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As the world endures a viral pandemic superimposed on a
diabetes pandemic, the latter incorporates most of the
comorbidities associated with the former, thereby exacer-
bating risk of death in both. An essential approach to both
pandemics is prevention and unrealized earlier treatment.
Thus, in this Perspective relating to diabetes, we empha-
size a paradigm of;, first, reversible 3-cell organ dysfunction
and then irreversible B-cell organ failure, which directly
indicate the potential for earlier prevention, also unrealized
in current guidelines. Four pillars support this paradigm:
epidemiology, pathophysiology, molecular pathology, and
genetics. A substantial worldwide knowledge base defines
each pillar and informs a more aggressive preventive
approach to most forms of the disorder. This analysis
seeks to clarify the temporal and therapeutic relationships
between lost B-cell function and content, illuminating the
potential for earlier diagnoses and, thus, prevention. We
also propose that myriad pathways leading to most forms
of diabetes converge at the endoplasmic reticulum, where
stress can result in B-cell death and content loss. Finally,
genetic and nongenetic origins common to major types of
diabetes can inform earlier diagnosis and, potentially, pre-
vention, with the aim of preserving -cell mass.

Diabetes has been historically dichotomized (type 2 diabe-
tes [T2D] and type 1 diabetes [T1D]), resulting in distinct
advocacy, even with distinct academic entities, creating
cognitive dissonance at many healthcare and research lev-
els. As a result, the best outcome for affected individuals
has been compromised, both in terms of public health ini-
tiatives and data-driven, preventive-centered therapies, as
recently emphasized by the Lancet Commission on diabe-
tes (1). Distinct from that duality concept (splitting) and
the recent move to identify heterogeneity of diabetes, in

this Perspective we primarily chose an integrated approach
(lumping) to rotate thinking toward prevention to
improve clinical care. Our review of the diabetes literature
focuses on the B-cell organ, thereby exposing the unreal-
ized need and potential benefits of earlier screening and
diagnoses for prevention and treatment of most forms of
diabetes. Realizing the potential of personalized medicine
should improve patient care, while the identification of
pathways common to different forms of diabetes should
aid that process through cross-fertilization of ideas.

The purpose of this Perspective is to outline this pre-
ventive approach, how it can be realized scientifically, and
to what clinical end. Our scientific approach conceptualizes
diabetes as a consequence of B-cell dysfunction and failure
and postulates that all B-cells conceptually comprise an
organ, the B-cell organ, which is a paradigm supported by
four data-driven pillars: epidemiology, pathophysiology,
molecular pathology, and genetics. Thus, it is the contin-
uum of B-cell organ dysfunction (BCOD) and potential
failure (BCOF) that requires greater clarity at each of the
four pillars to better realize diabetes prevention. In brief,
epidemiology indicates that more than half of the popula-
tion in industrialized countries is at diabetes risk with a
high frequency of diabetes-related gene risk variants. Path-
ophysiological data support these epidemiological findings
using B-cell studies, which imply that BCOD/F can develop
substantially earlier than currently described in clinical
guidelines. Importantly, these studies also indicate that
initially, BCOD is related to reversible functional loss, and
only later does BCOF occur due to irreversible content
loss, illuminating the need for earlier preventive
approaches to both T2D and T1D. Molecular mechanisms
of reduced B-cell dysfunction and failure in both forms of
the disorder indicate that excessive proinsulin production
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is a compensatory attempt to maintain fuel-related meta-
bolic homeostasis, which results in endoplasmic reticulum
(ER) stress. Virtually all non--cell pathways leading to
diabetes molecularly converge at the B-cell ER, which criti-
cally must adapt; if it does not, then B-cell apoptosis can
follow (BCOF). These ER processes are, in part, also regu-
lated by common gene variants associated with altered
risk for the two major types of diabetes. Given that the
B-cell organ is inherently fragile, when proinsulin synthe-
sis approaches or exceeds maximal capacity, then ER
stress, B-cell death, and, finally, organ content loss can
occur. Whether for T2D or T1D, these changes point
toward the need for earlier screening to better prevent
diabetes.

Considering BCOD/F as a 3-cell organ paradigm illus-
trates the scientific rationale for earlier detection of all
common forms of diabetes. Such an approach could
improve our effectiveness to diagnose, prevent, and treat
forms of diabetes using uncomplicated screening meas-
ures within current public health infrastructures as explic-
itly prescribed by the Lancet Commission on diabetes in

2021 (1).

EPIDEMIOLOGY

Epidemiology indicates a high proportion of the popula-
tion has the disease and, by implication, a high frequency
of diabetes-related gene risk variants. Chronic disorders,
e.g., dysglycemias, are at pandemic proportions, with world-
wide diabetes prevalence doubling from 1980 to 2014. In
California ~60% of the population over age 55 has prediabe-
tes, and 55% of all adults are dysglycemic (2). The U.S. Cen-
ters for Disease Control and Prevention (CDC) indicated that
diabetes prevalence in 2015 was ~32% in individuals over
65 years old, while prediabetes in 2012 was ~50% at the
same age, with a resulting dysglycemic prevalence of 82%
(3). We now suggest that even these figures are underesti-
mates based on histological and functional data presented
below. By implication, >60% of individuals of all ages have
diabetes-related common gene variants and, thus, a large
fraction of “control cohorts” in diabetes research have high
disease risk. It follows that genome-wide association studies
(GWAS) underestimate genetic risk; thus, only ~20% of dia-
betes heritability is currently explained by genetic variants
when median heritability estimates are ~40% (4). These con-
trol subjects could also confound other studies and organ
donor consortium data (see below).

