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Beta cell dedifferentiation in
type 1 diabetes: sacrificing
function for survival?

Kierstin L. Webster and Raghavendra G. Mirmira*

Kovler Diabetes Center and the Department of Medicine, The University of Chicago, Chicago,
IL, United States

The pathogeneses of type 1 and type 2 diabetes involve the progressive loss of
functional beta cell mass, primarily attributed to cellular demise and/or
dedifferentiation. While the scientific community has devoted significant
attention to unraveling beta cell dedifferentiation in type 2 diabetes, its
significance in type 1 diabetes remains relatively unexplored. This perspective
article critically analyzes the existing evidence for beta cell dedifferentiation in
type 1 diabetes, emphasizing its potential to reduce beta cell autoimmunity.
Drawing from recent advancements in both human studies and animal models,
we present beta cell identity as a promising target for managing type 1 diabetes.
We posit that a better understanding of the mechanisms of beta cell
dedifferentiation in type 1 diabetes is key to pioneering interventions that
balance beta cell function and immunogenicity.
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Introduction

Type 1 and type 2 diabetes (T1D and T2D) are characterized by a loss of functional
pancreatic beta cell mass. In T1D, the loss of beta cell mass has largely been attributed to
autoimmune-mediated killing of beta cells, whereas in T2D, the loss of beta cells has been
attributed to dedifferentiation—a process by which cells lose some or all of their specialized
features. The emerging picture suggests, however, that beta cell death and dedifferentiation
each contribute to the pathogenesis of both type 1 and type 2 diabetes.

T1D is conventionally defined as a disorder of immune tolerance, yet it is increasingly
appreciated that beta cell dysfunction precedes T1D onset and that beta cells themselves
may play a central role in the pathogenesis of the disease. Although the term
‘dedifferentiation” has been used less often in the context of T1D, studies in human
tissues and mouse models indicate that beta cell identity is indeed altered in T1D and that
this may have critical implications for how beta cells interact with the immune system. In
this perspective, we will consider the concept of beta cell identity, summarize the evidence
for beta cell dedifferentiation in T1D, and speculate how dedifferentiation might influence
beta cell susceptibility to autoimmunity.
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What is beta cell identity?

Pancreatic beta cells are endocrine cells in the islets of
Langerhans that synthesize and secrete insulin to control blood
glucose. Mature beta cell function requires the ability to sense blood
glucose levels quickly and accurately, the biosynthetic capacity to
mass produce and process insulin, the dexterity to fine-tune its
release, and coordination with other islet cells to avoid over- or
under-responding to glucose flux. A significant effort to date has
shed light on how ‘beta cell identity’—the unique repertoire of
cellular proteins that equip beta cells for these tasks—is developed
and maintained in vivo and how alterations in beta cell identity may
be a consequence or even cause of diabetes (1-4).

Beyond insulin production, beta cell identity is often assessed
through the production of beta cell-enriched transcription factors
such as Pdx1, MafA, Foxol and Nkx6.1. Together, these
transcription factors guide the differentiation and maturation of
beta cells and maintain mature beta cell function in adulthood by
regulating genes related to glucose sensing and transport (e.g.,
Slc2a2, Gck), mitochondrial function (e.g., Mfnl1/2, Drpl), calcium
signaling (e.g., Ryr2, Serca2b), and insulin production (e.g., Mafa,
Pdx1, Ins1/2) (5-8). Absence of PdxI during murine and human
development, for example, leads to complete pancreatic agenesis (9,
10), while beta cell specific PdxI depletion in adult mice results in
loss of insulin expression, downregulation of MafA, and rapid onset
hyperglycemia (11). Heterozygous mutations in PdxI in humans
lead to a form of monogenic diabetes termed maturity-onset
diabetes of the young 4 (MODY4) (12).

Beta cell identity also relies upon the repression of other cellular
programs, as shown through inducible knockouts of enriched
transcription factors in mice. Ablation of PdxI derepresses alpha
cell transcription factor MafB in adult beta cells, manifesting a
phenotype closely resembling alpha cells (11), and Nkx6-1 deletion
leads embryonic or adult beta cells to co-express insulin and
somatostatin (13). At least 60 ‘disallowed’ genes have been
identified in beta cells (14-16), many relating to the sensing of
glucose and coupling of its metabolism to insulin exocytosis. For
example, beta cells repress the expression of high-affinity
hexokinases in favor of low-affinity glucokinase to avoid insulin
release at low blood glucose levels (17, 18). Similarly, low
monocarboxylate transporter 1 (MCT-1) expression prevents beta
cells from taking up circulating lactate or pyruvate (i.e. during
exercise) (19, 20), and low lactate dehydrogenase A (LDHA)
prevents interconversion of these metabolites and their entry into
the TCA cycle (21, 22). Also among the beta cell repressed genes are
cell proliferation factors, such as Pdgfra, c-Maf, and Igfop4 (16),
whose repression likely contributes to the largely quiescent state of
mature beta cells. Selective gene repression is controlled by
inhibitory actions of the beta cell transcription factors (11, 23),
epigenetic modifications (24, 25), and by microRNAs and long
noncoding RNAs (26-28).

Importantly, beta cell identity is neither uniform nor static.
Single-cell RNA sequencing (scRNA-Seq) and electrophysiological
studies reveal subpopulations of beta cells that exhibit different
abundances, transcriptional signatures, maturity levels, and glucose
response dynamics even within the same islet (29). Disentangling
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the roles of these subpopulations, how they interact, and how they
shift during diabetes pathogenesis may enable us to manipulate the
state of beta cell identity as a therapeutic avenue.

What is beta cell dedifferentiation?

Cellular dedifferentiation is the process by which a mature cell
loses some or all of its specialized features. Through
dedifferentiation, a terminally differentiated cell may re-express
markers of lineage precursors, re-enter the cell cycle, and
proliferate. Controlled dedifferentiation plays a physiological role
in the remarkable tissue regeneration abilities of other species and
in the more limited regenerative capacity of mammalian cardiac
and nervous tissues after injury (30). In cancer, conversely,
dedifferentiation of tumor cells is associated with increased
metastatic potential, drug resistance, and evasion of immune
surveillance (31).

