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CHAPTERI
BACKGROUND AND SIGNIFICANCE

The Pancreas
Anatomy, physiology, and function

The pancreas is a bifunctional organ composed of exocrine and endocrine compartments, each of which
has distinct morphology and anatomical functions (Fig. 1). The exocrine compartment, which makes up
nearly 98% of pancreatic mass, consists of acinar cells that secrete digestive enzymes into a branched
network of ducts that drain into the duodenum, where the enzymes are activated'™. Embedded within
the exocrine tissue are small clusters of hormone-secreting endocrine cells called Islets of Langerhans,
whose main purpose is to regulate glucose levels in the blood. The five endocrine cell types in the islet
are a-, B-, 8-, €-, and PP cells, which secrete glucagon, insulin, somatostatin, grehlin, and pancreatic
polypeptide, respectively. Regulation of blood glucose is coordinated mainly by a- and B- cells, which
are the most abundant endocrine cell types*”.

Elevation of the blood glucose stimulates 3-cells to
secrete insulin, allowing insulin-sensitive tissues such as
liver, muscle, and adipose tissue, to take up and store
excess glucose as glycogen or fat. Conversely, when
blood glucose is low, islet a-cells secrete glucagon, which
stimulates the liver to release glucose by breaking down
ac'ls::f;'snseue stored glycogen or producing new glucose through
gluconeogenesis. The process of glucose-stimulated
insulin secretion (GSIS) is coordinated by a complex
cascade of extracellular and intracellular signals®® (Fig.
2). Atlow levels of blood glucose, ATP-sensitive K*
channels (Kare channels) are open, resulting in membrane
hyperpolarization and closed Ca?* channels. When blood
glucose levels rise, glucose enters the B-cell through
: glucose transporters®, where its metabolic processing
Figure 1: Anatomy of the pancreas. The causes a rise in intracellular ATP and subsequent closure
Exoorine fisste, which secretss igestve enzymes O Kare channels. This results in membrane
into the duodenum, and endocrine tissue, made up ~ depolarization, spurring calcium influx, release of

of islets that secrete hormones into the \y . . )
bloodstream. Image adapted from Saladin, 2001°. additional calcium from intracellular stores, and exocytosis
of insulin vesicles.

Pancreatic duct Pancreas

Pancreatic development and establishing B-cell mass

The pancreas develops from dorsal and ventral buds within the foregut endoderm?'®. Mouse pancreas

development encompasses a “primary transition” from embryonic day (E) 9.5 to E12.5 and a “secondary
transition” from E12.5 to birth!"" (Fig. 3). The primary transition is marked by bud formation and



; Figure 2: Glucose-
Low plasma glucose High plasma glucose stimulated insulin

secretion in B-cells.

ized membr, \arized membrane Pote, ..
10" o lony Y &% u -
00" © o ‘o, ot° S Glucose enters the B-cells
-70mV. through the GLUT
GLUT2 Glucose __/~ gLUT2 transpor.ter.and un_dergoes
— B e glycolysis, increasing the
metabolism metabolism __ca intracellular ATP/ADP ratio.
This results in closure of
Calci . " .
LATP channels T ATP ( C;'CIU"; ATP-sensitive potassium
closed oemnes channels, membrane
open ’
K T MgADP S1oAD? 5 depolarization, and opening
Ky 4 K y of voltage-gated calcium
channels K+ Kare b channels. Calcium influx
open channels K* X . i
o closed } causes exocytosis of insulin
. L 3 No insulin K* Insulin
K granule granule granules. Imgge from Lang
K release release & Light, 2010".
Low metabolism - K, ., channels open High metabolism - K, ., channels closed

pancreatic proliferation. The dorsal pancreatic bud evaginates at E9.5, followed by the ventral bud at
E9.75, while epithelial cells form microlumens'?'. Epithelial cells at this stage express a number of
pancreas-specific transcription factors (Pancreas specific transcription factor 1a, Ptf1a; Pancreatic and
duodenal homeobox 1, Pdx1; Sex-determining region Y-box 9, Sox9) and receive growth and
differentiation signals from surrounding mesenchymal cells'>'®. Around E13, microtubules converge into
a branched tube and epithelial cells form “tip” and “trunk” domains. In the distal tip lie multipotent Ptf1a*
progenitors, which will become acinar, duct, and endocrine cells, whereas the trunk harbors bipotent
progenitors expressing NK6 homeobox (Nkx6), which give rise to duct and endocrine cells.

The secondary transition includes pancreatic branching, cell differentiation, and pancreatic
morphogenesis. During this time the “tip” region loses multipotency, generating only acinar cells, while
the “trunk” produces duct and endocrine cells. Again, cell differentiation and morphogenesis are highly
dependent on reciprocal signaling between the epithelium, mesenchyme, and blood vessels'”®.
Unipotent, postmitotic progenitors that express Neurogenin 3 (Ngn3) give birth to each of the different
endocrine cell types'®?'. Islets are formed by delamination of Ngn3* epithelial cells that coalesce into
clusters. Complex cascades of transcription factors define such differentiation. Key transcription factors
for the a-cell lineage include Forkhead box A2 (FoxaZ2), NK2 homeobox 2 (Nkx2.2), Paired box 6 (Pax6),
and Aristaless (Arx). Differentiation of B-cells requires, among others, transcription factors
Musculoaponeurotic fibrosarcoma oncogene homolog B (MafB), Pdx1, Pax4, Pax®6, Islet 1 (Isl1), Nkx2.2,
and Nkx6.1.

Importantly, although insulin® B-cells are observable in the mouse pancreas from E13.5, they do not
attain functional maturity until postnatally. This is achieved by some of the same transcription factors
involved in differentiation, such as MafB, Isl1, Pdx1, and Ngn3, but also involves Neurogenic
differentiation 1 (NeuroD1)'®, MafA?**, and Von Hippel-Lindau (VhI)*>%. Additionally, there is burst of
postnatal B-cell proliferation in the mouse that is necessary for establishing mature B-cell mass.
Transcriptional regulation of this process comes from factors including Foxm1%’, Isl1%, Survivin®, and
Enhancer of zeste homolog 2 (Ezh2)%.



