beta cells. There are multiple layers of interaction between these
immune cell populations and the pancreatic islets.
Scope of review: In this review article, we aim to discuss important recent insights into the multiple layers of interaction between immune cell
populations and the pancreatic islets. Specifically, we discuss the environment where immune and beta cell interactions occur, the key cell types
and molecules involved, and the outcomes of these interactions.
Major conclusions: Most of the molecular mechanisms underlying aberrant immune cell activation and impaired immune tolerance remain
insufficiently understood, which hinders the development of efficient prevention and treatment strategies. In order to overcome this knowledge
gap, a better understanding of the complex interactions of immune cells and beta cells, including both the underlying protective and pathogenic
mechanisms is urgently required.
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1. INTRODUCTION

To dissect beta cell and immune cell interactions in type 1 diabetes
(T1D), it is important to first consider under which circumstances beta
cells and immune cells can either physically interact or be exposed to
soluble factors secreted by either cell type. Beta cells are uniquely
localized within the islets of Langerhans in the pancreas, which also
contain glucagon-producing alpha cells, somatostatin-producing
delta cells, and, in fewer numbers, ghrelin-producing epsilon cells
and pancreatic polypeptide (PP) cells. Islets constitute around 1e2%
of the pancreas volume, with the remainder of the pancreas con-
sisting predominantly of acinar cells, which produce digestive en-
zymes. These mini-organs are physically separated from the
surrounding acinar tissue by a connective tissue network and a
mixture of extracellular matrix proteins, the composition of which can
differ between species. This barrier gives islets “immune privilege”
and, under normal circumstances, prevents immune cells present
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within the exocrine pancreas from physically reaching the beta cells.
To penetrate this barrier, immune cells must first be recruited to the
islets, a process mediated by a range of different chemokines.
Following extravasation, immune cells accumulate at the islet pe-
riphery and breakdown of the barrier is required before they can
infiltrate and directly interact with the endocrine cells. This review
expands on each of these areas exploring the environment where
immune and beta cell interactions occur, the key cell types and
molecules involved, and the outcomes of these interactions. It should
be noted that the undoubtedly important topic of T1D genetics has
been addressed in several recent reviews and is beyond the scope of
this review. Similarly, a plethora of phase I-III clinical studies have
been completed in the last decade that target immune cells either
directly, or indirectly. These have been expertly reviewed in [7].
Moving forward it will be important to map these success and failures
on to the lessons we are learning regarding the communication
be-tween immune and beta cells in T1D.
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2. THE ISLET ENVIRONMENT

2.1. Endocrine cells and innervation
The cytoarchitecture of islets differs between rodents and humans: the
former has a central core of beta cells, surrounded by a mantle of alpha
and delta, while the latter has a more heterogeneous distribution of
these three endocrine cells [95]. Sympathetic nerves surround the islet
in rodents, while acetylcholine is supplied to beta cells through
parasympathetic fibers, distributed throughout the core. In contrast, in
humans, sympathetic fibers target the islet vasculature while para-
sympathetic fibers are rare: alpha cells control the supply of acetyl-
choline to beta and delta cells [156,157,191].

2.2. Vasculature
Islets receive between 10 and 15% of the pancreatic blood flow and
intra-islet endothelia are a conduit for the delivery of glucose and
transport of insulin and carriage of oxygen and removal of waste
products. Interestingly, however, there is also evidence showing that
endothelial cells have a role in stimulating insulin transcription and
secretion and beta cell proliferation. This is thought to be via secretion
of soluble factors, production of extracellular matrix proteins and direct
contact of cell-surface molecules [142,143]. Migration of T cells across
blood vessel walls and the ECM of islets requires T cell activation and is
mediated primarily by b1-integrins [51]. Extravasation is most likely to
occur from post-capillary venules surrounding the outside of the islet
periphery, with extravasated cells tracking back along the vessels to
reach the islet.

2.3. Islet barrier
Islets are surrounded by a layer of extra-cellular matrix (ECM),
comprised of a basement membrane (BM) and an interstitial matrix
(IM), which separates the endocrine tissue from the exocrine and
functions a critical barrier for immune cells to overcome to infiltrate
an islet and destroy beta cells. Studies into the development of T1D
in the non-obese diabetic (NOD) mouse model and human patients
have demonstrated a global loss of the peri-islet BM and IM
components in these subjects, but only at sites of leukocyte infil-
tration [98]. At these sites, cathepsin S, W and C activity has been
identified, suggesting that these proteases are important for
allowing penetration of the protective barrier of islets [98]. Differ-
ences in the composition of the BM and IM between mice and man
have been reported [98,141], with humans reportedly having a
double basement membrane [197]. This added barrier could pro-
vide a strengthened physical defense to immune cells, preventing
their extravasation within the confines of the islet. As such, the
islets in humans are likely to have a degree of immune privilege,
which can be lost following sufficient immune cell recruitment to
the peri-islet region and release of degradative enzymes resulting
in the breakdown of the barrier [98]. These differences in the
composition of the protective layer surrounding the islet could
explain both the disparities between the infiltration seen in mice
and men, and the apparent protracted destruction of beta cells in
humans.

2.4. Islet resident lymphocytes
As with many organs, tissue-resident immune cells, which are of great
importance for understanding the immune regulation of these tissues,
are also found within islets. Regarding pancreatic immune cells, a first
key study used flow cytometry analysis of islets isolated from 38
perfused pancreases (diabetes free, islet autoantibody negative) to
quantify alpha-, beta-, T-, natural killer (NK-) and B cells [150]. Up to
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80% of lymphocytes were T cells, (the majority of which were CD8þ),
which also had a pronounced memory phenotype. There were, how-
ever, low frequencies of B and NK-cells in most islet preparations
[150]. In order to improve our understanding of the cellular and mo-
lecular events that precede and lead to beta cell loss in T1D, including
pancreas-resident immune cells, the Human Pancreas Analysis Pro-
gram (HPAP) investigates the human pancreas using deep phenotyping
methods such as imaging mass cytometry. These efforts resulted in
several recent publications revealing important insights into the human
pancreas such as changes in immune cell populations including novel
cellular states during the progression of T1D [42,52,200,208].