An epidemiological reanalysis of U.S. diabetes mortality
indicates that the population-attributable fraction (PAF)
of diabetes deaths using self-reports and/or hemoglobin
A;. (HbA;)) levels in the National Health Interview Survey
and National Health and Nutrition Examination Survey
was ~11.5%, whereas U.S. CDC analyses (death certifi-
cates) were substantially lower at ~3.5%, indicating diabe-
tes in 2010-2011 represented the third leading cause of
U.S. deaths (5). Further, prediabetes deaths contributed an
additional PAF of 2.2%, which is nearly two-thirds the
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CDC’s diabetes death estimate. Given the need for earlier
disease detection and prevention, we examined the patho-
physiology of diabetes from the perspective of this BCOD/
F paradigm.

PATHOPHYSIOLOGY

Pathophysiological data, using B-cell organ studies, imply
that BCOD/F can develop substantially earlier than
described using current worldwide clinical guidelines.
These studies imply BCOD is related to reversible func-
tional loss, which only later becomes irreversible due to
B-cell content loss via B-cell death, and then, if sufficiently
severe at the organ level, i.e.,, BCOF, illuminating the need
for earlier preventive approaches to both T2D and T1D.
The development of international organ procurement pro-
grams for diabetes, e.g., the Network for Pancreatic Organ
Donors with Diabetes, and diligent use of surgical and
autopsy specimens, has transformed the histological land-
scape of diabetes. Data on B-cell function provide a com-
posite output of all B-cells, although notably not all B-cells
are behaving in unison, since they show substantial het-
erogeneity, including differential vascular supply, neural
innervation, and local environmental changes, e.g., pancre-
atic exocrine alterations. While B-cell content loss and
function could be due to dedifferentiation (6), such cell
numbers are too low to account for the B-cell functional
and content loss reported in diabetes (7-10). Given limita-
tions to interrogating individual B-cell function, we
focused here on the overall function of B-cells as a
composite.

T2D and B-Cell Organ Dysfunction and Failure
Pathophysiological studies derived from over 3,000 sub-
jects from eight countries imply that T2D BCOD/F can
develop earlier than widely appreciated.

Functional

B-Cell function in 460 subjects (ranging from normal to
T2D) using the disposition index (importantly linked to
2-h oral glucose tolerance test [OGTT] data) showed that
a “normal” 2-h glucose post-OGTT of 120 mg/dL (6.7
mmol/L) reflected 50-60% functional loss (lower yellow
circle), while a 2-h glucose of 180-200 mg/dL (10-11.1
mmol/L) was associated with ~80% reduction (lower
orange circle) (Fig. 1A4) (11). Similarly, in 1,601 obese ado-
lescents, those with a 2-h blood glucose of 100-119 mg/
dL (5.6-6.6 mmol/L) or 120-139 mg/dL (6.7-7.7 mmol/
L) showed striking 20% (upper yellow) and 50-70%
(lower yellow) functional reductions from normal (green
circle) (12).

Histological

In the last 20 years, T2D studies (n = 11) of surgical,
autopsy, and organ donors (n = 672) from eight countries
reported B-cell content (mass, volume, or area) reductions
of 30-60% in cases with impaired fasting glucose (IFG),
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Figure 1—Natural history of BCOD and BCOF depicted as percentage of normal on y-axis. The x-axis depicts duration for T1D (years)
and T2D (decades). Two sigmoid curves approximate referenced, data-specific BCOD (A) and B-cell mass (B). A: Solid vertical lines depict
currently defined normal (NL, green circle), subclinical prediabetes (subclinical Pre DM, yellow circles), prediabetes (Pre DM, orange
circles), and T2D and T1D (red circles). B: Dashed vertical lines define normal (NL, green circle), early BCOF (no data available), moderate
BCOF (orange circles), and advanced BCOF (red circles). C: Green solid arrow depicts ~75% BCOD but only ~50% BCOF content loss.
BCOD can be rescued from the natural history or inadequate treatment with preserved B-cell content in some individuals (green dashed
arrow, Rx [treatment]). Even some T2D cases can be rescued, with treatment returning them to prediabetes (blue arrows). D: Red solid
arrow depicts impairment of BCOD, e.g., by environmental factors, from ~25% to ~50%, with less impairment of B-cell mass from ~5%

to ~20% (red dashed arrows).

impaired glucose tolerance (IGT), or T2D (Fig. 1B, orange
circles, Table 1, and Supplementary Material, part 1 and
references therein). Moreover, (3-cell neogenesis and apo-
ptosis data were elevated severalfold (Table 1). Although
there is concern over the validity of (-cell mass measure-
ments in adults due to individual variation, it is possible
to control for these variations, e.g., by BMI and age
matching (Table 1). By data mining, we discovered addi-
tional variation in a small proportion of control subjects
with dysglycemias in the range of IFG or IGT, but these
variations implied that we had underestimated content
reductions. Finally, it is now recognized that treatment
can rescue reduced T2D-associated BCOD (Fig. 1C, green
and blue arrows), potentially explaining why (3-cell content
loss varies and, indeed, overlaps between untreated predia-
betes and treated T2D (Fig. 1B) (13,14).

Summary

These studies illustrate how fasting glucose or 2-h OGTT
functional results can be semiquantitatively compared
with B-cell histological content using subjects tested at
defined levels of dysglycemia (Fig. 1A and B). Further,
functional parameters describe the natural history of pro-
gression from early dysglycemia (subclinical prediabetes)
to prediabetes and T2D glucose levels (Fig. 1A). Remark-
ably, prediabetes histological studies show similar reduc-
tions of B-cell content loss (Fig. 1B, upper orange circle)
compared with functional loss (Fig. 14, orange circles),
whether in living, organ donor, or autopsied lean or obese
adults. Moreover, any level of B-cell dysfunction that

exceeds content loss (Fig. 1C and D) implies the former
can antedate the latter (see below). These T2D processes
consistently involve histologically demonstrable apoptosis
(Table 1).