Dedifferentiation of the pancreatic beta cell has been observed
in models of metabolic stress. Rat studies demonstrated that beta
cells decrease their expression of beta cell transcription factors
Pdx1, Pax6, and Nkx6-1 and increase expression of ‘disallowed’
genes like Ldha and HkI in response to partial pancreatectomy and
resultant hyperglycemia (32). Later, lineage tracing experiments in
mice showed that Foxol depletion causes hyperglycemia, driven by
beta cell dedifferentiation and transdifferentiation to alpha cells
(33). Intriguingly, these same processes have been observed in db/db
and GIRKO mouse models of T2D (33) as well as in diet-induced
obesity models (34, 35), prompting interest in whether beta cell
dedifferentiation promotes diabetes in humans.

What has been seen in T2D?

Studies of pancreatic tissue from organ donors with T2D
suggest that beta cell identity is altered compared to nondiabetic
donors. The number of islet cells with endocrine features (i.e.,
expression of synaptophysin or chromogranin A) is maintained in
T2D donors, yet the number of insulin-positive cells is profoundly
decreased, and glucagon-positive cells increased (36, 37). Some
studies report an increase in insulin and glucagon double-positive
cells in T2D donors (37, 38), while others find no difference
compared to nondiabetic donors (36). Further, expression of
aldehyde dehydrogenase 1a3 (ALDHI1A3), which marks failing
and dedifferentiated beta cells across several mouse models of
T2D (39, 40), is significantly increased in pancreata from human
donors with T2D (37). These data suggest that endocrine cell death
cannot adequately explain the loss of functional beta cell mass
in T2D.

Beyond just hormone markers, scRNAseq and complementary
approaches in mice and humans have begun to more
comprehensively define the transcriptional state of beta cell
identity at baseline and in T2D. For example, a Cd63"8" cluster
of beta cells with high levels of mitochondrial metabolism and
glucose-stimulated insulin secretion — characteristic of mature beta
cells — was found to be markedly reduced in mouse and human
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T2D (41). Conversely, Cd81M8" beta cells (expressing low levels of
Mafa, Ucn3, and Glut2) are a more immature cluster, whose
abundance is increased in mouse models of T2D and human
islets subjected to ER or glucolipotoxic stress in vitro (42). A
study cataloging human beta cell gene expression patterns across
ages from newborn to adult found that in adult donors with T2D, a
‘newborn’ pattern of expression reemerged (43). These studies
demonstrate a shift away from mature beta cell phenotypes in
T2D. This shift has been postulated as a ‘selfish’ survival strategy—
an attempt by stressed beta cells to ‘rest’ and avoid exhaustion and
apoptosis (33).

What has been seen in T1D?

T2D and T1D are both associated with loss of functional beta
cell mass, though traditionally, T2D is associated with beta cell
dysfunction and T1D with beta cell death. The features of T2D
thought to drive beta cell dedifferentiation, such as hyperglycemia
and proinflammatory signaling (32, 44), are also features of T1D.
Whether or not beta cells dedifferentiate in T1D has not been
extensively explored.

Studies of pancreas from T1D donors indicate altered endocrine
cell identity. In T1D, there is a profound loss of insulin-positive cells
in the islets (45). Even in longstanding T1D, however, some insulin-
positive residual beta cells remain (46, 47), and proinsulin is
detectable in both pancreata and sera of individuals with T1D for
years after disease onset (48, 49). What allows some beta cells to
persist is unclear. While it is thought that the loss of beta cell mass
in T1D is primarily due to cell death, there is limited direct evidence
of this killing in human tissues (45). Although beta cells typically
comprise about 50-65% of human islet volume in healthy
individuals (50), there is no apparent decrease in islet size in T1D
donors (51). Notably, there is a relative increase in non-beta
endocrine cell types (52). Insulin-deficient T1D islets consist
largely of cells co-producing glucagon and Pdx1 (51), a sign of
possible transit between beta and alpha cell identities. Like in T2D,
endocrine cells expressing none of the 4 major pancreatic hormones
(ChrgA+/hormone-, or CPHN) are also more abundant in T1D
islets than in nondiabetic or autoantibody-positive (Aab+) islets
(52). The source of these CPHN cells is undetermined. Collectively,
these data raise the possibility that while some beta cells are lost to
immune-mediated killing in T1D, some dedifferentiate to
phenotypes expressing little to no insulin, such as CPHN or other
endocrine cell types.

What is driving beta cell
dedifferentiation in T1D?

Human T1D pancreas tissues are a scarce resource, and one that
only captures a limited cross-section of disease pathology.
Therefore, other in vivo and in vitro models have been primarily
used to study the mechanisms and functional consequences of beta
cell dedifferentiation in T1D. Nonobese diabetic (NOD) mice
develop immune infiltration of the islet (insulitis), as well as beta
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cell endoplasmic reticulum stress, by about 4-8 weeks of age;
however, most mice will not develop overt autoimmune diabetes
until 12-20 weeks of age (53). By 8 weeks of age, there is a
significant decrease in islet expression of Pdx1 and of Ins1/2 (53)
without a decrease in beta cell mass (54). This finding could
represent a program of beta cell dedifferentiation either intrinsic
to beta cells on the NOD background or spurred by increasing islet
inflammation. In vitro studies support the association of
inflammation and beta cell dedifferentiation; human, rat, and
mouse islets treated with proinflammatory cytokines show
decreases in beta cell genes like Pdx1, MafA, and Nkx6-1 (44, 55).
Notably, NOD-SCID mice are B and T cell-deficient and do not
develop spontaneous autoimmune diabetes, yet they also exhibit a
decrease in islet Pdx] and Insl/2 expression with age (53). IL-1b
appears to be particularly potent in downregulating beta cell
markers (44), and this cytokine is primarily secreted by innate
immune cells, which remain intact in NOD-SCID mice.

Examining NOD islets at the single-cell level has elaborated on
the dedifferentiation phenomenon. Starting around 4 weeks, a
population of beta cells with decreased insulin content and
maturity markers yet increased PD-L1 and markers of stemness
(‘Btm’ beta cells) appears, their proportion rising as they
preferentially survive immune infiltration (56). While
hyperglycemia is strongly associated with dedifferentiation in
other disease models (32, 57), Btm beta cells appear before
hyperglycemia in the NOD model. PD-L1+ beta cell abundance
correlates with increasing abundance of CD45+ cells in the islet
(56). Blocking T cell killing of beta cells via administration of an
anti-CD3 monoclonal antibody decreased but did not eliminate the
formation of Btm beta cells, suggesting that islet infiltrating T cells
contribute to but cannot entirely account for the formation of these
immature beta cells.

