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ABSTRACT OF THE DISSERTATION
Exploring B-cell function and heterogeneity in obese SM/J mice
by
Mario Miranda
Doctor of Philosophy in Biology and Biomedical Sciences
Developmental, Regenerative, and Stem Cell Biology
Washington University in St. Louis, 2021

Heather A. Lawson, Chair

Pancreatic B-cells perform glucose-stimulated insulin secretion, a process required to
maintain systemic glucose homeostasis. Obesity promotes glycemic and inflammatory stress,
causing B-cell death and dysfunction, resulting in diabetes. Efforts to improve p-cell function in
obesity have been hampered by observations that B-cells are highly heterogeneous, varying in
morphology, function, and gene expression. There is great need to understand the breadth of p-
cell heterogeneity in health and obesity to improve diabetic therapies.

High fat-fed SM/J mice spontaneously transition from hyperglycemic-obese to
normoglycemic-obese with age, providing a unique opportunity to study p-cell adaptation. Here,
we show that as they resolve hyperglycemia, obese SM/J mice dramatically increase circulating
and pancreatic insulin levels while improving insulin sensitivity. Immunostaining of pancreatic
sections reveals that obese SM/J mice selectively increase p-cell mass but not a-cell mass.
Functional assessment of isolated islets reveals that obese SM/J mice increase glucose stimulated
insulin secretion, decrease basal insulin secretion, and increase islet insulin content. Next, we

integrate pancreatic islet single cell and bulk RNA sequencing data to identify p-cell

vii



subpopulations based on gene expression and characterize genetic networks associated with -
cell function in obese SM/J mice. We assign roles to 4 B-cell subpopulations, whose
composition is influenced by age, sex, and diet. Network analysis identified fatty acid
metabolism and B-cell physiology gene expression modules associated with the hyperglycemic-
obese state. We identify subtype-specific expression of Pdyn and Faml5la as candidate
regulators of B-cell function in obesity. These results establish that improved B-cell function
underlies the resolution of hyperglycemia, which may be driven by changes in subpopulation

structure and decreased fatty acid metabolism.
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Chapter 1: Introduction

By

Mario A Miranda, Juan F Macias-Velasco, Heather A Lawson

Adapted for dissertation from the published manuscript:

Miranda MA, Macias-Velasco JF, Lawson HA. Pancreatic $-cell heterogeneity in health and
diabetes: Classes, Sources, and Subtypes. American Journal of Physiology - Endocrinology and
Metabolism. 2021 Apr 1;320(4):E716-E731. PMID: 33586491



1.1 Overview

Pancreatic B-cells perform glucose-stimulated insulin secretion, a process at the center of type 2
diabetes etiology. Efforts to understand how B-cells behave in healthy and stressful conditions
have revealed a wide degree of morphological, functional, and transcriptional heterogeneity.
Sources of heterogeneity include p-cell topography, developmental origin, maturation state, and
stress response. Advances in sequencing and imaging technologies have led to the identification
of B-cell subtypes, which play distinct roles in the islet niche. This chapter reviews p-cell
heterogeneity from morphological, functional, and transcriptional perspectives, and considers the
relevance of topology, maturation, development, and stress response. It also discusses how these
factors have been used to identify B-cell subtypes, and how heterogeneity is impacted by
diabetes. We examine open questions in the field and discuss recent technological innovations

that could advance understanding of B-cell heterogeneity in health and disease.

1.2 Heterogeneity in B-cells, a need for greater understanding

Pancreatic islet p-cells are optimized to secrete insulin, a process critical for maintaining
appropriate blood glucose concentration. This requires coordination of glucose sensing and
metabolism, ATP production via oxidative phosphorylation, insulin biosynthesis, and [Ca2+]-
dependent insulin release®. In type 2 diabetes, peripheral insulin resistance promotes initial B-cell
expansion, but ultimately results in B-cell death and dysfunction’*. Therapies include
Metformin, sulfonylureas, and injection of exogenous insulin, which do not improve long-term
B-cell function, and have been associated with weight gain, cancer, and hypoglycemic events®”’.
Current research strategies include ameliorating disrupted B-cell signaling pathways, removing

dysfunctional B-cells, and improving the B-cell microenvironment®22. Triggering P-cell



neogenesis, transdifferentiation of other cell types, and inducing B-cell replication are also being
explored®16. Many of the therapeutic agents that improve p-cell function are in various stages of
development’. These strategies require understanding the physiological mechanisms controlling

B-cell function and are complicated by observations that not all B-cells are alike.

Cell sorting, imaging, and sequencing technologies have allowed for analysis of multiple
B-cell properties, revealing that B-cells vary in morphology, function, and gene expression.
Drivers of heterogeneity include B-cell topography, developmental origin, maturation state, and
stress respons!®2?!, Several groups have proposed that distinct p-cell subtypes exist, and play
unique roles within the islet??2%. The importance of heterogeneity is reinforced by observations
that PB-cells are subject to variable fates in diabetes including apoptosis, replication, and
dedifferentiation®2%-28, Characterization of B-cell heterogeneity has led to questions about its role
in diabetic etiology and therapy?. This review examines current understanding of the breadth
and sources of B-cell heterogeneity and its relevance to diabetes. Examining heterogeneity lends
itself to questions about the applications and limitations of B-cell plasticity, which can focus

research aimed at improving B-cell function.

1.3 B-cells are morphologically and functionally heterogeneous

Histological assessment of the pancreatic islets show B-cells vary in basic morphology,
including larger cells with large nuclei that localize near the islet center®®3!, Increased nuclear
size is attributed to polyploidy; B-cells are the only endocrine cell type observed in tetra- and
octoploid states®?. The cause of polyploidy in B-cells is linked to metabolic stress, as mean
nuclear size and incidence of polyploidy increase in diabetes®?2°. B-cells exhibit morphological

variation in other organelles, with central B-cells exhibiting enlarged endoplasmic reticulum (ER)
3



and Golgi apparatuses following short glucose exposure®®. Other features that distinguish central
from peripheral B-cells include mitochondrial morphology, number of insulin granules, and
number of cell-cell contacts®#*"%, Most B-cells exhibit polarity, consisting of an apical face
where primary cilia project into extracellular space, a lateral face where glucose uptake and
insulin secretion occur, and a basal face connected to vasculature, forming a rosette-like structure
around capillaries** 4. Further, p-cells with atypical cellular organization have also been
identified, including nonpolar cells and cells with apical mMRNA localization®#°, B-cells display
observable cell cycle variability, with <0.5% of adult human B-cells and 2% of adult mouse -
cells displaying markers of mitosis*#’. This replication rate is increased in obesity, pregnancy,
and with glucocorticoids*->!. Clearly, p-cells vary in basic cellular features, and experiments

reveal that B-cell function is equally diverse.

Glucose-stimulated insulin secretion has been characterized in depth®*™°. Glucose is
converted to pyruvate through glycolysis initiated by glucokinase (Gck), then promotes ATP
production through the Citric Acid Cycle and oxidative phosphorylation, which triggers
membrane depolarization and [Ca?']-dependent insulin release. Fluorescence-activated cell
sorting (FACS) based on metabolic activity of individual B-cells using NADPH autofluorescence
revealed 25% of rat B-cells do not increase activity in high (20mM) glucose conditions®. A
follow-up study examined metabolic responders and non-responders at 7.5mM glucose®’.
Responders enter first phase insulin secretion at lower glucose concentration and secrete more
insulin, despite having similar insulin stores. This is attributed to preferential secretion of newly
synthesized insulin over stored insulin and is supported by work showing insulin biosynthesis is

stimulated by glucose and that responsive cells are enriched for proinsulin-rich granules®>°.



Thus, glucose sensitive cells produce and release mature insulin granules rapidly, resulting in
elevated proinsulin/insulin ratio. Dispersed human B-cells display variation in insulin secretion,
with 20% of cells secreting 70-90% of insulin®®®?, Sorting B-cells based on metabolic activity at
16.7 mM glucose revealed metabolically responsive B-cells are larger in size®2. Controlling for
cell size shows metabolically active and inactive cells secrete similar amounts of insulin. Thus,
insulin secretion is influenced by cell size, linking B-cell morphology and insulin secretion. This
evidence was corroborated by observations that larger, central B-cells degranulate faster than
peripheral cells in vivo in response to hyperglycemic conditions®. Observations that insulin
secretion varies between B-cells has been confirmed by a variety of techniques including patch-

clamp measurements and 3D imaging®®%°.

