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An accomplice more than a mere victim: The
impact of [-cell ER stress on type 1 diabetes
pathogenesis

Gulcan Semra Sahin ', Hugo Lee ', Feyza Engin "»>%%"

ABSTRACT

Background: Pancreatic 3-cells are the insulin factory of an organism with a mission to regulate glucose homeostasis in the body. Due to their
high secretory activity, B-cells rely on a functional and intact endoplasmic reticulum (ER). Perturbations to ER homeostasis and unmitigated stress
lead to B-cell dysfunction and death. Type 1 diabetes (T1D) is a chronic inflammatory disease caused by the autoimmune-mediated destruction of
B-cells. Although autoimmunity is an essential component of T1D pathogenesis, accumulating evidence suggests an important role of f-cell ER
stress and aberrant unfolded protein response (UPR) in disease initiation and progression.

Scope of review: In this article, we introduce ER stress and the UPR, review -cell ER stress in various mouse models, evaluate its involvement
in inflammation, and discuss the effects of ER stress on B-cell plasticity and demise, and islet autoimmunity in T1D. We also highlight the
relationship of ER stress with other stress response pathways and provide insight into ongoing clinical studies targeting ER stress and the UPR for
the prevention or treatment of T1D.

Major conclusions: Evidence from ex vivo studies, in vivo mouse models, and tissue samples from patients suggest that 3-cell ER stress and a
defective UPR contribute to T1D pathogenesis. Thus, restoration of -cell ER homeostasis at various stages of disease presents a plausible
therapeutic strategy for T1D. Identifying the specific functions and regulation of each UPR sensor in B-cells and uncovering the crosstalk between
stressed B-cells and immune cells during T1D progression would provide a better understanding of the molecular mechanisms of disease

process, and may reveal novel targets for development of effective therapies for T1D.
© 2021 The Author(s). Published by Elsevier GmbH. This 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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1. INTRODUCTION

Type 1 diabetes (T1D) is characterized by the destruction of
pancreatic B-cells through selective action of autoimmune pro-
cesses, resulting in insulin deficiency and dependency. Despite de-
cades of research, the initial signals that trigger the inflammatory
pathways and the mechanisms leading to -cell death remain poorly
understood.

[B-Cells have long been considered as the “innocent victim cells” in
T1D pathogenesis. However, in light of emerging data, there is a
growing appreciation for their important contribution to disease pa-
thology. The hypothesis that B-cells may play an active role in the
initiation or progression of T1D was supported by the findings showing
that B-cell dysfunction and metabolic impairment were present in
autoantibody-positive (Aab+) donors long before diabetes onset [1].
While the decline in B-cell function is likely exacerbated by genetic
predisposition and the environmental conditions during progression to
T1D, the intrinsic mechanisms leading to B-cell dysfunction remain

largely unknown. Evidence from rodent and human islet studies, as
well as data from pre-clinical models, single-cell omics findings, and
imaging analyses of the pancreatic tissue from organ donors, indicate
endoplasmic reticulum (ER) stress and the aberrant unfolded protein
response (UPR) as the key contributors of B-cell dysfunction in T1D.
Hence, in this review, the role of ER stress and the UPR in B-cell
function and inflammation is discussed and recent data indicating their
potential role in T1D progression and the therapeutic potential of tar-
geting the ER stress pathway are highlighted.

2. ENDOPLASMIC RETICULUM STRESS

The ER is the core of protein synthesis, proper folding, and processing
of newly synthesized proteins as well as lipid synthesis in the cell. The
ER has a specialized lumen that maintains an oxidized state compared
to the cytosol to facilitate protein folding and processing. It also con-
tains the largest releasable calcium (Ca“) reserve in the cell [2]. The
ER is the residence to chaperones that facilitate the proper folding and
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structural maturation of proteins, and to enzymes that are responsible
for post-translational modifications, including glycosylation, disulfide
bond formation, and proteolytic cleavage. This intricate network en-
sures that newly synthesized proteins remain fully functional before
they are transported to their destination.

Although the ER is equipped to achieve proper folding and processing
of numerous proteins, it does not always work at optimal efficiency and
produces misfolded/unfolded proteins quite often. Environmental in-
sults including hypoxia, oxidative stress, and viral infections as well as
intrinsic insults such as increased protein synthesis demand, and
mutations in specific proteins cause ER stress, thereby increasing the
levels of unfolded/misfolded proteins. One quality control mechanism
for proteins that do not fold properly is ER-associated degradation
(ERAD), which facilitates the elimination of misfolded proteins with a
mechanism involving ubiquitylation and proteosome-mediated degra-
dation [3].

The ER has evolved to have a surveillance system on the unfolded
proteins, known as the UPR, that relays the status of the ER to the
nucleus [4,5]. In vertebrates, three ER transmembrane proteins,
namely protein kinase R-like endoplasmic reticulum kinase (PERK),
inositol-requiring enzyme 1 (IRE1), and activating transcription factor 6
(ATF6), constitute the canonical UPR (Figure 1). When there is no
stress, these proteins are stabilized to be inert through binding of
binding-immunoglobulin protein (BiP), also known as GRP78, to their

luminal domain. Once activated, the outcomes of the UPR mainly
depend on the duration and severity of stress experienced by the ER. If
the stress is mild and acute, the adaptive UPR facilitates the upre-
gulation of proteins involved in increased ER synthesis, folding ca-
pacity, and/or ERAD to alleviate the stress and resume the ER’s ability
to function. However, if cells are undergoing severe and prolonged
stress, the maladaptive/terminal UPR initiates apoptotic signals [6—8].