Figure 3: Pancreatic

Primary transition Secondary transition morphogenesis. Mouse
pancreatic development
(1) E95 (@) Et (3) Before E13 () E13 and later includes “primary” (E9.5-E12.5)

and “secondary” (E13-birth)

0O Ptta, Paxir, transitions. Budding initiates at

“Tip”

Sox9*, cMyc*, __ Acinar . .
others ] = buct E9.5 (1), followed by epithelial
&X pti1a: > Endocrine proliferation and microlumen
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Nkx6* ndoerine —> Duct rise to ductal and endocrine

“>Endocrine  cells. The secondary transition
(4) encompasses pancreatic

Pancreatic bud Tube formation and branching, cell differentiation,
formation and Microlumen establishment of Pancreatic morphogenesis, branching, acinar cell expansion and islet
epithelial expansion formation “tip—trunk” domain cell differentiation, and isletogenesis formation. Image fror’n Benitez

etal., 2012".

Our knowledge of human pancreas development, unlike that of the mouse, comes largely from cross-
sectional analysis of histological specimens and is much more limited. Molecular markers of pancreatic
differentiation are largely conserved in mouse and human, as are the general processes of bud
formation, epithelial migration, and branching morphogenesis®' . Insulin-expressing cells are first
observed at gestational week (G) 7.5w, remaining the most abundant endocrine cell type for the first
trimester*"**. The composition of a-, B-, and 5-cells is approximately 1:1:1 by the last trimester, with this
ratio maintained through birth®**°. Endothelial cells are associating with clusters of endocrine cells at
G10w, with vascular structures observable at G14w*’. This thesis describes work that is adding to our
knowledge of human pancreas development.

Differences between human and rodent islets

Although many aspects of pancreatic islet morphology and function are conserved among mammals,
there are important differences in cellular composition, gene expression, and function. First, the
composition of endocrine cells is much more variable in humans, with B-cells making up 50-70% of
human islet mass compared to 75-80% in mouse*®. Additionally, the cell arrangement in mouse islets is
such that B-cells compose the core of the islet with a- and &-cells mainly occurring around the periphery,
which is in contrast to the adult human islet, in which a-, 8-, and &-cells are intermingled“'38 (Fig. a-b). As
a result, human islets display many more a-to-B-cell contacts than do mouse islets*® and may rely on
different mechanisms to synchronize pulsatile insulin release®. The vascular architecture of human islets
is also quite striking compared to that of rodents, with human islets exhibiting fewer blood vessels than
mouse islets® (Fig. 4c-d).

While the general process of GSIS is conserved between rodents and humans, a number of distinctions
have been noted. Among these are the fact that humans have only one insulin gene (INS), while rodents
have two (Ins1, Ins2), and GLUT-1 is the major glucose transporter in human B-cells rather than
GLUT-2%%%*"_ As a result of these and other metabolic nuances, basal insulin secretory rate differs
between human and rodent islets*. There are also subtle but critical distinctions in gene expression of
transcription factors**** and antioxidant enzymes****, as well as epigenetic signatures that influence
proliferative capacity*®*’.
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Figure 4: Islet morphology varies between mice and humans. (A-B) Mouse and human islets labeled for insulin (green),

glucagon (red), and somatostatin (blue). (C-D) Islet vasculature visualized by endothelium-binding lectin-FITC (C, mouse) or
endothelial cell marker CD34 (D, human). (E-F) Analysis of endocrine cell composition. (G-H) Islet area and capillary density
in mouse and human islets. Horizontal bars in E-H represent the mean of each population. Images adapted from Brissova et
al., 2005° and 2015%°.

Diabetes
Epidemiology and pathophysiology

Diabetes mellitus (DM) is a metabolic disorder characterized by abnormally elevated blood glucose
levels, or hyperglycemia. The National Diabetes Statistics Report estimates that 30.2 million U.S.
adults—over 12% of the adult population—had diabetes in 2015, with another nearly 40% having
elevated fasting glucose levels or elevated post-meal glucose considered to be “prediabetes™®.

Although we often refer to ‘diabetes’ as a single disorder, it is actually quite heterogeneous. About 5% of
all diabetes cases are classified as type 1 DM (T1D)*, in which autoimmune destruction of B-cells
renders patients unable to maintain blood glucose levels through endogenous insulin production. These
cases are often diagnosed during childhood and require lifelong treatment with exogenous insulin. Type
2 DM (T2D) represents the bulk of DM patients, about 90-95%, who develop insulin resistance in
peripheral tissues that requires increasing insulin levels to lower blood glucose48. Individuals become
hyperglycemic when their B-cells are no longer able to meet the increased insulin demand, but
depending on the degree of B-cell dysfunction, symptoms may be managed by lifestyle modifications or
oral medications before resorting to exogenous insulin. Additionally, some women who fail to adapt to
the metabolic stress of pregnancy develop gestational diabetes mellitus (GDM), which may occur in 4-
14% of all pregnancies and is an established risk factor for later development of T2D***°. While GDM
and T2D undoubtedly share some underlying causes and mechanisms of B-cell dysfunction, there is also
evidence for genetic and environmental causes that are unique to GDM°"*®, and epigenetic changes



induced by maternal hyperglycemia have far-reaching effects on glucose tolerance in offspring®**°.

Finally, there is a small subset of individuals (less than 2% of all DM cases) whose diabetes arises from
a single genetic mutation, usually of hepatocyte nuclear factor (HNF) 1A, HNF4A, or glucokinase (GCK),
which negatively impacts B-cell function®®. These mutations are autosomal dominant forms of DM that
are collectively known as maturity-onset diabetes of the young (MODY). MODY cases are sometimes
misdiagnosed as T1D, though many can and should be treated by oral medication rather than
exogenous insulin.

Treatments aimed at B-cell replacement

Because B-cell loss and/or dysfunction are hallmarks of all types of DM, there is great interest in
developing methods to restore B-cell mass and function in affected patients. These efforts, summarized
in Fig. 5°', include providing B-cells from exogenous sources (including transplantation of cadaveric
islets®®°° or B-like cells derived from pluripotent stem cells, hPSCs®°?) and endogenous sources
(including expansion of existing B-cells®*®° or B-cell formation through transdifferentiation of other
pancreatic cell types®®® and differentiation of multipotent precursors’®"?).