Glucose sensitivity is associated with higher expression of glycolytic and protein
biosynthesis genes and correlates with the glucose phosphorylation activity of Gck®:67,
Treatment with glyceraldehyde bypasses glucose phosphorylation to induce metabolic activity in
glucose-unresponsive cells at low glucose concentrations but cannot exceed maximum glucose-
induced insulin biosynthesis, suggesting Gck activity is the rate limiting step in insulin synthesis
and secretion®. Giordano et al. assessed the stability of glucose sensitivity during repeat glucose
exposure using a hemolytic plaque technique to measure insulin secretion®. They found 75% of
B-cells were consistently responsive or unresponsive following 3 glucose exposures, while 25%
of B-cells switched between states, suggesting glucose sensitivity fluctuates in a subset of cells.
Glucose sensitivity is predictive of susceptibility to mitotic stimuli and protection against

oxidative damage and apoptosis, hinting at how cells would fare in diabetes®>*°, Collectively,



these observations highlight the breadth of phenotypic variation in B-cells, motivating studies

aimed at understanding the mechanisms underlying these differences.

1.4 Heterogeneity in gene and protein expression

Many genes in the insulin secretion pathway display heterogeneous expression and have
a direct impact on p-cell function. Glucose import through Glut2 is the first step in the insulin
secretion pathway and is inhibited in STZ-induced diabetes in mice’™. Heterogeneous Glut2
expression has been reported in several studies and may be indicative of maturation state and
replicative potential®®*727® The rate-limiting enzyme Gck is variably expressed among p-cells,
correlating with glucose sensitivity, Glut2 levels, and number of insulin granules®”’”. Metabolic
perturbations influence Gck expression, which precede changes in Ins2 expression, suggesting a
regulatory role in insulin production’®. Variation in insulin gene expression and protein levels
has been observed in many studies?®87478.78 Central B-cells contain less insulin protein than
peripheral p-cells, a distinction that disappears with fasting’®. Using an insulin promoter
construct linked with GFP, Katsuta et al. used FACS to separate p-cells containing low, medium,
and high levels of insulin protein®®. Medium level B-cells comprised 70% of cells, and the low
insulin population had diminished insulin gene expression and secretion. Variable expression of

these components may directly contribute to the heterogeneity seen at the phenotypic level.

Other gene markers of B-cell heterogeneity with a less direct connection to insulin
secretion have been identified. These include cell-cell adhesion genes like the sialylated form of
neural cell adhesion molecule (PSA-NCAM)®. FACs sorting B-cells into PSA-NCAM-high and
-low populations revealed that expression correlates with glucose-stimulated insulin

secretion”>8182 PSA-NCAM-low cells have less Ca?" influx following glucose exposure,
6



reduced ATP levels, and decreased expression of Glut2 and Gck. Morphologically, PSA-NCAM
knockout cells differ in f-actin distribution, altering cell polarity®®. The proportion of PSA-
NCAM-high cells increases in diabetes”®. Whether NCAM is heterogeneously expressed in
humans is unknown. B-cells can be sorted based on expression of E-cadherin, which promotes
islet formation and compaction®-%, Like NCAM, sorting B-cells into E-cadherin-high and-low
populations revealed that higher expression is associated with increased glucose-stimulated
insulin secretion and insulin expression®. Further, glucose induces E-cadherin expression and
causes dispersed p-cells to aggregate in vitro®4. Other variably expressed genes include Npy, Th,

Vmat2, and Dickkopf-38-°,

Several studies have identified B-cell subpopulations based on variation in global gene
expression. Baron et al. found two subpopulations in nondiabetic donors driven by variable
expression of ER-stress response genes including HERPUD1, HSPA5 and DDIT3, which
correspond with low expression of genes associated with B-cell function including UCNS3,
MAFA, and NEUROD1%, This heterogeneity was lost in hyperglycemic samples. Similarly,
Muraro et al. identified 3 B-cell populations, one of which had elevated expression of stress
response genes HERPUD1 and HSPA1B®L. Importantly, Muraro et al. validated these findings
using RNA-FISH on intact islets to rule out isolation-induced stress. Xin et al. identified four
subpopulations in human B-cells, one of which differentially expressed 431 genes?’. This
subpopulation had low insulin expression and elevated expression of ER-stress and UPR-
associated genes. Fang et al. profiled 9,964 B-cells from healthy and diabetic donors and
identified a subpopulation enriched for expression of heat shock proteins®. Lastly, Segerstolpe et

al. identified 5 subgroups based on expression of RBP4, FFAR/GPR120, and ID family



transcription factors®®. RBP4 expression is associated with insulin resistance, while ID
transcription factors are associated with cell cycle activity®**®. Several groups have failed to
detect p-cell subpopulations; however, many were limited by the number of B-cells analyzed®®-
101 Despite little consensus in the genes that may drive heterogeneity, an emerging pattern

suggests pB-cells differ in expression of genes related to stress response.

The limitations of single cell technology explain some of the discordance among studies.
These shortcomings are highlighted in a meta-analysis from Mawla and Huising, who examined
discrepancies across five single cell RNA sequencing studies®91:93799.102 pqoling B-cells across
all studies revealed 2 populations of B-cells driven by differential expression of 52 genes. These
include genes associated with other endocrine and exocrine cell types, but not stress response.
Only 3 genes had previously been associated with B-cell heterogeneity: RBP4, DLK1, and
HERPUD1. When subset into cells from healthy donors, only 24 genes were differentially
expressed across B-cells. Among these, only NPY has been previously associated with p-cell
heterogeneity. This lack of correspondence among studies is a concern. Only 86 genes were
detected in all B-cells within the aggregated data. This contrasts with the hundreds of
housekeeping genes required for cellular functionl®, p-cells express at least 18,000 genes, thus
99.5% of genes are inconsistently captured?-%. With current methodology, the capture of most
genes is likely due to technical artifacts or random chance, and not intrinsic biological
variation®*. Methods for preprocessing and noise removal are being developed to aid in quality
control, including tools that remove cell doublets, remove ambient RNA, assess transcript
coverage, and provide imputation for gene dropout!®®2% In human studies, donor age and

isolation procedure likely contribute to discordance among studies but are seldom controlled for.



Further, many groups report differential expression of genes between subsets of B-cells, but
effect size is rarely reported or discussed. As technological advances increase single cell
sequencing read depth, profiling of thousands of cells all but guarantees statistically significant
differential expression based on p-values alone. Discussions about whether these differences are

meaningful will be increasingly important, and will be aided by measuring effect size%.

Dorrell et al. used FACS to identify 4 subpopulations based on expression of human 3-
cell surface markers CD9 and ST8SIA1°, They designated these populations as B1-4, where
B1/ B2 cells are positive for ST8SIAL and B3/p4 are ST8SIAL negative. There are 125 genes
differentially expressed across groups, while gene ontology enrichment analysis revealed $1/p2
cells are enriched for protein secretion, while B3/p4 cells are enriched for neurogenesis. This
corresponds with B1/B2 populations having greater glucose-stimulated insulin secretion, while
B3/B4 have elevated basal insulin secretion. The proportions of these populations are altered in
diabetic individuals, suggesting they differ in susceptibility to metabolic stress, with the caveat
that inter-patient variation is much higher than variation between healthy and diabetic donors.
How these markers of heterogeneity are tied to B-cell function remain areas of interest. It is
possible that these populations have separate roles within the islet niche, with p1/B2 cells
specializing in glucose-stimulated insulin secretion, and 3/B4 cells specializing in basal insulin

secretion.

The potential existence of specialized basal insulin secreting B-cells is supported by
Farack et al., who used smFISH to identify a subpopulation of mouse B-cells with elevated
insulin expression?. These cells, termed “extreme” B-cells, represent ~7% of B-cells, and

localize near the islet center. Extreme B-cells have a distinct polarization pattern, high pro-insulin
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and ribosomal RNA content, and less mature insulin protein. They have elevated expression of
Insl, lapp, Chga, and Pcsk2 which are associated with insulin secretion. Thus, the authors
suggest that these cells are producing and quickly secreting high levels of insulin, so they
maintain a high proinsulin/insulin ratio despite having other markers of B-cell maturity. The
proportion of extreme B-cells increase in db/db mice, suggesting they may play a role in
glycemic stress response. These findings are summarized in Figure 1.1. Could these extreme f-
cells overlap with the B3 and B4 populations identified by Dorrell et al.**%? Or with PSA-NCAM-
low and E-cadherin-low cell populations? Answers to these questions may provide insight into
how to remedy the dysregulated glucose-stimulated insulin secretion seen in diabetic islets.
Discussed below are 4 factors that influence p-cell behavior: topology, development, maturation,
and stress response. These factors provide insight into how B-cell heterogeneity is maintained,

and how it may be harnessed for therapeutic purposes.