3. THE UPR

3.1. PERK

PERK is a type | transmembrane protein belonging to the elF2c kinase
subfamily. While its luminal domain senses ER stress, its cytoplasmic
domain carries kinase activity. In the absence of ER stress, PERK re-
sides on the ER membrane as a monomer with its luminal domain
bound to BiP. Upon ER stress, dissociation of BiP and binding of
accumulated unfolded proteins to its luminal domain initiate dimer-
ization and trans-autophosphorylation of PERK, activating its cyto-
plasmic kinase domain [9]. PERK phosphorylates o subunit of
translation initiation factor, elF2, inhibiting its activity [10]. The inhi-
bition of elF2a. by PERK is a crucial early response to ER stress to halt
general mRNA translation to decrease protein synthesis and the folding
load of the ER. Besides PERK, heme-regulated inhibitor (HRI), protein
kinase R (PKR), and general control non-depressible 2 (GCN2) can also
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Figure 1: The unfolded protein response. Upon ER stress and accumulation of unfolded proteins, BiP (GRP78) dissociates from IRE1a, PERK, and ATF6 leading to their
dimerization/oligomerization or translocation to the Golgi apparatus. PERK phosphorylates elF2a. to halt general mRNA translation. ATF4 induces the expression of genes involved in
ER protein folding, amino acid metabolism, and redox regulation. IRE1o. dimerization and oligomerization activate its endonuclease and kinase domains resulting in XBP1 splicing,
activation of NF-kB and JNK, and regulated IRE1-dependent decay (RIDD) activity. XBP1 activates the transcription of genes involved in protein folding, secretion, ERAD, and lipid
synthesis. Activation of ATF6a. leads to its transport to the Golgi apparatus where its cytosolic domain is released to translocate to the nucleus and activate downstream target

genes. Apoptosis is induced during prolonged and unresolved ER stress.
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phosphorylate elF2a. upon heme depletion, viral infection, and amino
acid starvation, respectively, forming the integrated stress response
[11].

While the general translation rate decreases upon inhibition of elF2ar,
translation of a subset of mRNAs that have inhibitory upstream open
reading frame (UORF) increases, including activating transcription
factor 4 (ATF4), the best-characterized downstream effector of PERK
[12]. ATF4 is a transcription factor that upregulates the expression of
genes involved in ER proteostasis, amino acid biosynthesis, and redox
regulation [13—15]. ATF4 also provides negative feedback on PERK
activity by inducing the expression of growth arrest and DNA damage-
inducible protein 34 (GADD34), the elF2a. phosphatase regulator
subunit. GADD34 dephosphorylates elF2a and re-initiates the general
translation in the cell [13,16]. When severe and chronic ER stress
ensues, ATF4 activates apoptotic signaling pathways via induction of
the transcription factor C/EBP-homologous protein 10 (CHOP) [17].

3.2. IRE1a

IRE1a is another type | transmembrane protein with a cytoplasmic
domain that contains both serine/threonine kinase and endor-
ibonuclease activity. In the absence of ER stress, it resides on the ER
membrane as a monomer and BiP stays bound to its luminal domain,
stabilizing IRE1¢ at the inactive state. Upon ER stress and accumu-
lation of unfolded proteins, BiP dissociation from the IRE1¢ luminal
domain and direct binding of accumulated unfolded proteins activate
IRE1a [18]. Activation of IRE1¢. initiates trans-autophosphorylation of
its kinase domains, which in turn causes a conformational change to
activate its cytoplasmic enzymatic domains [19,20].

The Active RNase domain of IRE1a excises 26 nt intron of the X-box
binding protein 1 (XBP1), leading to translation of spliced XBP1
(sXBP1). sXBP1 regulates adaptive stress responses by promoting the
expression of ER chaperones and ERAD components [21]. RNase
domain of IRE1a also targets other ER-localized mRNAs through a
process known as regulated IRE1-dependent decay (RIDD) [22,23].
When cells undergo acute and mild ER stress, RIDD activity helps
decrease the folding load of the ER [24]. However, during chronic and
severe ER stress, IRE1o. monomers oligomerize, leading to hyper-
activation of RIDD, consequently degrading a specific subset of mRNAs
and miRNAs [25]. Degradation of one such miRNA, miR-17, results in
upregulation of thioredoxin-interacting protein (TXNIP), which plays an
important role in oxidative stress, inflammasome activation, and
apoptosis [26,27].

The serine/threonine kinase activity of IRE1a is independent of its
RNase activity. Upon ER stress, phosphorylation of its kinase domain
can bind to Ring finger protein (RNF) RING finger protein and tumor
necrosis factor receptor-associated factor 2 (TRAF2). This activation
initiates the formation of the IRE1a-TRAF2-ASK1 signaling complex to
induce c-Jun amino-terminal kinases (JNK), which can trigger
apoptosis [28,29]. In addition, the recruitment of TRAF2 can induce
nuclear factor kappa-B (NF-kB) to form inflammasomes [30].

3.3. ATF6

Activating transcription factor 6 (ATF6), comprising o and 3 homologs,
is a type-ll transmembrane protein with a luminal domain and a
cytoplasmic domain that is comprised of a transcriptional activation
domain, basic leucine-zipper (b-ZIP) domain, DNA binding domain, and
nuclear localization signals [31,32]. Unlike PERK and IRE1c, upon ER
stress, ATF6 does not oligomerize; instead, it is translocated to the
Golgi apparatus. While the detailed molecular mechanisms by which
ATF6 senses ER stress remain largely unknown, dissociation of BiP
from its luminal domain triggers its localization to the Golgi apparatus
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[33]. In the Golgi, the ATF6 monomer is recognized and cleaved
sequentially by serine 1 and serine 2 proteases to release its N-ter-
minal cytoplasmic domain, ATF6(N) [31,34]. ATF6 (N) then moves to
the nucleus and activates transcription of UPR target genes including
Xbp1, Chop, and ER chaperones [21].

Both homologs, ATF6c. and ATF6p, reside on the ER membrane and
respond to ER stress by forming homodimers and heterodimers [35].
While they are structurally alike with conserved b-ZIP and DNA binding
domains, they significantly differ in their transactivation domain.
ATF6[ lacks eight amino acids that are required for the full tran-
scription activity that ATF6a. exerts. Consistently, ATF63 does not
induce transcriptional upregulation of target genes as robustly as
ATF60. Rather, ATF63 is more stable but a much weaker transcription
factor, whereas ATF6a. is unstable but a stronger one whose activity is
tightly correlated with the strength and duration of ER stress. There-
fore, it has been postulated that the activity of ATF6o. and ATF6[3
together fine tune the transcriptional regulation of target genes in
response to ER stress [36].