The above studies suggest that dedifferentiation is part of the
‘natural history’ of NOD diabetes. Other studies have identified beta
cell dedifferentiation in response to genetic and pharmacological
inhibition of essential beta cell functions, providing clues for how
inflammation or intrinsic beta cell defects may activate this process
in T1D. Exposing the human beta cell line EndoC-betaH1 to
double-stranded RNA to simulate viral infection, a possible
trigger for T1D initiation (58), causes reductions in genes like
MAFA and INS and increases in progenitor markers like SOX9,
HESI, and MYC driven by NF-kB within the beta cell, as well as by
interferon alpha released by neighboring cells (59, 60). Endogenous
double-stranded RNAs- allowed to persist in the setting of beta cell-
specific depletion of RNA editing enzyme ADAR- decrease
proprotein convertase expression and formation of mature
insulin, and also elicit massive interferon alpha responses and
insulitis (61). Importantly, high glucose also exacerbates the
interferon response, creating a positive feedback loop that may be
acting in early T1D- interferons decrease beta cell functionality, and
decreased functionality leads to poorer glucose handling (61).
Oxidative stress also decreases maturity genes and increases
progenitor markers in primary human beta cells (62). Directly
reactivating developmental pathways, such as Notch or Hedgehog
signaling, in mature mouse beta cells stimulates proliferation (63,
64). Beta cell-specific depletion of mTORC component Raptor in
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mice disrupts mitochondrial metabolism but also decreases beta
cell-enriched genes and increases progenitor markers in a
hyperglycemia-independent manner (65). Disruption of the
unfolded protein response (UPR), which is activated by ER stress
in prediabetic NOD mice (53), causes beta cell dedifferentiation in
models of both T1D and T2D (66, 67). Studies in the murine beta
cell line MING6 suggest that loss of beta cell maturity induced by
even near-fatal levels of ER stress is reversible, yet plasticity
decreases with repeated episodes of ER stress (68). Thus,
developing strategies to intervene before the potential for beta cell
redifferentiation is lost may be important to recovering beta cell
function long-term.

Studies across different models of T2D (ob/ob), T1D (NOD),
and inflammatory beta cell death (metronidazole) each demonstrate
beta cell dedifferentiation phenotypes, none of which perfectly
recapitulate a simple reversion to beta cell progenitor states (69-
71). Importantly, heterogeneity between these transcriptomic and
functional phenotypes stresses that beta cell dedifferentiation is not
a single linear process, but rather varies to the particular
diabetogenic stressors at hand. Further study will be needed to
understand which of the above pathways (i.e. interferon signaling,
ER stress, reactivation of developmental pathways) are most
relevant to human T1D and at what stages of disease.

How does dedifferentiation impact
beta cell-directed autoimmunity?

Although evidence of beta cell dedifferentiation in T1D
continues to emerge, it is unclear what role this phenomenon
plays in disease pathophysiology. A loss of mature beta cell
identity often means a loss in effective glucose-stimulated insulin
secretion, yet these immature cells appear to preferentially survive
autoimmunity. As noted previously, dedifferentiation of tumor cells
is associated with increased metastatic potential, drug resistance,
While these are
dangerous features in cancer, could dedifferentiation also be a

and evasion of immune surveillance (31).

strategy by which beta cells evade autoimmune killing?

The resilient (‘Btm’) beta cells described by Rui et al. in NOD
mice express lower levels of beta cell autoantigens IGRP, ZnT8,
Gadl, and IA-2 compared to their more susceptible counterparts
(‘Top’), while also expressing higher levels of immune tolerogenic
proteins PD-L1 and Qa-2 (56). These immunoprotective features of
the Btm beta cells offer a strong defense against immune killing in
spontaneous NOD diabetes, cyclophosphamide-induced diabetes,
and in vitro in a culture of sorted Top and Btm cells with islet
immune infiltrates. Several models in which beta cell identity is
altered on the NOD background also protect against T1D-like
disease. Inducing early beta cell-specific knockout of UPR protein
IRE1-0; (IRE1-0°°*"") causes a phenotype similar to the Btm beta
cells (i.e. decreased autoantigens, increased immunoinhibitory
markers), as well as decreased MHC class I and peptide loading
components (67). These mice become transiently hyperglycemic
but ultimately recover and are protected from diabetes. During the
hyperglycemic phase, IRE1-0>*"" islets show decreased insulin
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expression; during the recovery period, these islets have less
immune infiltration compared to controls and recovered insulin
content. These findings are consistent with a hypothesis that
stressed beta cells use dedifferentiation to ‘rest’ and dampen pro-
apoptotic interactions with the immune system (Figure 1) and
suggest that these cells may be capable of redifferentiation
following acute stress. Other mouse models are also consistent
with this hypothesis, including NOD Liver Insulin Receptor
knockout (LIRKO) mice and early beta cell knockout of the UPR
protein ATF6 in NOD mice —each induces transient beta cell
dysfunction followed by protection from T1D. The NOD-LIRKO
model, characterized by proliferating beta cells bearing fewer
autoantigens, exhibits only transient hyperglycemia and is
protected by an increase in regulatory T cells. Transplanted into
NOD mice, NOD-LIRKO islet grafts showed improved survival
compared to control islets, indicating islet-intrinsic protection that
is likely afforded by the presence of immature, proliferative beta
cells (72). In the case of ATF6 KO induced shortly after birth
(postnatal days 1-3), beta cell induction of the senescence
associated secretory phenotype (SASP)- increased secretion of
select cytokines, chemokines, and growth factors- protected NOD
mice from diabetes by recruiting inflammation-resolving M2
macrophages to the islet (73). Like dedifferentiation, senescence
represents an altered state of beta cell identity which has been
observed in human TI1D islets and is associated with decreased
expression of maturity markers like Ucn3 (74). In contrast to
dedifferentiated cells, which often show increased markers of
proliferation and stemness (56), senescent cells exit the cell cycle.
Interestingly, while induction of senescence prior to insulitis
protects NOD mice from developing diabetes (73), selective
clearance of senescent beta cells in adult NOD mice after insulitis
also reduces diabetes development (74). This seeming contradiction
underscores that alteration of beta cell identity may be protective or
detrimental depending on timing and disease context, with
immature features showing particular potential to protect beta
cells from the damages of insulitis.

