
Frontiers in Immunology | www.frontiersin.

Edited by:
Elias Toubi,

Technion Israel Institute of
Technology, Israel

Reviewed by:
Conchi Mora,

Universitat de Lleida, Spain
Anne Cooke,

University of Cambridge,
United Kingdom

*Correspondence:
Shu Zhang

szhang@tjh.tjmu.edu.cn
Cong-Yi Wang

wangcy@tjh.tjmu.edu.cn

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Autoimmune and
Autoinflammatory Disorders,

a section of the journal
Frontiers in Immunology

Received: 04 April 2021
Accepted: 30 June 2021
Published: 14 July 2021

Citation:
Li Y, Sun F, Yue T-T,

Wang F-X, Yang C-L, Luo J-H,
Rong S-J, Xiong F, Zhang S and
Wang C-Y (2021) Revisiting the
Antigen-Presenting Function of
b Cells in T1D Pathogenesis.
Front. Immunol. 12:690783.

doi: 10.3389/fimmu.2021.690783

REVIEW
published: 14 July 2021

doi: 10.3389/fimmu.2021.690783
Revisiting the Antigen-
Presenting Function of b Cells
in T1D Pathogenesis
Yang Li†, Fei Sun†, Tian-Tian Yue†, Fa-Xi Wang, Chun-Liang Yang, Jia-Hui Luo,
Shan-Jie Rong, Fei Xiong, Shu Zhang* and Cong-Yi Wang*

The Center for Biomedical Research, Department of Respiratory and Critical Care Medicine, NHC Key Laboratory of
Pulmonary Diseases, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology,
Wuhan, China

Type 1 diabetes (T1D) is characterized by the unresolved autoimmune inflammation and
islet b cell destruction. The islet resident antigen-presenting cells (APCs) including
dendritic cells and macrophages uptake and process the b cell-derived antigens to
prime the autoreactive diabetogenic T cells. Upon activation, those autoreactive T cells
produce copious amount of IFN-g, TNF-a and IL-1b to induce b cell stress and death.
Autoimmune attack and b cell damage intertwine together to push forward this self-
destructive program, leading to T1D onset. However, b cells are far beyond a passive
participant during the course of T1D development. Herein in this review, we summarized
how b cells are actively involved in the initiation of autoimmune responses in T1D setting.
Specifically, b cells produce modified neoantigens under stressed condition, which is
coupled with upregulated expression of MHC I/II and co-stimulatory molecules as well as
other immune modules, that are essential properties normally exhibited by the
professional APCs. At the cellular level, this subset of APC-like b cells dynamically
interacts with plasmacytoid dendritic cells (pDCs) and manifests potency to activate
autoreactive CD4 and CD8 T cells, by which b cells initiate early autoimmune responses
predisposing to T1D development. Overall, the antigen-presenting function of b cells helps
to explain the tissue specificity of T1D and highlights the active roles of structural cells
played in the pathogenesis of various immune related disorders.

Keywords: b cell, antigen presentation, autoimmune diabetes, innate immunity, crosstalk
INTRODUCTION

Since the early 1970s, type 1 diabetes (T1D) has been defined as an autoimmune disorder resulting
from the intolerance to pancreatic b cell derived auto-antigens (1, 2), and subsequent studies have
consistently demonstrated that islet b cell dysfunction and immune cell autoreactive response
contribute to disease progression, while the exact mechanisms largely remain unknown. In the
canonical paradigm, the damaged b cells expose self-antigens to resident or patrolling antigen
presenting cells (APC) to initiate the immune process (3, 4). Indeed, polymorphisms within the
class II major histocompatibility complex (MHC II) (e.g., I-Ag7 in non-obese diabetic (NOD) mice
org July 2021 | Volume 12 | Article 6907831
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and HLA-DQ8 in human counterparts), strongly correlate with
T1D propensity. Such MHC haplotype generates the anchoring
site of MHC molecules that favors the binding of self-peptide,
thereby facilitating the subsequent APC-T cell interaction (4). Other
genetic predisposing factors further exacerbate the immune
reactivity against b cells (5, 6). Given many of the identified
autoantigens are not confined to islet and the autoreactive T cells
constantly patrol in the peripheral circulation, it is, therefore, hard
to explain the tissue specificity of T1D.