4. ER STRESS AND INFLAMMATION

Inflammation is typically a protective response to defend the host
against tissue injury or infections. However, defective or uncontrolled
immune responses can elicit negative outcomes such as autoimmu-
nity, in which the body’s own tissues are attacked and destroyed.
Thus, the regulation of key players in the inflammatory pathway is
crucial for maintaining immune tolerance and homeostasis. The UPR
orchestrates inflammatory responses via multiple signaling molecules
including NF-kB, JNK, TXNIP, and the acute phase response proteins
(Figure 2). NF-kB in its inactive form resides in the cytosol bound to
IkBa.. IRE1a recruits lkBow kinase (IKK), which phosphorylates IkBo,
leading to its degradation and NF-kB activation. Since targets of NF-xB
include pro-inflammatory cytokines such as tumor necrosis factor o
(TNF-¢r) and interleukin-6 (IL-6), activation of the UPR through chronic
ER stress can trigger inflammatory responses [37]. IRE1a also en-
gages inflammatory signals by phosphorylating and activating JNK.
Activated JNK phosphorylates activator protein-1 (AP-1), a transcrip-
tion factor that orchestrates inflammatory responses. Furthermore,
under prolonged ER stress, IRE1c.-mediated TXNIP activity causes the
NLR family pyrin domain containing 3 (NLRP3) inflammasome to cleave
pro-caspase 1 into caspase 1, which processes interleukin-1p3 (IL-1p)
for secretion and leads to cell death [26,27].

In addition to IRE1a, ATF4 plays an important role in UPR-mediated
inflammatory responses through its ability to increase the expres-
sion levels of NF-kB and IL-6 [38]. ATF4 also activates the NLRP1
inflammasome directly in the presence of ER stress [38,39]. Like
the NLRP3 inflammasome, NLRP1 activates pro-caspase 1 for
proteolytic cleavage of IL-1f [40]. In response to infection, trauma,
and inflammation the first reaction of the body is to induce a sys-
temic non-specific innate reaction, called the acute phase response
(APR). In the liver, upon ER stress the ER-localized (CAMP)-
responsive element-binding protein H (CREBH) is cleaved to induce
the APR [41].

The UPR plays a critical role in the development and function of im-
mune cells themselves. IRE1¢ is required in the early and later stages
of terminal differentiation for B lymphocytes, while XBP1 is required for
plasma cell differentiation [42—44]. XBP1 has also been shown to be a
key transcription factor in the development and survival of dendritic
cells, which play a key role in antigen presentation to effector T cells in
T1D [45]. Hence, maintaining ER homeostasis is crucial for various cell
types that are implicated in autoimmune diseases.
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Figure 2: Regulation of the inflammatory signals by the UPR. Inflammation activates the UPR, and vice versa. Pro-inflammatory cytokines such as IL-1{ and IFN-y induce ER
stress through the downregulation of SERCA2B. In the presence of ER stress, IRE1o. downregulates the expression of miR-17, a TXNIP-destabilizing micro-RNA. As a result, the
TXNIP level rises and the NLRP3 inflammasome is activated, which leads to the formation of caspase-1 and the cleavage of pro-IL-1p into IL-10. IRE1c. also activates the NF-kB
pathway through induction of IKK. NF-kB then translocates to the nucleus to induce inflammatory responses. Finally, IRE1o. can induce JNK and AP1 activation.

The UPR and the inflammatory response have a reciprocal inter-
action such that inflammation can induce ER stress [46,47]. For
example, cytokines by downregulating SERCA2b, a ca’* pump in
the ER that transports cytosolic Ca’" into the ER and induces ER
stress. The diminished expression of SERCA2b may occur at the
transcriptional or translational level and is proposed to be mediated
by the formation of nitric oxide (NO) [46,47]. Though cytokines
induce apoptosis in rat, mouse, and human [ cell models, the
underlying mechanisms by which it does so seem to differ from
species to species [47]. Conversely, while inflammatory cytokines
such as IL-1B and interferon-gamma (IFN-y) can induce ER stress,
anti-inflammatory cytokines, such as IL-10, have been shown to
repress ER stress by promoting protein folding [48]. Administration
of antibodies against IL-10 and its receptor, IL-10R1, in Winnie
mice, a mouse model for chronic intestinal inflammation, sub-
stantially worsens ER stress [48].

5. ER STRESS IN [-CELLS
Upon glucose sensing, B-cells can produce up to one million molecules

of preproinsulin per minute [49], which imposes a tremendous burden
on the ER for proper protein folding, trafficking, and secretion. The

frequent and routine acute physiological ER stress that long-lived [3-
cells experience is ameliorated by the adaptive UPR. B-cells exhibit
high levels of basal activity of the UPR compared to non-secretory cells,
suggesting that active UPR is an integral component of B-cell ho-
meostasis. However, when pathological conditions such as viral in-
fections, B-cell exposure to chemicals and toxins, reactive oxygen
species (ROS), and chronic inflammation, inflict a greater degree of
stress for a prolonged time, the maladaptive UPR can alter the fate of
B-cells.

Elevated ER stress and abnormal UPR are common features of -cells
in both polygenic and monogenic forms of diabetes [50]. For example,
leptin-deficient ob/ob mice, a mouse model of type 2 diabetes (T2D)
and obesity exhibit markedly reduced protein levels of ATF6a. and
sXBP1 in their B-cells even before the onset of hyperglycemia [51]. On
the other hand, islets isolated from obese and diabetic db/db mice that
have defective leptin receptor signaling show considerable upregula-
tion of Atf4, Chop, and Bip mRNA levels, and a significant increase in
sXBP1 protein level [52]. In addition to the genetic models of obesity,
B-cells of mice fed with a high-fat diet (HFD) show significantly
reduced protein levels of ATF6a., markedly increased phosphorylation
of elF2a., and no alterations in SXBP1 protein expression compared to
chow-fed control mice [51]. These findings suggest that while the
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Table 1 — Overview of mouse models studied for proteins involved in UPR pathways and their observed phenotypes with respect to $-cell health and function.