1.5 Topography influences B-cell heterogeneity

In addition to B-cells, islets contain a-cells, &-cells, e-cells, y-cells, as well as non-
endocrine cells including endothelial cells, macrophages, glia, fibroblasts, and pericytes®t1,
Mice and humans have different islet compositions, which may explain why few discoveries
from rodents validate in humans*>61112113 ‘Mouse islets are comprised of 60-80% B-cells and 15-
20% a-cells. B-cells localize to the center, or core, of the islet, while a- and §-cells localize to the
periphery, or mantle. Human islets are comprised of 50% p-cells and 40% a-cells. Recent
imaging efforts suggest human islets comprise small repeating clusters of the p-cell core, a-cell
mantle pattern*>!13114 Further, location within the pancreas influences islet cell composition.

Islets in the pancreatic head are enriched for y-cells, while islets enriched in a-cells are found in

10



the neck. The proportion of B-cells per islet increases from head to tail of pancreas!*>*’, Islets in
the tail of the pancreas degranulate faster than head islets in vivo following prolonged glucose
exposure, and have higher rates of replication, insulin synthesis, and secretion®®18-120 Hyman
islets near the pancreatic head tend to be less spherical than those found in the tail, which may

influence cell-cell communication'®

. NCAM plays a role in islet organization, as NCAM
knockout mice have altered islet cell composition, including a-cell infiltration into the islet
core®®. Both humans and mice display altered islet composition in diabetes, including deviation
from the mantle-core arrangement'?>123, B-cell loss is more pronounced in y-cell-rich islets

within the head of the pancreas in diabetes!?’, B-cells in the splenic region of the pancreas

undergo proliferation during diabetes, while those near the head do not®®.

As previously discussed, B-cells near the islet core exhibit morphological and functional
differences from those in the periphery3136.78.124-126 These differences are attributed to the homo-
and heterotypic connections maintained by each cell, a result of the mantle-core architecture of
the islet, in which core B-cells are enriched for homotypic contacts!?’. Dispersed B-cells secrete
less insulin in response to glucose than B-cells in an intact islet'?812, B-cells coupled with other
B-cells secrete more insulin than individual B-cells, while B-a-cell couplings produce more
insulin than individual B-cells, but less than B-B-cell coupling®®12®13°  peripheral p-cells have
more heterotypic contacts with somatostatin-secreting &-cells, which inhibits insulin
secretion!?4131-134 1mportantly, comparisons between core and peripheral B-cells in islets
cultured ex vivo are confounded by the rapid onset of hypoxia in the islet core following
isolation, particularly in large islets™ %", It is critical that observations comparing each

population are verified using complementary methods. Primary cilia influence -cell function by
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facilitating communication with neighboring cells, and further exploration is needed to see if
they play a role in maintaining heterogeneity*3*°. The morphological and functional differences
between core and peripheral B-cells may be derived from connections to other p-cells, a-cells, or
&-cells, which in turn is influenced by the location of the islet within the pancreas (summarized

in Figure 1.1C).

Within each islet, small clusters of p-cells synchronize Ca®* fluctuations®. This is
attributed to gap junctions between B-cells coordinating insulin release and may explain why
coupled cells secrete more insulin than isolated cells®>!?414%142 Gap junctions are
heterogeneously expressed across the population3®40141143 A subpopulation of hyperconnected
B-cells has been proposed®. These “hub” cells were identified by quantifying the number of
significant pairwise correlations of glucose-stimulated Ca?* oscillations that each cell
maintained. These cells represent 1-10% of all B-cells and control the activity of “follower” cells
by coordinating Ca?* signaling through gap junctions. These cells express high levels of Gek and
genes involved in glucose oxidation, but low levels of insulin, and have accelerated and extended
Ca?* signaling during glucose stimulation. Ablation of hub cells disrupts Ca®* synchronization
across the islet, while ablating follower cells had no effect. These cells are sensitive to diabetic
insults, which could explain why Ca?* coordinated insulin release is disrupted in diabetes. These
findings are summarized in Figure 1.1E. Salem et al. built upon this model, showing
transplanted islets contain hyperconnected B-cells, termed “leader” cells, that trigger a wave of
calcium release across the islet 1*4. The role of hub/leader cells have been challenged, because
the mechanisms through which hyperpolarizing hub cells inhibit Ca?* coordination among other

cells is unclear'®®. The relevance of such a subpopulation has been questioned, as disrupting Ca?*
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signaling in ~70% of B-cells does not alter insulin secretion, suggesting other mechanisms are of
greater importance*®148, Further, knockout of the gap junction protein Cx36 in mice results in
altered calcium synchronization, but has minimal effect on overall insulin release, suggesting

Ca?* signaling is influential but not critical for p-cell function4®%,

Vascularization and innervation also vary amongst islets and provide a template for
heterogeneity. Capillaries provide nutrients, oxygen, and ECM support to islets, which improve
insulin secretion and promote cell survival®™®* 1%, Small islets have 2-3 vascular penetrations,
large islets have >3, resulting in B-cells receiving unequal access™®3. Islets in the pancreatic
periphery receive capillary branches, while islets at the center directly contact large blood
vessels’™. Several groups have proposed the existence of two classes of islets based on
vascularization, high-perfused and low-perfused>*1°¢, High-perfused populations represent 75%
of islets, have higher glucose-stimulated insulin secretion and greater rates of 3-cell replication,
but are susceptible to cytokine induced cell death and hypoxia'®1%, These differences are
attributed to capillaries increasing oxygen tension within B-cells'™. The low-perfused islets
appear to serve as reserves and are recruited to activity when metabolic demand increases®>*%®,
B-cells organize themselves around capillaries in rosette structures, with insulin granules
localizing towards the capillary and driving polarity*:#2, Evidence suggests blood typically flows
from islet core to mantle, from B-cells, to o-cells, then &-cells™*"1  This may bias
directionality of cell-cell communication among endocrine cells®®%1, Innervation also impacts
islet development, maturation, mass, and function!®*-1%3, While only a small number of B-cells
receive axon terminals, which tend to reside in the islet periphery, neurotransmitters including

serotonin and GABA promote B-cell replication'®*%. Human islets have less innervation than
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mouse islets, which may explain why they have lower regenerative capacity'®®. However, it is
unclear if differences in biological age between mice and human donors confound these findings.
Clearly the location of the B-cell within the islet, and the islet within the pancreas, influences -
cell exposure to nutrients and potentially harmful milieu. As B-cell heterogeneity is explored in

greater depth, topology may aid in understanding why cells behave differently.

1.6 Developmental origin influences B-cell heterogeneity

The pancreas arises from two epithelial evaginations in the foregut, termed the dorsal and
ventral buds, which give rise to the head and tail regions, respectively®®. Despite differences in
blood supply and innervation, both buds contain endocrine progenitor-precursor cells, which
give rise to nascent B-cells'®®-172, Using chimeric mice, Deltour et al. showed that individual
islets contain B-cells with different developmental origins, suggesting B-cells are not monoclonal
within the islet!”®. Nascent B-cells undergo an initial period of replication, peaking at 20 weeks
gestation'’®. B-cell replication remains high at birth, then declines rapidly with age, resulting in a
several-fold expansion of B-cell mass between birth and adulthood!™. B-cell telomere length
diminishes over time, particularly during the first two months of life, when B-cell proliferation is
at its highest!’®. Further, 4-month-old mice display greater variability in telomere length among
B-cells compared to 12-day old mice, suggesting replication is not uniform across the population.
In adult mice, B-cell replication is the principle mechanism for maintenance of p-cell mass,
driven by a small number of mitotically competent cells, which declines with age*”*""-17°, The
number of replicating B-cells increases under metabolic stress and inflammation, but this effect is
also restricted by age*®5:175.180-182 Several other markers have been associated with B-cell aging

and functional decline, including expression of IGF1R and P53BP1, and increased lipid
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storage®184. The degree of heterogeneity displayed by these markers is unknown. While p-cell
replication plays a central role in generating and maintaining B-cell mass, the notion that it is the

sole mechanism for B-cell replacement has been challenged.