3. IMMUNE CELLS INVOLVED IN TYPE 1 DIABETES

3.1. T cells
Although multiple immune cell populations contribute to the full clinical
manifestation of T1D, it is well established that T cells play an essential
role in the development of islet autoimmunity and progression to overt
diabetes in both human and animal models. Indeed, CD8þ T cells are
the most common islet tissue-resident and infiltrating immune cells
[150,204]. However, the specific contribution of T cell subsets and
their interplay with other immune and islet cells, remains insufficiently
understood. Several studies revealed T cell infiltration within the islets
of individuals with T1D and prediabetic and diabetic NOD mice. In NOD
mice, very early onset of T cell infiltration in the pancreatic islets was
detected at only 10e15 days of age [137]. Furthermore, transfer ex-
periments using NOD mice showed that the destruction of pancreatic
beta cells depends on a combination of CD4þ and CD8þ T cells. The
transfer of both T cell subsets from NOD mice to immunodeficient
recipients induced T1D, while CD4þ or CD8þ T cells alone failed to do
so [147]. In humans, segmental pancreas transplants from non-
diabetic, HLA-identical donors resulted in the recurrence of T1D,
caused by T cells, in particular the CD8þ subset [188].
The exact mechanisms triggering and driving T cell infiltration into the
islets remain to be elucidated. However, several partially redundant
pathways seem to be involved. ‘Recent studies suggest both antigen-
specific and non-antigen specific mechanisms are involved, as well as
a role of vascular adhesion molecules [164] and chemokines.
In line with their critical contribution to T1D pathogenesis, T cells are
among the first immune cells to infiltrate the pancreas: in NOD islets
CD4þ T cells could be detected as early as four weeks, CD8þ T cells
and B cells after six weeks and all other immune cell subsets after
eight weeks [26]. The first infiltrating CD4þ T cells are specific for islet
antigens with the vast majority recognizing an IAg7-restricted insulin
epitope of the B chain comprising residues 9e23 (B:9e23)
[41,43,201]. Other antigens recognized by pancreas infiltrating T cells
include glutamic acid decarboxylase (GAD), insulinoma-associated
protein 2 (IA-2), zinc transporter 8 (ZnT8) and heat shock protein 60
(Hsp60), all of which are derived from pancreatic islets and correlate
with the presence of autoantibodies [107]. Infiltrating CD4þ T cells
interact with islet-resident antigen-presenting cells (APCs) [20],
resulting in changes in the islet microenvironment, such as upregu-
lation of adhesion molecules on the endothelium of islet blood vessels
(VCAM1) and beta cells (ICAM1), which attracts more T cells, including
non-antigen-specific cells [19]. While the majority of T cells infiltrate
the pancreas during the progression of islet autoimmunity, CD8þ T
cells specific to preproinsulin were found in the healthy exocrine
pancreas [9]. In addition to these very early infiltrates, islet antigen-
specific CD8þ T cells were found in islets from patients with both
recent onset and long duration T1D [40]. Additional murine studies
analyzing dynamics of islet infiltration in an antigen-specific manner
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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revealed that antigen-specific CD8þ T cells infiltrate the islets as early
as CD4þ T cells, but in lower numbers [108,206] and the infiltration of
these cells depends on MHCI expression in the pancreas [2,167].
The exact mechanisms of beta cell killing in T1D have been investi-
gated in several studies. Activated autoreactive CD8þ T cells can
induce beta cell death in a contact-dependent manner through cyto-
toxic degranulation [97] as well as perforin and granzyme molecules
[193]. In addition, pro-inflammatory cytokines such as TNF-a and IFN-
g are produced by both pancreas-resident CD4þ and CD8þ T cells
[32,187]. These cytokines are toxic to beta cells, and can additionally
create a feedback loop of cytokine production and beta cell killing by
activating pro-inflammatory macrophages [22].
The functional interaction of infiltrating T cells with the islet micro-
environment are, among others, highlighted by the induction of an
effector memory phenotype [31,69] and the upregulation of KLRG1 and
CD127 [125] in CD8þ T cells which are located in islets with high
levels of IFNg and granzyme B.
Intervention studies in humans and mice confirmed the important role
of T cells in the development of T1D. In NOD mice, an anti-CD3
antibody could induce long-term remission of overt autoimmunity
[29]. A similar approach in humans revealed evidence that an anti-CD3
antibody could reduce beta cell destruction in patients with recent
onset of T1D [28]. Encouragingly, recently published clinical trials in
individuals at high-risk of developing T1D have demonstrated that
treatment with the anti-CD3 antibody, Teplizumab, significantly delays
progression to clinical disease implying a beta cell protective effect
[79,180]. Taken together these findings support the conclusion that T
cells are key effector cells in T1D and have a significant impact on beta
cell viability.

3.2. Regulatory T cells
Although T cells play an essential pathological role in T1D development
and progression, one T cell subset, regulatory T cells (Tregs), are a
major contributor to interfere with autoimmune activation and pro-
gression. In both humans and mice, mutations in the FOXP3 gene,
which is the master regulator of Treg development, maintenance and
function, result in the development of fatal autoimmunity, including
T1D [10,94].
The first human studies indicating that Tregs are impaired in T1D
showed that CD4þCD25þ T cells from patients with T1D have a
reduced ability to suppress T cell proliferation in vitro [110]. Later
studies showed that Tregs from T1D patients have impaired IL-2 re-
ceptor signaling [113].
Furthermore, there is accumulating evidence that impairments in Treg
induction, stability and function play a role as key drivers of islet
autoimmune activation and the progression to clinical T1D
[168,171,173]. Specifically, during the onset of human and murine
islet autoimmunity insulin-specific Tregs are significantly reduced and
Treg induction and stability are impaired. Mechanistically, a set of
differentially expressed T cell specific microRNAs (miRNAs) was
identified as important mediators of Treg dysfunction, plasticity, and
instability during islet autoimmunity. A miR181a-mediated increase in
signal strength of stimulation and costimulation links Nuclear factor of
activated T cells 5 (NFAT5) with impaired Treg induction and auto-
immune activation [173]. Furthermore, during islet autoimmunity a
miR142e3p/Tet2/Foxp3 axis in CD4þ T cells leads to impaired
epigenetic remodeling and consequently interferes with the efficient
induction of Tregs and results in impaired Treg stability [168]. Of note,
pilot studies on a specific targeting of these aberrantly expressed
miRNAs resulted in reduced islet autoimmunity in mouse models,
supporting the important role of Tregs for T1D pathogenesis and
MOLECULAR METABOLISM 64 (2022) 101565 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
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suggesting these pathways as potential targets for future prevention
strategies [168,172,173].
The important role of Tregs for the prevention of T1D is in line with an
accelerated disease progression in NOD mice lacking Tregs [163] and
the finding that induced Treg deficiency resulted in increased T cell and
NK cell infiltration in the pancreas [56]. Importantly, the inhibitory effect
of Tregs was not limited to CD4þ T cells. Increased Treg numbers in
the pancreas resulted in reduced numbers of CD8þ T cells, and the
IFNg production of these cells was decreased [117]. The first suc-
cessful intervention strategies in the murine system support the
importance of these findings. The injection of low dose IL-2 for five
consecutive days in prediabetic NOD mice increased Treg numbers in
the pancreas 1.5-fold. It was able to stop T1D progression and
normalized blood glucose levels in 60% of treated animals [72].
Importantly, due to the high expression of the IL-2R alpha chain
(CD25), Tregs require less IL-2 to boost their function and expansion
than their effector counterparts [215]. Therefore, low-dose IL-2
administration is a promising strategy to specifically promote Tregs in
therapeutic approaches. In the human system, the first dose-defining
trial of low-dose IL-2 administration in patients with established T1D
was conducted in 2013 [76]. The daily administration of low-dose IL-2
for five consecutive days effectively expanded Tregs in peripheral
blood, with almost no effect on effector T cells or NK cells, which was
not the case with administration of higher doses. An ongoing trial
(Interleukin-2 Therapy of Autoimmunity in Diabetes (ITAD)) is now
assessing the effect of low-dose IL-2 on endogenous beta cell function
in newly diagnosed children and adolescents (aged 6-18 y) [118].
Despite these studies suggesting that Tregs of T1D patients can be
enhanced by IL-2 treatment, an approach of combining IL-2 with
rapamycin resulted in transient beta cell dysfunction despite an in-
crease in Tregs [114]. While no differences were observed in effector T
cell subsets, the frequencies of natural killer cells and eosinophils
increased.
Another therapeutic approach was based on the discovery that human
Tregs can be expanded ex vivo on a clinical scale using beads coated
with antibodies for CD3 and CD28 in the presence of recombinant IL-2.
The first clinical trial transferring ex vivo-expanded autologous Treg to
children with recent-onset T1D showed that administration of Tregs
was safe and tolerable and resulted in a reduced insulin requirement,
prolonged the survival of b-cells and higher C-peptide levels
[119,120]. A second trial investigated the transfer of expanded Tregs in
adult patients with recent-onset T1D [14]. Treg levels in the blood
peaked in the first 2 weeks, followed by a loss of 75% of the peak level
during the first 3 months, before numbers stabilized for more than 1
year. Furthermore, the expanded Tregs retained their T cell receptor
diversity and demonstrated enhanced functional activity. Of note,
several patients had stable C-peptide levels and insulin use for up to 2
years after Treg injection.
Despite these promising results, a phase II clinical trial (Clinical-
Trials.gov Identifier: NCT02691247) investigating the safety and effi-
cacy of CLBS03, a cell product comprised of autologous, ex vivo
expanded Tregs, did not meet its primary endpoint of preserving C-
peptide levels at one year versus placebo. However, several aspects
should be considered when classifying this failed study. 1) One
particular problem in T1D is that by the time of diagnosis patients
might not have enough viable beta cells for the pancreas to function
properly. This means that the treatment of recent-onset T1D patients
(<100 days after diagnosis) with expanded Tregs might already be too
late. Here, studies in individuals in an earlier disease phase or ideally
during islet autoimmunity could potentially increase the efficacy of
such approaches. 2) The use of polyclonally expanded Tregs might
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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critically limit their therapeutic potential in T1D. Here, approaches
using antigen-specific Tregs might have a greater potential to sup-
press autoreactive T cells in T1D and therefore stop or delay the
disease progression [49,89,140,170]. However, so far these ap-
proaches have shown only limited success in humans and will require
further research in the future. Therefore, several approaches are under
way to develop and optimize islet-specific Tregs using genetic engi-
neering, either with chimeric antigen receptors or transgenic T cell
receptors [151]. Here, the goal is an off-the-shelf product for adoptive
therapy that would overcome the need of isolating and expanding
patient-specific Tregs.
Taken together these findings support the conclusion that Tregs play a
key role in the maintenance of immune tolerance and consequently the
prevention of islet autoimmunity and T1D. Treg targeting could be a
promising approach for the development of future intervention stra-
tegies in autoimmune diseases such as T1D.