Accumulating evidence reveals that structural cells are not mere
passive participants in immune related disorders. They can actively
produce cytokines, chemokines, and even the MHC II molecules, a
hallmark that is traditionally considered as a privilege of
professional APCs. The emerging concept of “structural cell
immunology” blurs the boundary between immune cells and
non-immune cells, extends our understanding of the immune
response initiation, and provides a chance to re-scrutinize the
established disease pathogenesis (7). This concept is extensively
corroborated in the tumor microenvironment (TME), where non-
hematopoietic cells such as tumor cells, fibroblasts and other
mesenchymal cells dynamically shape the anti-tumor immune
response. This is also the case in other immune engaged
disorders. For example, obese mice have an obvious increase in
average adipocyte size, and the larger adipocytes express higher level
of MHC II than the smaller ones, which directly activate T cells
during the course of obesity (8–10). Endothelial cells (ECs) express
Toll-like receptor 4 (TLR4) and receptors for TNF-a and IL-1b, and
therefore, LPS stimulation activates ECs to produce pro-
inflammatory cytokines and chemokines, which then recruit
immune cells and propagate the immune response (10). Notably,
under certain conditions, ECs express bothMHC I andMHC II and
directly present antigens to T cells by acting as APC like cells (11). In
rheumatoid arthritis (RA), the fibroblast-like synoviocytes (FLS) in
the inflamed synovium share similar intrinsic properties as the
follicular dendritic cells (FDCs), which help to attenuate apoptosis
of germinal center (GC) B lymphocytes and exacerbate disease
progression (12). These previously unappreciated immune
functions of non-immune cells give us insights that abnormality
of structural and/or stromal cells may well interpret the etiological
origin of autoimmune diseases.

It was noted that cytokines such as IFN-g, TNF-a and IL-1b
following autoimmune attacks elicit ER and oxidative stress to cause
b cell damage. The impaired b cells, however, are able to secret
chemokines to motivate more immune cells and the damage
associated molecular patterns (DAMPs) to push forward this
vicious cycle of crosstalk (13). Nonetheless, two critical questions
are yet to be elucidated: what happened to b cells even before an
obvious autoimmune strike? Would b cells be both victims and
culprits in early T1D pathogenesis? In fact, b cells have the ability to
express MHC and costimulatory molecules to prime the adaptive
immune response. Based on such intriguing findings, we herein
intend to summarize the characteristics of APC-like b cells and to
sort out factors that endow b cell with the antigen-presenting
function. We would also discuss how APC-like b cells regulate
T1D development and highlight the potential intervention strategies
against T1D in clinical settings.
Frontiers in Immunology | www.frontiersin.org 2
PRESENCE OF APC-LIKE b CELLS
IN THE ISLETS

Antigenic peptide MHC complex (pMHC) provides the first signal
for antigen presentation. Most islet antigens have been identified by
HLA binding/tetramers, including insulin, proinsulin, islet antigen 2
(IA-2) and glutamic acid decarboxylase 65 (GAD65) (14–17). Other
antigens such as islet amyloid polypeptide (IAPP) and glucose-
regulated protein 78 (GRP78) have been distinguished through
analysis of antigen-specific T cells (18). MHC class I, expressed
essentially in all nucleated cells, presents intracellular peptides onto
b cell surface, which directly leads to the activation of CD8+ T cells,
an early feature of T1D development (19). CD4 T cells which
specifically recognize peptide MHC class II complex, exert effector
function and help B cells in autoantibody generation, which is
essential to drive prolonged islet inflammation (20). Initially, most
studies have considered thatMHC class II is exclusively expressed in
local professional APCs such as dendritic cells and macrophages
(21). Intriguingly, several studies suggested that a proportion of b
cells from type 1 diabetic patients or NOD mice also express MHC
class II molecules (22–24). Similarly, RNA-Seq and
immunohistological analysis demonstrated that b cells from
recent-onset type 1 diabetic donors express MHC class II and its
transcriptional regulator class II major histocompatibility complex
trans-activator (CIITA) protein, which was hardly detectable in the
islet cells of non-diabetic donors (25). Moreover, the I-Ag7

expressed b cells isolated from islets of diabetic NOD mice could
independently induce proliferation of CD4+ T cells in vitro (26). In
this case, b cells may serve as the APC-like cells in presenting
autoantigen to activate islet-infiltrating CD4+ T cells.

Other than acquisition of MHCmolecule, a set of second signals
are also required to act as APCs. For instance, co-stimulatory
molecules and cell-adhesion molecules, key components in the
formation of immunological synapse, are necessary for the
optimal activation of antigen-specific T cells. Although no
evidence shows the expression of B7-1/B7-2 (CD80/CD86) on
human pancreatic b cells, transgenic overexpression of B7-1 on
NOD pancreatic islet accelerates the progression of type 1 diabetes
(27, 28). Clustering of T cells with APCs is primarily mediated by
the interaction between lymphocyte function-associated-1 (LFA-1)
on the surface of lymphocytes and the intercellular adhesion
molecule-1 (ICAM-1) on the APC cells. ICAM-1 was not
expressed on the surface of normal human islet cells, but it can
be detected following a 72h induction by IFN-g or TNF-a (29).
Collectively, these lines of evidence indicate that islet b cells display
essential phenotypic characteristics that are normally possessed by
the classical APCs, which supports the idea that b cells actively
engage in the initiation of autoimmune response and is responsible
for their own demise in T1D pathogenesis.
POTENTIAL TRIGGERS FOR THE
FORMATION OF APC-LIKE b CELLS

In b cell, generation of neoepitopes is associated with initial loss
of immune tolerance, evidenced by local infiltration of effector T
July 2021 | Volume 12 | Article 690783