Deletion model Deletion Tissue Deletion Time Genetic Background Phenotype Reference
PERK Whole body Embryonic 129svev(Swiss Webster) Diabetes with B-cell mass loss Harding et al., 2001 [53]
Pancreas C57BL/6J or 129SvEvTac Diabetes with impaired proliferation Zhang et al., 2006 [54]
and differentiation of B-cells
B-cells Adulthood C57BL/6 Diabetes with increased B-cell Gao et al., 2012 [55]
death
ATF4 Whole body Embryonic C57BL/6 Protection against diet-induced Seo et al., 2009 [60]
obesity and diabetes
CHOP Whole body Embryonic C57BL/6 Reduced hyperglycemia and Song et al., 2008 [61]
glucose intolerance on high-fat diet
db/db Increased obesity, normal glucose
tolerance due to B-cell mass
expansion
Akita Delayed diabetes onset Oyadomari et al., 2002 [77]
NOD No effect on diabetes incidence, Satoh et al., 2011 [95]
delayed appearance of insulin
autoantibodies
B-cells Adulthood C57BL/6J Alleviates ER stress and protects Yong et al., 2021 [62]
from hepatic steatosis
p58 Whole body Embryonic C57BL/6J Hyperglycemia with B-cell death Ladiges et al., 2005 [59]
IRE1o B-cells Embryonic C57BL/6J Impaired insulin secretion with no Xu et al., 2014 [64]
apparent change in islet morphology
or mass
Adulthood C57BL/6 Diabetes, defects in secretion of Hassler et al., 2015 [65]
proinsulin, increased oxidative
stress
Postnatal NOD Transient hyperglycemia followed Lee et al., 2020 [90]
by protection from diabetes
GRP78 B-cells Embryonic N/A Insulin-deficient diabetes, impaired Sharma et al., 2018 [72]
B-cell differentiation
XBP1 B-cells Embryonic C57BL/6 Hyperglycemia, glucose intolerance, Lee et al., 2011 [63]
decreased insulin secretion
ATF60 Whole body Embryonic C57BL/6 Hyperglycemia on high-fat diet Usui et al., 2012 [68]
Agouti Hyperglycemia, improved insulin
Akita sensitivity on high-fat diet
B-cells Postnatal C57BL/6 Loss of protective effects of TUDCA Engin et al., 2013 [69]

against diabetes, mild glucose
intolerance

mechanisms of actions might differ, both genetic and diet-induced
obesity cause perturbations to ER homeostasis [51]. Consistent with
the presence of dysregulated B-cell UPR in animal models of obesity
and T2D, B-cells of individuals with T2D exhibit substantially reduced
expression of ATF6¢a., sXBP1, and elF2a. protein levels [51].

Over the last two decades, a variety of mouse models lacking different
components of the UPR pathway, either in the whole body or specif-
ically in B-cells, have been generated (Table 1). In the absence of Perk,
either in the whole body or at the pancreatic tissue level, mice undergo
a rapid decline in endocrine tissue function and progressively develop
diabetes [53—55]. While global deletion of Perk causes loss of 3-cell
mass [53], pancreatic tissue-specific deletion of Perk causes impaired
proliferation and differentiation of B-cells [54]. Notably, deletion of
other eiF2¢ kinases [hemin-regulated inhibitor (HR)), PKR, and GCNZ]
does not impair glucose metabolism [56—58], suggesting that the ER
stress response plays a more prominent role for B-cell health
compared to the integrated stress response. p58IPK, an ER chaperone,
attenuates PERK-mediated elF2o. phosphorylation during ER stress.
Whole-body deletion of DnaJ Homolog Subfamily Member C3 (Dnajc3),
encoding for p58IPK, leads to B-cell apoptosis and abnormal blood
glucose levels in mice [59]. Whole-body deletion of Atf4 decreases
diet-induced and age-dependent obesity and diabetes, partly by
increasing energy expenditure [60]. Whole-body deletion of ATF4
target, Chop, improves PB-cell function and survival by preventing
oxidative damage in response to ER stress in both genetic and diet-

induced models of insulin resistance [61]. Chop deletion in B-cells
decreases ER stress and protects HFD-fed aged mice from liver
steatosis [62]. The targeted Chop deletion further remodels the ER in
B-cells by modulating glucose-induced cytosolic Ca?t oscillations
[62]. Overall, these studies emphasize the importance of the PERK
pathway to resolve chronic ER stress.

The role of the IRE10/XBP1 pathway in B-cell function and health has
been investigated by developing both global and tissue-specific
inducible knockout mouse models. Deletion of Xbp7 in B-cells dur-
ing embryogenesis causes modest hyperglycemia and glucose
intolerance. These mice also show impaired B-cell proliferation,
disorganized islet structure, reduced pro-insulin processing, and
glucose-stimulated insulin secretion [63]. In addition, Xbp7 defi-
ciency causes constitutive hyperactivation of IRE1a leading to
degradation of mRNAs that encode proinsulin processing enzymes
[63]. B-Cell-specific, embryonic deletion of /re7« leads to increased
fasting glucose levels and impaired glucose clearance [64]. Unlike the
B-cell-specific XBP1-deficient mice, these mice do not exhibit al-
terations in pancreatic architecture or islet morphology, instead, they
show comparable islet mass and cell proliferation [64]. On the other
hand, deletion of Ire7a in adult, differentiated 3-cells causes a dia-
betic phenotype [65]. IRE1a-deficient mature B-cells show defects in
translation, folding, trafficking, and secretion of proinsulin [65,66],
and upregulation of genes involved in oxidative stress and inflam-
mation [65].
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While global deletion of both o and [ isoforms of Atf6 in mice leads to
embryonic lethality [67], mice with whole-body knockout of Atf6a on an
HFD present glucose intolerance, reduced pancreatic insulin content,
and morphological signs of ER stress [68]. Mice with [B-cell-specific
deletion of Atf6 (Atfad‘/‘) on C57BL/6J background showed mild
glucose tolerance and a decrease in glucose-stimulated insulin secretion
[69]. When crossed with a virally-induced diabetes mouse model (RIP-
LCMV-GP), Atf6w deletion in 3-cells does not alter diabetes incidence
[69]. In addition to these genetic studies, findings from cultured mice
and human islets demonstrate a significant role for ATF6¢. in mediating
the glucose-induced B-cell proliferation [70]. Homozygous deletion of
ATF6 target, Grp78, results in early embryonic lethality; however,
Grp78* '~ mice are viable and fertile [71]. Deletion of Grp78 in B-cells
results in insulin-deficient diabetes by 2 weeks of age. Knockout mice
exhibit bi-hormonal (glucagon and insulin-positive) cells in their islets
within the first postnatal week suggesting defective fetal maturation, de-
differentiation, or trans-differentiation of B-cells [72].