Whereas the relationship between beta cell identity and
autoimmunity is more difficult to study directly in human disease,
T1D tissues offer some parallels to observations in mice. Like Btm
cells in NOD mice, remaining insulin-positive cells in T1D islets
express PD-L1, which is absent in nondiabetic, AAb+, and even
insulin-negative T1D islets (75). Single-cell initiatives (e.g., the
Human Pancreas Analysis Program and spatial transcriptomics
and proteomics) will help determine if these PD-L1+ residual
beta cells, or the CPHN or Pdx1+-Glucagon+ cells observed in
human T1D islets, behave like the resilient beta cells observed in
NOD mice, and perhaps how they relate to proximity or
composition of insulitis.

Discussion
An accumulating body of evidence links both T1D and T2D

pathogenesis to the emergence of dedifferentiated beta cells with
loss of hormone expression, expression of markers from multiple

frontiersin.org


https://doi.org/10.3389/fendo.2024.1427723
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Webster and Mirmira

Healthy Islet

Inflammation,
Hyperglycemia

Stressed Islet

T Cell
Infiltration,
B cell killing

T1D Islet

()
¢ Mature B cell

Dedifferentiated
B cell

Other endocrine cell

© Immune cell

FIGURE 1

Autoantigen
presentation

4 Autoantigen
presentation

4B cell o~
function & )
%

10.3389/fendo.2024.1427723

Mature B cell
T Function, T Immunogenicity

CD8 T cells
Cytpkiﬁes 'll

Dedifferentiated B cell

{ Function, ! Immunogenicity

CD8 T cells

4B cell identity genes

%) (%)

“  $ etz

{Insulin

Dedifferentiated beta cells preferentially survive autoimmune attack. During the progression to T1D, an increasing proportion of beta cells exhibit an
immature or 'dedifferentiated’ phenotype. We propose that dedifferentiation decreases beta cell functional characteristics (i.e. expression of insulin,
Glut2), but that this decrease, along with augmentation of immune checkpoint proteins like PD-L1, also serves to decrease beta cell immunogenicity

in the autoimmune setting of T1D. Created with BioRender.com.

endocrine cell types, and re-expression of progenitor genes.
Inflammatory signaling and hyperglycemia, hallmarks of both
TID and T2D, are known to downregulate beta cell maturity
markers. Beta cell dedifferentiation has conventionally been
viewed as a purely detrimental process through which beta cells
lose the ability to produce and secrete insulin in response to glucose,
culminating in functional failure. Nonetheless, the universal
detrimental implications of beta cell dedifferentiation remain
speculative, especially within the context of autoimmune T1D.
Sophisticated single-cell analyses conducted in both human and
murine models have shown the transcriptional and functional
heterogeneity of beta cells, revealing subpopulations capable of
withstanding immune onslaught. Notably, in the NOD mouse
model of T1D, beta cells expressing fewer autoantigens and
augmented immune checkpoint proteins, either spontaneously or
through genetic interventions, tend to persist. We propose that beta
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cells may dedifferentiate into immature phenotypes to evade
immune surveillance, albeit at the expense of their functionality
(Figure 1). Thus, dedifferentiation may also serve to alleviate the
biosynthetic burdens on beta cells and promote ‘beta cell rest’ — a
clinical concept that explains why suppressing endogenous insulin
secretion with exogenous insulin in newly-diagnosed T1D patients
ultimately reduces their long-term exogenous insulin
requirements (76).

In individuals at risk of developing T1D, establishing a
homeostatic equilibrium between diminished functionality and
attenuated immune recognition of beta cells may be an avenue
for therapeutic intervention. Future investigations are warranted to
determine the feasibility of pharmacologically inducing beta cell
dedifferentiation or redifferentiation. Functional targets (i.e. ER
stress, RNA editing), tissue specificity, and timing of therapy
relative to disease pathogenesis will be key areas for exploration.

frontiersin.org


https://doi.org/10.3389/fendo.2024.1427723
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Webster and Mirmira

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding author.

Author contributions

KW: Conceptualization, Writing — original draft, Writing -
review & editing. RM: Conceptualization, Writing - review &
editing, Funding acquisition.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. KW is
supported by NIH grant T32 DK131958. Research in the Mirmira
lab is supported by NIH grants ROl DK060581, R0l DK105588,
RO1 DK124906, and U01 DK127786.

References

1. Accili D, Talchai SC, Kim-Muller JY, Cinti F, Ishida E, Ordelheide AM, et al.
When B-cells fail: lessons from dedifferentiation. Diabetes Obes Metab. (2016) 18:117—
22. doi: 10.1111/dom.12723

2. DorY, Glaser B. B-cell dedifferentiation and type 2 diabetes. N Engl ] Med. (2013)
368:572-3. doi: 10.1056/NEJMcibr1214034

3. Son J, Accili D. Reversing pancreatic B-cell dedifferentiation in the treatment of
type 2 diabetes. Exp Mol Med. (2023) 55:1652-8. doi: 10.1038/s12276-023-01043-8

4. Tanday N, Tarasov AL, Moffett RC, Flatt PR, Irwin N. Pancreatic islet cell
plasticity: Pathogenic or therapeutically exploitable? Diabetes Obes Metab. (2024)
26:16-31. doi: 10.1111/dom.15300

5. Aigha II, Abdelalim EM. NKX6.1 transcription factor: a crucial regulator of
pancreatic B cell development, identity, and proliferation. Stem Cell Res Ther. (2020)
11:459. doi: 10.1186/s13287-020-01977-0

6. Ebrahim N, Shakirova K, Dashinimaev E. PDX1 is the cornerstone of pancreatic
B-cell functions and identity. Front Mol Biosci. (2022) 9:1091757. doi: 10.3389/
fmolb.2022.1091757

7. Nishimura W, Takahashi S, Yasuda K. MafA is critical for maintenance of the
mature beta cell phenotype in mice. Diabetologia. (2015) 58:566-74. doi: 10.1007/
s00125-014-3464-9