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Li et al. Antigen Presentation by b Cells
cells and the emergence of autoantibodies. Post-translational
modification (PTM) affects protein properties, which is
generally involved in normal physiological process including
establishment of immune tolerance during the thymic and
peripheral selection (30). In some cases, however, abnormal
PTM process might alter protein structure to create novel b
cell-specific epitopes that are not tolerated by the immune
system. For example, citrulline modified GAD65 in b cells elicits
T cell response in T1D patients (15), and similar modification of
GRP78 was observed in the pancreatic islet of NODmice (31). This
kind of changes in PTM can be induced by reactive oxygen species
(32) and inflammatory cytokines, suggesting the relevance between
b cellular stress and neoepitope formation (33, 34). Endoplasmic
reticulum (ER) is necessary for b cell functionality since it
undertakes biosynthesis of proinsulin. Under physiological
condition, up to 20% of proinsulin fails to achieve the valid
conformation, so the ER associated degradation (ERAD) and the
unfolded protein response (UPR) signaling are critical for
maintaining ER homeostasis. However, upon exposure to stressful
microenvironments such as proinflammatory cytokines and ROS,
proinsulin is more susceptible to undergomisfolding, which induces
over-active UPR to cause ER stress (35). This pathological process
could result in abnormal PTM of other proteins or direct generation
of neoepitopes, which are then processed and presented by b cells
and/or APCs (36). The analysis of NOD islet revealed that b cells
deficient in IRE1a, a key component of ER stress, declines the
expression of autoantigen and MHC class I complex (37). The
hybrid insulin peptides (HIPs), another type of autoantigen in T1D,
have been identified by sequencing epitopes from b cells in diabetic
NOD mice. The fused peptide is produced through combination of
proinsulin peptides with other peptides in b cell secretory granules,
leading to a chimeric antigen with enhanced MHC binding affinity
and the ability to break the immune tolerance (38). Unfortunately,
the understanding of HIP formation remains at the phenomenal
levels thus far, the underlying mechanisms are yet to be elucidated.
Additional processes such as alternative RNA splicing also
contributes to generation of neoepitopes. For example, mRNA
splice peptide SCG5009, the product generated from the
Secretogranin V gene, was processed by HLA molecules and
Frontiers in Immunology | www.frontiersin.org 3
presented to T cells in the pancreas to initiate T1D (39). In line
with those observations, DNA and protein methylation events
elicited by inflammatory cytokines or other stress signals have
been found related to abnormal b cell activity and insulin
expression (40).

Although the detailed mechanism largely remains elusive, the
generation of neoantigens is apparently a consequence of b cell
stress. The stress response can either stem from intrinsic cell
abnormalities or external cytokine stimulations, which induce or
exaggerate b cell dysfunction. The interferon (IFN) family
contains IFN-a/b (type I) and IFN-g (type II), both of which
are strongly associated with T1D pathogenesis (41–43). IFN-a is
a critical cytokine produced by the immune system against
foreign virus or tissue damage (43, 44), while IFN-g is secreted
by T cells or NK cells with high potency in propagating islet
inflammation (45). It is known that pancreatic IFN-a
upregulates the expression of MHC I and costimulatory
molecules on the pancreatic b cells in T1D patients, leading to
autoantigen presentation and activation of cytotoxic CD8+ T
cells, which is considered as the early event of T1D (46, 47).
Importantly, IFN-a alone, or IFN-g plus TNF-a could induce
MHC II gene expression in human islet coupled with the
expression of the CIITA isoform (48, 49). Therefore, the IFN
family members possess the ability to up-regulate the expression
of MHC and molecules relevant to antigen presentation on the
surface of islet b cells. As a result, external inflammatory cytokine
stimulation and/or intrinsic b cell dysfunction induce neoantigen
generation along with the expression of MHC and co-
stimulatory molecules, which eventually endow b cells with
antigen-presenting property (Table 1).
DYNAMIC CROSSTALK BETWEEN
APC-LIKE b CELLS AND IMMUNE CELLS

It is believed that viral infection (Coxsackievirus in particular) is
related to T1D pathogenesis, at least in part, through stimulating
the production of type I IFN both in b cells and plasmacytoid
dendritic cells (pDCs). Compared to b cells, pDCs have the
TABLE 1 | Key features of APC-like islet b cells.