Wolfram syndrome is an autosomal-recessive genetic disorder, caused
by mutations in the Wolfram Syndrome 1 (WFS7) gene, that manifests
as a combination of severe neurodegenerative disease and early onset
insulin-dependent diabetes [73]. The lack of functional WFS1 signifi-
cantly affects secretory B-cells and neurons due to the elevated ER
stress. WFS1 plays an important role in the regulation of ER stress by
enhancing ubiquitination and proteasome-mediated degradation of
ATF60a., thereby preventing UPR hyperactivity [74].

In Akita mice, another monogenic diabetes mouse model expressing a
dominant-negative mutant proinsulin 2 protein, compromised ER
function and ER stress led to $-cell loss [75,76]. The accumulation of
misfolded proinsulin 2 protein triggers pro-apoptotic UPR signaling,
including CCAAT/enhancer-binding protein homologous protein (CHOP)
induction. However, deletion of Chop in Akita mice only slows down the
onset of diabetes but does not prevent it [77]. Interestingly, B-cell-
specific deletion of p85a., a protein that binds to sXBP1 to facilitate its
nuclear location, decreases the activation of ER stress-dependent
apoptotic pathways and preserves B-cell mass and function in Akita
mice [78]. Recently, lactogenic hormones have been demonstrated to
modulate the ER stress pathway. Overexpression of placental lactogen
in B-cells of Akita mice significantly reduces [-cell apoptosis, hy-
perglycemia, and diabetes incidence [79]. These studies demonstrate
that B-cell apoptosis in Akita mice is mediated by a combination of
several pro-apoptotic pathways triggered by the UPR.

6. (-CELL ER STRESS IN T1D

ER stress-induced [3-cell dysfunction has been outlined in various genetic
models as outlined in the previous section. The role of B-cell ER stress in
autoimmune diabetes pathogenesis has been supported by in vitro and
ex vivo studies performed on human and rodent B-cells using cytokine
cocktails mimicking the inflammatory milieu associated with T1D. These
studies have shown that cytokine-mediated impairment of 3-cell function
and survival is mediated by ER stress [80—82]. Mechanistically, cytokines
predominantly induce IRE1a-dependent activation of JNK in human -
cells, and inhibition of JNK protects these cells against apoptosis when
exposed to cytokines [47]. A recent study shows that when exposed to
inflammatory stress, 3-cells translocate GRP78 to the cell surface where
it acts as a pro-apoptotic signaling receptor [83]. This suggests multiple
mechanisms whereby ER stress can trigger or amplify T1D pathogenesis
[84]. Furthermore, genome-wide association studies performed on
cultured human B-cells reveal changes in the transcription profile of 3-
cells and their heterogeneity after exposure of these cells to T1D-
associated proinflammatory cytokines [85].

The non-obese diabetic (NOD) mouse is a widely used and well-
established mouse model of T1D that shares similar features to the
human disease, including genetic susceptibility in their major histo-
compatibility complex (MHC) genes that ultimately lead to immune-
dependent infiltration in their islets [86,87]. B-Cells of NOD mice
display markedly reduced expression of the key UPR genes [69,88].
Consistent with this finding, insulin-positive B-cells of individuals with
T1D exhibit significantly downregulated protein levels of ATF6 and
SXBP1 compared to [-cells of healthy donors [69]. Moreover,
increased expressions of CHOP and BiP have been reported in islets
from individuals with T1D [89].

A direct link for B-cell ER stress and T1D was provided by showing that
mitigating B-cell ER stress in two different mouse models of T1D (NOD
and RIP-LCMV-GP) via administration of the chemical chaperone
tauroursodeoxycholic acid (TUDCA) protects mice against T1D [69].
Furthermore, by using a B-cell-specific ATF6-RIP-LCMV-GP deletion
model, ATF6 was shown to mediate the diabetes-protective effects of
TUDCA [69].

Until recently, B-cell-specific function of the UPR sensors during T1D
development was unknown. An inducible [B-cell-specific IRE1a
knockout mouse model (IRE1 b ~) on NOD background [90] revealed
that deletion of IRE1a. in B-cells prior to islet inflammation confers
protection against T1D. IRE1 aP~"~ mice exhibit transient hypergly-
cemia starting from weaning age, yet within ~2 weeks they recover
from hyperglycemia and remain normoglycemic for up to a year.
Further analyses indicated that B-cells of IRE1 o'~ mice rediffer-
entiate and remarkably restore their mature identity and function.
These data suggest that temporary dedifferentiation of B-cells during a
critical window (i.e., prior to insulitis) results in diminished expression
of autoantigens and antigen presentation genes, increased expression
of immune inhibitory markers, and altered chemokine expression.
Altogether, these intrinsic changes in B-cells blunt T cell diabetogenic
activity and allow B-cells to escape immune attack [90].

Induction of immune tolerance through reduced immunogenicity has
previously been observed in NOD mice [91]. A recent study shows that
a subpopulation of B-cells from NOD mice is resistant to autoimmune
attack and exhibits decreased expression of B-cell maturity markers
(including Ucn3 and Maf) and B-cell autoantigens [91], a phenotype
that is reminiscent of B-cells of IRE1oP~/~ NOD mice. Therefore,
markedly diminished expression of sXBP1 in the residual B-cells of
individuals with T1D [69] and histological evidence supporting the
presence of dedifferentiated B-cells in islets at T1D onset [92] suggest
the contribution of diminished IRE10o/XBP1 to the survival of these
cells. Together, these findings suggest that modulating the 3-cell UPR
can protect these cells against immune assault.

Due to IRE1o/’s dual role as a kinase and RNase, the question arises
whether the diabetes-protection phenotype observed in IRE10P—/~
NOD mice results from a loss of its kinase or its RNase activity. The
deficiency in XBP1-dependent regulation of transcriptional programs or
lack of RIDD activity could have played a role in the immune evasion of
B-cells. In support of this notion, pharmacological inhibition of the
IRE1 0. RNase hyperactivity leads to a reversal of T1D in NOD mice [93].
Coxsackievirus B (CVB), associated with T1D development, exploits the
IRE10-JNK pathway to support its replication in rat and human B-cells
[94], hence inhibition of IRE1a’s kinase activity may be important for
diabetes protection. These findings underscore the need to understand
the specific signaling mechanism downstream of IRE1c to achieve
specific therapeutic targeting.