Treatment of prediabetes and earlier stages of T2D can
rescue reduced BCOD (Fig. 1C, solid and dashed green
and blue arrows, Rx). For example, a controlled, random-
ized, and interventional trial of obese T2D patients
showed that after only 8 weeks of a very-low-calorie diet,
~43% reverted from T2D to prediabetes 6 months and
even 2 years later (13,14). Interestingly, those subjects
who responded, compared with the remainder, had
shorter diabetes duration (~4 vs. ~10 years), lower base-
line HbA;. (7.1% vs. 8.4% [52 vs. 62 mmol/mol]), higher
fasting insulin (20 vs. 9 mU/L), higher ALT (43 vs. 22
units/L), higher triglyceride levels (175 vs. 115 mg/dL
[1.97 vs. 1.30 mmol/L]), and higher hepatic triglyceride
content (13% vs. 8%). This functional reversal of T2D,
due to treatment-improved B-cell function, was likely due
to triglyceride reduction via improved liver and exocrine
pancreas function. By implication, the fragility or robust-
ness of the unfolded protein response (UPR), as discussed
under molecular pathology (Fig. 2), determines the com-
pensatory insulin secretion, itself determined by the dif-
ferential response to diet, including palmitate, and the
variable genetic background.

We therefore propose that persistently increasing fast-
ing glucose levels to >90 mg/dL (5 mmol/L) is potentially
abnormal, as previously suggested (Fig. 3) (15-18). It
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Figure 2—Key elements of the B-cell molecular machine that create intra- and interindividual variability of BCOD/F in both T2D and T1D.
For myriad etiologies, the blue arrows (left side of figure) depict enormous numbers of genetic and nongenetic pathways affecting B-cells,
e.g., immunogenic (autoimmunity) or nonimmunogenic (insulin resistance, developmental, and environmental), which can singly or in com-
bination converge to initiate step 1, B-cell sensitization (box 1). Thus, from myriad etiologies there is one major pathway to B-cell death,
apoptosis. In box 1, the ER space is depicted where the sensitization step of excessive proinsulin synthesis sensitizes B-cells to damage,
e.g., from compensatory insulin secretion or common or rare gene variants, and each person has a relatively unique gene chip. This step 1
sensitization chip represents the composite genetic outcomes from different organs, tissues, and cells leading directly or indirectly to
increased proinsulin synthesis. However the B-cell organ is inherently fragile (text above box 1) due to small size, low threshold for proin-
sulin synthesis to create sensitization, and a relative lack of regenerative capacity. In box 2, despite myriad etiologies and inherent fragility,
the adaptive UPR machine (step 2) leads to sensing and degradation of excessive amounts of unfolded proinsulin in the healthy ER (green
arrows) mediated by regulatory ER membrane-resident proteins (blue, purple, and red structures on edges of box 2; see the text for
details), and robust gene variants (blue arrow to lower ER edge of box 2). However, if the individual is genetically fragile (step 2, blue arrow
to upper ER edge of box 2; see the text for details) or environmentally impaired (step 3), adaptive fragility results in the terminal UPR, lead-
ing to cell death and BCOF (box 2, red arrows). These composite genetic events at this level are represented by the adaptation chip and
modulated by step 3, environmental factors. The functional outcome of an individual’s sensitization and adaptation chips to given environ-
mental exposures results in highly variable phenotypes, be they normal glucose homeostasis or, more commonly, degrees of BCOD —the
dysglycemic continuum.

follows that the -cell organ paradigm can be used to bet-
ter define lower glucose thresholds for disease prevention
(Supplementary Material, part 1, recommendations).

T1D and BCOD/F

Recent reviews highlight the need for reassessing the
pathophysiology of T1D (19-23). The BCOD/F paradigm
we propose reflects a broader drive for earlier T1D

diagnosis and treatment (24,25). Multiple autoantibody-
positive children without diabetes (relatives of T1D
patients) can have a detrimental Index60 >1, “normal”
glucose tolerance, yet 61% progress to T1D in 5 years
(22), suggesting early to moderate BCOF due to B-cell
loss, similar to the case for pre-T2D (Fig. 1A and B). Fur-
ther, older children and adults without T1D, but at risk
for T1D, can have limited and patchy, not generalized,

Normal [sub Prediabetes T2D/T1D
- Clinical 100
Prediabetes
130 -
Fasting = Prcel
Glucose =] ® |50 Mass
(mg/dL) 110 o s of
ol @ Normal)
m O O O 0
9% ° 0 o 00O [ |
°
||
oT1D -7 -2
oT2D - 13 -2

Time (years)

Figure 3—Diabetes progression is similar during the seven years prior to T1D or 13 years prior to T2D, as depicted by “normal,” but
slightly increasing, fasting glucose levels up to 1 to 2 years prior to diabetes onset. Both disorders have a rapid escalation of glucose levels
during the 1 to 2 years prior to disease onset. The mean age for T1D progressors >5 years was 15 years at baseline. Colored squares indi-
cate various periods before and after T2D, colored circles indicate periods before and after T1D, and black squares indicate data for g-cell
mass estimates. The red line depicts the estimated, conceptual threshold level of -cell mass below which lifestyle and tablets no longer
suffice for treatment, i.e., exogenous insulin requiring.
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islet inflammation, so-called vitiligo of the islets, not dis-
similar to adults with new-onset or established T2D
(26-28). Thus, both T1D and T2D cases can show similar
metabolic changes, even islet inflammation and circulating
B-cell-specific T cells, notably in adults with T1D in whom
islet infiltrates can be similar to those of some T2D sub-
jects in whom islet CD68* macrophages predominate
(28,29). In contrast, T1D children <7 years old are differ-
ent, with comparatively rapid loss of 3-cell function, often
with multiple autoantibodies and islet infiltrates showing
larger numbers of infiltrating B-cells and CD8* T cells
(27).