3.3. T follicular helper cells
A counterpart of Tregs, which could play a crucial role in the devel-
opment of autoimmunity alongside effector T cells, are T follicular
helper (TFH) cells. These cells are a subset of CD4þ T cells that play an
integral part in humoral immunity by providing help to B cells to un-
dergo maturation and class-switching to produce high-affinity anti-
bodies. TFH cells are characterized by the expression of their master
transcription factor B cell lymphoma 6 (Bcl6) together with high
expression of the chemokine-receptor CXCR5 and low expression of
CCR7. The differential expression of these two chemokine receptors
enables TFH cells to leave the T cell zone and enter the B cell follicle in
secondary lymphoid organs, where they can interact with B cells.
Due to their essential contribution to humoral immunity, TFH cells have
been studied in the context of autoimmune diseases that are char-
acterized by the presence of high-affinity autoantibodies, such as T1D.
Several studies indicate a functional role of TFH cells in T1D: one study,
employing a transgenic TCR model indicated that antigen-specific
CXCR5þCD4þ T cells can induce diabetes after transfer into recip-
ient mice expressing the same antigen under the insulin promoter in
the beta cells [92]. Additionally, more descriptive studies show
enhanced secretion of IL-21 (the signature cytokine of TFH cells) by
CD4þ T cells of T1D patients [55] and enhanced frequencies of
circulating TFH precursors in the peripheral blood of children who
recently developed islet autoantibodies but have not progressed to
clinical T1D yet [171]. Similarly, gene expression studies reveal gene
signatures resembling TFH/TH17 cell responses in infants prior to the
development of islet autoantibodies [77].
Of note, targeting the TFH cytokine IL-21 to halt the progression of T1D
recently showed considerable success in mice and humans. In diabetic
NOD mice, treatment with an anti-IL-21 monoclonal antibody com-
bined with liraglutide could effectively reverse hyperglycemia [162]. In
a phase II clinical trial, the same combination could preserve beta cell
function in patients with recently diagnosed T1D [199]. Furthermore, it
has been shown in NOD mice and patients with recent-onset T1D, that
TFH cells can be efficiently decreased by costimulation blockade using
a CTLA-4eIg fusion protein [47]. The sensitivity to this treatment was
linked to the expression of the inducible costimulatory molecule (ICOS),
indicating that TFH subtypes could have the potential to predict clinical
response to an immunotherapy.
Importantly, several studies indicate that the Ig isotype and even the
IgG subtype of islet autoantibodies correlate with disease progression
[81,82,146]. TFH cells can be divided into different subsets according
to their chemokine receptor expression (Th1-, Th2- and Th17-like TFH
cells) and differ in their ability to provide help to B cells
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[11,112,135,189]. These different TFH subsets can also influence the
antibody isotype production by B cells [135,189]. Even though data on
TFH cell subsets in T1D is limited, a recent study indicates that Th2-
like TFH cells are enhanced in children with recent development of
islet autoantibodies or with newly diagnosed T1D, while Th1-like and
Th17-like TFH subset frequencies were unaltered [171]. These find-
ings highlight the need for more detailed analysis of TFH cells in T1D,
since significant differences in subsets might be missed in an analysis
that focuses solely on global TFH cell markers.
Importantly, TFH/B cell interactions are not limited to the secondary
lymphoid organs. Tertiary lymphoid structures (TLS) form at sites of
inflammation, can contain active germinal centers and contribute to
the clearance of infections and anti-tumor immune responses [63].
TLS have been associated with many autoimmune diseases, such as
rheumatoid arthritis [84], Sjögren’s syndrome [103] and Hashimoto
Thyroiditis [5]. Likewise, studies in NOD mice have demonstrated the
presence of peri-islet TLS that seem to develop within the disease
course and recent studies have highlighted the presence of TLS in
human T1D with structural similarities to those in NOD mice [99]. Data
from both human and murine studies indicate the presence of TLS only
in the early phase of the disease, while they disappear once the beta
cells are destroyed and the immune response subsides [99]. Impor-
tantly, these TLS in the NOD pancreas were shown to contain active
germinal centers that enable antigen-driven somatic hypermutation of
B cells directly at the site of inflammation [91]. Interestingly, analysis of
the BCR repertoire in NOD mice showed a polyclonal repertoire in the
pancreas, while single islets showed oligoclonality [91]. These findings
indicate TLS as a site of somatic maturation of specific B cells enabling
a more diverse autoimmune attack, and are in line with findings from
other autoimmune diseases [84,136].

3.4. B cells
In line with the proposed contribution of TFH/B cell interactions to the
development of T1D, the latter have also increasingly become the focus
of recent research projects. Although dogma states that T1D is a T cell-
mediated disease, there is a growing body of evidence suggesting that B
cells may also play an important role in the development of this con-
dition. In 2009, a detailed analysis of the immune cells infiltrating islets
in recent-onset (<2 y duration) T1D revealed that CD20þ B cells were
one of the largest populations present within and/or around endocrine
tissue, second only to cytotoxic CD8þ T cells. This was particularly true
in islets with evidence of established beta cell loss [204]. NOD mice
models also support the hypothesis that B cells function to promote the
survival of cytotoxic T cells within inflamed islets. For example, genetic
or antibody driven depletion of B cells arrests diabetes development at
the pre-insulitis stage [174], which is abrogated when treating them
with NOD B cells [175]. Furthermore, depletion of B cells with anti-CD20
[83,212] or anti-CD22 therapies [57] also has protective effects. Despite
a reasonable wealth of evidence in mouse models, the role of these
lymphocytes in humans is still relatively unknown and continues to be
contested [13]. Indeed, a case report of T1D development in an indi-
vidual with X-linked agammaglobulinemia (B-lymphocyte deficiency)
[124] is often cited to argue against these cells playing a critical role in
the pathogenesis of T1D [13].
It is now clear, however, that the extent of B cell infiltration of islets
is directly associated with age at diabetes onset. Immune infiltration
of islets is more aggressive in individuals diagnosed <7 y and in-
cludes significant numbers of CD20þ B cells (CD20Hi), compared
with patients diagnosed � 13 y, in whom a more pauci-immune
response is observed, with very few CD20þ B cells (CD20Lo)
[4,105]. Examination of beta cell destruction in <7 y versus � 13
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