Although exogenous B-cell replacement can be a very effective treatment for diabetes, immune
challenges and scarcity of islets available for B-cell transplant make this an impractical long-term
therapeutic tool. Differentiation of hPSCs to -like cells has made significant progress in the past
decade, using knowledge from developmental biology to create a protocol for sequential stimulation and
inhibition of specific developmental pathways with growth factors and small molecules’*”>. However,
there are challenges with these B-like cells that need to be overcome related to lower insulin secretion
compared to human (-cells, and capacity and efficiency with which these cells can be produced.

Endogenous B-cell replacement has been explored extensively in mice, where severe B-cell ablation has
led to conversion of B-cells from a- and &- cells’®"® and reprogramming of a-cells has successfully
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restored B-cell mass to reverse diabetes®®®”"®. Exocrine cells may also be converted into B-like cells

with cytokine and growth factor treatment®®®*#° and recent work using gut organoids has even showed
that gastrointestinal cells are capable of transdifferentiation into insulin-responsive cells®"®. Like with B-
cell differentiation from hPSCs, there are many challenges to overcome before these transdifferentiation
strategies are tested in clinical trials. Because of this, harnessing the ability of B-cells to proliferate in
vivo, even if at limited capacity, offers an attractive alternative in which an individual’s B-cells could
intrinsically improve or restore 3-cell function.

Proliferation of endogenous B-cells

Treatments for stimulation of endogenous B-cell proliferation have taken two approaches: (1) harnessing
the mechanisms, growth factors, hormones, and signals used under normal physiology (neonatal,
pregnancy, insulin resistance); and (2) identifying small molecules and/or compounds that induce
proliferative pathways. Unfortunately, many of the compounds/pathways that have been studied in
rodent B-cells do not promote replication in human B-cells®*®*%3 while other proliferative mechanisms,
such as the non-canonical Janus kinase (JAK)/signal transducers and activators of transcription (STAT)
signaling, and signaling through serotonin membrane receptors, have not yet been extensively
investigated in human B-cells®#%. The information presented here will focus on human B-cells, as
promoting human B-cell proliferation is the ultimate therapeutic goal.

Mechanisms of -cell proliferation
It is likely that balancing the activity of multiple pathways will be necessary to promote proliferation while
maintaining B-cell identity and
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human B-cell replication induced by glucose87. Indirect activation of Akt by Transforming growth factor
beta (TGFB) has led to context-dependent effects on B-cell proliferation®®, which suggests that ligands
such as TGFf3 may activate multiple signaling cascades simultaneously. Leibiger and colleagues
recently showed that PI3K class Il a (PI3K-C2a) knockdown promoted insulin receptor B (IR-
B)/extracellular signal-regulated kinase (ERK) signaling, inducing proliferation, while still maintaining
alternate PKB/Akt signaling necessary for basal B-cell metabolism®.

Modulation of cell cycle machinery is another mechanism of B-cell proliferation that has been of recent
focus. In the transition from G1 to S phase, cyclins and cyclin-dependent kinases (CDKs) are
sequentially phosphorylated to drive proliferation. The machinery for cell cycle progression is largely
conserved between rodent and human B-cells; however, there are a few key differences. Notably, the 3-
cells of human islets express high levels of CDK6 (absent in rodent B-cells) and low levels of cyclin D2
(critical to rodent B-cell proliferation)®®. Recent studies have enumerated additional subtlety; for
example, although CDKs 4 and 6 and cyclin D3 are readily detectable in both rodent and human 3-cells,
other cyclins that are abundant in rodent B-cells are not consistently expressed by human B-cells® ',
Even manipulation of the most conserved cyclins and CDKs gave mixed results in different systems. For
example, Cdk5 activation induced proliferation in rodent B-cells, but has previously been implicated in
apoptotic pathways of various human cell types®. A key inter-specific difference is the subcellular
localization of cell cycle molecules. In human B-cells the majority of cyclins and CDKs are sequestered
in the cytoplasm rather than the nucleus, which may contribute to the reluctance of human B-cells to
proliferate basally®®®. Indeed, there is evidence that cytoplasmic and nuclear trafficking play a
regulatory role in human B-cell proliferation®. Once in the nucleus, cell cycle molecules can be
influenced by additional proteins like menin, which further controls 3-cell transcription and replication by
modulating methylation activity®®. Finally, there is considerable variability between experiments using
human B-cells — activation of cyclin isoforms induced B-cell proliferation in human islet grafts®, but not in
the human cell line EndoC-bH1%.

Hormone and growth factor activity

Some peptide hormones, including parathyroid hormone-related protein (PTHRP), stimulate B-cell
replication in vitro® %, and prolactin is a known mitogen of compensatory (-cell proliferation during
rodent pregnancy®®'®. Recently it was shown that prolactin receptor (PRLR)-JAK2-STATS5 signaling is
not prominent in human B-cells; interestingly, however, murine Stat5a induced proliferation of human -
cells® and there is evidence that prolactin may augment traditional T1D therapies by reducing
lymphocytic infiltration'""%2. Signaling of steroid hormones, such as estrogens, androgens, and
progesterone, also modulate proliferation and appear disrupted under diabetic conditions®'®. The
amino acid derivative serotonin, extensively studied during B-cell adaption during pregnancy®*'®, also
shows potential for inducing de novo B-cell proliferative activity®®. Additionally, hepatocyte growth factor
(HGF)**'%*1% may exert proliferative effects through the PKC pathway®’. Altered insulin-like growth
factor 1 (IGF-1) signaling, via phosphorylation of insulin receptor substrate 2 (IRS-2) and glycogen
synthase kinase 3 (GSK3)'%, promoted B-cell proliferation in both isolated and transplanted human islets
incubated with protease inhibitor SerpinB1'%". Identifying growth factors that induce human B-cell
proliferation continues to be a research focus in the field, as many factors used to reverse diabetes in
mice have delivered unpromising results when tested in human islets.