Functional

T1D B-cell content studies cannot be linked to defined
earlier dysglycemias. However, autoantibody-positive chil-
dren and adults without diabetes can have early glucose
and insulin secretory abnormalities, similar to those in

T2D (Fig. 3) (22,23).

Histological
To test the validity of B-cell content vis-a-vis autoimmu-
nity, we identified five relevant studies (n = 387 subjects)
(Table 1 and Supplementary Material, part 1), each with
comparable results; here, we focus on two of them illus-
trating the potential of deep data mining (26,30). Our
conclusions, after recalculating published data, are that
single-autoantibody-positive subjects without diabetes
>20 years old show substantial 30-50% reductions in
B-cell content versus autoantibody-negative control sub-
jects (Fig. 1B, upper orange circle, and Supplementary
Material, part 2). Moreover, the 1- or 2-h OGTT is compa-
rable to autoantibody positivity in detecting subclinical
prediabetes in adults at T1D risk with early to moderate
BCOF (Fig. 1B, upper orange circle). There is ~95% (-cell
content reduction in long-standing T1D (Fig. 1B, red cir-
cle). Further, and to be confirmed, we found apparent
similarities of pre-T1D and T2D in (-cell content (Fig. 1B,
upper orange), neogenesis, and apoptosis, emphasizing
the potential of defining BCOD before BCOF irrespective
of the clinical status. Additionally, four B-cell content
studies showed >90% B-cell content loss in adult T1D,
and additionally with evidence of proliferation in children
and neogenesis in adults, likely explaining residual,
though low, C-peptide values. Further, apoptosis was
described in 2 of 3 studies, with the caveat that the single
negative study only examined islet B-cells rather than
including isolated and periductal B-cell clusters of one to
three cells (Table 1) (31). Of note, enhanced HIFla/
PFKFB3 signaling with reduced B-cell apoptotic rates, as
observed in T1D organ donors, could explain lower but
demonstrable apoptosis (32). Thus, using multiple pan-
creas sources and methodologies, cases of T1D with
BCOF show B-cell content loss, cell death, and limited
regeneration (Supplementary Material, part 3).

The BCOD/F paradigm we describe is in line with the
striking similarities among T1D and T2D (Fig. 1A and B). By
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determining minimal dysglycemia, intervention aimed at
diabetes prevention in both conditions could start earlier.
Functional screening and follow-up studies of early BCOD
are relatively easy to perform, whereas diagnostics and treat-
ments become more complicated later (Supplementary
Material, part 1, recommendations) (1). As investigators
focus on earlier dysglycemia, these concepts can be con-
firmed, refuted, or refined.

Compensatory Proinsulin Synthesis and Insulin
Secretion

Although extensively described for T2D, especially during
insulin resistance (33), we posit that T1D-related BCOD
also follows periods of compensatory, excessive proinsulin
synthesis, as suggested by both rodent and human studies.
After extensive human pancreatectomy, remaining normal
B-cells increase both proinsulin synthesis and insulin secre-
tion to compensate for hyperglycemia antedating subse-
quent BCOF and insulin requiring T1D due to severe (3-cell
loss. The BB rat T1D model also reveals diabetes-prone
(prediabetes) animals, before immune-mediated spontane-
ous diabetes onset, with mild hyperglycemia, yet we noted
in vitro—perifused, isolated noninflamed or inflamed islets,
both showing substantially elevated, biphasic glucose-stimu-
lated insulin secretion, consistent with compensatory insu-
lin production and secretion in vivo (34). Imaging mass
cytometry data from human B-cells (35) and prospective
studies show progressively increasing fasting C-peptide val-
ues in autoantibody-positive children without diabetes dur-
ing the 5 years before T1D, both demonstrating changes
consistent with B-cell compensation (23).

The B-cell organ paradigm provides a potential func-
tional explanation for T1D remissions, which mirror those
observations described above for T2D. If new-onset T1D
subjects are treated for 1 month with intensive insulin in
an observational trial, there is a likely reduction of com-
pensatory proinsulin production (Fig. 2, box 1). We found
that this strategy is associated with improved (-cell func-
tion after termination of exogenous insulin using only sul-
fonylurea treatment, which, in 54% of subjects, resulted in
insulin-free remissions, whereas without sulfonylurea 22%
went into remission (Fig. 1C, blue arrows) (36). By impli-
cation, a certain resilience of the B-cell organ exists, likely
due to the degree of B-cell content (Fig. 3). B-Cell apopto-
sis/regeneration (neogenesis) dynamics will be crucial to
better understand such B-cell compensation in both T2D
and T1D (Supplementary Material, part 3).

Summary

There is a potential to identify both T2D and T1D at
stages well before the onset of currently recognized clini-
cal disease. Even T1D guidelines under discussion for ear-
lier intervention may not optimize the best time for
intervention (24,25). The aim of preventive strategies
should be to preserve B-cell mass and, therefore, function.
We then considered molecular mechanisms associated with
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BCOD/F and whether they showed similarities between
T2D and T1D.