Insulin positive cells are observed in ductal tissue following partial pancreatectomy and
overexpression of gastrin and TGFa in ductal cells*® 1, Prolonged glucose infusion induces
ductal clusters to become PDX1 positive, with some expressing insulin'®®. These extra-insular p-
cells are also proliferative, as they are observed in aggregates <50 um?*%-192 ike low-perfused
islets, ductal cells may provide a reserve pool of insulin production during glycemic stress.
Several groups have identified a pancreatic multipotent progenitor (PMP) population?76:193.194,
These cells express insulin but lack Glut2 expression, likely preventing them from performing
glucose-stimulated insulin secretion. Interestingly, these cells have the capacity to proliferate and
generate multiple endocrine cell types, including functional B-cells. Further, replication of these
cells is induced by hyperglycemic conditions, suggesting they too may play a role in glycemic
stress response. The existence of PMPs has been heavily challenged, as other studies fail to
identify such populations, even following substantial B-cell loss!’"1%%_Much of the argument
centers on the weaknesses of lineage tracing, reviewed in'®’, and the low likelihood that these
cells contribute meaningfully to functional B-cell mass. What relationship, if any, exists between

ductal-derived B-cells and PMP’s remains to be characterized.

a-cells have been shown to acquire B-cell-like properties in response to extreme B-cell
loss and genetic perturbations®®2%2, However, the utility of these observations is questioned
because of lack of evidence that this phenomenon occurs in normal islet homeostasis. A study by

van der Meulen et al. addressed some of these criticisms by identifying a Glut2-low population
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of B-cells residing within the islet periphery’. Using lineage tracing, they showed that these
“virgin” B-cells do not express Glut2 because they are an intermediate in a-to-p-cell
transdifferentiation. These cells do not import meaningful amounts of glucose following 50
minutes of exposure and are resistant to STZ-induced B-cell death, likely due to lack of Glut2
expression. These cells transition into Glut2-high p-cells overtime, making them
indistinguishable from conventional B-cells. A recent study challenged that Glut2-low cells
represent an o-B transitional cell, and that massive B-cell loss induces transdifferentiation®®,
Feng et al. used an STZ model of diabetes to assess the fates of Glut2-high and Glut2-low p-cells
using single cell RNAseq. While Glut2-low B-cells survive STZ treatment, they do not mature
into Glut2-high cells in 9 months post-treatment, contradicting van der Meulen et al.’s findings’?.
Further, they did not find evidence for a-B-cell transdifferentiation at the transcriptional level.
However, these mice were given insulin pellets to ensure long-term survival, which may
confound interpretation. Regardless of their relevance to normal insulin homeostasis, the
transdifferentiation of ductal or a-cells into B-cells remains an appealing therapeutic approach for
diabetes. Neither ductal or a-cell populations are reduced by diabetes, providing a steady source
of potential B-cells. Further, a-cells display a high degree of resistance to viral and metabolic
induced stress, suggesting that B-cells derived from a-cells could retain these properties?%42%,
The potential sources for B-cells are summarized in Figure 1.1A. At this junction, it is not clear
how B-cells from different developmental sources display meaningful heterogeneity. Given the
influence of the B-cell microenvironment on function, there is no reason to believe p-cells from
dorsal or ventral islets, B-cell replication, differentiation of PMPs, or transdifferentiation of f3-
cells would behave identically. Understanding how B-cells functionally mature will provide

insight into how B-cell location, age, and function interconnect.
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1.7 Maturation influences B-cell heterogeneity

How -cells acquire specialized functionality has been characterized in depth. In mice,
initial B-cell maturation proceeds in two developmental phases?®®-2%°, The first phase lasts two
weeks following birth, a period of rapid B-cell proliferation and simultaneous waves p-cell
apoptosis, which coordinate to set the foundation for f-cell mass?1%%!t, Surviving cells begin to
express transcription factors required for p-cell function and are considered immature!’22%:212,
The second developmental phase starts at weaning, characterized by changes in metabolic
pathways and functional maturation?®®213, Comparing p-cells from 4-week old mice and 16-week
old mice reveals differential expression of thousands of genes, while only 193 genes were
differentially expressed between 3- and 26-month old mice, suggesting p-cells change
substantially early in life and little in adulthood®®?!4, Pseudotime analysis of individual p-cells
reveals differential expression of genes associated with amino acid uptake, ROS production, and
cellular respiration during functional maturation'®1’®, Markers of mature B-cells include Glut2,
Ins2, Mafa, Nkx6.1, NeuroD, and Ucn3 while immature p-cells express Hk1, PaxA, Pax6, and
Mafb3215-218 In humans, MAFB is expressed in mature B-cells and knockout of MAFB results in
B-cell dysfunction, suggesting it plays a nonredundant role from MAFA2!%-22L A set of
“disallowed” genes including Hk1, Ldha, Mctl, Rest, and Pdgfra, have been identified as being
prohibited from expression in mature B-cells?$3222223  Many of these genes are involved in
glucose metabolism and exocytosis and would interfere with glucose-stimulated insulin
release?®*. The molecular machinery driving insulin release is similar in both mature and
immature B-cells, with a few key differences®'®. Neonatal islets have elevated basal insulin

secretion due high glucose sensitivity?'822°, Interestingly, when immature and mature p-cells are
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depolarized independent of glucose sensing, both release similar levels of insulin, suggesting
their differences lie in glucose sensing and metabolism?'8, Immature B-cells express Hk1, which
has a higher affinity for glucose than Gck, which is expressed in mature B-cells??6228, Thus, it
takes higher concentrations of glucose to trigger glycolysis and downstream oxidative
phosphorylation in mature B-cells, which may explain differences in insulin secretion between
these two classes of cells. Other components of the insulin secretion pathway, including genes
involved in glycolysis, the TCA cycle, oxidative phosphorylation, and exocytosis are also
differentially expressed between mature and immature p-cells?®%21322° An overview of immature

B-cell characteristics is shown in Figure 1.2A.

Maturation state appears to be a heterogeneous trait in adult B-cells and is associated with
replicative capacity?!4230231 Szapat et al. used a Pdx1/Insulin dual reporter to discover that 25%
of B-cells in humans and mice are Pdx1 positive but have low insulin expression’. These cells
have an immature gene expression profile, including elevated Mafb expression, and low Gck and
Glut2 expression. Immature cells have high proliferative capacity and poor insulin secretion, and
functionally mature without proliferation in vitro. Bader et al. reinforced these findings by
identifying a subpopulation of immature B-cells based on lack of Fltp expression (discussed
below)* These cells have high replicative capacity at the expense of mature B-cell function. The
replication/maturation dichotomy was illustrated by Klochendler et al., who used a fluorescent
reporter mouse for cyclin B1, which is active only during mitosis?*°. This allowed sorting of cells
based on a mitotic state. Performing RNAseq on these populations revealed a global increase in
cell cycle genes, but a distinct downregulation of genes associated with -cell function including

Glut2 and Ucn3 as well as enrichment for genes regulated by mature -cell transcription factors.
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In human p-cells, a clustering approach to simultaneously assess intracellular Ca?* dynamics in
~300 islet cells revealed two distinct populations based on Ca?* flux frequency and amplitude,
suggesting mature and immature states?®?, The dichotomy between replication and maturation is
associated with ER stress response!’®2%3, These observations have implications for understanding

post-natal B-cell expansion; individual B-cells cannot simultaneously replicate and be functional.

Observations that B-cell replication and maturation are at odds were coalesced into a
unified theory by Bader et al., who separated B-cells into mature and immature populations based
on expression of Flattop (FLTP)*. FLTP is expressed in tissues where the Wnt/Planar cell
polarity pathway is active and is necessary for epithelial organization and architecture®®*. Bader
et al. used an islet specific FLTP reporter and found expression increases throughout B-cell
maturation, resulting in 80% of cells positive for FLTP in adult mice. Transcriptional analysis
revealed 997 genes differentially expressed between populations, with positive cells expressing
markers of maturation including Ucn3, Mafa, mitochondrial oxidative phosphorylation genes,
and insulin secretion genes, while negative cells expressed genes associated with MAP kinases,
Gceprs, and had low Glut2 expression. FLTP(-) cells are more proliferative, with 8% of negative
cells staining Ki67(+) at postnatal day 11, compared to 2% of FLTP(+) cells. In high fat diet-
induced islet hypertrophy, the FLTP(+) population expanded in line with heightened metabolic
demand, suggesting that the progeny of FLTP(-) cells can become FLTP(+). Morphologically,
FLTP(+) cells are polarized and found in rosette structures. Re-aggregated FLTP(-) cells in vitro
have lower glucose stimulated insulin secretion than positive cells, suggesting they are
functionally immature. Knockout of FLTP resulted in very mild functional changes, suggesting

FLTP is a passive marker for maturation. In humans, islet FLTP expression correlates with
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glucose tolerance, with healthy donors expressing higher levels of FLTP than prediabetic and
diabetic donors. Thus, FLTP distinguishes proliferative and metabolically active B-cells and
suggests B-cell maturation could be driven by the polarization process. The specific mechanism
through which the wnt/PCP pathway effects B-cell function is unknown, but it may involve
cytoskeleton components and gene expression changes. These findings raise questions about [3-
cell heterogeneity. Are FLTP(-) cells part of the 25% of B-cells that do not increase metabolic
activity in high glucose®? Could these be the Glut2-low cells reported in PSA-NCAM low cells
or E-cadherin low cells>8%839 Or the poor functioning B3 and B4 cells identified by Dorrell et
al.t%2 It is possible that many of these studies are converging on overlapping populations of
cells. The differences between immature and mature B-cells are highlighted in Figure 1.1B and

Figure 1.2B.