Changes in glucose metabolism

There is robust data indicating that insulin resistance and/or hyperglycemia in rodents stimulates p-cell
proliferation®**®”. Porat and colleagues showed that glucose-induced proliferation was regulated by
GCK metabolism, with increased glycolytic rate causing the B-cell to upregulate proliferative pathways®.
Carbohydrate response element binding protein (ChREBP) was essential for this downstream
proliferative response®, as was PKCZ-mediated mTOR/cyclin D2 activity®”. While stimulation at very
high glucose concentration increased B-cell proliferation in isolated human islets, lower levels of glucose
were not sufficient to produce this effect’’. Dai and colleagues recently investigated human B-cell
proliferation in vivo, performing human islet transplants in immunodeficient mice and then induction of
hyperglycemia * insulin resistance; they found that neither chronic nor acute hyperglycemia stimulated 3-
cell proliferation in human islet grafts, in contrast with grafts of mouse islets'®. These data again
underscore an apparent difference in the proliferative capacity between rodent and human islets.

Small molecules

Using a candidate molecule approach, several classes of drugs, hormones or growth factors such as
peroxisome proliferator-activated receptor gamma (PPARY) agonists, glucagon-like peptide 1 receptor
(GLP-1R) agonists, dipeptidyl peptidase 4 (DPP-4) inhibitors, glycogen synthase kinase 3 beta (GSK3[3)
inhibitors, prolactin, IGF-1, HGF, and PTHRP have been tested for the ability to stimulate B-cell
proliferation. While several of these have clear activity in rodent islets, none have proven useful in
stimulating human B-cell proliferation. This inability to stimulate human B-cell proliferation has led to
intense efforts by several groups to use high-throughput small molecule screening approaches to identify
compounds or small molecules that stimulate B-cell proliferation'®"'?. Interestingly, recent, independent
discoveries have identified the dual-specificity tyrosine-regulated kinase 1a (DYRK1A) as the likely target
of compounds such as harmine and 5-iodotubercidin, both of which stimulate adult human -cell
proliferation''®""".  Another group was able to stimulate adult human B-cell proliferation using an RNA
interference strategy to silence cell cycle-dependent kinase inhibitors CDKN2C/p18 or CDKN1A/p21,
suggesting that p18 and p21 may be attractive targets to promote B-cell proliferation'®. Efforts to identify
additional compounds and to optimize identified compounds are underway. One challenge is that no
currently identified pathway is p-cell specific; thus an approach to only deliver the active compound to B-
cells will be required. A portion of this thesis describes a new -cell target that may be useful in
delivering such compounds.

Other potential targets

Based on the results of many molecules inducing B-cell proliferation in rodents, several groups have
focused on identifying mitogens, receptors, and signaling molecules that have not previously or
extensively been studied in B-cells. For example, aminopyrazine compounds, which are robustly
mitogenic in human B-cells, likely target GSK3B and DYRK1A'"®. Membrane-bound sodium glucose co-
transporter 2 (SGLT2) inhibitor has an insulin-independent effect on B-cells, increasing p-cell mass and
proliferation rate when B-cells are destroyed using the toxin streptozotocin (STZ)'"*. Transcription factor
PAX4, which is required for B-cell maturation, appears elevated in a subset of mature B-cells that
proliferate preferentially during adaptive B-cell expansion''® and induced proliferation in cultured human
islet cells'"®. Engineered peptides mimicking extracellular proteins increased numerous proliferative
indexes and B-cell-specific gene expression in rat INS-1 cells; proposed mediators include integrin



receptors and subsequent activation of focal adhesion kinase (FAK) and ERK'". Circulating fatty acids
such as palmitate and oleate, which are elevated considerably during pregnancy, had synergistic effects
in the presence of prolactin-induced B-cell proliferation’'®. In certain contexts, lipids have also preserved

B-cell proliferative capacity in non-pregnant rodents"®.

Pancreatic Islet Microenvironment

Pancreatic islets are highly vascularized mini-organs, and although islets make up only 1-2% of total
pancreatic mass, they receive a disproportionately larger fraction of blood flow than the surrounding
exocrine tissue'®'?'. In addition, the capillary network within the islet is thicker, denser, and more
tortuous'?'?® ensuring that endocrine cells have adequate access to gas exchange, nutrition, and waste
removal. Vascular endothelial cells (ECs) are highly fenestrated, allowing endocrine cells to rapidly
sense and secrete hormones directly into the bloodstream. Pericytes, which are associated with ECs
and reside in the shared basement membrane (BM), help regulate vascular contraction; their loss
compromises vascular perfusion and EC membrane structure'®*. They also secrete molecules that
promote EC differentiation and maturation'*'? and B-cell function'®. Their depletion in islets results in

reduced insulin content and impaired GSIS'* as well as impaired B-cell proliferation'?.

The islet is innervated by parasympathetic, sympathetic, and sensory nerves, which help coordinate
insulin secretion and response to other environmental cues'?*'*°. Autonomic axons directly contact
endocrine cells in the mouse pancreas, while in human islets, these nerves are closely associated with
capillaries and axons preferentially innervate smooth muscle cells’*%"*2. Cell-to-cell communication is
also mediated by extracellular matrix (ECM), including a peripheral, discontinuous capsule that separates
the islet from surrounding endocrine tissue. In mouse, ECs produce the only intra-islet ECM"*®, whereas
in contrast, human islet endocrine cells make an additional basement membrane that is distinct from that
of the endothelium™*. In both species, the islet microenvironment encompasses the interface between
many different cell types, including endocrine cells, ECs, macrophages, nerves, and fibroblasts. The
respective contributions of macrophages, ECs, and ECM will be discussed in detail below.

Macrophages

Macrophages are specialized immune cells of myeloid lineage, derived during embryogenesis and
maintained through production of adult hematopoietic stem cells in the bone marrow. Upon immune
assault or chemotactic cue, monocytes can leave the circulation, undergoing extravasation though blood
vessel wall and differentiating into macrophages once they reach the target tissue. They are among the
first responders to sites of injury and help to rapidly induce cell signaling cascades that mobilize
lymphocytes, neutrophils, and other monocyte lineages. In addition to functioning as phagocytes, they
also secrete various cytokines, such as interleukin (IL)-1B, IL-6, IL-12, IL-23, tumor necrosis factor a
(TNFa), and nitric oxide synthase 2 (NOS2), that provide chemotactic cues facilitating a coordinated

immune response 1%,

Though macrophages were initially defined as a cell population based on their morphology and