MOLECULAR PATHOLOGY

Comprehensive reviews describe stressed (-cell character-
istics, including compensatory insulin secretion impacting
the UPR, apoptosis, and organ failure by increased proin-
sulin synthesis (37,38). B-Cell death involves multiple
intracellular organelles in integrated stress responses. We
restrict our focus here to pathways primarily related to
the ER and apoptotic cell death and for those less related
to the ER, e.g, immunogenic cell death and emerging
forms of B-cell death (refer to Supplementary Material,
part 4). Molecular mechanisms during reduced B-cell
function in both T2D and T1D indicate that excessive
proinsulin production results in ER stress attempting to
maintain fuel-related metabolic homeostasis. Virtually all
pathways leading to diabetes converge at the ER. B-Cell
characteristics associated with increased proinsulin syn-
thesis include three tumblers, namely, tumbler 1, sensitiza-
tion and compensatory insulin secretion; tumbler 2, ER
stress and the UPR; and tumbler 3, apoptotic alterations
resulting in individual B-cell death. In addition, and largely
unrealized, the B-cell organ is inherently fragile due to very
small organ mass, normally functioning at a critically high
level and having minimal regenerative properties. Thus,
when proinsulin synthesis approaches or exceeds maximal
capacity, it can create sufficient ER stress to induce B-cell
death and organ failure (BCOF). By implication, limiting ER
stress earlier could be beneficial in virtually all forms of
diabetes.

Tumbler 1: B-Cell Sensitization and Compensatory
Insulin Secretion

The NODk nonimmune mouse model uses the Ins2 gene
promotor-driven hen egg lysozyme (HEL) transgene’s
product to create B-cell sensitization, the first tumbler in
the active ER process (Fig. 2, box 1). Hence, HEL is exces-
sively expressed in the ER, simulating excess proinsulin
production and subclinically sensitizing B-cells to ER
stress and limited apoptosis without causing clinical dia-
betes (39). From these observations, we derived the clini-
cally relevant conceptual bridge linking myriad initiating
pathways of BCOD to converge at the ER (Fig. 2, thin
blue arrows on left, and box 1). In effect, this process
could create BCOF by reducing (-cell mass, which itself
creates a new cycle of proinsulin demands affecting
remaining healthy B-cells, i.e., compensatory proinsulin
production, as identified in human imaging mass cytome-
try (35,40), pre-T1D (23,41), and T2D (33).

Explaining the sensitization event at the molecular
level, rare human cases, i.e., INS gene mutation-induced
diabetes of youth (MIDY), illustrate that the sensitization
tumbler alone is sufficient to generate both apoptosis and
diabetes (42). An analogous process is seen in the Akita
mouse, which has a proinsulin cysteine mutation leading
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to proinsulin misfolding, aggregation, excessive oxidation
due to futile oxidative folding, and progressive B-cell loss
(38,43). Thus, a single-allele mutation not only distorts
the mutant molecule, but it also binds to and affects fold-
ing, aggregation, trafficking, and secretion of wild-type
proinsulin molecules. It follows that when wild-type pro-
insulin is produced in excess in normal human {-cells
(~20% misfolding), as observed with compensatory pro-
insulin synthesis, the excess misfolded proinsulin can lead
to increased aggregation and oxidation qualitatively simi-
lar to that in MIDY.

Importantly, given the role of genetic and nongenetic
factors in the origins of human diabetes, the nonimmune
NODk sensitization model also requires genetic and/or
environmental enhancers to create clinical diabetes via
B-cell apoptosis. Remarkably, using genetic inbreeding of
HEL sensitized mice (39), one of three transgene (HEL)-
inducible diabetes-associated genes was Glis3, implicated
in human T1D and T2D. The Glis3 gene product is a tran-
scription factor that mediates the antiapoptotic adaptive
response by upregulation of Manf, enhancing the adaptive
UPR, making it more robust (Fig. 2, box 2, green arrows).
Loss of function of just one Glis3 allele limits Manf upre-
gulation, resulting in greater fragility of the B-cell adap-
tive step, leading to apoptosis and diabetes (Fig. 2, box 2,
red arrows and BCOF). Human T2D islets share some of
these abnormalities (39). Finally, increasing dietary palmi-
tate in this NODk model can also result in diabetes, link-
ing sensitization to environmental factors that are
clinically important in humans (Fig. 2) (39,44).

Tumbler 2: ER Stress in 3-Cells

Molecular processes involving common and disease-related
genetic variants focus attention on the B-cell organ’s
mechanical and regulatory features that likely determine
whether the stressed B-cell can survive. We posit that myr-
iad pathways leading to diabetes converge at the B-cell ER
(Fig. 2, thin blue arrows on left). Supporting such conver-
gence, both rodent studies and clinical trials have targeted
multiple ER molecular mechanisms (38,45,46). Increased
proinsulin synthetic demands (Fig. 2, box 1) can create ER
stress activating UPR adaptation (Fig. 2, box 2, green
arrows). It follows that ER regulatory proteins, including
the PKR-like ER kinase (PERK), ATF6«, IREa, and other
ER proteins regulating luminal calcium levels all assist UPR
adaption and can limit ER stress and the risk of apoptosis
(Fig. 2, box 2, colored structures on edges). These regula-
tory proteins are responsible for enlarging ER physical
capacity through increasing lipid membrane synthesis,
reducing protein synthetic demands (including proinsulin
synthesis), and creating more chaperone proteins, thereby
improving UPR efficiency. Also determining UPR efficiency
are a variety of genes having common, diabetes-associated
variants that can enhance (Fig. 2, box 2, robust variants)
or reduce (Fig. 2, box 2, fragile variants) adaptive UPR effi-
ciency (see below). Emphasizing this complexity is the
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artist’s pallet analogy, which provides the genetic architec-
ture illustrating the fine resolution within the sensitization
and adaptation gene variant chips in Fig. 2 (47).