8. Sander M, German MS. The B cell transcription factors and development of the
pancreas. ] Mol Med. (1997) 75:327-40. doi: 10.1007/s001090050118

9. Jonsson J, Carlsson L, Edlund T, Edlund H. Insulin-promoter-factor 1 is required
for pancreas development in mice. Nature. (1994) 371:606-9. doi: 10.1038/371606a0

10. Stoffers DA, Zinkin NT, Stanojevic V, Clarke WL, Habener JF. Pancreatic
agenesis attributable to a single nucleotide deletion in the human IPF1 gene coding
sequence. Nat Genet. (1997) 15:106-10. doi: 10.1038/ng0197-106

11. Gao T, McKenna B, Li C, Reichert M, Nguyen J, Singh T, et al. Pdx1 maintains 8
Cell identity and function by repressing an o Cell program. Cell Metab. (2014) 19:259-
71. doi: 10.1016/j.cmet.2013.12.002

12. Stoffers DA, Ferrer J, Clarke WL, Habener JF. Early-onset type-II diabetes
mellitus (MODY4) linked to IPF1. Nat Genet. (1997) 17:138-9. doi: 10.1038/ng1097-
138

13. Taylor BL, Liu FF, Sander M. Nkx6.1 is essential for maintaining the functional
state of pancreatic beta cells. Cell Rep. (2013) 4:1262-75. doi: 10.1016/
j.celrep.2013.08.010

14. Quintens R, Hendrickx N, Lemaire K, Schuit F. Why expression of some genes is
disallowed in B-cells. Biochem Soc Trans. (2008) 36:300-5. doi: 10.1042/BST0360300

15. Rutter GA, Georgiadou E, Martinez-Sanchez A, Pullen TJ]. Metabolic and
functional specialisations of the pancreatic beta cell: gene disallowance,

Frontiers in Endocrinology

10.3389/fendo.2024.1427723

Acknowledgments

The authors thank Dr. Sarah C. May (University of Chicago) for
helpful discussions.

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.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

mitochondrial metabolism and intercellular connectivity. Diabetologia. (2020)
63:1990-8. doi: 10.1007/s00125-020-05205-5

16. Schuit F, Van Lommel L, Granvik M, Goyvaerts L, de Faudeur G, Schraenen A,
et al. B-cell-specific gene repression: A mechanism to protect against inappropriate or
maladjusted insulin secretion? Diabetes. (2012) 61:969-75. doi: 10.2337/db11-1564

17. Matschinsky F, Liang Y, Kesavan P, Wang L, Froguel P, Velho G, et al.
Glucokinase as pancreatic beta cell glucose sensor and diabetes gene. J Clin Invest.
(1993) 92:2092-8. doi: 10.1172/JCI116809

18. Matschinsky FM. Regulation of pancreatic beta-cell glucokinase: from basics to
therapeutics. Diabetes. (2002) 51 Suppl 3:5394-404. doi: 10.2337/diabetes.51.2007.5394

19. Otonkoski T, Jiao H, Kaminen-Ahola N, Tapia-Paez I, Ullah MS, Parton LE,
et al. Physical exercise-induced hypoglycemia caused by failed silencing of
monocarboxylate transporter 1 in pancreatic beta cells. Am J Hum Genet. (2007)
81:467-74. doi: 10.1086/520960

20. Pullen TJ, Sylow L, Sun G, Halestrap AP, Richter EA, Rutter GA. Overexpression of
monocarboxylate transporter-1 (SLC16A1) in mouse pancreatic B-cells leads to relative
hyperinsulinism during exercise. Diabetes. (2012) 61:1719-25. doi: 10.2337/db11-1531

21. Schuit F, De Vos A, Farfari S, Moens K, Pipeleers D, Brun T, et al. Metabolic fate
of glucose in purified islet cellss GLUCOSE-REGULATED ANAPLEROSIS IN B
CELLS*. ] Biol Chem. (1997) 272:18572-9. doi: 10.1074/jbc.272.30.18572

22. Sekine N, Cirulli V, Regazzi R, Brown L], Gine E, Tamarit-Rodriguez J, et al. Low
lactate dehydrogenase and high mitochondrial glycerol phosphate dehydrogenase in
pancreatic beta-cells. Potential role nutrient sensing. ] Biol Chem. (1994) 269:4895-902.
doi: 10.1016/S0021-9258(17)37629-9

23. Casteels T, Zhang Y, Frogne T, Sturtzel C, Lardeau CH, Sen I, et al. An inhibitor-
mediated beta-cell dedifferentiation model reveals distinct roles for FoxO1 in glucagon
repression and insulin maturation. Mol Metab. (2021) 54:101329. doi: 10.1016/
j.molmet.2021.101329

24. Dhawan S, Georgia S, Tschen Si, Fan G, Bhushan A. Pancreatic 3 Cell identity is
maintained by DNA methylation-mediated repression of Arx. Dev Cell. (2011) 20:419-
29. doi: 10.1016/j.devcel.2011.03.012

25. Dhawan S, Tschen SI, Zeng C, Guo T, Hebrok M, Matveyenko A, et al. DNA
methylation directs functional maturation of pancreatic B cells. J Clin Invest. (2015)
125:2851-60. doi: 10.1172/JCI79956

26. Grieco GE, Brusco N, Licata G, Fignani D, Formichi C, Nigi L, et al. The
landscape of microRNAs in BCell: between phenotype maintenance and protection. Int
J Mol Sci. (2021) 22:803. doi: 10.3390/ijms22020803