phagocytosis ability during the immune response, more recent discoveries of their tissue restorative
effects prompted a new classification that distinguishes them functionally'*®'**'*°_ Pro-inflammatory “M1”
macrophages are classically activated by apoptotic cells, IgG complexes, toll-like receptor (TLR) ligands,
and cytokines such as interferon gamma (IFNy), and play key roles in immune surveillance and
inflammatory response’''*2. They express a canonical set of inflammation-associated signaling genes
that includes I112b, II1b, Tnf, Monocyte chemoattractant protein 1 (Mcp1), and Cyclooxygenase 2
(Cox2)"*'_|n contrast, alternately activated or “M2” macrophages are considered anti-inflammatory,
sensing and responding to heightened immune activity induced by M1 macrophages'®'*. Maintaining
IL-10 and TGFB expression to suppress inflammation, M2 macrophages express a common signature of
lipoproteins (CD11c; CD206, CD163, CD14) as well as distinct metabolic genes (Arginase 1, Argf1,
Resistin like beta, Retnlb)'**'*%'**  Fig. 7 depicts some key characteristics of M1 and M2 phenotypes.
Debate is ongoing in the macrophage community as to the usefulness of segregating macrophages into
distinct classes of M1 or M2, especially due to our expanding knowledge of macrophage plasticity and
the capacity for interconversion between phenotypes'®'°>'® This has led many to adopt a more fluid
concept of classification that exceeds functional gene expression and acknowledges the dynamic nature
of macrophage populations''*°. Technological advancements have further accelerated the ability to
generate detailed genotypic arrays'®, and the present literature employs phrases such as “M1-like” or
“M2-like” to describe context-specific macrophage function™®61163,

In addition to their classification related to phenotype and gene expression profile, macrophages can
also be grouped depending on whether they reside in a particular tissue type (self-renewing “resident”
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Figure 7: Selected inducers, markers, and functions of M1 and M2 macrophages. Effector molecules shown above cells,
with secreted factors and effects on pancreas biology shown beneath. Abbreviations: Arg, arginase; CD, cluster of
differentiation; EGF, epidermal growth factor; GCs, glucocorticoids; GM-CSF, granulocyte-macrophage colony-stimulating
factor; HGF, hepatocyte growth factor; IFN, interferon; IGF, insulin-like growth factor; IL, interleukin; M-CSF, macrophage
colony-stimulating factor; MHC, major histocompatibility complex; MMP, matrix metalloproteinase; NO, nitric oxide; NOS, nitric
oxide synthase; PDGF, platelet-derived growth factor; PG, prostaglandin; TGF, transforming growth factor; TNF, tumor
necrosis factor. Image adapted from Van Gassen et al., 2015 ™.
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macrophages) or differentiate from circulating monocytes that home to tissue in response to a stimulus
(“recruited” macrophages)'*?"461%4165 * Resident macrophage populations themselves differ considerably
in different tissues'®®. Recruited macrophages populations tend to engage in the initial inflammatory
immune response’®’ "% whereas resident macrophages become activated during the resolution of
inflammatory phase'®'%. Still, resident and recruited populations are not always easily parsed, and
likely have much more functional plasticity than is currently understood’*.

Macrophages in pancreatic development and homeostasis

Macrophage progenitors can be detected as early as E12.5 in mouse, and mature fetal macrophage
expansion is required for successful development of B-cells'”°. This effect is mediated by macrophage
colony-stimulating factor 1 (CSF-1), which is produced by endothelial cells'®? and fibrolasts'*? and
facilitates macrophage expansion that is necessary for angiogenesis. Accordingly, macrophage-deficient
(Csf1°P°P) mice'”" exhibit impaired pancreatic islet architecture, including greatly reduced B-cell mass that
persists through adulthood'"%.

As a whole, islet-associated hematopoietic cells (CD45"; representing 6-8% of all islet cells)'”® can be
separated using flow cytometry based on a typical macrophage “signature,” with cell surface markers
F4/80, CD11b, CD11c, CD64, and major histocompatibility complex class Il (MHC-I1)"®". A recent
analysis suggested that this resident endocrine macrophage population exhibited a gene expression
profile skewed toward M1 (high levels of /11b, Tnfa)'®", which was relatively consistent with previous
studies'’®"", although a few groups have reported a second resident population with differential
expression of MHC-Il (MHC-II°) that seemed to be more M2-like'*°. Islet-associated macrophages
originate from hematopoietic stem cells and are replaced by circulating monocytes at extremely low
rates.

Compared to islet macrophages, hematopoietic cells in exocrine tissue were much more heterogeneous
in F4/80 and CD11b expression, as well as that of other surface markers''. RT-PCR analysis indicated
that they predominantly expressed M2 transcripts (Retnlb; Macrophage galactose-type lectin, Mgl)151.
Interestingly, however, two subpopulations emerged that slightly favored different M2 genes; CD206"
cells upregulated //10, whereas CD206" cells expressed Chitinase-like protein 3 (Chil3)'®'. Moreover,
elegant parabiosis experiments demonstrated that macrophages in the CD206™ subpopulation were
actually replaced by circulating cells at higher frequently than either CD206" or endocrine-associated
macrophages151. Together, these findings highlight the extreme diversity of myeloid cells residing in the
pancreatic exocrine tissue compartment and suggest functional differences that warrant future

investigation.

Macrophages in tissue injury and inflammation

Models of acute inflammation in pancreatic exocrine tissue show that inflammatory M1 macrophages
flock to injury sites during the initial peak response'*% 47149152174 "ith evidence that M2 macrophages
gradually accumulate as inflammation subsides'®?. This second wave of macrophage activation has
been experimentally linked to specific regulatory cytokines— for example, upregulation of IL-6, IL-8,
MCP-1, and CSF-1— that sustain recruitment of M2 macrophages critical for tissue repair'**'*2. If the
ability to resolve inflammation is compromised, inflammation persists and robustly impairs the healing
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process'®'"*. Thus, macrophages seem to be critical not just for curbing inflammation, but also for
facilitating tissue morphogenesis and wound healing™"""®"”_ Such “restorative” macrophage
populations have emerged in a variety of tissues, including skeletal muscle>""®'8 |iver'®"82 kidney'®?,
and neurons'®'8'% \where they prove signals necessary for recovery following injury.