If the B-cells as an organ are healthy, then normal func-
tion can be restored. On the other hand, if the B-cell
machine is too fragile and/or the demands are great, the
insulin secretory pool may decrease. Nevertheless, these
dysfunctional and potentially dysglycemic processes can be
reversible if the adaptive UPR succeeds in preventing the
B-cell ER machine from entering the terminal UPR (Fig. 2,
box 2, red arrows). 3-Cell dysfunction and dysglycemia can
also be rescued by treatments including reducing proinsulin
synthetic demands at both the cellular and organ levels
(Fig. 1C, green and blue arrows). From a practical point of
view, the earlier the dysfunction is diagnosed, the more
effective prevention is likely to be, given that it is the over-
all B-cell organ that defines islet secretory function, itself
an integrated composite of heterogeneity in intraindividual
[B-cell function and interindividual B-cell mass.

Tumbler 3: B-Cell Death

However, if adaptation fails, then the terminal UPR
occurs, leading to proapoptotic responses and cell death
(Fig. 2, box 2, red arrows). When sufficiently severe, clini-
cal BCOF would develop in both common forms of diabe-
tes. A genetically determined, robust UPR helps sustain
insulin secretion in healthy individuals. One of the above-
described regulatory proteins, IREa, having a role in the
human adaptive UPR, also ironically mediates the termi-
nal UPR through higher levels of autophosphorylation
and oligomeric mechanisms during excessive ER stress.
These adverse circumstances, e.g., excess proinsulin synthe-
sis and allosterically modulated ER regulatory proteins, can
create fragile B-cells and deviate antiapoptotic properties to
proapoptotic changes, resulting in ER maladaptation,
BCOD, and, ultimately, B-cell death, which, if sufficiently
severe and widespread, can cause BCOF (Fig. 2, box 2, red
arrows, and {3-cell apoptosis box).

Additionally, B-cell stressors, including H,O,, palmi-
tate, and cytokines (interleukin-1@, tumor necrosis fac-
tor-a, and interferon-y) can cause ER calcium depletion,
thereby linking ER calcium levels to both genetic and
environmental mechanisms of human apoptosis and
BCOD/F (39,46,48). Further, cytokines can mediate both
apoptotic and immunogenic B-cell death in that they can
alter B-cell prohormone processing and upregulate B-cell
HLA class I and II proteins (46,49-52). In T1D, cytokines
mediate human [-cell death by increasing transcripts
associated with induced regulatory elements (IRE) (50).
To understand the function of one common T1D gene
variant, cytokines can stimulate the human islet IRE
enhancer region of TNFSF18, while the G allele of variant
rs78037977 disrupts IRE activation, likely explaining its
association with reduced T1D risk (odds ratio 0.78). On
the other hand, T2D common risk variants overlap stable
regulatory elements in these cytokine-inducible enhancer
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regions. Further, proinflammatory cytokines (intereleukin-
1B and interferon-y) elicit activation of cis-regulatory ele-
ment enhancers in human B-cells. Finally, B-cell IRE
enhancers are activated after cytokine exposure, consistent
with a stimulus response to protect the B-cell (50). Thus,
several lines of evidence associate diabetes-related genetic
variants with human B-cell function, survival, or death.
Such molecular genetic processes focus attention on the
B-cell organ’s mechanical and regulatory environment,
which, taken in the round, could have a role in both disease
induction and disease prevention.

Importantly, at least two related mechanisms can deter-
mine B-cell death, apoptotic, also called homeostatic, physi-
ologic, or tolerogenic apoptosis, occurring in the B-cell as
described above, and immunogenic, or immune-mediated
cytotoxicity from outside the B-cell. These processes involve
phagocytic mechanisms after apoptosis occurs, as well
described in cancer (53) and, to a lesser extent, in T1D, as
detailed in Supplementary Material, part 4 (54).

Evidence Linking BCOD/F With Human B-Cell
Apoptosis

Evidence from autopsy, surgical, and organ donor speci-
mens document 3-cell apoptosis in BCOD/F in both T2D
and T1D (Table 1). Further, apoptotic-related gene var-
iants include common GLIS3 variants in both T1D and
T2D plus low-frequency, high-impact variants causing neo-
natal diabetes (4). GLIS3 variants may result in gain or
loss of function, potentially enabling more robust or more
fragile ER adaptation responses, respectively (4,44,55). Low-
frequency, high-impact WFS1 variants are also related to
apoptosis in both T2D and T1D (4,56). T2D risk is reduced
by two common, low-impact WFS1 variants (57), while that
risk is increased by a common, low-impact SPRY2 apoptotic
variant (4). Apoptotic events are also implicated by tran-
scriptomic data in a human 3-cell line, in that knockdown
of a long noncoding RNA (IncRNA) (HI-LNC25) results in
decreased GLIS3 transcription, potentially enabling apopto-
sis, and this same IncRNA is also reduced in islets from T2D
(58). Further, increased proinsulin production alone can
cause diabetes, as evidenced by the human apoptotic proto-
type, the Akita mouse mutation, itself analogous to the INS
gene mutation in MIDY (42). Further, ER dysfunction is
critical to the human Wolcott-Rallison syndrome, which is
caused by rare mutations in PERK, a key regulator of the
UPR (46,59), while Wolfram 1 and 2 dysglycemic syndromes
emphasize the important role of ER calcium and redox
homeostasis in human 3-cell apoptosis (48,56,57). Finally, a
recent study has evaluated whole pancreatic apoptotic tran-
scripts from organ donor control subjects, autoantibody-pos-
itive individuals without diabetes, and T1D and T2D
subjects (41). Transcripts of genes associated with mono-
genic forms of diabetes caused by nonredundant single-gene
mutations included elevated EIF2AK3 (PERK transcript) pan-
creatic transcripts across the spectrum of disorders as well
as changes in pre-T1D before dysglycemia. Interrogating
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apoptotic integrated stress response genes identified tran-
scripts associated with both T1D and autoantibody-positive
subjects without diabetes in these heterogeneous cell popu-
lations. Using routine antibody immunofluorescence studies
coupled with in situ hybridization, the study related these
pancreatic transcripts to pancreatic exocrine and islet tis-
sues, illustrating how disease-associated pancreatic apopto-
tic transcripts can be common to clinical heterogeneity.