In addition to the IRE1 aB*/ ~ mouse model, whole-body deletion of
Chop on the NOD mouse background was generated [95]. CHOP
deficiency does not alter the diabetes incidence, insulitis, or B-cell
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Figure 3: ER stress impacts the function of other organelles and stress path-
ways. ER stress increases reactive oxygen species and imbalance in Ca®* levels, both
of which directly affect mitochondria through MAMs. The UPR activity may induce or
inhibit autophagy depending on the cell type and context. The UPR pathway proteins
may affect and be affected by cellular senescence. ER stress and Golgi stress may
disrupt ER-to-Golgi and Golgi-to-ER protein transport that may impair insulin production
and secretion in B-cells.

apoptosis in NOD mice. However, these mice exhibit a delayed
appearance of insulin autoantibodies compared to wild-type mice
suggesting that chronic ER stress may execute its apoptotic effects in a
Chop-independent manner in NOD mice.

As deletion of /RET« in B-cells prior to islet inflammation prevents
autoimmune diabetes, it raises the question of whether B-cell ER
stress can initiate the immune responses, a question that is contro-
versial in the field. The contribution of ER dysfunction to B-cell death
has been demonstrated in monogenic forms of diabetes including
Wolfram syndrome, Walcott-Rallison syndrome, mutant insulin gene-
induced diabetes, and microcephaly, epilepsy and diabetes syn-
drome (MEDS) caused by mutations in WFST1, EIF2AK3, INS, and
IER3IP1, respectively [96—100]. However, there is no evidence that
autoimmunity exists in these monogenic ER stress-associated disor-
ders, suggesting that ER stress alone is not sufficient to initiate an
immune response in the absence of other genetic factors. In line with
this, it is important to note that the phenotype of IRE1 P/~ NOD mice
are in stark contrast to B-cell IRE1a.-deficient mice on a non-stressed
genetic background, which develops hyperglycemia due to impaired
proinsulin processing. This suggests that the IRE10o/XBP1 pathway can
have protective or disruptive effects depending on genetic make-up
[65,66]. Indeed, the difference in phenotype between these models
could be attributed to the genetic predisposition of immune-
independent B-cell fragility in NOD mice, in which their B-cells
respond differently to ER stress than non-autoimmune models due to
genetic variations in the Glis3 and Xrcc4 genes [101]. The view that
inherited abnormalities causing [B-cell dysfunction and frailty may
contribute to T1D risk is further supported by clinical data highlighting
that family members of individuals with T1D compared to non-relative
controls may present B-cell dysfunction (reviewed in detail in [1]).
Moreover, compared to nondiabetic control donors, pancreatic sec-
tions from Ab + individuals exhibit expanded proinsulin positive areas.
The pancreatic proinsulin-to-insulin area ratio (indicative of increased
secretory demand and ER stress) is also markedly increased in donors
with prediabetes [102]. Taken together, these intrinsic B-cells ab-
normalities, combined with a genetic predisposition to autoimmunity
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and environmental insults can constitute the multiple hits needed to
initiate T1D.

While ER stress has been detected in B-cells of individuals with
T1D, how chronic and severe ER stress affects B-cell plasticity in
T1D remains unknown. Chen et al. showed that healthy B-cells
undergo cycles of stress and recovery from physiological ER stress,
a process called “adaptive plasticity”, which is required for proper
B-cell function. By using ribosome profiling combined with RNA
sequencing analysis in cultured B-cells, they further show that
chronic ER stress decreases the expression of B-cell maturity
markers as a necessary response for B-cell survival during pro-
longed ER stress. When stress is relieved, the B-cells can regain
their mature identity and restore their homeostasis. These data
suggest that repetitive episodes of pathological ER stress can
induce gradual loss of B-cells’ adaptive plasticity. Based on their
findings from single-cell gene expression signatures of B-cells from
T1D patients, the authors propose that loss of adaptive [-cell
plasticity results in accumulation of immature B-cells which
contribute to the loss of functional B-cell mass in T1D [103].

7. B-CELL ER STRESS: THE NEXUS BETWEEN AUTOIMMUNITY
AND OTHER STRESS RESPONSES IN T1D

Stressed B-cells can alter immune cell recruitment, function, and
survival through multiple mechanisms. For example, regulation of
antigen processing and presentation, key processes of autoimmunity,
takes place in the ER. MHC class | molecules bind peptide antigens,
transporting them to the cell surface for presentation [104]. The ER
plays an important role in protein degradation and peptide antigen
production, and ER stress can interfere with MHC class | surface
expression and peptide presentation by differentially regulating the
expression of ER-vs. cytosol-derived peptides [105,106]. Any disrup-
tion in ER homeostasis or an abnormal UPR can dysregulate the pro-
cessing of MHC class | molecules and other antigens that have been
shown to accelerate T1D disease progression [105,107]. Consistent
with this notion, altered expression of MHC class | molecule, B2-
microglobulin, and MHC class | peptide loading pathway genes are
detected in B-cells of IRE1oP~/~ NOD mice.

Besides changing the expression levels of known autoantigens, ER
stress can incite post-translational modifications (PTMs) and alterna-
tive mRNA splicing in B-cells that may result in the production of neo-
antigens recognized by T cells [108]. Elevated cytosolic Ca’" levels
due to ER stress can over-activate Ca2+-dependent PTM enzymes
such as tissue transglutaminase 2, peptidyl arginine deaminase, and
several cysteine proteases [109]. These enzymes can also promote
transpeptidation reactions to produce hybrid insulin peptides (HIPs)
that are recognized by T cells in T1D patients [110,111]. Furthermore,
unusual PTMs can produce immunogenic peptides by changing their
tertiary structures, modifying their functions and proteolytic processes.
The large repertoire of PTMs produced by a stressed ER, and their
possible impacts on the structure and function of known and novel
autoantigens in B-cells, further emphasizes the importance of a well-
balanced ER in maintaining immune tolerance [109,112].