Key features Induced by Effect Reference

Neo-autoantigen generation
Post-translationally modified peptides ROS, ER stress Abnormal modification of GAD65, GRP78 etc.; generation of neoepitopes (15, 31, 33–

35)
Hybrid insulin peptides Islet inflammation Producing chimeric antigen with enhanced MHC binding affinity; breaking immune

tolerance
(38)

RNA splicing products Inflammatory
cytokines

Generation of non-self epitopes; activation of pancreas-infiltrating CD8+ T lymphocytes (39)

MHC molecule expression
MHC-I IFN-a Presentation of intracellular peptides and activation of CD8+ T cells (19)
MHC-II IFN-a; IFN-g plus

TNF-a
Activation of islet-infiltrating CD4+ T cells (22–24)

Co-stimulatory molecule
expression
B7-1 – Providing the co-stimulatory signal for T cell activation (27)
ICAM-1 IFN-g, TNF-a Facilitating the interaction between antigen presenting cell and T cell (29)
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ability to produce large amounts of IFN-a and IFN-b, which in
turn act on b cells to induce the APC-like phenotype (50). IFN-a
producing pDCs have been detected in the blood of T1D patients
at their first diagnosis (51). In consistent with this observation,
IFN-a therapy in patients with hepatitis C virus infection or
leukemia is associated with an increased risk for developing T1D
(32, 52). However, some studies also revealed that pDCs exhibit a
negative regulatory role in T1D setting, as NOD mice without
pDCs manifest exacerbated insulitis (53). Such contradiction
implies a dual role for pDCs in T1D pathogenesis, which
depends on the microenvironment created by b cells and other
cell types. Indeed, pDCs present antigens acquired exogenously
in a tolerogenic manner, thereby attenuating CD8+ T cell
proliferation (54). However, upon the presence of b cell
damage, innate immune cells such as B-1a cells produce
double-stranded DNA specific IgGs, and neutrophils generate
DNA-binding cathelicidin-related antimicrobial peptide
(CRAMP), both of which can activate pDCs to secrete IFN-a
in the pancreatic islets (55). Therefore, pDCs not only sense the
exogenous viral infection for immune defense, but also alarm the
endogenous tissue damage signal to transform b cells into APC-
like cells.

Accumulated evidence indicates that both CD4+ and CD8+ T
cells are implicated in b cell destruction (56–58). Islet reactive T
cells are initially primed and activated in the draining lymph
nodes, after which they get entrance into the islet via pancreatic
vasculature, leading to massive damage of b cells (59, 60). CD8+

T cell is a heterogenous population consisting of CD8+ CD28- T
suppressor subset, which exhibits defect in pathologic immune
responses (61, 62), and the cytotoxic subset, which is paramount
in inducing b cell death. Insulin peptides are the typical
autoantigens for type 1 diabetic patients. It was found that
peptide derived from insulin B chain is processed by the
proteasomes, and then translocated into the endoplasmic
reticulum via the peptide transporter TAP1, by which they
bind to HLA-A2 onto b cell surface to serve as the major
target for cytotoxic CD8+ T cell recognition (63). A recent
study suggested that the circulating islet-reactive CD8+ T cells
are predominantly naïve and largely overlapped between T1D
and healthy subjects (39), in which HLA I peptidomics and
transcriptomic analysis were combined to identify the epitopes
presented by b cells in T1D patients and healthy donors. It was
interestingly noted that antigens processed by b cells through
multiple pathways for HLA-A2 restricted presentation is crucial
to activate circulating CD8+ T cells (39).

Although the MHC II expressed b cells are capable of
activating CD4+ T cells, the detailed mechanisms, however, are
not yet to be elucidated. Autophagy is an intracellular system that
delivers damaged organelles and cytosolic proteins to lysosomes
for degradation (64). Autophagy dependent processes participate
in restricted antigen presentation through lysosome contained
proteases, and promote MHC II presentation of peptides from
intracellular source (65). For instance, studies found that CD4+ T
cells could specifically recognize citrullinated self-peptide
presented by APCs, and autophagy plays a central role in the
presentation of the post-translationally modified intercellular
Frontiers in Immunology | www.frontiersin.org 4
protein (66). It is therefore possible that b cells achieve the MHC II
restricted cross-presentation of intracellular self-antigen in a manner
similar as autophagy, which demands further investigations.

B cells are also central to T1D development. According to the
functional specification, B cells are classified into three major
subpopulations: the innate-like B1 cells (with CD5high for B1a
and CD5low for B1b), the adaptive B2 cells (commonly noted B
cells) and the regulatory B cell subset (Breg, marked by IL-10
production). As mentioned above, B1a cells are involved in T1D
initiation by producing anti-dsDNA antibody upon sensing the b
cell debris. However, this process is antigen non-specific and the
antigen specific responses mediated by B2 cells may play an even
greater role. Despite the presence of Breg subset, B cells are
predominantly harmful as evidenced by the beneficial effect of
total B cell depletion agents (e.g., anti-CD20 and anti-BAFF) (67,
68). B cells promote T1D progression by producing
autoantibodies at the early phase and by presenting antigen to
diabetogenic CD4+ and CD8+ T cells at the later phase. It is
intriguing to note that the insulin reactive B cells are present in
both T1D-prone NOD mice and T1D-resistant C57BL/6 mice
(69). How the anergic state of B cells being breached in NOD
mice and T1D patients is a big scientific question to answer.
Cambier et al. revealed that BCR affinity, permissive pancreatic
niche and abnormality in tolerance-regulating genes are essential
for B cell mediated T1D pathogenesis (70). Moreover, the
apparent transience of anergic B cell loss may well suggest that
the loss of B cell anergy is a consequence of environmental
insults, such as infection, injury and/or diet change (71). Thus,
the APC-like b cells could aid in B cell escape of tolerance,
resulting in an overt autoreactive B cell response.
SUMMARY AND PERSPECTIVE