Summary

To gain novel mechanistic insights into BCOD/F and the
potential reversal of B-cell dysfunction, we linked apoptosis
to both altered expression of human gene variants and dys-
glycemic disorders associated with these variants, as well as
with B-cell content loss. These proposed convergent path-
ways of sensitization and adaptation gene responses and
gene variants (Fig. 2, sensitization and adaptation chips)
form a composite to B-cell function (Fig. 2). Such integrated
responses are further modulated by the environment, which
together determine an individual's position on the BCOD/F
curves of Fig. 1A and B. Appreciating the importance of
these converging ER pathways in diabetes has led to studies
to identify novel treatments. Critical to the success of such
drugs, clinical thresholds need to be redefined so that inter-
ventions can be initiated at the earliest stage.

GENETIC IMPLICATIONS

Genetic and epigenetic studies, as described above, extend
and strengthen the proposal that the earlier introduction
of therapy can reverse BCOD or limit BCOF. In this sec-
tion, we continue to emphasize common features of T2D
and T1D while appreciating the pressing clinical impera-
tive to identify distinct heterogeneity between and within

them both.

Clinical and Genetic Features Common to T2D and T1D
Common clinical features of diabetes, irrespective of its
causes, include slowly progressive deterioration of fasting
glucose levels (Fig. 3) and altered protein and lipid glyca-
tion, each leading to both macrovascular and microvascu-
lar complications. Indeed, the existence of metabolic
memory for macrovascular diseases in diabetes is predi-
cated on earlier diagnosis and treatment in both T2D and
T1D (60,61). As set out in this Perspective, we identify
common features that could be targets for earlier disease
prevention or modification, specifically age (Fig. 4), obe-
sity (Supplementary Material, part 5), and T2D gene var-
iants linked to T1D (see HYPOTHESIS section).

Age at Diabetes Onset

In both T2D and T1D, the genetic risk load impacts age
at onset in the context of growth. The earlier the diagno-
sis, the greater the genetic load. Certainly, in young-onset
(<7 years of age) T1D the concordance rate between iden-
tical twins, the risk of HLA DR3 and DR4 heterozygosity,
the association with both MHC class I and class II genes,
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and the Gene Risk Score are all much greater than those
in adult-onset disease (19,52,62-64). Further, maturity-
onset diabetes of the young (MODY) and common T2D
gene variants are associated with (3-cell growth and devel-
opment (NEUROG3, HNF1B, NKX2.2, GLIS3, etc.), envi-
ronmental effects (TCF7L2), and B-cell survival (CDKN2A/B,
GLIS3, BCL11A, and WFS1) and primarily operate before full
B-cell mass is achieved (4,65,66). That reduced mass may
account, in part, for at-risk children having a more rapid
progression to clinical diabetes (Fig. 4 and Table 2). Recog-
nizing that there is substantial variability in B-cell mass in
normal children renders comparisons of B-cell mass esti-
mates difficult in children with diabetes (26,31). Compared
with older-onset T1D, children diagnosed before age 7 years
also have an increased frequency of 6 non-HLA alleles
found either specifically in B-cells (GLIS3), likely involved
in T-cell function (IL2RA, IL10, IKZF3, and THEMIS), thy-
mus (THEMIS), B-cell development/functions (IKZF3 and
IL10), or both immune cells and B-cells (CTSH) (67).
Finally, in those 2 months before and after birth, an apo-
ptosis wave, followed by replication, replenishes B-cells.
This apoptosis event could create immune events in those
with appropriate gene variants, explaining the very early
onset of T1D autoantibody positivity (Supplementary
Material, part 4).

High T1D risk is characterized by a cluster of risk fac-
tors, each predictive of T1D yet complementary in that,
taken together, they create a high risk of disease progres-
sion. These factors include genetic risk variants; age, espe-
cially when <7 years; metabolic changes, e.g., altered
Index60 >1; and immune alterations, e.g., multiple auto-
antibodies (Fig. 4), as well as nongenetic risk, including
stochastic and epigenetic effects (19,22,27). By implica-
tion, any one of these factors may predict diabetes, but
taken in isolation they carry less disease risk and, in some
cases, that risk is negligible, e.g., common genetic risk var-
iants. Since PB-cell loss is less severe in T1D with
increasing age at diagnosis, it follows that autoim-
mune diabetes in adults may be metabolically nearly
indistinguishable from T2D (28,29). Moreover, as we
have shown, only a fraction of T1D adults with genetic
risk ever develop the disease; witness low T1D concor-
dance rates even in cotwins of T1D adult-onset mono-
zygotic twins (68). By implication, in adult-onset T1D,
the nongenetic effect must be substantial, potentially
due to environmental, epigenetic, and/or stochastic
events, e.g., even identical twins show random intrin-
sic gene penetrance affecting different MHC suscepti-
bility genes (69).