Dedifferentiation of mature p-cell identity is a central component of B-cell dysfunction in
type 2 diabetes?>23-23° This is attributed to many factors, including oxidative stress, glucose
and lipid toxicity, and inflammation?®240-242 Dedifferentiated p-cells have decreased insulin
expression and decreased insulin secretion, thus contributing to loss of glycemic control393240,
Dedifferentiation is characterized by decreased expression of B-cell-specific transcription factors
Pdx1, Nkx6.1, and MafA, increased expression of developmental genes, Ngn3, Oct4, Nanog, and
L-myc, and expression of disallowed genes, Ldha, Mctl, G6pc, and Hk126222242-244  These
changes are linked to decreased expression of Foxol, which mediates Pdx1 activity®26:24-247 An
overview of the characteristics of dedifferentiated p-cells is shown in Figure 1.2C. Moving
hyperglycemia-induced dedifferentiated p-cells into a healthy environment can reverse the

dedifferentiation phenotype?'>2%:24 Insulin administration can also return immature cells to a
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functional state, suggesting therapeutic intervention is possible?®®. We recently published
findings on obese SM/J mice, which spontaneously transition from hyperglycemic-obese to

normoglycemic-obese with age?°

. Underlying this transition is improved pB-cell function,
including increased insulin content and glucose-stimulated insulin secretion. This suggests SM/J
B-cells are likely undergoing maturation and show that p-cell functionality can be improved in
vivo in the context of obesity. Evidence for dedifferentiated p-cells in diabetic humans based on
single cell RNA sequencing data has been established®®. The parallels between nascent p-cell
maturation and diabetes-induced dedifferentiation have not been fully explored. Greater

understanding of the B-cell maturation process may provide insight into how dedifferentiated f3-

cells may be rescued, opening exciting new avenues for therapeutic interventions.

1.8 Stress response influences B-cell heterogeneity

An emerging paradigm suggests that B-cells undergo cycles of insulin production and
stress response, due to the unique physiological demands they face. Insulin synthesis accounts
for 10% of total protein during basal conditions, compared to 50% in stimulated conditions®®?>°,
Insulin is highly prone to misfolding%253, Once misfolded, insulin can be refolded or degraded.
Under demanding conditions, misfolded proteins accumulate, and the UPR machinery is
activated to clear the misfolded proteins?*. The high rate of oxidative phosphorylation in p-cells
also generates ROS, which can damage nascent proteins?®®. p-cells have been characterized as
having low antioxidant defense, and thus are more susceptible to stress?®®2’. This combination

of factors make the insulin secretion responsibilities of B-cells a unique cellular challenge.

Many single cell studies identified subpopulations of B-cells based on an ER stress

response signature, at the expense of genes related to mature p-cell function?-99922%8 Xin et al.
21



performed pseudotime analysis on human B-cells and identified the transcriptional trajectory
between the three B-cell states: High Insulin/Low UPR, Low Insulin/High UPR, and Low
Insulin/Low UPR?L. This suggests mature B-cells undergo a cycle: Elevated insulin production,
followed by a period of low insulin production and UPR activation to clear misfolded insulin
protein, then a rest period of low insulin and low UPR activity. Under this hypothesis, only a
fraction of B-cells produce insulin at a given time while others are resting/recuperating®®. This is
supported by evidence from isolated human and mouse B-cells, where a small fraction of cells
are responsible for the majority of insulin secretion®"¢%61, Xin et al. also found Low Insulin/High
UPR cells were more proliferative, suggesting they are given the chance to replicate during
recovery?!. Cells under glycemic stress would produce more insulin, thus would have a great
degree of UPR activation. Whether replication is induced by the intensity or length of UPR
response is unknown. This theory is supported by Szabat et al., who used a Pdx1/INS dual
reporter to show that B-cells transition between periods of high and low insulin in ~27 hour

cycles?®. Activation of UPR in human B-cells also stimulates proliferation*

. A summary of -
cell stress response cycling is summarized in Figure 1.1D. Could the interplay between these
metabolic states explain the morphological, functional, and transcriptional heterogeneity seen in
B-cells, particularly the identification of B-cell subpopulations in single cell RNAseq data? Loss
of B-cell mass by apoptosis occurs in diabetes, driven in part by failure of the ER stress response.
In response to prolonged stress, what drives B-cells to undergo apoptosis, dedifferentiation, or

replication? Identifying cells that are prone to a specific fate may help prevent loss of p-cell

mass.
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1.9 Conclusion

Our understanding of B-cell heterogeneity has increased over decades, revealing several
trends. First, there is a morphological and functional dichotomy between peripheral and core B-
cells®136:125 This is attributed to topology including homotypic contacts, heterotypic contacts,
vascularization, and proximity to axon terminals®®124127.129.153.164 "Fyrther, islet topology changes
in diabetes, highlighting the importance of understanding the role of the p-cell
microenvironment!2%122123 The developmental origins of the B-cell, including neogenesis, B-cell
replication, and differentiation from another cell may play a role in heterogeneity. These
different sources produce adult B-cells that vary in cellular age, which is associated with
functional decline!’®18318 How the distribution of young and old B-cells influences islet
function and stress response is unknown, but it clearly influences replicative capacity'’’-1’°. The
existence and relevance of ductal cell-, a-cell-, and PMP derived-p-cells remains controversial,
but they are appealing avenues for diabetic therapy because of their stress resistance
characteristics’2 76185203205 - g_ce|| function and replication are at odds during the initial
maturation process, resulting in decreased mitotic index and improved glucose-stimulated insulin
secretion!’2209213215216 |n adults, a subpopulation of cells retain immature gene expression and
functional characteristics, including higher replication rates*74230:232260 | oss of mature p-cell
identity is a hallmark of diabetes and disrupts the insulin-glucose axis?®>23>-2%"_ Can studying the
differences between immature and mature B-cell populations in healthy adults inform diabetic
therapy? Variation in B-cell metabolic activity is associated with differences in stress
susceptibility, suggesting mature and immature populations likely succumb to different fates in

diabetes®°8154-156 The relationship between B-cell maturation, replication, and stress response is
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complicated by observations that mature p-cells undergo a stress response cycle, and that UPR
activation can stimulate replication?1782332°  The relationships among classes of variation,
sources of variation, and proposed subtypes is summarized in Figure 1.1. These likely contribute
to the variance seen in single cell RNA sequencing studies, many of which cluster cells based on

expression of stress response genes?1:90:92:258,

Assessment of variation in gene expression, protein levels, morphology, and function has
led several groups to identify p-cell subpopulations. Given the frequency of these populations,
there is likely substantial overlap. This includes FLTP (-), ST8SIAL (+), PSA-NCAM-low, E-
Cadherin-low, and Glut2-low “virgin” B-cells all possibly identifying adult immature B-cells
based on gene expression and functional characteristics* 728183260  How much of the
transcriptional heterogeneity identified in single cell RNA sequencing is driven by the ER stress
response cycling?-202%8.25%99 Fyrther, does ER stress response cycling influence the immature p-
cell population? This could explain the elevated, but not dramatic increase in p-cell replication
seen in immature cells. These observations raise questions over requirements for subtype
classification. Are subtype traits under unique selective pressure, different from the general
population? What are the temporal requirements for a subtype? What about cell plasticity, the
ability of subtypes to interconvert? Should a subtype require a unique functional and
transcriptional profile? Answering these questions will clarify which heterogeneous traits are

critical for building subtype identities.

Techniques including FACS and single cell RNA sequencing are mainstays in shaping
understanding of p-cell heterogeneity. However, these techniques have limitations, as they fail to

capture functional, transcriptional, and topological information simultaneously. Further,
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questions about the temporal regulation of B-cell heterogeneity are becoming unavoidable.
Lineage tracing is the gold standard for understanding developmental trajectories but has
received considerable criticism for its shortcomings including promoter leakage, low labeling
efficiency, and inability to recapitulate native expression patterns'®’. Dual trace techniques may
overcome some of these issues?®*. Several new techniques promise to improve our understanding
of B-cell heterogeneity, including preserving live sections using perfluorocarbon?22%3, This will
allow temporal and topological assessment of B-cells and provide the opportunity to test the
effects of various compounds on B-cell growth and function in vivo. This will also provide a new
platform for lineage tracing. SeqFISH allows one to probe the expression of hundreds of genes
simultaneously in intact tissue, which can couple extensive transcriptional information with
topology?4. Patch-Seq couples B-cell ion-channel activity with single cell RNA sequencing,
linking functionality with gene expression®. This is an exciting time to be in the field of p-cell
heterogeneity, as many of the discoveries made over decades of research are slowly coalescing
into a unified understanding of how and why B-cells differ. Whether these discoveries will make

meaningful improvements in the way diabetes is studied and treated remains to be seen.