Traditionally, professional APCs are considered to be the
spotlight in T1D initiation. A population of CD11c+ CD103+

DCs relying on a transcriptional factor, the basic leucine zipper
transcription factor AFT-like 3 (BATF3), has been identified in
the murine islet. Those DCs are thought responsible for taking
up and presenting antigens derived from secretory b cell granules
and exogenous denatured proteins (72). Their presence in NOD
mice is around 3- to 4-week of age, by then CD4+ T cells
simultaneously enter into the islet. CD103+ DCs are also
capable of cross-presenting and loading extracellularly acquired
antigens onto MHC I to activate the autoreactive CD8+ T cells
(73, 74). Another important APC population is macrophage.
Islet macrophages, originating from precursors from yolk sac,
fetal liver and bone marrow, reside in the pancreas since
embryonic development (75, 76). Lower phagocytotic activity
of NOD macrophages compared to that of BALB/c (a mouse
strain that is not prone to T1D) is suggested to impede the
defective clearance of cell debris generated during the
physiological b mass turnover, which then predisposes to T1D
initiation (77). Studies in 3-week old NOD, NOD.Rag1-/- and
B6.g7 mice revealed that islet macrophages are in an activated
state with highly expressed MHC II, TNF and IL-1b, which are
July 2021 | Volume 12 | Article 69078
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comparable to macrophages in the barrier surface such as lung
and intestinal tract (78). Single cell analysis of gene expression
profile indicated that macrophages in NOD islet are more
inflamed as manifested by the upregulated interferon signature
genes including Cxcl2, Cxcl9 and Ccl5 (78). Therefore, depletion
of islet macrophages with CSF-1 receptor monoclonal antibody
impairs the presentation of insulin epitopes from destroyed islet
cells and delays the entrance of DCs and CD4+ T cells, thereby
preventing T1D development in NOD mice (76).

Undoubtedly, the pancreatic islet niche is crucial for T1D
development. For instance, vascular endothelial growth factor
(VEGF), which was found highly enriched in the serum of
systemic lupus erythematosus patients (79), is also abundant in
T1D blood. However, circulating plasma levels of VEGF do not
correlate to metabolic control in long-standing T1D and the
levels are not affected by the presence of microvascular
complications (80). In contrast, locally increased VEGF
promotes islet vascular remodeling and facilitates lymphocytic
infiltration (81). APC-like b cell is another intriguing concept
that extends our understanding of the etiology underlying organ
specific autoimmunity. Given the fact that autoreactive T cells
are indeed also present in healthy individuals (82), antigen
presentation that lowers the threshold for aberrant T cell
activation thus becomes critical in the initiation of
autoimmune diseases including T1D. First, stressed b cells
themselves actively present antigens to effector T cells. Second,
dysfunctional b cells secret granules containing modified
neoantigens and/or denatured proteins to be taken up by the
adjacent professional APCs (83, 84). Third, the dying b cells
Frontiers in Immunology | www.frontiersin.org 5
release large amounts of autoantigens together with DAMPs
(e.g., HMGB1 as an alarmin) to substantially activate the
surrounding professional APCs. The general idea is that T1D
is an autoimmune disorder which both begins and ends up with
b cell death. Physiological b cell turnover is transient and self-
controlled, while pathological b cell death leads to unrestrained
inflammatory response probably due to the defective clearance
by phagocytes and the occurrence of secondary necrosis (85).
Furthermore, many T1D susceptible genes are expressed in b
cells and make them vulnerable to death upon insults such as
viral infection and inflammatory cytokine stimulation (86). Taken
as a whole, this may reflect that the antigen presentation process in
T1D setting is more diverse and intricate than what we previously
thought, and the microenvironment shaped by structural cells,
immune cells and their extensive cross-talk is pivotal for T1D
development (Figure 1).