27. Lopez-Noriega L, Rutter GA. Long non-coding RNAs as key modulators of
pancreatic B-cell mass and function. Front Endocrinol. (2021) 11:610213/full.
doi: 10.3389/fend0.2020.610213/full

frontiersin.org


https://doi.org/10.1111/dom.12723
https://doi.org/10.1056/NEJMcibr1214034
https://doi.org/10.1038/s12276-023-01043-8
https://doi.org/10.1111/dom.15300
https://doi.org/10.1186/s13287-020-01977-0
https://doi.org/10.3389/fmolb.2022.1091757
https://doi.org/10.3389/fmolb.2022.1091757
https://doi.org/10.1007/s00125-014-3464-9
https://doi.org/10.1007/s00125-014-3464-9
https://doi.org/10.1007/s001090050118
https://doi.org/10.1038/371606a0
https://doi.org/10.1038/ng0197-106
https://doi.org/10.1016/j.cmet.2013.12.002
https://doi.org/10.1038/ng1097-138
https://doi.org/10.1038/ng1097-138
https://doi.org/10.1016/j.celrep.2013.08.010
https://doi.org/10.1016/j.celrep.2013.08.010
https://doi.org/10.1042/BST0360300
https://doi.org/10.1007/s00125-020-05205-5
https://doi.org/10.2337/db11-1564
https://doi.org/10.1172/JCI116809
https://doi.org/10.2337/diabetes.51.2007.S394
https://doi.org/10.1086/520960
https://doi.org/10.2337/db11-1531
https://doi.org/10.1074/jbc.272.30.18572
https://doi.org/10.1016/S0021-9258(17)37629-9
https://doi.org/10.1016/j.molmet.2021.101329
https://doi.org/10.1016/j.molmet.2021.101329
https://doi.org/10.1016/j.devcel.2011.03.012
https://doi.org/10.1172/JCI79956
https://doi.org/10.3390/ijms22020803
https://doi.org/10.3389/fendo.2020.610213/full
https://doi.org/10.3389/fendo.2024.1427723
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Webster and Mirmira

28. Martinez-Sanchez A, Nguyen-Tu MS, Rutter GA. DICER inactivation identifies
pancreatic B-cell “Disallowed” Genes targeted by microRNAs. Mol Endocrinol. (2015)
29:1067-79. doi: 10.1210/me.2015-1059

29. Benninger RKP, Kravets V. The physiological role of 3-cell heterogeneity in pancreatic
islet function. Nat Rev Endocrinol. (2022) 18:9-22. doi: 10.1038/s41574-021-00568-0

30. Yao Y, Wang C. Dedifferentiation: inspiration for devising engineering strategies for
regenerative medicine. NPJ Regener Med. (2020) 5:1-11. doi: 10.1038/s41536-020-00099-8

31. LiJ, Stanger BZ. How tumor cell dedifferentiation drives immune evasion and
resistance to immunotherapy. Cancer Res. (2020) 80:4037-41. doi: 10.1158/0008-
5472.CAN-20-1420

32. Jonas JC, Sharma A, Hasenkamp W, Ilkova H, Patané¢ G, Laybutt R, et al.
Chronic hyperglycemia triggers loss of pancreatic B Cell differentiation in an animal
model of diabetes*. J Biol Chem. (1999) 274:14112-21. doi: 10.1074/jbc.274.20.14112

33. Talchai C, Xuan S, Lin HV, Sussel L, Accili D. Pancreatic B cell dedifferentiation
as a mechanism of diabetic B cell failure. Cell. (2012) 150:1223-34. doi: 10.1016/
j.cell.2012.07.029

34. Gottmann P, Speckmann T, Stadion M, Zuljan E, Aga H, Sterr M, et al.
Heterogeneous development of B-cell populations in diabetes-resistant and
-susceptible mice. Diabetes. (2022) 71:1962-78. doi: 10.2337/db21-1030

35. Tersey SA, Levasseur EM, Syed F, Farb TB, Orr KS, Nelson JB, et al. Episodic -
cell death and dedifferentiation during diet-induced obesity and dysglycemia in male
mice. FASEB J. (2018) 32:6150-8. doi: 10.1096/j.201800150RR

36. Amo-Shiinoki K, Tanabe K, Hoshii Y, Matsui H, Harano R, Fukuda T, et al. Islet
cell dedifferentiation is a pathologic mechanism of long-standing progression of type 2
diabetes. JCI Insight. (2021) 6:¢143791. doi: 10.1172/jci.insight.143791

37. Cinti F, Bouchi R, Kim-Muller JY, Ohmura Y, Sandoval PR, Masini M, et al.
Evidence of B-cell dedifferentiation in human type 2 diabetes. J Clin Endocrinol Metab.
(2016) 101:1044-54. doi: 10.1210/jc.2015-2860

38. Spijker HS, Song H, Ellenbroek JH, Roefs MM, Engelse MA, Bos E, et al. Loss of
B-cell identity occurs in type 2 diabetes and is associated with islet amyloid deposits.
Diabetes. (2015) 64:2928-38. doi: 10.2337/db14-1752

39. Kim-Muller JY, Fan J, Kim YJR, Lee SA, Ishida E, Blaner WS, et al. Aldehyde
dehydrogenase 1a3 defines a subset of failing pancreatic f cells in diabetic mice. Nat
Commun. (2016) 7:12631. doi: 10.1038/ncomms12631

40. Son J, Du W, Esposito M, Shariati K, Ding H, Kang Y, et al. Genetic and
pharmacologic inhibition of ALDH1A3 as a treatment of B-cell failure. Nat Commun.
(2023) 14:558. doi: 10.1038/s41467-023-36315-4

41. Rubio-Navarro A, Gomez-Banoy N, Stoll L, Diindar F, Mawla AM, Ma L, et al. A
beta cell subset with enhanced insulin secretion and glucose metabolism is reduced in
type 2 diabetes. Nat Cell Biol. (2023) 25:565-78. doi: 10.1038/s41556-023-01103-1

42. Salinno C, Biittner M, Cota P, Tritschler S, Tarquis-Medina M, Bastidas-Ponce
A, et al. CD81 marks immature and dedifferentiated pancreatic B-cells. Mol Metab.
(2021) 49:101188. doi: 10.1016/j.molmet.2021.101188

43. Avrahami D, Wang Y], Schug ], Feleke E, Gao L, Liu C, et al. Single-cell
transcriptomics of human islet ontogeny defines the molecular basis of B-cell
dedifferentiation in T2D. Mol Metab. (2020) 42:101057. doi: 10.1016/j.molmet.2020.101057

44, Nordmann TM, Dror E, Schulze F, Traub S, Berishvili E, Barbieux C, et al. The
role of inflammation in B-cell dedifferentiation. Sci Rep. (2017) 7:6285. doi: 10.1038/
s41598-017-06731-w

45. Oram RA, Sims EK, Evans-Molina C. Beta cells in type 1 diabetes: mass and function;
sleeping or dead? Diabetologia. (2019) 62:567-77. doi: 10.1007/s00125-019-4822-4