There is growing evidence that macrophages are involved in both the onset and progression of
T2D'35165.187-189 \yith chronic inflammation observed in mouse models of T2D"%'% and tissues from T2D
human pancreatic donors'®'9". At disease onset in db/db mice, resident islet-associated macrophage
populations increased about fourfold, with enhanced recruitment of pro-inflammatory CD68" F4/80~
cells'®. Some reports have proposed that T2D-associated inflammation stems from elevated levels of
free fatty acids (FFA), which can activate secretion of stress-related cytokines by islet cells and
perpetuate pro-inflammatory infiltration of M1 macrophages'®*'9921% - Similarly, deposition of islet
amyloid polypeptide (IAPP) in islets from T2D donors correlated with increased numbers of islet-
associated macrophages'®'?'; amyloidogenic human IAPP is known to activate macrophage production
of both pro-inflammatory (IL-1, IL-6, TNFa) and anti-inflammatory (IL-10; IL-1 receptor antagonist, IL-
1Ra) cytokines when it is expressed in islets of transgenic mice'®. Finally, activation of endocrine cel
TLR-2 and TLR-4, the ligands of which are often elevated in T2D patients'®, promotes M1 macrophage
recruitment that ultimately impairs B-cell insulin production and function'*'8%'%_ Most likely, a
combination of these pathways collectively create a condition of chronic “injury” that leads to B-cell
deterioration. There is some evidence from mouse models that cytokine expression profiles shift in later

stages of T2D, suggesting that fibrosis of pancreatic islets may be a result of unresolved inflammation°.

|194

In addition to responding to environmental cues of inflammation, macrophages also seem to prevent the
onset of inflammatory response. In T1D the immune system specifically targets B-cells, but decreased
incidence of disease is correlated with elevated levels of M2 macrophages in the gut and pancreas™*'?’.
Recent experiments indicate that these effects can be mediated by secreted peptides with pro-
proliferative, anti-inflammatory effects'’, and further experiments will be necessary to determine whether
such peptides can be manipulated to prevent the onset of autoimmune B-cell destruction. Additionally,
several groups have identified activity of the heme oxygenase 1 (HO-1) pathway, whose induction
confers protection from oxidative damage'®'%® and protects pancreatic islets fromT1D-associated
inflammation°%6".174.200,

Macrophages in B-cell regeneration

With demonstrated requirement for macrophages in the regeneration of other tissues, macrophage
populations in the pancreatic islet have garnered recent interest. Our group first reported the importance
of macrophages in B-cell regeneration using a mouse model in which vascular endothelial growth factor
A (VEGF-A)-induced B-cell loss was followed by B-cell regeneration; partial bone marrow ablation
demonstrated that recruitment of macrophages to pancreatic islets was necessary for the (3-cell
proliferative response®’. Criscimanna and colleagues made a similar observation with B-cell injury
induced by diphtheria toxin (DT), where the initial appearance of a large islet-associated M1 population
was followed by a shift to more M2-like macrophages®?. By flow cytometry they documented a
progressive loss of M1 marker (TNFa" IL-6") expression and gain of M2 (IL-10* CD206") phenotype that
corresponded to the peak of B-cell regeneration®®. Ablating either resident macrophages or circulating
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monocytes strongly impaired this 3-cell regenerative response®?. Even when an injury inflames exocrine

tissue and leaves B-cells intact, as is the case in pancreatic duct ligation (PDL), Xiao and colleagues
documented a proliferative B-cell response that was secondary to heavily increased infiltration of M2
macrophages around islets'®. They proposed that macrophage-secreted TGFB1 and epidermal growth
factor (EGF) mediated B-cell proliferation, a finding that reinforces the paradigm of cytokine and growth
factor production that has been put forward by others as the means by which macrophages modulate (3-

cell growth &'

Endothelial cells

Like other vascular endothelia, the islet capillary structure is highly specialized. Intra-islet ECs are
elongated, only about 100nm wide, and extensively fenestrated, with small fusions of apical and
basolateral plasma membranes acting as pores through which nutrients and growth factors can
permeate'?#?%%24  ECs also contain caveolae, 60-80nm plasma membrane pits involved in
endocytosis'?*?**, These specialized structures enable rapid sensing of nutrients in the blood and allow
ECs to secrete hormones accordingly in response®*>?®. Another major function of ECs is the secretion
of ECM proteins, which form a distinct basement membrane that is crucial to cell differentiation, function,

and SUI’ViV3|203‘206’207.

Intra-islet ECs are attuned to a myriad of circulating signals and stimuli from neighboring cells. In
particular, they respond to hypoxic conditions, inflammation (particularly cytokines and chemokines
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Figure 8: Proposed mechanisms of communication between B-cells and
endothelial cells. ECs secrete factors (HGF, FGF, TSP-1, endothelin-1) that
modulate B-cell survival and function, while B-cells secrete factors (VEGF-A,

insulin) that induce changes in EC phenotype. ECs also secrete ECM proteins,

which interact with B-cells via integrins. Cell surface molecules (connexins, E-
cadherin) mediate cell communication. Image from Peiris et al., 2014%%°.
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released by macrophages), and
angiogenic factors. In response
to these microenvironmental
cues, ECs secrete a number of
molecules that perform both
autocrine and paracrine signaling,
including those that induce
vasoconstriction (endothelin-1) or
vasodilation (nitric oxide, NO), as
well as various growth factors
(fibroblast growth factor, FGF;
connective tissue growth factor,
CTGF; HGF), adhesion molecules
(intercellular adhesion molecule 1,
ICAM1; vascular cell adhesion
molecule 1, VCAM1; E-selectin),
and chemokines (IL-8, MCP-1).

Growth factors such as CTGF and
HGF are particularly important
during vascular
development'®?%%2% aiding in



pericyte adhesion and BM formation during angiogenesis®®, as well as supporting endocrine cell
differentiation and proliferation?’°. Thrombospondins, antiangiogenic matricellular glycoproteins, activate
TGFB1 and help maintain islet function?’"?'?. Proteins that regulate vascular tone, such as endothelin-1,
also have effects on insulin secretion”’**'* and B-cell survival via FOXO1 signaling®’®. Some of the key
interactions between ECs and -cells are depicted in Fig. 8.