It is noteworthy that the ectopic expression of immune modules
in b cells is not confined to the antigen-presenting function. For
instance, it has been discovered that inflammatory cytokines
stimulate human b cells to express negative-regulatory
costimulatory molecules, B7-H4 and PD-L1, which could then
serve as a counterbalance for derailed T cell response (87, 88).
Moreover, islet cells are able to produce chemokines and cytokines
such as CCL2, CCL22, IL-6 and so on to exhibit either pro-
inflammatory or anti-inflammatory effect (89–91). Another good
example is the TLR family proteins, in which TLR3/9 are related to
the anti-viral response, while TLR2/4 activation induces MyD88
dependent transcription of inflammatory mediators and Erk
dependent cell cycle arrest of b cells (92, 93). Particularly, current
FIGURE 1 | A b cell centered view of antigen-presentation. (1) Stressed APC-like b cells directly present antigens to activate adaptive immune cells; (2) Dysfunctional
b cells secret autoantigen containing granules which are subsequently up-taken and processed by professional APCs; (3) Dying b cells themselves and the released
pro-inflammatory molecules further amplify the antigen presenting process.
July 2021 | Volume 12 | Article 690783
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immunotherapies were predominantly designed to suppress the
functionality of autoreactive immune cells along with tolerance
induction, thereby holding back the overdriven immune responses.
In particular, vaccination strategies based on b cell derived
autoantigens have shown therapeutic efficacy by inducing antigen
specific immune tolerance. This could be achieved through oral,
intranasal or parenteral (subcutaneous and intramuscular)
administration of each single autoantigen such as insulin or
GAD65 (94, 95). Alternatively, multiple antigenic epitopes could
be integrated into one polypeptide by means of the plasmid DNA
platform (96, 97). The discovery of b cells to act as a part-time APC
provides novel insights that manipulation of the expression pattern
of immune modules in b cells holds the potential in early T1D
treatment and prevention of organ rejection following
transplantation of genetically engineered, immune-evasive islets.

In summary, herein we provided a b cell centered view in T1D
pathogenesis (Figure 1). Evidence derived from current studies
suggested an important role of structural cells in the initiation of
T1D development, which could also be the case in other
autoimmune disorders. However, additional studies would be
necessary to translate those discoveries into clinical settings for
prevention and treatment of type 1 diabetes.
Frontiers in Immunology | www.frontiersin.org 6
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64. Valečka J, Almeida CR, Su B, Pierre P, Gatti E. Autophagy and MHC-
Restricted Antigen Presentation. Mol Immunol (2018) 99:163–70.
doi: 10.1016/j.molimm.2018.05.009

65. Dengjel J, Schoor O, Fischer R, Reich M, Kraus M, Müller M, et al. Autophagy
Promotes MHC Class II Presentation of Peptides From Intracellular Source
Proteins. Proc Natl Acad Sci United States America (2005) 102(22):7922–7.
doi: 10.1073/pnas.0501190102

66. Ireland JM, Unanue ER. Processing of Proteins in Autophagy Vesicles of
Antigen-Presenting Cells Generates Citrullinated Peptides Recognized by the
Immune System. Autophagy (2012) 8(3):429–30. doi: 10.4161/auto.19261

67. Wang Q, Racine JJ, Ratiu JJ, Wang S, Ettinger R, Wasserfall C, et al. Transient
BAFF Blockade Inhibits Type 1 Diabetes Development in Nonobese Diabetic
Mice by Enriching Immunoregulatory B Lymphocytes Sensitive to Deletion
by Anti-CD20 Cotherapy. J Immunol (Baltimore Md: 1950) (2017) 199
(11):3757–70. doi: 10.4049/jimmunol.1700822

68. Linsley PS, Greenbaum CJ, Rosasco M, Presnell S, Herold KC, Dufort MJ.
Elevated T Cell Levels in Peripheral Blood Predict Poor Clinical Response
Following Rituximab Treatment in New-Onset Type 1 Diabetes. Genes
Immun (2019) 20(4):293–307. doi: 10.1038/s41435-018-0032-1

69. Hinman RM, Cambier JC. Role of B Lymphocytes in the Pathogenesis of Type 1
Diabetes. Curr Diabetes Rep (2014) 14(11):543. doi: 10.1007/s11892-014-0543-8

70. Packard TA, Smith MJ, Conrad FJ, Johnson SA, Getahun A, Lindsay RS, et al.
B Cell Receptor Affinity for Insulin Dictates Autoantigen Acquisition and B
Cell Functionality in Autoimmune Diabetes. J Clin Med (2016) 5(11):1–20.
doi: 10.3390/jcm5110098

71. Smith MJ, Packard TA, O’Neill SK, Henry Dunand CJ, Huang M, Fitzgerald-
Miller L, et al. Loss of Anergic B Cells in Prediabetic and New-Onset Type 1
Diabetic Patients. Diabetes (2015) 64(5):1703–12. doi: 10.2337/db13-1798

72. Unanue ER, Ferris ST, Carrero JA. The Role of Islet Antigen Presenting Cells and
the Presentation of Insulin in the Initiation of Autoimmune Diabetes in the NOD
Mouse. Immunol Rev (2016) 272(1):183–201. doi: 10.1111/imr.12430

73. Edelson BT, Kc W, Juang R, Kohyama M, Benoit LA, Klekotka PA, et al.
Peripheral CD103+ Dendritic Cells Form a Unified Subset Developmentally
Related to CD8alpha+ Conventional Dendritic Cells. J Exp Med (2010) 207
(4):823–36. doi: 10.1084/jem.20091627

74. Ferris ST, Carrero JA, Unanue ER. Antigen Presentation Events During the
Initiation of Autoimmune Diabetes in the NOD Mouse. J Autoimmun (2016)
71:19–25. doi: 10.1016/j.jaut.2016.03.007