Hypothesis

We postulate that pathways initially leading to T1D in our
BCOD/F paradigm can involve, in part, T2D-associated
and/or BMI-associated common gene variants in the con-
text of nongenetic events. Supporting this concept are:
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Figure 4—Clustering acute BCOF is illustrated using B-cell mass (y-axis)
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jects without diabetes (black dots +1 SD, green curve; references 26 and 31; see the main text). For those with diabetes, black dots near
the x-axis (except for the black dot in the square box; see the main text) are derived from the main text. Various phenotypic biomarkers
used to cluster cases are derived from references in the main text. Other colored lines indicate possible courses to massive B-cell content
loss, with stylized dashed lines due to little information. These clinical severity clusters below match the color codes in the figure and sug-

gest more careful attention addressing population screening, especially
recommendations).

in young children (Table 2 and Supplementary Material, part 1,

1. Initial T1D B-cell apoptosis is followed by antigen expo-
sure and recognition via immunogenic phagocytosis and
presentation to the genetically predisposed immune sys-
tem (e.g., HLA) to create an autoimmune response
(Supplementary Material, part 4) (20,46).

. Some 19 of 94 common T2D gene variants, e.g,
TCF7L2, GLIS3, and WFS1, are linked to T1D, while both
T1D and T2D common risk variants are linked to tran-
scription factors causing MODY, many potentially initiat-
ing apoptosis (65,66,70). Given that 60-80% of children
will have T2D gene variants, as inferred in the Epidemiol-
ogy section, there is likely a cumulative effect of com-
mon, low-impact, coding and noncoding gene variants
associated with both T1D and T2D, as described in
human embryonic and adult tissues (46,65,66). For
example, risk variants custer in regulatory DNA regions,
which are recognition sites for each of several MODY
transcription factors (HNF4A, etc.) affecting B-cell devel-
opment and function. In this way, the impact of com-
mon or low-frequency MODY coding variants could be
amplified by common, noncoding gene variants clustered
in regulatory regions.

. Consistent with nonautoimmune initiation of T1D,
both subjects with MODY and subjects with gestational
diabetes mellitus, during growth phases, with common

detrimental HLA haplotypes or other T1D risk variants,
can first develop apoptotic and then immune forms of
cell death associated with autoantibodies secondary to
nonimmunogenic MODY mutations. Early apoptotic
cell death near puberty or during gestation could lead
to clinical phenotypes similar to autoimmune diabetes,
even mistaken for T1D (71,72).

. T2D risk variants of TCF7L2 are associated with accel-

erated conversion from single (insulin autoantibody or
IA-2 antigen) to multiple autoantibodies in the context
of increased BMI in children, thereby increasing T1D
risk (Supplementary Material, part 5) (73).

. Given that higher-impact but common T2D risk variants,

e.g., TCF7L2 and GLIS3, associate with T1D, we may be
underestimating lower-impact, common T2D gene vari-
ant risk loads in T1D GWAS cohorts, which are of much
smaller size (62,70).

. Both T1D and T2D are associated with increased proin-

sulin levels, in excess of C-peptide, notably in individu-
als with T1D aged <7 years at diagnosis and associated
with evidence of aberrant proinsulin processing (63,74).

. Both T1D and T2D have a slowly progressing disease

process with mildly elevated glucose levels until ~2 years
prior to disease onset, when both disorders show more
marked glycemic deterioration (Fig. 3 and Supplementary

Table 2—Clusters for childhood, adolescent, and adult T1D and adolescent T2D

Adolescent T2D Adolescent and adult T1D

Parameter Early childhood T1D Adolescent T1D
Clinical result Very severe Severe
Genes

HLA Class | and 1+ + I and I+

Gene Risk Score High++ High+

Variants Some T2D Some T2D
Insulitis SR Eh ++
AutoAB Multiple Single/multiple
Environment Viral? BMI Viral? BMI

Immunogenotype Proinsulin-DR4

Severe Less severe
Nil 1 &Il
Nil +
T2D Some T2D
+ +
Nil Single/multiple
Puberty Viral? BMI
GAD-DR3

Plus signs indicate relative magnitude.
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Material, part 6) (15,23,75). For T1D, adult deaths from
diabetic ketoacidosis, ~800 in the U.S. in 2017, empha-
size the importance of earlier diagnosis and prevention
(76,77).

Summary

By understanding what is common to BCOD/F in T2D
and T1D, we can better appreciate what features are dis-
tinct. Diabetes risk is a continuum, much as blood glu-
cose, insulin secretion, and glucose disposition are
continua. The nature of both T2D and T1D will depend
on environmental insults and nongenetic effects, attained
B-cell mass, cumulative T2D and T1D coding and noncod-
ing gene variants, and developmental factors, including
growth and pregnancy, autoimmunity, and BMI. However,
irrespective of the disease origins and pathogenesis, cen-
tral to the nature of dysglycemia is inappropriate insulin
secretion from remaining viable B-cells, consequent (3-cell
ER stress, the UPR, and, eventually, 3-cell attrition.

CONCLUSIONS

This Perspective has attempted to interpret recent T2D
and T1D research, highlighting features common to both.
Thus, 60-80% of the general population has diabetes-
related common gene variants. Low-impact but common
gene variants can behave cumulatively, resulting in broad
phenotypic alterations. Additionally, some gene variants
influence trans-acting transcription factors, which can
amplify their effects by binding to enormous numbers of
distant DNA targets, creating distinct transcriptomic phe-
notypes. Critically related to these observations are phe-
notypes of reversibly reduced BCOD and irreversible
BCOF, both occurring much earlier than previously recog-
nized. By inference, earlier approaches might prevent or
modulate these clinical phenotypes. Moreover, although
T2D and T1D show many similarities mechanistically,
there are important differences that can be leveraged for
earlier screening, diagnosis, and prevention to protect
B-cell mass. Finally, integrating the four pillars we outline
into clinical phenotypes could also be valuable for earlier
diagnosis and prevention (Supplementary Material, part 6).
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