y reveals that individuals diagnosed <7 y have significantly fewer
insulin-positive islets and reduced beta cell area compared to those
diagnosed � 13 y [25,105]. This implies that the presence of B
cells within the inflammatory infiltrate is associated with a more
aggressive and rapid destruction of beta cells. Based on age at
diagnosis, we could predict that the patient with X-linked agam-
maglobulinemia, who developed diabetes aged 14 y [124], likely
would have been a CD20Lo donor, in whom B cells appear to play
less of a role in disease development.
Evidence of B cell involvement in T1D pathogenesis is not limited to
the pancreas. Dufort et al. found that B cell and neutrophil immune
phenotypes in peripheral blood samples were strongly dependent on
age, as B cell levels were able to predict the rate of progression in
young subjects [46]. Smith et al. have also reported a loss of
insulin-binding, anergic B cells in the periphery of some first-degree
relatives and all prediabetic and new-onset (<1 y) T1D patients
tested [182]. They speculate too, that this might reflect a relocali-
zation of these autoreactive B cells to other anatomical sites, such
as the pancreas.
The B cell depletion therapy Rituximab has also been utilized with
some success to preserve beta cell function in recent-onset T1D, as
measured by serum C-peptide decline over 18mo [144,145]. Inter-
estingly, post-analysis work also showed a split between ‘responders’
and ‘non-responders’ of the therapy [111], which may be linked with
patients having CD20Hi vs CD20Lo phenotypes [145], as the former
may benefit more from B cell depletion.

3.4.1. B cell function in T1D
It is widely thought that the antigen-presenting capacity of B cells,
via interactions with CD4þ and CD8þ T cells and the secretion of
pro-inflammatory cytokines (including TGF-b and IFNg) [75,192],
rather than the production of autoantibodies, potentiates the
autoimmune process in T1D. Indeed, strategies to deplete auto-
antibodies in humans failed to abrogate disease [115,169], while
studies in the NOD mouse indicate activation of autoreactive T cells
is driven by interactions with antigen-presenting B cells [121,207].
For example, B cell-specific deletion of the MHC class II IeAg7

(homolog to human DQ molecules) prevented disease development
in NOD mice [139].
Additional studies into the NOD mouse found that B cells could interact
with autoreactive CD8þ T cells in the pancreatic lymph node, which led
to proliferative expansion and differentiation into effector cells.
Knocking out MHC class I in B cells or restricting B cell receptor
specificity to an irrelevant antigen diminishes the expansion of
autoreactive CD8þ T cells and suppresses disease development,
suggesting that antigen capture and presentation by B cells are critical
to this process [121,178].
Supporting this, CD20 depletion led to functional modulation of mac-
rophages and splenic dendritic cells (DCs) in NOD mice, accompanied
by a reduction in the production of cytokines IFN g and IL-17 by CD4þ

and CD8þ T cells [83]. Furthermore, BCR L chain genes from B cells
isolated from lymphocytic aggregates attacking islets in NOD mice had
a complex pancreatic repertoire, indicating that antigen specificity is
important to the pathogenesis of disease [91].

3.5. Antigen-presenting cells
Until now, this review has discussed the role of the adaptive immune
system in T1D. While both T- and B cells play a crucial role in disease
pathogenesis, the innate immune system, in particular myeloid
antigen-presenting cells (APCs), may provide a key link between
stressed beta cells and the adaptive immune response: facilitating islet
MOLECULAR METABOLISM 64 (2022) 101565 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
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infiltration. Macrophages and dendritic cells (DCs) are professional
APCs, which both circulate in the periphery and reside in islets [195].
Macrophages can have an anti-inflammatory or pro-inflammatory
phenotype [128] and play an important role in tissue homeostasis
and antigen presentation to T cells. Islet resident macrophages can
also contribute to tissue development and remodeling [211]. They
sense their microenvironment by detecting extracellular ATP and
constantly probe their surroundings by engulfing vesicles released by
beta cells [21,203]. These vesicles may contain immunogenic pep-
tides, which could be presented to and recognized by auto-reactive T
cells. Immunohistochemical analysis of pancreas samples from in-
dividuals with recent-onset T1D showed that macrophages contribute
to the insulitic milieu, though these are likely to have been recruited
rather than tissue-resident [204].
Conversely, after uptake of immunogenic antigens, DCs migrate to
draining lymph nodes to activate antigen-specific T cells. However, the
frequency in which DCs reside in islets remains unclear.
Although there is evidence of these APCs displaying genetic, qualitative
or quantitative changes in NOD mice and human T1D, their contri-
bution to disease pathogenesis remains unclear. It is conceivable,
however, that a failure in these cells results in them connecting with,
priming and propagating the adaptive immune system against beta
cells [217].
For example, in NOD mice, CD11c expressing mononuclear phago-
cytes (MNPs) stimulated the trafficking of lymphocytes to islets [127].
The inflammatory milieu in infiltrated islets leads to the recruitment of
these cells [19,26,130], which then produced more than 20 different
chemokines. The binding of these chemokines to respective receptors
on T- and B cells facilitated their recruitment and extravasation into the
islets [164]. This is in line with the finding that T cell extravasation
occurs close to islet resident CD11cþ MNPs [165].
On the other hand, single-cell multi-omics of human pancreatic islets
revealed a novel subset of ductal cells in T1D donors but not in
nondiabetic or islet autoantibody positive donors [52]. These cells
express high levels of MHC class II and interferon pathways, are
surrounded by pancreas-resident immune cells and transcriptionally
resemble tolerogenic DCs. They exhibit a tolerogenic response to
chronic T cell infiltration of the islets and seem to be an ultimately
unsuccessful attempt to limit the T cell response responsible for
destroying beta cells.
One additional aspect to consider, regardless of the cell type pre-
senting the antigens, is the role of neoantigens for the activation of
immune cells. Several recent studies suggested that islet autoimmu-
nity also targets neoantigens expressed by the beta cells, and which
are therefore not available for thymic tolerance induction [155]. Mul-
tiple factors such as the pro-inflammatory environment in the diabetic
pancreas can contribute to cellular stress, affecting splicing, degra-
dation and modification of proteins. This mechanism consequently
results in the generation of beta cell derived neoepitopes and can
contribute to autoimmunity.

4. TYPE 1 DIABETES ENDOTYPES

Importantly, many features of T1D, including the multitude of cell types
described above, exhibit a high degree of heterogeneity. When
considering interactions between beta cells and immune cells, it is
important to factor this heterogeneity as well as disease endotypes
which can be defined based on it. As mentioned previously, the degree
of immune-cell infiltration of islets is directly linked with age of dia-
betes onset: individuals aged <7 y have a hyperimmune phenotype
(with significant B cell [CD20Hi] inflammation), while individuals aged
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� 13 y have a less aggressive, pauci-immune phenotype (with only a
minor contribution from B cells [CD20Lo]) [4,105]. Added to this, beta
cell expression and localization of proinsulin is also associated with
age at onset and, critically, aligns with patient immunophenotypes
[104]. This adds weight to the suggestion that two type 1 diabetes
endotypes (T1DE) exist e one which is defined by significant levels of
inflammation and widespread beta cell dysfunction (T1DE 1) and a
second which has a more moderate immune response and appears to
have less beta cell distress (T1DE 2). Although the term ‘endotype’ is
beginning to become common parlance for discussing T1D patho-
genesis [8], there are still many questions to consider. For example,
are islets in individuals with T1DE 1 more vulnerable to immune
attack? Or is the less mature immune system of children <7 y
responsible for the more aggressive assault in these individuals?
Moreover, the NOD mouse is often criticized for the overwhelming level
of infiltration observed in islets, which tends not to reflect what is seen
in humans [86]. Perhaps this is because the model is more reflective of
young-onset T1DE1, which may be important for the design and
testing of future therapeutics. However, it is important to remember
that the onset of T1D in the NOD mouse occurs in adults, not juveniles.
The implications of this are unclear. Finally, if we are to use the in-
formation regarding pancreatic endotypes to help guide treatment in
the future, it will be necessary to predict an individual’s endotype at, or
ideally before, onset of T1D. As such we must identify easily accessible
biomarkers, that can be monitored in at-risk individuals, that correlate
with pancreatic endotype. One such biomarker, could be islet auto-
antibodies (directed against insulin, GAD65, IA2 and ZnT8) which have
been measured routinely in natural history studies of T1D and are
increasingly being used clinically to help with diabetes disease clas-
sification. Recent modelling studies examining age-at-seroconversion
and islet autoantibody type have revealed that an early age of sero-
conversion (<2 y) with insulin autoantibodies or multiple islet auto-
antibodies are associated with a high probability of developing diabetes
with 5 y, so diabetes is diagnosed<7 y [50,100]. Whereas, those with
a later age of seroconversion and GAD65 autoantibodies are associ-
ated with a lower risk of progression to T1D within 5 y, so likely
diagnosed >13 y. Perhaps islet autoantibodies will provide us with a
tool to determine pancreatic endotype and focus treatment accord-
ingly, but again this requires further investigation. It is important to
note that for this strategy to be successful, a population screening
program would have to be initiated and strides are being made towards
this [12,90,216].