ECs play an important role in detecting and propagating inflammatory signals. For example, cytokines
such as IL-13 and TNFa stimulate ECs to upregulate adhesion molecules, including ICAM1 and VCAM1,
to promote adherence of monocytes or other infiltrating immune cells?'®%'". Adhesion molecules also
mediate EC-ECM interactions and can affect ECM composition®'®?'?. Finally, ECs produce their own
cytokines, such as IL-8 and MCP-1, which function as chemotactic cues to sustain immune cell
recruitment'?422%-221,

Formation of islet vasculature

Development of islet vasculature is primarily controlled via VEGF-A-VEGFR2 signaling, where vascular
endothelial growth factor A (VEGF-A) produced by islet endocrine cells activates the tyrosine kinase
VEGF receptor 2 (VEGFR2) expressed on intra-islet ECs??*?*,  VEGF-A binding induces receptor
dimerization, which promotes autophosphorylation of intracellular tyrosine residues and activation of

multiple signaling pathways (summarized in Fig. 9) that support vessel permeability and EC migration,
proliferation, and survival?%¢2242%,

Expression and activity of VEGF-A is tightly regulated. Transcription factors (Hypoxia-inducible factor 1,
HIF-1; Activator protein 1, AP-1; Specificity protein 1, Sp-1) have a direct influence®', but VEGF-A

transcription can also be indirectly influenced by hypoxia®*?, low pH?*?, and cytokines?*'?*. In addition to

Figure 9: Schematic illustration of
intracellular VEGFR2 signaling. VEGF-
A binds to the receptor, inducing
dimerization and autophosphorylation and
activating intracellular signaling cascades
that promote proliferation, migration,
survival and permeability. Abbreviations:
BAD, Bcl-2 associated death promoter;
cPLA2, cytosolic phospholipase A2; DAG,
sn-1,2-diacylglycerol; eNOS, endothelial
nitric oxide synthase; Erk 1/2, extracellular
regulated kinases 1 and 2; FAK, focal
adhesion kinase; Gab1, Grb2-associated
binder-1; HSP27, heat-shock protein 27;
IP3, inositol (1,4,5)-trisphosphate;
MAPKAP 2/3, MAPK-activating protein

kinases 2 and 3; MEK, MAPK/Erk kinase;
production l NO, nitric oxide; p38 MAPK, p38 mitogen-
* Nucleus — activated protein kinase; PI3K,
Focal adhesion phosphoinositide 3-kinase; PGI2,
SR OVEE prostacyclin; PIP2, phosphatidylinositol
Y (4,5)-bisphosphate; PIP3,
phosphatidylinositol (3,4,5)-trisphosphate;
* PKB, protein kinase B; PKC, protein
kinase C; PLC-y, phospholipase C-y; Sck,
Shc-like protein; VEGF, vascular
endothelial growth factor; VEGFR-2,
VEGEF receptor-2; VRAP, VEGFR-
\ \ Acti{n\ associated protein/TSAd T-cell-specific
reorganization adaptor molecule. Image from Holmes et

[emaron ], ab 2007
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changing ligand availability, VEGFR2 co-receptors (neuropillins, heparins) also modulate signaling
transduction by affecting the composition and/or stability of the receptor signaling complex?**?%*. Signal
strength and duration can be adjusted further by the presence of auxillary proteins (integrins, ephrins,
cadherins), rates of receptor degradation, and dephosphorylation capacity?**?*>#’ Finally, pancreatic
ECs also express VEGFR1%®, which binds VEGF-A and serves as a counter-regulator of angiogenesis
by dampening VEGF-A-VEGFR2 signaling®®.

VEGF-A has been studied extensively in mouse pancreatic development, where it is clear that precise
control of VEGF-A production is necessary for establishing a functional vascular network. Global
deletion of just a single VEGF-A or VEGFR2 allele severely impairs vascular development and is
embryonically lethal between E11-122*%%*" " |n the pancreas, loss of VEGF-A limits islet capillary
development in a dose-dependent manner, with fewer vessels of reduced size and branching and lower
density??*?%. ECs also display structural abnormalities and fail to establish an intraislet basement
membrane?*®?%,

Besides VEGF-A, additional vascular regulation is contributed by the angiopoietin (Ang) family factors
(Ang-1, Ang-2, Ang-3/4), which aid survival and structure of vessels via signaling through their tyrosine
kinase receptors (Tie-1, Tie-2)*??** and mediate EC communication with ECM?*??*®_ Angiogenic factor
ephrin-A1 is also produced by islet cells, with its receptor (EphB4) expressed in postcapillary venules at

the islet periphery??%.

Endothelial cells in pancreatic development and homeostasis

ECs are the primary source of paracrine signals in the developing pancreas, secreting factors including
FGF, CTGF, and bone morphogenic protein (BMP) that specifically regulate progenitor cell differentiation
towards exocrine lineage'®?'72%19244.245 - Consequently, intact EC signaling is critical to establishing
adequate B-cell mass and when ECs are compromised, B-cell mass is reduced'®162246-249,

VEGF-A inactivation has differential effects on pancreatic and 3-cell mass depending on timing.
Disruption of VEGF-A during islet development results in greatly reduced B-cell mass and impaired islet
function®*®2°%25! " |n contrast, adult islets with VEGF-A inactivation maintain B-cell mass but show defects
in GSIS#2246:252253  j;st as islet development is impaired in the absence of VEGF-A, so too is it
detrimental to have excess VEGF-A. Conditional overexpression of VEGF-A during embryonic or

postnatal periods causes hypervascularization that is detrimental to islet formation and results in B-cell
|088251,254,255

Endothelial cells in islet inflammation, injury, and aging

There is some evidence that accumulation of inflammatory signals can cause a gradual deterioration of
islet EC function, although it is currently unknown whether the decline in EC health is exacerbated by
recruitment of immune cells such as pro-inflammatory macrophages. With aging, ECs tend to become
less effective in defending against oxidative stress and may upregulate proteins like VCAM1, which
facilitates immune cell recruitment and extravasation, and can lead to vascular inflammation and
damage®'®. Interestingly, the ability of ECs to stimulate B-cell proliferation appears to decline with aging.
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Almaca and colleagues showed that 3-cell proliferation in aged islets was significantly augmented when

islets were revascularized by ECs of young recipient mice®®.