46. Atkinson MA, Mirmira RG. The pathogenic “symphony” in type 1 diabetes: A
disorder of the immune system, B cells, and exocrine pancreas. Cell Metab. (2023)
35:1500-18. doi: 10.1016/j.cmet.2023.06.018

47. Keenan HA, Sun JK, Levine J, Doria A, Aiello LP, Eisenbarth G, et al. Residual
insulin production and pancreatic B-cell turnover after 50 years of diabetes: joslin
medalist study. Diabetes. (2010) 59:2846-53. doi: 10.2337/db10-0676

48. Sims EK, Bahnson HT, Nyalwidhe ], Haataja L, Davis AK, Speake C, et al.
Proinsulin secretion is a persistent feature of type 1 diabetes. Diabetes Care. (2018)
42:258-64. doi: 10.2337/dci19-0012

49. Wasserfall C, Nick HS, Campbell-Thompson M, Beachy D, Haataja L,
Kusmartseva I, et al. Persistence of pancreatic insulin mRNA expression and
proinsulin protein in type 1 diabetes pancreata. Cell Metab. (2017) 26:568-575.e3.
doi: 10.1016/j.cmet.2017.08.013

50. Cabrera O, Berman DM, Kenyon NS, Ricordi C, Berggren PO, Caicedo A. The
unique cytoarchitecture of human pancreatic islets has implications for islet cell
function. Proc Natl Acad Sci U.S.A. (2006) 103:2334-9. doi: 10.1073/pnas.0510790103

51. Seiron P, Wiberg A, Kuric E, Krogvold L, Jahnsen FL, Dahl-Jorgensen K, et al.
Characterisation of the endocrine pancreas in type 1 diabetes: islet size is maintained but islet
number is markedly reduced. J Pathol Clin Res. (2019) 5:248-55. doi: 10.1002/cjp2.140

52. Md Moin AS, Dhawan S, Shieh C, Butler PC, Cory M, Butler AE. Increased
hormone-negative endocrine cells in the pancreas in type 1 diabetes. J Clin Endocrinol
Metab. (2016) 101:3487-96. doi: 10.1210/jc.2016-1350

Frontiers in Endocrinology

07

10.3389/fendo.2024.1427723

53. Tersey SA, Nishiki Y, Templin AT, Cabrera SM, Stull ND, Colvin SC, et al. Islet
B-cell endoplasmic reticulum stress precedes the onset of type 1 diabetes in the
nonobese diabetic mouse model. Diabetes. (2012) 61:818-27. doi: 10.2337/db11-1293

54. Fisher MM, Perez Chumbiauca CN, Mather KJ, Mirmira RG, Tersey SA.
Detection of islet B-cell death in vivo by multiplex PCR analysis of differentially
methylated DNA. Endocrinology. (2013) 154:3476-81. doi: 10.1210/en.2013-1223

55. Ortis F, Naamane N, Flamez D, Ladri¢re L, Moore F, Cunha DA, et al. Cytokines
interleukin-1f and tumor necrosis factor-o. Regulate different transcriptional and
alternative splicing networks in primary B-cells. Diabetes. (2009) 59:358-74.
doi: 10.2337/db09-1159

56. Rui J, Deng S, Arazi A, Perdigoto AL, Liu Z, Herold KC. B Cells that resist
immunological attack develop during progression of autoimmune diabetes in NOD
mice. Cell Metab. (2017) 25:727-38. doi: 10.1016/j.cmet.2017.01.005

57. Weir GC, Aguayo-Mazzucato C, Bonner-Weir S. B-cell dedifferentiation in
diabetes is important, but what is it? Islets. (2013) 5:233-7. doi: 10.4161/is1.27494

58. Op de Beeck A, Eizirik DL. Viral infections in type 1 diabetes mellitus—why the
cells? Nat Rev Endocrinol. (2016) 12:263-73. doi: 10.1038/nrend0.2016.30

59. Diedisheim M, Oshima M, Albagli O, Huldt CW, Ahlstedt I, Clausen M, et al.
Modeling human pancreatic beta cell dedifferentiation. Mol Metab. (2018) 10:74-86.
doi: 10.1016/j.molmet.2018.02.002

60. Oshima M, Knoch KP, Diedisheim M, Petzold A, Cattan P, Bugliani M, et al.
Virus-like infection induces human B cell dedifferentiation. JCI Insight. (2018) 3:
€97732. doi: 10.1172/jci.insight.97732

61. Knebel UE, Peleg S, Dai C, Cohen-Fultheim R, Jonsson S, Poznyak K, et al.
Disrupted RNA editing in beta cells mimics early-stage type 1 diabetes. Cell Metab.
(2024) 36:48-61. doi: 10.1016/j.cmet.2023.11.011

62. Leenders F, Groen N, de Graaf N, Engelse MA, Rabelink TJ, de Koning EJP, et al.
Oxidative stress leads to B-cell dysfunction through loss of B-cell identity. Front
Immunol. (2021) 12:690379. doi: 10.3389/fimmu.2021.690379

63. Bartolome A, Zhu C, Sussel L, Pajvani UB. Notch signaling dynamically
regulates adult B cell proliferation and maturity. J Clin Invest. (2019) 129:268-80.
doi: 10.1172/JCI98098

64. Landsman L, Parent A, Hebrok M. Elevated Hedgehog/Gli signaling causes -
cell dedifferentiation in mice. Proc Natl Acad Sci. (2011) 108:17010-5. doi: 10.1073/
pnas.1105404108

65. Yin Q, Ni Q, Wang Y, Zhang H, Li W, Nie A, et al. Raptor determines -cell
identity and plasticity independent of hyperglycemia in mice. Nat Commun. (2020)
11:2538. doi: 10.1038/s41467-020-15935-0

66. Chan JY, Luzuriaga J, Bensellam M, Biden TJ, Laybutt DR. Failure of the
adaptive unfolded protein response in islets of obese mice is linked with abnormalities
in B-cell gene expression and progression to diabetes. Diabetes. (2013) 62:1557-68.
doi: 10.2337/db12-0701