5. IMMUNE-IMMUNE-CELL INTERACTIONS WITHIN THE
PANCREAS

Pancreatic lymph nodes are thought to be critical contributors to the
pathogenesis of T1D, as they are the site for the initial priming of
autoreactive T cells. In BDC2.5 T cell receptor (TCR) transgenic mice,
which recognize a natural beta cell antigen, activated T cells were
restricted to the pancreatic islets and the pancreas draining lymph
nodes [80]. Naïve BDC2.5 T cells, transferred into non-transgenic
recipients, proliferated only in pancreatic lymph nodes, and this was
observed before T cells infiltrated the islets. These observations indi-
cate that beta cell antigens are specifically transported to the pancreas
draining lymph nodes, where they activate T cells and trigger islet
infiltration.
Studies in the NOD mouse model have further highlighted the
importance of the pancreatic lymph nodes for priming of beta cell
reactive T cells. The excision of pancreatic lymph nodes in 3 weeks old
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mice almost completely prevented the development of insulin auto-
antibodies, insulitis and T1D onset, while removing the spleen or
mesenteric lymph nodes had no effect on T1D development [62].
Interestingly, the effect was not observed in 10w old mice, indicating
that the priming of autoreactive T cells occurs in NOD mice from 3w of
age.
In addition to the critical priming of autoreactive lymphocytes in the
pancreatic lymph nodes which leads to the upregulation of cytotoxic
effector markers, there is a concurrent upregulation of these
markers in the inflamed islets independent of beta cells [69]. This
suggests that the primed autoreactive lymphocytes are trafficking to
the islets. Indeed, altered gene expression profiles in pancreatic
lymph nodes have been reported in NOD mice, and occurred before
the detection of T cells in the islet periphery [6]. These early al-
terations were characterized by increased expression of genes
related to lymphocyte homing, DC attraction, angiogenesis and
apoptosis.
Furthermore, the importance of pancreatic lymph nodes in the emer-
gence and maintenance of autoimmune cell populations has recently
been highlighted in NOD mice [66]. Here, a stem-like autoimmune
progenitor population has the ability to self-renew and gives rise to
CD8þ autoimmune mediators which migrate to the pancreas, and
destroy beta cells. Since these pancreatic autoimmune mediators are
short-lived, a continuous seeding of progenitors to the pancreas is
crucial for sustained beta cell destruction and T1D pathogenesis. The
presence of such stem-like immune cell populations is one possible
explanation for the failure of several treatment approaches and stra-
tegies aimed at targeting these progenitors could emerge as promising
immunotherapeutic interventions for T1D.
Antigen presentation in the lymph nodes can be mediated by he-
matopoietic and non-hematopoietic antigen-presenting cells such as
lymph node stromal cells (LNSCs). LNSCs in pancreatic lymph nodes of
T1D patients and diabetic NOD mice show phenotypic alterations. They
exhibit an increased antigen-presentation potential and a more tol-
erogenic phenotype, which may indicate an attempt to compensate
DC-related tolerance defects during the development of islet autoim-
munity [149]. However, recent-onset T1D donors exhibited a
decreased B cell follicle frequency and reduced follicular dendritic cell
networks within their pancreatic lymph node germinal centers. A
phenomenon not seen in longer duration T1D donors, suggesting that
this defect could be related to an inability to control autoimmunity close
to the onset of disease [205].
Another layer of complexity is revealed when examining pancreatic
lymph nodes located at the head and the tail of the pancreas. These
differ regarding their microvasculature, extracellular matrix, and the
abundance of B cells and APCs - which are more abundant in the
pancreatic lymph nodes located in the head of the pancreas [106].
T cells isolated from pancreatic lymph nodes of long-term T1D patients
showed a high degree of clonal expansion when compared to non-
diabetic controls [93]. These T cells recognized the insulin A 1e15
epitope, indicating that insulin may indeed be a target antigen priming
autoreactive T cells in the pancreatic lymph nodes and contributing to
T1D development.
The critical role of pancreatic lymph nodes for the development of T1D
by priming autoreactive T cells has also been successfully targeted by
prevention strategies in NOD mice. a-galactosylceramide, which
stimulates NKT cells to produce a soluble factor that induces DC
maturation and accumulation in the pancreatic lymph nodes [33].
These accumulated DCs attract and tolerize autoreactive T cells and
inhibit the development of T1D.
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6. CHEMOKINES

In addition to the multitude of cell types contributing to the develop-
ment of T1D, how these cells are regulated and how they interact with
each other is another layer of complexity. Here, chemokines are one
important means of regulation.