The ER can physically interact with other organelles and communicate
with multiple stress response pathways including oxidative stress,
autophagy, and cellular senescence (Figure 3). ER stress and oxidative
stress are highly interrelated stress responses and can occur
concomitantly in cells undergoing stress. The disulfide bond formation
during protein folding in the ER involves ER-resident protein disulfide
isomerase (PDI) and ER oxidoreductin 1 (ERO1). ERO1 uses oxygen as
an electron acceptor during disulfide bond formation, which leads to
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the generation of hydrogen peroxide (H.02) [113]. During adaptive
stress, H,0, produced by the PDI-Ero1c. pathway is locally detoxified
via antioxidant defense mechanisms. However, under prolonged and
severe stress conditions, ERO1 activity can account for a potential
source of ER-derived oxidative stress. ER stress can also induce
mitochondrial-derived oxidative stress. ER and mitochondria form
physical interactions at sites called mitochondria-associated ER-
membranes (MAMs) through tethering proteins [114,115]. MAMs act
as signaling hubs and are enriched in proteins that regulate Ca?t
transport from ER to the mitochondria. A significant increase in the
number of MAMs leads to mitochondrial Ca®* overload, compromised
mitochondrial oxidative capacity, and augmented oxidative stress in
hepatocytes of a mouse model of obesity and type 2 diabetes [116].
Both IRE1or and PERK are located at MAMs and mediate ER-
mitochondria interactions [117,118]. ATF6 physically interacts with
the peroxisome proliferator-activated receptor-gamma coactivator 1o
(PGC-1a) and promotes mitochondrial biogenesis, which can ulti-
mately affect cellular response to stress [119]. Finally, ATF4 can also
link mitochondrial stress and ER stress by regulating the transcription
of the ubiquitin ligase Parkin, which plays a key role in the elimination
of damaged mitochondria through mitophagy [120]. Whether altered
organization of MAMs and ER stress-induced oxidative stress and/or
impaired mitochondrial activity contribute to B-cell dysfunction in T1D
remain to be investigated.

Autophagy, an intracellular lysosome-mediated degradation pathway
that can facilitate the recycling and elimination of misfolded proteins,
protein aggregates, and damaged organelles, serves as an essential
protective mechanism during ER stress. All three branches of the UPR
can induce autophagy under duress [121]. In addition, ca?t depletion
in the ER can activate calcium/calmodulin-dependent protein kinase
kinase-[3 (CaMKKf), which in turn induces the activity of 5’ adenosine
monophosphate-activated protein kinase (AMPK) [122]. AMPK through
the mammalian Target of Rapamycin (mTOR) pathway regulates
autophagy. Conversely, ER stress can inhibit autophagy in a cell type or
context-dependent manner. However, these two stress responses
have concurrently been detected in various pathologies including
chronic inflammatory diseases, cardiovascular diseases, neurode-
generative disorders, cancer, and diabetes. However, little remains
known about the role of autophagy in T1D pathogenesis. In a recent
study, autophagy has been reported to be impaired in the islets of
diabetic NOD mice and in residual proinsulin-positive 3-cells of human
organ donors with T1D [123]. Furthermore, the increased autopha-
gosomes and telolysosomes in the B-cells of Aab + individuals sug-
gest the likelihood of defective autophagic flux prior to disease onset.
How impaired autophagy affects 3-cell ER stress, or whether B-cell ER
stress alters autophagic responses in T1D remains largely unknown.
Senescence is a stress response induced by various stressors
including DNA damage and oxidative stress. Senescent cells undergo
permanent cell cycle arrest, are protected from apoptosis, and secrete
proinflammatory cytokines and components of the extracellular matrix.
Targeting senescent cells with senolytics is emerging as a promising
therapeutic strategy for many chronic inflammatory diseases [124].
Senescent B-cells have been observed in the islets of both NOD and
human T1D donors as they progress through T1D [125]. Pharmaco-
logical clearance of senescent cells in NOD mice prevents diabetes
[125]. Since NOD mice and human islets exhibit ER stress and
senescence, a crosstalk between the UPR and senescence is plausible
in B-cells during T1D progression. Emerging data from in vitro systems
suggest that ATF6 and IRE1a. play a significant role in cellular
senescence induced by various stress conditions [126,127]. Consis-
tent with this, ER stress in osteoarthritis chondrocytes stimulates

increased activity of senescence-associated [3-galactosidase, a
marker of senescence [128,129]. Reciprocally, cellular senescence
can also regulate the UPR, as shown in therapy-induced senescence in
lymphoma cells to increase the levels of sXBP1 and ATF4 [130].
Whether the UPR is activated because of senescence, or if it acts as a
driver of cellular senescence, remains unknown. Additional mecha-
nistic studies are required to uncover the crosstalk between ER stress
and senescence in B-cells in the context of T1D.

Overall, in addition to ER dysfunction, emerging data suggest that
impaired activity of several other organelles including mitochondria
(oxidative stress), lysosomes (autophagy), and Golgi [131] promotes -
cell dysfunction in T1D.

8. THERAPEUTIC TARGETING OF ER STRESS AND THE UPR IN
TiD

Targeting the immune system has long been the mainstream thera-
peutic approach for T1D, yet to date immunotherapy alone at best
delays the progression of T1D [132]. While this is an important step
towards successful therapy, clearly other mechanisms are also
involved in the disease pathology; understanding these mechanisms
may provide novel and effective therapeutic opportunities. In light of
the recent evidence indicating that B-cells experience elevated ER
stress during the progression of T1D, and that 3-cell ER stress might
play a role in the progression of T1D [90,133], restoration of ER ho-
meostasis at various stages of disease presents a feasible therapeutic
strategy.

It is well-established that high secretory demand can cause ER stress
and reducing this demand can alleviate ER stress. First shown in 1940,
in the suppression of insulin release from B-cells, known as ‘B-cell
rest’, intensive insulin therapy markedly decreased exogenous insulin
requirements in children with T1D [134]. Later, preclinical and clinical
findings from patients with T1D and T2D proposed that insulin treat-
ment leads to a recovery of B-cell dysfunction likely due to B-cell rest
and/or redifferentiation [135—137]. In an in vitro study, diazoxide-
induced [B-cell rest was shown to reduce ER stress in [-cells
exposed to palmitate [138]. Induction of -cell rest either pharmaco-
logically or via bariatric surgery was reported to normalize the secreted
proinsulin: insulin ratio [139,140], suggesting that B-cell rest shows its
beneficial effects, at least in part, by mitigating ER stress.