1.10 Scope of Thesis

Previous work established that obese SM/J mice transition from hyperglycemic at 20
weeks of age to normoglycemic by 30 weeks of age. Given the importance of p-cell function in
maintaining glycemic control, we sought to explore how obese SM/J B-cells change during this
remarkable period. By contrast B-cells in hyperglycemic-obese and normoglycemic-obese mice,
we aim to identify the genes and pathways associated with improved glucose homeostasis, which

may reveal novel strategies that improve B-cell function in obesity. Given the increasing
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relevance of B-cell heterogeneity in diabetes research, we also sought to characterize B-cell
subpopulations in obese SM/J mice, and how they contribute to the hyper- and normoglycemic-
obese states. By integrating phenotypic information with subpopulation structure, a more
complete picture of B-cell function in obese SM/J mice can be achieved. The following chapters
explore how obese SM/J B-cell’s change from a morphological, functional, transcriptional, and

single cell perspective.

In chapter 2 we characterize insulin homeostasis, islet morphology, and B-cell function
during SM/J’s diabetic remission. Obese SM/J mice dramatically increase circulating and
pancreatic insulin levels, improve insulin sensitivity, and increase [-cell mass. Functional
assessment reveals obese SM/J mice increase glucose stimulated insulin secretion, decrease basal
insulin secretion, and increase islet insulin content. In chapter 3, we integrate islet single-cell
and bulk RNA sequencing data. We identify 4 B-cell subpopulations associated with insulin
secretion, hypoxia response, cell polarity, and stress response are influenced by age, sex, and
diet. Network analysis identifies fatty acid metabolism gene expression modules associated with
the hyperglycemic-obese state. We identify Pdyn and Fam151a as candidate regulators of p-cell
function in obesity. This study establishes that B-cell mass expansion and improved p-cell
function underlie the resolution of hyperglycemia and uses a novel data integration method to
explore how B-cells respond to obesity and glycemic stress, helping to define the relationship

between B-cell heterogeneity and diabetes.
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1.11 Figures and Legends
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Figure 1.1. Classes, sources, and subtypes of B-cell heterogeneity. p-cells display variation in
gene expression (red), protein level (blue), morphology (green), and function (purple).
Heterogeneity is influenced by B-cell source (A), maturation state (B), topology (C), and stress
response (D). (A) B-cell sources include neogenesis during development, transdifferentiation of
a- and ductal cells, p-cell replication, and differentiation PMPs. (B) Immature B-cells (B1) and
mature B-cells (B2) present distinct gene expression, protein, and functional characteristics. (C)
Topology influences B-cells through the core-mantel structure, where peripheral p-cells (C1)
have more heterotypic contacts, resulting in low glucose sensitivity and insulin release compared
to core B-cells (C2). (D) B-cell stress response causes B-cells to cycle between states of high
insulin with low UPR, low insulin with high UPR, and a period of low insulin with low UPR.
Two subtypes of adult g-cells have been identified: Hub cells (E1) are characterized by very high
Gck expression but low insulin expression, and high number of homotypic contacts. Extreme -
cells (E2) are located near the islet core, characterized by very high insulin expression but low
mature insulin protein stores. It is unclear if hub cells and extreme B-cells stem from a mature or
immature population. PMP — Pancreatic multipotent progenitor, INS — Insulin expression, Insulin
— Insulin protein, UPR — Unfolded protein response.
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Figure 3.9. Quantifying expected expression for B-cell expression of Dcd. (A) Distribution of
expression across all B-cells. (B) Cullen and Frey analysis identifies Dcd expression to be beta
distributed. (C) Kolmogorov-Smirnov test identifies alpha and beta parameters that minimize Ks
between real (blue line) and simulated (red line) distribution of cells expressing Dcd. (D)
Estimating percent of cells not expressing Dcd due to gene drop out by iterating alpha and beta
parameters that minimize Ks between real and simulated data. (E) Density plot visualizing
estimated parameters for distribution of Dcd expression. Red line shows distribution of actual
data, black line shows distribution of simulated data based on optimal alpha and beta parameters.
From these parameters, expected expression is calculated.
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Figure 3.10. Metabolic and islet phenotypes from bulk RNA sequencing mice. (A) body weight,
(B) blood glucose, (C) serum insulin levels collected after 4-hour fast. (D) Glucose-stimulated
insulin secretion (GSIS), (E) Basal insulin secretion, (F) Islet insulin content collected after
isolated islets were rested overnight. N = 4 mice per age X sex X diet cohort. N= 10 islets per
individual for islet phenotypes. Middle bar represents mean, box represents 25" and 75" quartile,
whiskers represent minimum and maximum values.
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Module-Trait Relationships

51 genes

42 genes

26 genes

Figure 3.11. Correlation between phenotype and module eigengene expression. Number of
genes within each module reported on y-axis, phenotypic trait reported on x-axis. For each
module-trait relationship, the Pearson correlation between eigengene expression and phenotype
value is reported (top) along with an FDR-corrected p-value for the correlation (bottom). Color
of box indicates strength of correlation. NS = non-significant association based on FRD-
corrected p-value.
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Figure 3.12. Overview of brown and blue modules. (A) Principal component analysis of gene
expression within the brown module across all cohorts, segregated by diet. (B) Principal
component analysis of gene expression within the blue module, segregated by cohort. (C) Brown
module network structure in across all cohorts. Gene of interest, Fam151a, is highlighted in
yellow. Size and color of node indicates overall connectivity within the network, thickness of
edges indicates strength of correlation between gene pairs. (D) Blue module network structure in
across all cohorts. Size and color of node indicates overall connectivity within the network,
thickness of edges indicates strength of correlation between gene pairs. (E) Correlation between
brown module eigengene expression and serum insulin levels across all cohorts. (F) Correlation
between blue module eigengene expression and blood glucose levels across cohorts.
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3.7 Tables

Table 3.1. Top five results for over-representation analysis (ORA) on significantly enriched
genes within each B-cell subpopulation, including gene ontology terms.

Gene Set | Description | Ratio FDR
Beta 1
G0:0023061 signal release 4.60  6.89E-13
GO0:0009914 hormone transport 4.72 3.23E-09
G0:0030133 transport vesicle 3.90  3.45E-07
G0:0019932 second-messenger-mediated signaling 4.34  3.45E-07
G0:0033500 carbohydrate homeostasis 3.89 0.000044254
Beta 2
G0:0070482 response to oxygen levels 5.49  7.22E-08
G0:0006090 pyruvate metabolic process 10.55  6.13E-07
G0:0046939 nucleotide phosphorylation 10.45 2.3329E-06
G0:0009132 nucleoside diphosphate metabolic process 8.84 2.5493E-06
G0:0006091 generation of precursor metabolites and energy 4.53 3.3401E-06
Beta 3
G0:0016327 apicolateral plasma membrane 31.35 0.0042583
G0:0003735 structural constituent of ribosome 7.90  0.0042583
G0:0005840 ribosome 5.42 0.02957
G0:0044445 cytosolic part 5.42 0.02957
G0:0031012 extracellular matrix 4.66 0.02957
Beta 4
GO0:0043620 regulation of DNA-templated transcription in response to stress 37.35 0.00021552
GO0:0045926 negative regulation of growth 12.11  0.0044405
G0:0035966 response to topologically incorrect protein 16.41  0.0044405
G0:0042594 response to starvation 11.63  0.017622
G0:1901654 response to ketone 11.33  0.094767
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Table 3.2. B-cell-specific genes identified in single cell RNA sequencing analysis.