75. Calderon B, Carrero JA, Ferris ST, Sojka DK, Moore L, Epelman S, et al. The
Pancreas Anatomy Conditions the Origin and Properties of Resident
Macrophages. J Exp Med (2015) 212(10):1497–512. doi: 10.1084/jem.20150496

76. Carrero JA, McCarthy DP, Ferris ST, Wan X, Hu H, Zinselmeyer BH, et al.
Resident Macrophages of Pancreatic Islets Have a Seminal Role in the Initiation of
Autoimmune Diabetes of NOD Mice. Proc Natl Acad Sci USA (2017) 114(48):
E10418–e27. doi: 10.1073/pnas.1713543114

77. Marée AF, Komba M, Finegood DT, Edelstein-Keshet L. A Quantitative
Comparison of Rates of Phagocytosis and Digestion of Apoptotic Cells by
Macrophages From Normal (BALB/c) and Diabetes-Prone (NOD) Mice. J Appl
Physiol (Bethesda Md: 1985) (2008) 104(1):157–69. doi: 10.1152/
japplphysiol.00514.2007

78. Ferris ST, Zakharov PN, Wan X, Calderon B, Artyomov MN, Unanue ER, et al.
The Islet-Resident Macrophage is in an Inflammatory State and Senses Microbial
Products in Blood. J Exp Med (2017) 214(8):2369–85. doi: 10.1084/jem.20170074

79. Ciprandi G, Murdaca G, Colombo BM, De Amici M,Marseglia GL. SerumVascular
Endothelial Growth Factor in Allergic Rhinitis and Systemic Lupus Erythematosus.
Hum Immunol (2008) 69(8):510–2. doi: 10.1016/j.humimm.2008.05.010

80. Singh K, Sandler S, Espes D. The Increased Circulating Plasma Levels of
Vascular Endothelial Growth Factor in Patients With Type 1 Diabetes Do Not
Correlate to Metabolic Control. J Diabetes Res (2017) 2017:6192896.
doi: 10.1155/2017/6192896

81. Villalta SA, Lang J, Kubeck S, Kabre B, Szot GL, Calderon B, et al. Inhibition of
VEGFR-2 Reverses Type 1 Diabetes in NOD Mice by Abrogating Insulitis and
Restoring Islet Function. Diabetes (2013) 62(8):2870–8. doi: 10.2337/db12-1619
Frontiers in Immunology | www.frontiersin.org 8
82. Danke NA, Koelle DM, Yee C, Beheray S, Kwok WW. Autoreactive T Cells in
Healthy Individuals. J Immunol (Baltimore Md: 1950) (2004) 172(10):5967–
72. doi: 10.4049/jimmunol.172.10.5967

83. Calderon B, Carrero JA, Miller MJ, Unanue ER. Cellular andMolecular Events
in the Localization of Diabetogenic T Cells to Islets of Langerhans. Proc Natl
Acad Sci USA (2011) 108(4):1561–6. doi: 10.1073/pnas.1018973108

84. Vomund AN, Zinselmeyer BH, Hughes J, Calderon B, Valderrama C, Ferris
ST, et al. Beta Cells Transfer Vesicles Containing Insulin to Phagocytes for
Presentation to T Cells. Proc Natl Acad Sci USA (2015) 112(40):E5496–502.
doi: 10.1073/pnas.1515954112

85. Lee MS, Kim KA, Kim HS. Role of Pancreatic b-Cell Death and Cell Death-
Associated Inflammation in Diabetes. Curr Mol Med (2012) 12(10):1297–310.
doi: 10.2174/156652412803833553

86. Størling J , Pociot F. Type 1 Diabetes Candidate Genes Linked to Pancreatic
Islet Cell Inflammation and Beta-Cell Apoptosis. Genes (2017) 8(2):1–12.
doi: 10.3390/genes8020072

87. Colli ML, Hill JLE, Marroquı ́ L, Chaffey J, Dos Santos RS, Leete P, et al. PDL1
Is Expressed in the Islets of People With Type 1 Diabetes and Is Up-Regulated
by Interferons-a and-g via IRF1 Induction. EBioMedicine (2018) 36:367–75.
doi: 10.1016/j.ebiom.2018.09.040

88. Ou D, Wang X, Metzger DL, Ao Z, Pozzilli P, James RFL, et al. Suppression of
Human T-Cell Responses to b-Cells by Activation of B7-H4 Pathway. Cell
Transplant (2006) 15(5):399–410. doi: 10.3727/000000006783981837

89. Bischoff L, Alvarez S, Dai DL, Soukhatcheva G, Orban PC, Verchere CB.
Cellular Mechanisms of CCL22-Mediated Attenuation of Autoimmune
Diabetes. J Immunol (Baltimore Md: 1950) (2015) 194(7):3054–64.
doi: 10.4049/jimmunol.1400567

90. Campbell IL, Cutri A, Wilson A, Harrison LC. Evidence for IL-6 Production
by and Effects on the Pancreatic Beta-Cell. J Immunol (Baltimore Md: 1950)
(1989) 143(4):1188–91.