6.1. The role of chemokines in guiding immuneeimmune cell
interactions
In addition to their function in guiding immune cell trafficking, chemo-
kines are essential mediators of immune cell interactions. Various
studies have demonstrated that chemokines are directly involved in
shaping the immunological synapse and contribute to the fine tuning of
T cell activation [194]. Similar to the migration of lymphocytes into
tissues, the basis for migration of T cells within the tissue towards APCs
is likewise dependent on cell polarization. This polarization of cells so
they have a leading edge and a trailing edge, is accompanied by a
redistribution of receptors in the cell membrane mediated by chemo-
kines [44]. This redistribution of molecules increases the sensitivity of
the leading edge of the T cell to peptide-MHC or anti-CD3 stimulation
when compared with the trailing edge [138,202]. While naïve T cells can
form immunological synapses in the absence of chemokines, studies
demonstrated that the presence of chemokines (specifically CXCL12 and
CCL21, ligands for the chemokine receptors CXCR4 and CCR7
respectively) on the DC surface can increase the number of T cells that
are capable of responding to antigens presented by APCs [17,60,102].
Additionally, chemokines can act as T cell costimulatory molecules
[183]. Specifically, chemokine secretion by APCs leads to the accu-
mulation of CCR5 and CXCR4 at the immunological synapse. Impor-
tantly, this redistribution of chemokine receptors to the immunological
synapse affects T cell-APC interaction, T cell responsiveness to
chemotactic gradients, T cell proliferation and pro-inflammatory
cytokine production [27,38,53,131].
The ability of these chemokine receptors to modulate the sensitivity of
T cell responsiveness to antigenic stimulation has direct implications
for autoimmunity. Accordingly, an enrichment of CCR5 expressing T
cells can be observed in the target tissues of various autoimmune
diseases (e.g. multiple sclerosis [179,185] and rheumatoid arthritis
[65,67]) and homozygosity for the inactive variant of CCR5 (D32) was
associated either with delayed disease onset or a milder disease
course. Furthermore, mice lacking the CCR5 receptor showed a
threefold increase in cardiac allograft survival time in the absence of
additional immunosuppression [64]. Although studies on the role of
CCR5 in T1D are rare, a cohort study from Poland indicated a negative
association between the D32 variant and T1D [181]. Furthermore,
findings from NOD mice treated with IL-4 indicate that a reduction in
CCR5 positive T cell frequency in the spleen and pancreas might
contribute to the beneficial effect of IL-4 treatment [23].
In addition to T cell activation, chemokines are likewise involved in the
regulation of immune tolerance. In this regard, recent studies have
demonstrated that CCR4 expression on Tregs contributes to their
suppressive function [85]. CCL22, one of the two known ligands for
CCR4, is constitutively and highly expressed by DCs in the lymph
nodes, helping to mediate stable DC-Treg contacts in lymphoid organs,
outcompeting naïve T cells for DC contacts and thereby inhibiting their
activation. While neither CCR4 deficient nor CCL22 deficient mice show
spontaneous autoimmunity, both animal models show strongly
enhanced T cell activation after vaccination, excessive inflammation
and enhanced tumor clearance [152]. Furthermore, lymph node DCs
are able to contribute to the induction of Tregs and their retention in the
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lymph nodes [198], again highlighting the importance of CCL22 in
maintaining self-tolerance and preventing autoimmunity.
Studies on the role of CCL22 in T1D are limited and have shown
divergent results. Montane et al. show the recruitment of Tregs to the
pancreas after adenovirus-mediated overexpression of CCL22 in islets
and consequently reduced signs of inflammation and protection from
T1D in NOD mice [132]. Furthermore, adenoviral CCL22-
overexpression in islet allografts was shown to attract Treg and pre-
vent diabetes recurrence [133]. We could show recently that the
cytokine GM-CSF strongly induces CCL22 in vitro and in vivo [148].
Interestingly, administration of GM-CSF was previously shown to delay
diabetes onset in NOD mice and to enhance Treg suppression [30].
These findings indicate a potential role of the GM-CSF CCL22 pathway
in diabetes development. Contradictory to these findings, Kim et al.
identified a population of CCR4 expressing autoimmune memory CD4þ

T cells present during the progression of T1D in NOD mice. In their
hands, the systemic neutralization of CCL22 (also known as
macrophage-derived chemokine [MDC]) by a polyclonal antibody
inhibited the development of the disease and reduced the numbers of
CCR4þ T cells within the pancreas [96]. The divergence in the two
studies may result, in part, from the difference in manipulation of
CCL22 expression namely specifically in the pancreas versus sys-
temically. These findings also highlight the complexity of chemokine
involvement in autoimmunity due to their diverse actions based on the
location and, most likely, the cell type secreting the chemokine. These
apparent discrepancies owing to the location of chemokine expression
may likely represent their functional differences concerning the guid-
ance of immune cell interaction and priming on the one hand, and
mediating immune cell migration on the other.

6.2. Chemokine mediated immune cell infiltration into the
pancreas
The infiltration of the pancreatic islets by motile immune cells is a
precondition for initiating the autoimmune attack in T1D and the
destruction of the beta cells, indicating the importance of immune cell
migration for the pathogenesis of T1D. In general, the directed
migration and extravasation of lymphocytes to sites of inflammation is
a key feature of the immune system which is particularly enabled and
controlled by chemokine signaling [158]. Consequently, several che-
mokines and their receptors contribute to the development of various
autoimmune diseases [159]. Indeed, more than half of the about 50
members of the human chemokine superfamily and their murine ho-
mologs, are involved in T1D pathogenesis [166]. The expression of
many chemokines expressed in pancreatic islets during autoimmunity
is driven by IFNg [18]. The direct contribution of chemokine signaling
to the onset of T1D has been demonstrated using the gHV68 protein
M3, which efficiently blocks the action of several chemokines [196].
The islet-specific expression of M3 reduced islet infiltration and
destruction and prevented the development of T1D in NOD mice [122].
The importance of chemokine signaling for the development and
progression of T1D is also highlighted by reported associations of
chemokine ligand and receptor genes within IDD risk loci. For example,
CXCR6 is located in the human IDDM22 risk locus [164], and its ligand
CXCL16 shows an association with the murine Idd4 risk locus [88].
However, CXCR6 deficiency was not sufficient to prevent islet infil-
tration in NOD mice, again indicating a high degree of redundancy in
chemokine signaling [164].
Based on these findings, several studies investigated the potential of
targeting chemokine signaling to prevent islet infiltration. These ap-
proaches could efficiently prevent the immune cell migration to the
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islets before infiltration, but not once immune cells were present in the
islets [39,134,213].
Several chemokines are involved in the recruitment of T cells to the
pancreatic islets. Some play redundant roles or can exhibit both tol-
erogenic and pathogenic roles in the development of T1D [164].
The ligands of the chemokine receptor CCR7, CCL19 and CCL21,
which are in a steady state involved in the migration of immune cells to
the lymph nodes [58], are abundantly expressed around prediabetic
islets in NOD mice during the development of T1D [16]. This has been
shown to drive the infiltration of the islets by islet antigen-specific T
cells [167]. Consequently, CCR7 deficiency in NOD mice prevents the
development of T1D [123].
Studies on CXCR4, a chemokine receptor that is abundantly expressed
on immune cells, were less conclusive. While expression of its ligand
CXCL12 on islet endothelial cells was shown to limit diabetogenic T cell
binding in vitro [176] and to enhance beta cell survival in STZ treated
mice [214], inhibition of CXCL12 showed divergent results [1,126].
These divergent results most likely stem from differences in the used
mouse models and cell types expressing the chemokine. E.g. the STZ
model of beta cell destruction might be more prone to reveal effects on
beta cell survival while underappreciating opposing effects related to
immune regulation.
The strongest evidence for chemokine involvement in T1D is coming
from the chemokine CXCL10 and its receptor CXCR3. CXCR3 is mainly
expressed on CD8þ effector T cells and CD4þ Th1 cells. This drives
their migration to sites of inflammation [73], such as CXCL9 and
CXCL10 producing islets [61]. While studies on the expression of
CXCL10 in serum of pre-diabetic at risk individuals or patients with
T1D showed divergent results, the vast majority of studies both in
humans and mouse models showed enhanced CXCL10 levels related
to T1D (summarized in [34. In line with these results, the beta cell-
specific expression of CXCL10 caused islet infiltration in T1D-
resistant mice [153], while its blockade delayed the disease in NOD
mice [134] and the combination therapy with anti-CD3 antibody lead to
persistent remission in different mouse models of T1D [101]. Similarly,
CXCR3 deficiency had a protective effect in mice upon viral induction of
T1D [61]. Another study showed that CXCR3 is involved in early T cell
migration to the pancreas, but CXCR3 deficiency in T cells in this study
did not prevent islet infiltration in a murine T1D model, most likely due
to redundancies in chemokine signaling [164]. In these studies, dif-
ferences in the models used could account for the divergent results.
While Frigerio et al. [61] used an inducible model with the LCMV
glycoprotein expressed under the rat insulin promoter which leads to
the immune-mediated destruction of insulin-producing cells after
LCMV infection, Sandor et al. [164] used wildtype NOD mice with
spontaneous disease development. The differences in disease severity
and progression in the two models highlights, that different mecha-
nisms might be involved in the immune responses of both models.
Importantly, CXCR3 is not only expressed on Th1 cells but can also be
expressed on Tregs, mediating their migration to the pancreas [213].
Accordingly, Tan et al. identified a prominent CXCR3þTbetþ Treg
population in the islets of NOD mice and showed that ablation of this
cell population enhanced disease severity and onset and was even able
to overcome the usually present sex-bias in disease development in
NOD mice [190].
The role of chemokine signaling in T1D is not limited to T cells but also
drives the migration of MNPs and B cells. MNP recruitment is mainly
mediated via the chemokine receptors CCR2 and CCR5 and their li-
gands CCL2 and CCL3, CCL4 and CCL5, respectively [71] while
migration of B cells into the islets is thought to be mediated by CXCR5
and its ligand CXCL13 [3]. Studies on the blockade of CCR2, CCR5 and
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CXCL13 are limited and have shown divergent results in mouse models
of T1D [78,116,184].
Combined, these studies highlight the difficulties in studying effects of
chemokines on T1D, including local versus systemic effects and dif-
ferences in disease models and emphasize the necessity to evaluate
effects on different T cell subtypes as well as immune cell populations
apart from T cells.