Gene ID
0610009E02Rik Bace2 Dapll Gegr ll17re  Mrgpre Qpct Tenm3
1700084CO1Rik Barhll Defbl Gdfll = Impg2 Mrml Rasgrfl Th
1810019D21Rik ~ BC017158 Dennd6b Gdpgpl  Inpp5j Mt3 Rbm20 Thrsp
1810059H22Rik ~ BC051226 Dgke Ggt7 Ins1  Mtmrl0 Rec8 Tmem121
2210404J11Rik Bdhl Dgkg Gipr Ins2  Mtssll RhbdI2 Tmem150c
2900005J15Rik Brskl Diras2 Gjd2 Insrr Naaa Rhd Tmem180
A330050F15Rik Brsk2 Dis3l Glb1l2 Intu Nars2 Rims3 Tmem215
A830039N20Rik C030014123Rik Dmpk Gltldl  Isoc2b Nckap5 Rit2 Tmem231
A930011G23Rik Clrl Dner Glt28d2  Jag2  Ndrg4 Rnf182 Trmt61b
Abcb4 C2cdda Dnmt3b Gm10075 Jph4  Nkx6-1 Rnls Trpm5
Abcb6 C2cd4c Dolppl Gm10567 Kcnb2 Nrcam RP24-510G5.4  Ttc26
Abhd15 C330027C09Rik Dusp23 Gm10941 Kcnhl = Nrip3 Rps6kcl Tti2
AC102739.1 Carl0 E130317F20Rik Gm11789 Kcnh6 = Nupll Rpusdl Ttyhl
AC130216.1 Cartpt E530001K10Rik Gm1631 Kcnipl Nyap2 Rtkn2 Tubb3
AC131780.1 Casr Efnab Gm17538 Kctdl5 Osbpl7 Rtndipl Ucn3
Acotll Ccbll Eme2 Gm5105 Kdmlb Otub2 S100a9 Ufspl
Acpl2 Ccdc149 Enthd2 Gm5860 Kifl9a Ovol2 Sap130 Ush2a
Acsl6 Ccdc162 Entpd3 Gplbb Kihi8 = P2ryl Scel Utpl4b
Acss2 Ccl28 Erc2 Gprl58  Kpna2 = Pan2 Secl16b Vgf
Adhl Cdh4 Esrrg Gramdlc Ky Papss2 Sgcz Vps37c
Adoral Cdh8 Exog Grem2 Lgil  Pcskl Shisa2 Vstm2l
Adra2a Cecr5 Faml51a Grinl Lhxl = Pcsk4 Six4 Wdr25
Akrlcl4 Cepl35 Fam160al Gripl Lphn3  Pdeda Sic16a9 Whrn
Akrlel Cep76 Fam179a Gstm4  Lrrcl6b Pdeba Slc25a35 Xpo5
Aldh1l2 Cep85 Fam217b Gtf2el  Lrrtm2  Pdyn Sic25a40 Xrce3
Amigo3 Cep97 Fbx016 Gucy2c  Mapt ~ Pemt Sic2al13 Zhth48
Amph Cmbl Ffar3 Hapln4  Mccc2 Pgap3 Sic2a2 Zc3h3
Angell Cnnml Fhdc1 Helq Mcphl Pitpnm3  Sic35d3 Zdhhc24
Angptl7 Cntfr Figd Hhat Meigl = Plchl Sic4al0 Zfpl74
Ankrd27 Cntnl Flrtl Histlhld Mettl7al Pnpla3 Sic5a6 Zfp324
Ankrd49 Cox6a2 Fmol Histlh4i Mfsd6l  Poc5 Sic9a9 Zfp346
Ap3m2 Cpne4 Frasl Hist2h2bb  Mfsd8 Poll Sicola6 Zfp518b
Apdbl Crocc Frmd5 Hist2h3c2 Mlxipl = Pou6fl Smocl Zfp692
Apbal Csn3 Futl Hist2hd  Mmp24 Ppmle Snx25 Zfp758
Aqgp4 Cst6 Fut4 Hlcs Mnsl Ppplrla Srrmé4 Zfp839
Ascll Cyb561d1 G6pc2 Hmgelll  Mnx1 Ppplr42 St8sial Zscan22
Asicl Cyp7bl Gabbr2 Hps5  Monlb  Prlr St8sia5
Atgdc D3Bwg0562e Gadl Hs3st6  Mornd  Prrtl Tat
B230216N24Rik D630045J12Rik Galnt14 Hspal2za Mpp3  Prss53 Tcaim
B3galt4 Dagla Galnt9 Icall Mpz  Pyroxd2 Tctn3
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Table 3.3. Top five results for over-representation analysis (ORA) for B-cell-specific genes,
including gene ontology and mammalian phenotype ontology terms.

Gene Set | Description | Ratio| FDR
mmu04950 Maturity onset diabetes of the young 8.38 0.0808
mmu04080 Neuroactive ligand-receptor interaction 5.05 0.0808
G0:0044306 neuron projection terminus 3.97 0.0808
G0:0033500 carbohydrate homeostasis 3.19 0.0808
G0:0033267 axon part 2.48 0.0808

Table 3.4. Type five results for over-representation analysis (ORA) on genes within brown and
blue modules, including gene ontology and KEGG pathway terms.

Gene Set | Description | Ratio | FDR
Brown Module
MP:0003562  abnormal pancreatic beta cell physiology 12.34  0.1381
MP:0010147  abnormal endocrine pancreas physiology 11.99  0.1381
MP:0003059 decreased insulin secretion 15.64  0.2031
MP:0004994 abnormal brain wave pattern 24.60  0.2942
MP:0002693 abnormal pancreas physiology 8.36  0.2942
Blue Module
mmu00072  Synthesis and degradation of ketone bodies 72.44  0.0964
mmu00601 Glycosphingolipid biosynthesis 39.01  0.1765
mmu00650 Butanoate metabolism 31.69  0.1798
mmu04976 Bile secretion 14.91  0.6046
mmu01100 Metabolic pathways 2.11  1.0000
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Chapter 4: Conclusions and Future Directions
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4.1 Summary

Pancreatic p-cells are optimized to secrete insulin, a process critical for maintaining
appropriate blood glucose concentration. In type 2 diabetes, peripheral insulin resistance
promotes initial B-cell expansion, but ultimately results in p-cell death and dysfunction®.
Obesity raises the risk of developing type 2 diabetes 27-76 fold, while approximately 60% of
individuals with diabetes are obese?®®271, Despite the stress obesity places on B-cells, 10-30% of
obese individuals maintain glycemic control and are at low risk for developing diabetes?’®. These
low-risk obese individuals have elevated f-cell mass and improved insulin secretion compared to
BMI-matched diabetic-obese individuals?t32'":2’®  Understanding the differences in pB-cell
physiology between these populations may reveal therapeutic strategies for maintaining and

improving glycemic control in obese individuals.

Like in humans, diabetic risk in obese mice depends on genetic background?®-284, Variation
in B-cell heterogeneity likely underlies variability in islet stress response, and thus needs to be
accounted for when comparing nondiabetic-obese and diabetic-obese populations. No current
mouse model is well-suited to examine physiological differences in B-cell health between
nondiabetic-obese and diabetic-obese states. Cell sorting, imaging, and sequencing technologies
have allowed for analysis of multiple B-cell properties, revealing that B-cells vary in morphology,
function, and gene expression. The importance of heterogeneity is reinforced by observations
that B-cells are subject to variable fates in diabetes including apoptosis, replication, and
dedifferentiation®?5-28, Characterization of p-cell heterogeneity has led to questions about its role

in diabetic etiology and therapy?®. Examining heterogeneity lends itself to questions about the
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applications and limitations of B-cell plasticity, which can focus research aimed at improving f3-

cell function.

The SM/J inbred mouse strain has been used to study interactions between diet and
metabolism, and more recently has uncovered genetic architecture underlying diet-induced
obesity and glucose homeostasis?®®2%®, After 20 weeks on a high fat diet, SM/J mice display
characteristics of diabetic-obese mice, including elevated adiposity, hyperglycemia, and glucose
intolerance?®. We have previously shown that by 30 weeks of age, high fat-fed SM/J mice enter
diabetic remission, characterized by normalized fasting blood glucose, and greatly improved
glucose tolerance and insulin sensitivity?®’. Given the central role of pB-cell health in
susceptibility to diabetic-obesity, we hypothesize that obese SM/J mice undergo restoration of
functional B-cell mass during the resolution of hyperglycemia. By contrasting p-cells in
hyperglycemic-obese and normoglycemic-obese. Given the increasing relevance of [-cell
heterogeneity in diabetes research, we also sought to characterize p-cell subpopulations in obese
SM/J mice, and how they contribute to the hyper- and normoglycemic-obese states. By
integrating phenotypic information with subpopulation structure, a more complete picture of -

cell function in obese SM/J mice can be achieved.