91. Van Belle TL, Pagni PP, Liao J, Sachithanantham S, Dave A, Bel Hani A, et al. Beta-
Cell Specific Production of IL6 in ConjunctionWith aMainly Intracellular But Not
Mainly Surface Viral Protein Causes Diabetes. J Autoimmun (2014) 55:24–32.
doi: 10.1016/j.jaut.2014.02.002

92. Eguchi K, Manabe I, Oishi-Tanaka Y, Ohsugi M, Kono N, Ogata F, et al.
Saturated Fatty Acid and TLR Signaling Link b Cell Dysfunction and Islet
Inflammation. Cell Metab (2012) 15(4):518–33. doi: 10.1016/j.cmet.
2012.01.023

93. Ji Y, Sun S, Shrestha N, Darragh LB, Shirakawa J, Xing Y, et al. Toll-Like
Receptors TLR2 and TLR4 Block the Replication of Pancreatic b Cells in Diet-
Induced Obesity. Nat Immunol (2019) 20(6):677–86. doi: 10.1038/s41590-
019-0396-z

94. Harrison LC, Wentworth JM, Zhang Y, Bandala-Sanchez E, Böhmer RM, Neale
AM, et al. Antigen-Based Vaccination and Prevention of Type 1 Diabetes. Curr
Diabetes Rep (2013) 13(5):616–23. doi: 10.1007/s11892-013-0415-7

95. Wang H, Yang J, Jin L, Feng J, Lu Y, Sun Y, et al. Immunotherapy of
Autoimmune Diabetes by Nasal Administration of Tandem Glutamic Acid
Decarboxylase 65 Peptides. Immunol Invest (2009) 38(8):690–703.
doi: 10.3109/08820130903124770

96. Postigo-Fernandez J, Creusot RJ. A Multi-Epitope DNA Vaccine Enables a Broad
Engagement of Diabetogenic T Cells for Tolerance in Type 1 Diabetes.
J Autoimmun (2019) 98:13–23. doi: 10.1016/j.jaut.2018.11.003

97. Gottlieb P, Utz PJ, Robinson W, Steinman L. Clinical Optimization of Antigen
Specific Modulation of Type 1 Diabetes With the Plasmid DNA Platform. Clin
Immunol (Orlando Fla) (2013) 149(3):297–306. doi: 10.1016/j.clim.2013.08.010

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Li, Sun, Yue, Wang, Yang, Luo, Rong, Xiong, Zhang and Wang.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited and
that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
July 2021 | Volume 12 | Article 690783

https://doi.org/10.1073/pnas.0508621102
https://doi.org/10.1073/pnas.0508621102
https://doi.org/10.1016/j.molimm.2018.05.009
https://doi.org/10.1073/pnas.0501190102
https://doi.org/10.4161/auto.19261
https://doi.org/10.4049/jimmunol.1700822
https://doi.org/10.1038/s41435-018-0032-1
https://doi.org/10.1007/s11892-014-0543-8
https://doi.org/10.3390/jcm5110098
https://doi.org/10.2337/db13-1798
https://doi.org/10.1111/imr.12430
https://doi.org/10.1084/jem.20091627
https://doi.org/10.1016/j.jaut.2016.03.007
https://doi.org/10.1084/jem.20150496
https://doi.org/10.1073/pnas.1713543114
https://doi.org/10.1152/japplphysiol.00514.2007
https://doi.org/10.1152/japplphysiol.00514.2007
https://doi.org/10.1084/jem.20170074
https://doi.org/10.1016/j.humimm.2008.05.010
https://doi.org/10.1155/2017/6192896
https://doi.org/10.2337/db12-1619
https://doi.org/10.4049/jimmunol.172.10.5967
https://doi.org/10.1073/pnas.1018973108
https://doi.org/10.1073/pnas.1515954112
https://doi.org/10.2174/156652412803833553
https://doi.org/10.3390/genes8020072
https://doi.org/10.1016/j.ebiom.2018.09.040
https://doi.org/10.3727/000000006783981837
https://doi.org/10.4049/jimmunol.1400567
https://doi.org/10.1016/j.jaut.2014.02.002
https://doi.org/10.1016/j.cmet.2012.01.023
https://doi.org/10.1016/j.cmet.2012.01.023
https://doi.org/10.1038/s41590-019-0396-z
https://doi.org/10.1038/s41590-019-0396-z
https://doi.org/10.1007/s11892-013-0415-7
https://doi.org/10.3109/08820130903124770
https://doi.org/10.1016/j.jaut.2018.11.003
https://doi.org/10.1016/j.clim.2013.08.010
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Revisiting the Antigen-Presenting Function of β Cells in T1D Pathogenesis
	Introduction
	Presence of APC-Like β Cells in the Islets
	Potential Triggers for the Formation of APC-Like β Cells
	Dynamic Crosstalk Between APC-Like β Cells and Immune Cells
	Summary and Perspective
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