67. Lee H, Lee YS, Harenda Q, Pietrzak S, Oktay HZ, Schreiber S, et al. Beta cell
dedifferentiation induced by IRElc. Deletion prevents type 1 diabetes. Cell Metab.
(2020) 31:822-36. doi: 10.1016/j.cmet.2020.03.002

68. Chen CW, Guan BJ, Alzahrani MR, Gao Z, Gao L, Bracey S, et al. Adaptation to
chronic ER stress enforces pancreatic B-cell plasticity. Nat Commun. (2022) 13:4621.
doi: 10.1038/s41467-022-32425-7

69. Nimkulrat SD, Bernstein MN, Ni Z, Brown ], Kendziorski C, Blum B. The anna
karenina model of B-cell maturation in development and their dedifferentiation in type
1 and type 2 diabetes. Diabetes. (2021) 70:2058-66. doi: 10.2337/db21-0211

70. Hrovatin K, Bastidas-Ponce A, Bakhti M, Zappia L, Biittner M, Salinno C, et al.
Delineating mouse B-cell identity during lifetime and in diabetes with a single cell atlas.
Nat Metab. (2023) 5:1615-37. doi: 10.1038/s42255-023-00876-x

71. Kreutzberger AJB, Kiessling V, Doyle CA, Schenk N, Upchurch CM, Elmer-
Dixon M, et al. Distinct insulin granule subpopulations implicated in the secretory
pathology of diabetes types 1 and 2. eLife. (2020) 9:¢62506. doi: 10.7554/eLife.62506

72. Dirice E, Kahraman S, De Jesus DF, El Ouaamari A, Basile G, Baker RL, et al.
Increased B-cell proliferation before immune cell invasion prevents progression of type
1 diabetes. Nat Metab. (2019) 1:509-18. doi: 10.1038/s42255-019-0061-8

73. Lee H, Sahin GS, Chen CW, Sonthalia S, Cafias SM, Oktay HZ, et al. Stress-
induced P cell early senescence confers protection against type 1 diabetes. Cell Metab.
(2023) 35:51550-4131(23)00383-2. doi: 10.1016/j.cmet.2023.10.014

74. Thompson PJ, Shah A, Ntranos V, Van Gool F, Atkinson M, Bhushan A.
Targeted elimination of senescent beta cells prevents type 1 diabetes. Cell Metab. (2019)
29:1045-1060.e10. doi: 10.1016/j.cmet.2019.01.021

75. Colli ML, Hill JLE, Marroqui 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-
o and-y via IRF1 induction. EBioMedicine. (2018) 36:367-75. doi: 10.1016/
j.ebiom.2018.09.040

76. Brown RJ, Rother KI. Effects of beta-cell rest on beta-cell function: a review of
clinical and preclinical data. Pediatr Diabetes. (2008) 9:14-22. doi: 10.1111/§.1399-
5448.2007.00272.x

frontiersin.org


https://doi.org/10.1210/me.2015-1059
https://doi.org/10.1038/s41574-021-00568-0
https://doi.org/10.1038/s41536-020-00099-8
https://doi.org/10.1158/0008-5472.CAN-20-1420
https://doi.org/10.1158/0008-5472.CAN-20-1420
https://doi.org/10.1074/jbc.274.20.14112
https://doi.org/10.1016/j.cell.2012.07.029
https://doi.org/10.1016/j.cell.2012.07.029
https://doi.org/10.2337/db21-1030
https://doi.org/10.1096/fj.201800150RR
https://doi.org/10.1172/jci.insight.143791
https://doi.org/10.1210/jc.2015-2860
https://doi.org/10.2337/db14-1752
https://doi.org/10.1038/ncomms12631
https://doi.org/10.1038/s41467-023-36315-4
https://doi.org/10.1038/s41556-023-01103-1
https://doi.org/10.1016/j.molmet.2021.101188
https://doi.org/10.1016/j.molmet.2020.101057
https://doi.org/10.1038/s41598-017-06731-w
https://doi.org/10.1038/s41598-017-06731-w
https://doi.org/10.1007/s00125-019-4822-4
https://doi.org/10.1016/j.cmet.2023.06.018
https://doi.org/10.2337/db10-0676
https://doi.org/10.2337/dci19-0012
https://doi.org/10.1016/j.cmet.2017.08.013
https://doi.org/10.1073/pnas.0510790103
https://doi.org/10.1002/cjp2.140
https://doi.org/10.1210/jc.2016-1350
https://doi.org/10.2337/db11-1293
https://doi.org/10.1210/en.2013-1223
https://doi.org/10.2337/db09-1159
https://doi.org/10.1016/j.cmet.2017.01.005
https://doi.org/10.4161/isl.27494
https://doi.org/10.1038/nrendo.2016.30
https://doi.org/10.1016/j.molmet.2018.02.002
https://doi.org/10.1172/jci.insight.97732
https://doi.org/10.1016/j.cmet.2023.11.011
https://doi.org/10.3389/fimmu.2021.690379
https://doi.org/10.1172/JCI98098
https://doi.org/10.1073/pnas.1105404108
https://doi.org/10.1073/pnas.1105404108
https://doi.org/10.1038/s41467-020-15935-0
https://doi.org/10.2337/db12-0701
https://doi.org/10.1016/j.cmet.2020.03.002
https://doi.org/10.1038/s41467-022-32425-7
https://doi.org/10.2337/db21-0211
https://doi.org/10.1038/s42255-023-00876-x
https://doi.org/10.7554/eLife.62506
https://doi.org/10.1038/s42255-019-0061-8
https://doi.org/10.1016/j.cmet.2023.10.014
https://doi.org/10.1016/j.cmet.2019.01.021
https://doi.org/10.1016/j.ebiom.2018.09.040
https://doi.org/10.1016/j.ebiom.2018.09.040
https://doi.org/10.1111/j.1399-5448.2007.00272.x
https://doi.org/10.1111/j.1399-5448.2007.00272.x
https://doi.org/10.3389/fendo.2024.1427723
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Beta cell dedifferentiation in type 1 diabetes: sacrificing function for survival?
	Introduction
	What is beta cell identity?
	What is beta cell dedifferentiation?
	What has been seen in T2D?
	What has been seen in T1D?
	What is driving beta cell dedifferentiation in T1D?
	How does dedifferentiation impact beta cell-directed autoimmunity?
	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	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 /sRGB
  /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 true
  /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 true
  /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 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /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