In chapter 2, we determined that increased insulin production and insulin sensitivity
accompany improved glycemic control, driven by expanded B-cell mass and improved glucose-
stimulated insulin secretion. To our knowledge, this is the first report of improved B-cell
function in an obese inbred strain. B-cell hyperplasia is the primary driver of islet expansion in
mouse models of obesity?®”2%, Some nondiabetic obese mice experience increased B-cell

number, but do not show evidence for elevated B-cell replication in immunostaining of
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pancreatic sections?®23%°, This has been attributed to technical artifacts in sampling could result
in inflated variances which mask biological differences. This could be the case here, given that
high fat-fed SM/J’s B-cell number is far above low fat-fed controls, that their p-cell number
expands 2-fold during the resolution of hyperglycemia, yet we find no evidence for increased -
cell replication. 20-week high fat-fed SM/J mice have an insulin secretion profile similar to
diabetic-obese mice and humans, including blunted glucose-stimulate insulin release, elevated

basal insulin secretion, and low islet insulin content, which resolves by 30 weeks.

Three components of B-cell stress response may shed light on the perplexing
improvement in glycemic control seen in SM/J mice: B-cell dedifferentiation, nascent (-cell
maturation, and changes in [-cell subtype proportions. While early studies concluded
overworked P-cells undergo apoptosis?>®%327  recent studies have suggested p-cells
dedifferentiate into a dysfunctional, progenitor-like state, potentially as a defense mechanisms
against prolonged glycemic stress?®6:279328329 These dedifferentiated B-cells have low insulin
content and poor glucose-stimulated insulin secretion. Further, the dedifferentiated state is
reversible in cultured conditions, revealing potential for therapeutic intervention?®. It is feasible
that obese SM/J mice have B-cells in the dedifferentiated state at 20-weeks, which would explain
the low insulin content and poor functionality despite the elevated B-cell mass. Improvement in
insulin sensitivity could ease glycemic stress, allowing dedifferentiated p-cells to redifferentiate

by 30 weeks, reestablishing insulin production and secretion.

Recent advances in single cell technology allows for identification of B-cell subtypes,
based on functional characteristics and gene expression. Integrating sc-RNAseq with bulk

RNAseq data leverages bulk sequencing’s high read depth, allowing for capture of lowly
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expressed genes and robust expression analysis. Several tools can integrate sc- and bulk RNA-
seq data, focusing on deconvoluting bulk RNAseq data from heterogeneous tissue to account for
differences in tissue composition®340241 These methods estimate and control for cell type
abundance but do not identify cell type-specific expression signatures in bulk datasets.
Analytical strategies that identify cellular gene expression signatures in bulk RNAseq data allow
for robust cell type-specific differential expression analysis and complex network analysis that is

currently not feasible in ScRNA-seq data.

In chapter 3 we characterized gene expression in B-cells from obese SM/J mice, who
spontaneously transition from hyperglycemic to normoglycemic with improved B-cell function
between 20 and 30 weeks of age3#23%, Several groups have proposed the existence of
functionally distinct p-cell subpopulations?*2453% pyt their existence and relevance to insulin
homeostasis remain controversial. We identified 4 pB-cell populations, Beta 1-4, across
hyperglycemic-obese, normoglycemic-obese, and normoglycemic-lean mice. While the
functional roles assigned to each population are based on gene enrichment analysis and open to
interpretation, the relative proportion of each population changes in conjunction with islet

function across cohorts, suggesting a functional relevance to overall p-cell population structure.

Beta 1 cells appear to be primed for insulin release, but not to perform glucose-stimulated
insulin secretion. Farack et al®*® identified a subpopulation of “extreme” B-cells that specialize in
basal insulin secretion, with high insulin expression and low mature insulin content. The Beta 1
cells we identified are similar to “extreme” [-cells based on their mature profile, potentially
limited glucose response, and abundance in diabetic obese mice. Beta 2 cells are enriched for

response to oxygen levels, pyruvate metabolism, and nucleotide phosphorylation, each
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associated with protection from hypoxia®?2%3, Several groups have identified a subset of heavily
vascularized islets that have elevated oxygen consumption and superior GSIS at the cost of
susceptibility to hypoxia. We suspect Beta 2 cells represent a highly functional B-cell population
that confer protection against hypoxia'®*!*®.Beta 3 cells overexpress plasma membrane
components, including several claudin family members, and ribosome components. Polarity in -
cells serves as both a driver and a characteristic of mature, highly functional p-cells*34%365,
Cldn4, Cldn3, and Cldn7 are all upregulated in Beta 3 cells and associated with mature p-cell
function®®. From this we conclude that Beta 3 cells represent a polarized and mature p-cell
population. Terms associated with Beta 4 cells include response to stress and response to
topologically incorrect protein. Several groups have identified B-cell subpopulations based on a
stress response signature®9237 which have coalesced into a theory about stress response
cycling, where B-cells go through periods of UPR activation and low insulin production to clear
misfolded proteins?:?>°, Interestingly, 20wk low-fat mice have a similar proportion of stress
response cycling cells compared to other groups (~7%), however this population is significantly

smaller in high-fat males, suggesting that stress response cycling may be suppressed by obesity.

We developed a technique to integrate single cell data with bulk RNA-seq data to assess B-cell-
specific differential expression. While the list of genes identified as p-cell-specific is only 316
genes, sub-setting the bulk RNA-seq data by p-cell-specific genes provided a small but highly-
focused search space to identify genes that influence B-cell function in hyperglycemic-obesity,
normoglycemic-obesity, and healthy mice. We identified Pdyn as a novel candidate gene
associated with improved glycemic control in males. While Pdyn’s role in B-cell function is

unknown, many opioids modulate insulin section®. Pdyn is over expressed in Beta 2 cells,
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which are increased in normoglycemic-obese mice, and may link improved B-cell function with

hypoxia response, as Pdyn provides protection from hypoxia in lung and neuronal tissue3’837°,

Weighted gene co-expression network analysis (WGCNA) identified p-cell-specific
modules that correlate with phenotypes. The blue module is highly expressed in 20wk high-fat
males, strongly correlating with blood glucose concentration, and enriched with fatty acid
metabolism genes, which are heavily implicated in obesity and diabetes. Since fatty acid
metabolism can stimulate insulin release, it is possible that prolonged activation of this network
promotes elevated basal insulin secretion but inhibits GSIS. Expression of this network may be
related to the abundance of Beta 1 cells in 20k high-fat males, which are geared toward basal
insulin release. The brown module is highly expressed in lean mice and negatively correlates
with serum insulin levels and enriched for genes associated with -cell physiology. This network
is suppressed in 20wk high-fat males, who have dysfunctional p-cells. We homed in on
Faml151a, a gene highly connected within the network, that independently correlates with serum
insulin levels. Fam151a is both differentially expressed and differentially connected within the
brown module between 20wk high-fat and 20wk low-fat mice, suggesting an important role

within the network and a potential link between serum insulin levels and B-cell function.

We explored if subpopulation composition contributes to differential expression of Pdyn
and Fam151a. Total Pdyn expression increased across all B-cells between 20 and 30wk high-fat
fed males, in agreement with the bulk RNA-seq data. Pdyn is overexpressed in Beta 2 cells,
which increase in proportion between 20 and 30 weeks in high-fat mice, suggesting differential
expression of Pdyn is driven by a change in subpopulation proportions. Likewise, total Fam151a

increased across all B-cells between 20wk high and low-fat males, in agreement with the bulk
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RNA-seq data. However, Fam151a is strongly overexpressed in Beta 1 cells, which are most
abundant in 20wk high-fat males. To explore this discrepancy, we performed differential
expression analysis in Beta 1 cells between 20wk high and 20wk low-fat males and found
Faml51a expression is significantly higher in 20wk low-fat male Beta 1 cells. Thus, while the
proportion of Beta 1 cells is lower in 20wk low-fat mice, the expression of Faml5la is

significantly increased in their Beta 1 cells.

In conclusion, obese SM/J mice experience improved beta cell function, characterized by
enhanced GSIS, decreased basal insulin secretion, and increased islet insulin content. Underlying
this improvement is a decrease in B-cells associated with basal insulin secretion, and an increase
B-cells associated with hypoxia response. Concurrently, obese SM/J mice decrease expression of
a gene network associated with fatty acid metabolism. Expression of key genes, including Pdyn
and Fam151a, provide strong candidates for exploring differential gene expression between and
within B-cell subpopulations, and how changes in subpopulation structure influence glycemic

control in obesity.

4.2 Future Directions

My thesis work characterized how obese SM/J B-cells change at the morphological,
functional, and transcriptional level. | established that improved B-cell function underlies the
restoration of glycemic control and identified genetic pathways associated with the
hyperglycemic-obese state. While other strains, including LG/J and C57BI/J6, do not improve
glycemic control with age on a high fat diet, this phenomenon has not been rigorously assessed
in most inbred mouse strains. Performing this experiment on other inbred strains, particularly

those that are susceptible to diet-induced obesity, would reveal if reestablishing glycemic control
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