7. MEDIATORS OF DIRECT BETA CELL e IMMUNE CELL
INTERACTIONS

7.1. The role of classical HLA-I
Increased islet expression of HLA class I was one of the earliest re-
ported histological features of T1D, first noted in 1985 [15] and further
characterized in 1987, when evidence of aberrant MHC class II
expression was also highlighted [59]. Over 30 years later, it is now
widely accepted that hyperexpression of HLA class I is a key patho-
logical feature of T1D and is thought to be critical in early disease
progression, facilitating the effective engagement of autoreactive
CD8þ cytotoxic T cells, which recognize specific islet autoantigens
[87,154] (Figure 1). HLA-I expression is dramatically elevated in all
endocrine cell types within the insulin-containing islets of T1D donors,
but expression is dramatically reduced in the insulin-deficient islets
suggesting the presence of beta cells is required for the hyper-
expression [154]. Islet endothelial cell expression may also be key to
facilitating CD8þ cytotoxic T cell recruitment. Studies in mouse
models, have demonstrated that cognate MHC/peptide complexes are
presented by pancreatic endothelial cells, which acquire the antigen
(insulin) from nearby beta cells [167]. Homing of the insulin-specific
CD8þ T cells to islets was abrogated in mice that lacked MHC class
I expression, had impaired insulin secretion or were unable to present
the specific insulin peptide. Triggering of the TCR and chemokine
receptors activated integrin expression, further facilitating the adhe-
sion of T cells to the pancreatic endothelium and, as such could,
contribute to homing of activated T cells to the islets [167]. The
endothelial homing receptor VCAM-1 has also been demonstrated to
be important for the infiltration of T cells expressing A4b1 integrin into
pancreatic islets of transgenic mice [74].

7.2. The role of non-classical HLA-I e HLA-E, HLA-F and HLA-G

7.2.1. HLA-E
HLA-E is constitutively expressed in most cell types and interacts with
b2-microglobulin to present peptides from the leader sequence of HLA-
I molecules. This peptide-bound HLA-E molecule can then interact with
CD94/NKG2A/B/C present on the surface of NK cells. Engagement of
either CD94/NKG2A and CD94/NKG2B transduces an inhibitory signal
to the NK cells reducing cytolytic activity. In contrast, CD94/NKG2C
causes activation of NK cells. Levels of HLA-E expression are normally
low within pancreatic islets. However, upregulation of HLA-E has been
demonstrated in insulin-containing islets of individuals with T1D
(Fig. 1) [37,209]. However, despite a global increase in expression
across these islets, alpha cells, in particular, seem to express a higher
level of HLA-E when compared to beta cells [209]. It was proposed that
this could preferentially protect alpha cells from immune attack.
However, histopathological studies of insulitis in donors with T1D have
suggested that there are very few NK cells present in or around the
islets [204]. Although one study did report the presence of NK cells
within the infiltrate in a subset of T1D donors [45]. It is conceivable that
NK cells may have a role before clinical onset of T1D, and support for
this comes from emerging genetic studies that indicate a strong NK cell
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Figure 1: Role of classical and non-classical HLA-I expression in beta cell e immune cell interactions in T1D. High expression of HLA-I can have both protective and
detrimental effects. In T1D hyperexpression of classical and non-classical HLA class I in beta cells is thought to be critical in early disease progression, facilitating the effective
engagement of autoreactive CD8þ cytotoxic T cells, which recognize specific islet autoantigens. (created with BioRender).
signature that tracks with rate of progression to T1D [210]. This brings
into question the role HLA-E plays at the islet site as it is unclear
whether it functions to protect cells from infiltrating NK cells
expressing the HLA-E ligands, CD94/NKG2A and CD94/NKG2B, or if it
could prime them for destruction by CD94/NKG2Cþ NK cells. This can
only be uncovered by studying pancreatic material from individuals
who are at-risk of T1D and have evidence of insulitis, which unfor-
tunately, is extremely rare

7.2.2. HLA-F
Relatively little is known about HLA-F, and this particular non-classical
HLA-I molecule, can be present in multiple different forms within the
cytosol or at the cell surface. HLA-F can form a complex with b2-
microglobulin and peptide; it can be present as an open conformation
(OC) (without bound peptide) either alone, or as a homodimer; or it can
form a heterodimer with classical HLA-I molecules [109]. The OC HLA-
F molecules are capable of binding peptides between 7 and 30 resi-
dues long, and these can be derived from the exogenous environment
MOLECULAR METABOLISM 64 (2022) 101565 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
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[68]. These exogenous peptides can be internalized and processed
before being presented on classical HLA-I molecules. As such, this
pathway has been suggested to play a role in the cross-presentation of
peptides.
A range of different ligand partners are associated with these different
HLA-F conformations. These include both inhibitory (KIR3DL1/2; ILT2
and ILT4) and activating ligand pairs ((KIR3DS1; KIR2DS4). These li-
gands are predominantly localized to NK cells and T cells. The OC of
HLA-F has also been demonstrated to have the ability to bind TCRs.
The expression of HLA-F is tightly regulated and is typically localized
within the cytoplasm, with very few cell types exhibiting surface
expression. Like HLA-E, HLA-F is also increased in the insulin-
containing islets of individuals with T1D. Intriguingly, in these islets
there is evidence of very clear surface localization. A phenomenon not
seen in donors without diabetes [154,209]. Other cell types with
surface HLA-F expression include activated B, T and NK cells; EBV-
transformed B cells; virus-infected cells and first and second
trimester migratory and extravillous cytotrophoblasts [109]. In these
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Review
latter cells, HLA-F has been shown to have an important immuno-
modulatory role. Indeed, HLA-F expression has been associated with a
negative prognosis in several different types of cancer, which suggests
that cancerous cells can in part negatively regulate anti-tumour im-
mune responses through this pathway. Functional evidence to deter-
mine if HLA-F has an immunomodulatory role in T1D is lacking, and it
will also be important to determine if any, or all, of these ligands are
present on infiltrating immune cells. The outcome of these interactions
would determine if the balance of signals is in favour of inactivation or
activation of the cognate immune cell and the consequence of this for
the beta cells remains to be determined.

7.2.3. HLA-G
HLA-G expression is restricted to limited cell types including cyto-
trophoblasts in the placenta, corneal embryonic and nail matrix
mesenchymal stem cells and pancreatic beta cells [24,35]. Ligands of
this molecule include ILT-2, ILT4, KIR2DL4 and CD160, found on NK,
DC, B and T cells. Binding of HLA-G to these ligands can inhibit NK and
T cell proliferation, DC maturation and the cytolytic and proliferative
responses of antigen-specific CD4þ and CD8þ T cells. HLA-G
essentially acts to conceal the cell it is expressed on from immune
surveillance. Insulin-containing islets of T1D donors have elevated
HLA-G expression when compared to donors without diabetes [209].
The increased expression of HLA-G on islet cells in donors with T1D
suggests that the islets are attempting to reduce their visibility to the
infiltrating immune cells. It remains to be determined whether HLA-G
expression varies amongst the different endocrine cell types and if this
can explain their differential susceptibility to immune attack.