In addition to [B-cell rest, interest is growing in targeting B-cell ER
stress and the UPR and its downstream signaling in T1D. TUDCA,
imatinib, and verapamil, all of which modulate ER stress pathway
components, are currently being tested in clinical trials (Figure 4).
TUDCA is a naturally occurring bile acid that has been used in the clinic
for the treatment of cholestatic liver disease [141]. Though it has an
unclear mechanism of action, TUDCA is predicted to serve as a
chemical chaperone and alleviate ER stress by stabilizing protein
folding [141]. While TUDCA treatment at a prediabetic stage prevents
diabetes in two different animal models of T1D, it fails to revert dia-
betes in mice with new-onset diabetes (Engin et al., unpublished data).
TUDCA has also been shown to protect human B-cells against cyto-
kine- and ER stress-induced apoptosis [47], suggesting the trans-
latability of TUDCA treatment to individuals who are at high risk for
T1D. TUDCA is currently under investigation in phase Il clinical trials in
patients with new-onset T1D, and the findings of this study have yet to
be reported. As this study is designed for patients with new-onset T1D,
TUDCA’s effects as a preventive therapy in high-risk individuals remain
to be investigated.

Imatinib, a specific tyrosine kinase inhibitor used as an anti-cancer
agent in the clinic, has been shown to prevent and reverse diabetes
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Figure 4: Clinical trials with drugs that can target the UPR pathway components in T1D. Imatinib, a tyrosine kinase inhibitor, may blunt IRE1a’s hyperactivation and inhibit
pro-apoptotic pathways in 3-cells. Verapamil, a calcium channel blocker, may decrease expression of TXNIP that otherwise promotes apoptosis by increasing oxidative stress and
inflammasome formation in B-cells. TUDCA alleviates ER stress in B-cells in an ATF6-dependent manner.

in NOD mice [142,143]. The mechanism of imatinib-mediated B-cell
protection has been linked to inhibition of IRE1c. RNAse hyperactivity
and significant reduction of TXNIP levels [93]. Interestingly, in a recent
study, besides modulating the UPR, imatinib has been shown to in-
crease B lymphocyte antioxidant capacity and improve reactive oxygen
species handling in NOD mice, which plays a crucial role to reverse
overt diabetes in these mice [144]. These studies attest that imatinib
abolishes maladaptive UPR and elevates immune cell antioxidant ca-
pacity to provide a more favorable microenvironment for B-cells to
survive and function. Consistent with this, in a recent phase Il clinical
trial, 26 weeks of treatment with imatinib slowed the decrease in -
cell function for up to 12 months in adults with recent-onset type T1D,
although the effect was not sustained out to 24 months [145].
Verapamil, a calcium-channel blocker, has been shown to decrease
the expression of TXNIP by decreasing intracellular Ca* levels. It has
been suggested that a decrease in intracellular Ca?t levels by
verapamil inhibits calcineurin signaling, which would otherwise induce
carbohydrate response element-binding protein (ChREBP)-mediated
upregulation of TXNIP [146]. Verapamil-induced reduction in TXNIP
levels increases B-cell survival and function, protects against strep-
tozotocin (STZ)-induced diabetes, and improves glucose homeostasis
in ob/ob mice [146,147]. A recent phase Il clinical trial using verapamil
in recent-onset T1D patients over a 12-month period demonstrated
enhanced preservation of B-cell function and decreased insulin re-
quirements [147].

Notably, none of these drugs selectively target B-cells. Hence, an
improved B-cell function may stem from not only the effects of these
drugs on B-cells but also their potential effects on immune cells.
Furthermore, while endpoints like C-peptide assess -cell function, the
status of B-cell ER function remains unclear. Inclusion of endpoints

such as proinsulin: insulin ratio can further inform about B-cell ER
homeostasis. Nonetheless, these limited clinical studies suggest that
targeting pathways involved in downstream UPR signaling may
potentially provide novel therapeutic options for patients. Combining
immunotherapies with B-cell therapies and taking into consideration
disease stage and patient endotypes [148], the chances for prevention
or treatment of this disease can be improved. As underlying pathogenic
mechanisms of autoimmune diseases show a great degree of simi-
larities, and emerging data point to an important role for “target cell”
dysfunction in autoimmune diseases [149], filling the current knowl-
edge gap on molecular mechanisms of B-cell dysfunction in T1D will
undoubtedly be beneficial for identifying novel therapeutic approaches
not only for T1D but also for other autoimmune and chronic inflam-
matory diseases that share a similar etiology.

9. FUTURE DIRECTIONS

A large body of in vitro and ex vivo studies using cell lines, rodent [3-
cells, and human islets have paved the way for our current under-
standing of the role of B-cell ER stress in T1D pathogenesis. However,
this research field is still in its infancy on understanding the role of 3-
cell ER stress during different stages of the disease, the function and
regulation of each UPR sensor, and the crosstalk between stressed [3-
cells and immune cells. Generation of in vivo genetic models of the
UPR pathway components in T1D pre-clinical models and humanized
mice is required to uncover the mechanisms of stress-driven pathology
of T1D. Once identified, these mechanisms need further investigation
for their translatability to human islets. It is important to acknowledge
that stress caused by isolation, transportation, and culture conditions
can alter the phenotype of human islet cells [150,151]. Thus,
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complementing these studies with organoids, live pancreatic tissue
slices, and pseudo islets will help accurately define the impact of
stress on B-cell plasticity, function, and survival in T1D.

Finally, the interaction of stressed B-cells with other islet cells as well
as with other cell types in addition to immune cells including endo-
crine, exocrine, ductal, vascular, perivascular, stromal, and neuronal
cells in the islet microenvironment has been receiving increasing
attention. With recent data indicating that cells can transmit their ER
stress to their neighboring cells [152], understanding the intercellular
transmission of ER stress between B-cells and their neighboring non-
B-islet cells and islet-infiltrating immune cells during T1D gains more
importance. New advances in single-cell measurements and tissue-
based cell—cell interaction network analyses hold promise to refine
our understanding of how various cell populations of the pancreas
crosstalk under conditions of stress.
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