7.3. HLA Class-II
A comprehensive study of islet beta cells from donors with recent-
onset T1D demonstrated that there was increased mRNA and pro-
tein expression of MHC Class II and Class II antigen presentation
pathway components. Specifically, immunohistological studies of
donor pancreas from three independent cohorts showed Class II HLA
protein and its transcriptional regulator Class II MHC trans-activator
protein to be expressed by a subset of insulinþ beta cells found
within inflamed islets [161]. This supported earlier studies from the
1980’s reporting this phenomenon [15,59]. Surface expression of
Class II is suggestive of an antigen-presenting roll for beta cells, and
this may directly play a role in the autoimmune response [161]. It is
speculated that secretion of IFNg by CD8þ T cells may promote this
beta cell Class II expression. It is unclear, however, whether Class II-
expressing beta cells take up and process exogenous proteins and
then present peptides via Class II to CD4þ T cells in the same way as
professional APCs. Indeed, evidence of expression of CD80 or CD86
costimulatory molecules was not detected in Class II-expressing beta
cells [161].

7.4. Expression of the checkpoint inhibitor PDL1 in islets
The emergence of checkpoint inhibitors, particularly PD1 and PDL1
blocking antibodies, as effective treatments for various cancers has also
led to a series of important insights into T1D pathogenesis. Monitoring a
clinical cohort of individuals treated with checkpoint inhibitor therapies
revealed that 0.2e11% of patients present with diabetes following
PDL1/PD1 antibody treatment [186]. Of the patients presenting with
diabetic ketoacidosis (DKA), with very low c-peptide levels, >50% had
evidence of islet autoantibodies, and a large proportion were shown to
have the T1D genetic risk allele HLA-DR4 [186]. As such the clinical
10 MOLECULAR METABOLISM 64 (2022) 101565 � 2022 The Author(s). Published by Elsevier GmbH. T
features of this form of diabetes demonstrate that checkpoint inhibitor-
induced diabetes shows a greater similarity with T1D versus T2D. Efforts
from the community to investigate the expression of PD1 and PDL1 in
the pancreas post-mortem or in pancreas biopsies of individuals with
T1D revealed that PDL1 expression is increased in the insulin-containing
islets (ICIs) of donors with diabetes [36]. In contrast, donors without
diabetes and the islets devoid of beta cells in donors with T1D, did not
exhibit detectable PDL1 expression. The expression of PDL1 in the ICIs
was associated with the presence of infiltrating immune cells, implying
that a factor released from these cells (e.g. IFNg) could be responsible
for the increased PDL1 expression. Indeed, in vitro studies confirmed
that treatment of human beta cell lines with IFNs induced expression of
PDL1 at both the mRNA and protein level [36]. As inhibition of activation
and induction of exhaustion/apoptosis pathways in T cells occurs
following cross-linking of PDL1 and PD1, it could be hypothesized that
increased PDL1 expression on stressed beta cells helps to defend
against infiltrating PD1þ T cells. In keeping with this, upregulation of
PDL1 was observed in beta cells of NOD mice that were more resistant
to immune attack [160]. However, the observation that PD1 expression
is reduced on T cells at the onset of childhood T1D may suggest that
dysregulation of this pathway could predispose these children to beta
cell destruction [70].
Furthermore, inhibition of this defense mechanism by treatment with
PD1/PDL1 blocking antibodies would accelerate beta cell loss by
releasing the brakes on the PD1þ T cell. The observation that patients
with checkpoint-related diabetes have elevated genetic risk of T1D and
some individuals were shown to be islet autoantibody positive before
treatment, suggest that pre-screening of individuals for biomarkers of
T1D (such as the T1D genetic risk score [177] and islet autoantibodies
[54] before treatment with checkpoint inhibitors may be a sensible
precaution moving forward.
In keeping with this hypothesis, findings from mouse models revealed
that injection of 8w NOD mice with a beta cell targeting adeno-
associated virus (AAV) construct containing both PDL1 and abatacept
(PDL1-CTLA-4-Ag) prevented the development of autoimmune dia-
betes and preserved beta cell mass [48]. The PDL1-CTLA4Ig AAV was,
however, unable to prevent diabetes in early onset diabetic NOD mice
with >200 mg/dl blood glucose levels for 2 consecutive weeks. It did,
however, protect islet allographs [48].
On balance the majority of the non-classical HLA-I receptoreligand
interactions appear to transduce inhibitory signals to their respective
immune cells. The increased expression of non-classical HLA-I mol-
ecules and PD-L1 in the islets of T1D donors implies that the islets are
attempting to defend themselves against non-specific cytotoxicity from
infiltrating immune cells.
So, in a scenario where the beta cell is recognized by specific
autoreactive CD8þ T cells via the classical HLAI; does this detrimental
pathway win out over these defense pathways? This is a difficult
question to address in humans but is an important one to consider. The
recent development of pancreatic islet microtissues by InSphero [129]
may provide one platform in which this could be assessed. Islet
microtissues pretreated with factors that enhance non-classical HLAI
expression (and likely also classical HLAI) could be co-cultured with
CD8þ T cell subsets with varying specificities to assess the impact this
has on islet viability. The outcome of such studies may inform stra-
tegies to help protect beta cells from islet-specific CD8þ T cell attack in
the future.
Of note, the exact mechanisms of how immune ligands on beta cells,
including checkpoint inhibitors such as PDL1, are involved in T1D
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Figure 2: Cellular and molecular mechanisms contributing to the prevention or development of T1D. Beta cell antigens are released by damaged beta cells. These antigens
are processed by pancreas-resident antigen-presenting cells (APC). Following activation APCs migrate to the pancreatic lymph nodes where they prime pathogenic beta cell
antigen-specific T cells. On the other hand, tolerogenic APCs can prime and expand Tregs which can directly suppress autoreactive T cells, including but not limited to the release
of IL10 and TGFb. Beta cell killing in the pancreas happens by autoreactive T cells, NK cells and macrophages, besides other through the release of cytokines such as IL1b, IFNg
and TNF. Furthermore, dendritic cells (DC) release IL12 to sustain effector functions of activated T cells and NK cells. Lastly, changes in the islet microenvironment as well as the
release of chemokines by beta cells can recruit additional lymphocytes and macrophages, further driving the autoimmune process. (created with BioRender).
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Review
pathogenesis remain insufficiently understood and require further
examination in the future.

8. CONCLUSION

The highly complex pathogenesis of T1D is driven by several immune
cell types with both effector and regulatory characteristics, which ul-
timately ends in the destruction of the insulin-producing beta cells
(Figure 2). There are multiple layers of interaction between these
immune cell populations and the pancreatic islets. However, most of
the molecular mechanisms underlying aberrant immune cell activation
and impaired immune tolerance remain largely unexplored, compli-
cating the development of efficient prevention and treatment strate-
gies. In order to overcome this knowledge gap, a better understanding
of the complex interactions of immune cells and beta cells, including
both the underlying protective and pathogenic mechanisms is urgently
required. The trafficking of immune cells to the pancreas is regulated
by multiple pathways, but might serve as promising target for stra-
tegies preventing immune infiltration to the islets in the first place.
However, while this might be a promising prevention approach, the
high level of redundancy in these pathways, and the potential of in-
duction of unwanted broad immunosuppression, are major challenges.
Another important aspect is the heterogeneity of islets within the
pancreas, in particular with regard to the varying degree of immune
infiltration, and the phenotypes of the infiltrating immune cells. A better
understanding of these differences could allow the identification of
pathogenic and, perhaps even more importantly protective pathways,
which could be targeted for future strategies aiming at the prevention
of islet autoimmunity and T1D.
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