Abnormal EC morphology and dysfunctional EC signaling are linked to both T1D and T2D. In the case of
T1D, infiltrating lymphocytes must interact with ECs to reach B-cells, and there is evidence that cytokine-
activated ECs mediate (3-cell apoptosis. For example, leukocyte homing receptors were upregulated
early in insulitis in the non-obese diabetic (NOD) mouse model; these ECs are unable to promote B-cell
regeneration. Treating this T1D environment with bone marrow-derived cells that yield new ECs**’ or
administration of VEGFR2 antibody?*® reverses T1D in NOD mice. Pericyte aggregation is accompanied
by lymphocyte infiltration in STZ treated mice®®, and it is likely these cells also interface with ECs under
such conditions.

There is evidence of microvascular changes preceding T2D onset; increases in islet vascularization
accompany hyperglycemia-induced compensatory B-cell mass expansion®®. ECs from hyperglycemic,
hyperlipidemic T2D patients are thought to be in constant contact with cytotoxic substances that can
induce apoptosis via reactive oxygen species (ROS) generation, and, in general, islet capillaries are
thickened, dilated, and fragmented?*?®. Additionally, ECs from db/db mice express more markers of
inflammation than their wild-type counterparts®®’, as well as exhibiting increased fibrosis and pericyte
hypertrophy®®. Finally, in the context of insulin resistance, Agudo and colleagues showed that increased
vascularization and inflammation of islets in high fat diet (HFD)-fed mice was accompanied by increased
expression of VEGF-A; sustained overexpression created disorganized, fibrotic vascular networks that
produced pro-inflammatory cytokines and recruited macrophages®®. Dysregulated nitric oxide signaling
may also contribute to dilated islet capillaries that are observed in mice with various forms of insulin
resistance®”.

Endothelial cells in tissue regeneration

Cadaveric islet transplant is used as a rare therapeutic treatment for diabetes, but requires severing of
islets from their original vascular network. Although chimeric vessels are generated after transplant,
implicating both donor and recipient ECs in the revascularization process®”, islets remain less
vascularized with lower oxygen tension (compared to normal islets) even after recovery period®®?%’. As
a result, there is interest in (1) creating engineered vascular beds and hydrogels®**?’® and (2) promoting
re-vascularization and angiogenesis through treatment with proangiogenic factors, including VEGF-
AZ9271-213 | Ang-123 or blockage of antiangiogenic factors such as thrombospondin 1 (TSP-1)?*. There
have also been efforts to culture human ECs and mesenchymal stem cells (MSCs) for co-
transplantation?”. For example, Kaufman-Francis and colleagues developed biodegradable 3D
polymeric scaffolds in which they cultured islet cells, human umbilical vein ECs, and fibroblasts; they
showed that these cultures gave rise to branched vessel-like structures and that transplantation in to
STZ-treated mice resulted in formation of functional vasculature and subsequently improved glucose
tolerance®®. Another group utilized a hydrogel matrix to gradually deliver VEGF-A at the transplantation
site, which greatly improved engraftment and revascularization in vivo®®.

The VEGF-A-VEGFR2 pathway mediates production of organ-specific angiocrine factors promoting local
tissue self-renewal and regeneration?°?"®?’”  |n the liver, Ding and colleagues showed that inductive
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angiocrine signals from sinusoidal endothelium are required for liver regeneration; hepatocyte
proliferation peaks 48 hours after partial hepatectomy®’®. They also showed that endothelial-derived
angiocrine signals induce and sustain regenerative lung alveolarization?””. Finally, another group
showed that sinusoidal endothelial cells promote hematopoietic recovery after irradiation, probably by
Notch signaling®®.

Circulating hematopoietic cells are also known to play a role in these processes, and studies suggest
that ECs may contribute by regulating macrophage recruitment and/or activating a “restorative”
phenotype that aids tissue regeneration 12916218518 - Treatment with recombinant forms of human
VEGF-A induced monocyte activation and migration?’®, mediated by VEGF receptor 1 (VEGFR1)
signalingm. ECs have a known role to coordinate inflammatory cell recruitment in response to injury.
Stimulated by IL-18 and TNFa, ECs secrete chemokines (IL-6, IL-8, CSF) and adhesion molecules (E-
selectin)?2%2%°,

Extracellular matrix

The ECM encompasses two morphologically distinct matrices: the basement membrane is formed mainly
by collagen, laminin, and heparan sulfate proteoglycans (HSPGs), while the interstitial matrix includes
collagen, elastin, fibronectin, and various polysaccharides®*®?'?%2, The ECM plays a role in cell support
and anchorage, but also provides tissue-specific microenivronments that influence cell phenotype, affect
metabolic function, and regulate cell proliferation??®207-281-283,

Components of islet extracellular matrix

The major components of islet basement membranes are laminins, which are fibrous, heterotrimeric
glycoproteins composed of a-, 3-, and y- polypeptide chains joined by disulfide bonds; and collagen type
IV (col-1V), which consists of helical fibrils and is the main structural element of the ECM?°¢2%12% | arge
glycoproteins called fibronectins form a fibrillar “mesh” that occupies a large portion of the interstitial
matrix. Interspersed in this matrix are glycosaminoglycans (GAGs), linear sugar chains that are usually
covalently linked to proteins to make proteoglycans. These complexes have binding sites for growth
factors, making them important regulators of growth factor bioavailability?*®?®>. Heparan sulfate (HS)?*>
%7 and hyaluronic acid (HA)?®*?® are two GAGs that are frequently associated with ECM in islets. Some
major ECM components and their relationship to islet endocrine cells are illustrated in Fig. 10.

Homeostasis and function of extracellular matrix

ECM molecules achieve direct cellular signaling through an array of receptors, the most common of
which are integrins. Integrins are heterodimeric, transmembrane glycoprotein receptors composed of a-
and B-subunits, whose varying combinations confer specificity for extracellular ligands. They provide
structural adhesion and also initiate signaling cascades mediating gene expression, particularly those
that regulate cell differentiation and motility*****'. FAKs and other kinases transmit signals downstream
of integrins®'%%%°,

In addition to direct signaling, ECM molecules also exert cellular effects by modulation of cytokine
activity. For example, IL-1p effects are in part mediated by integrin-driven FAK signals®'®?®°_ In other

17



Figure 10: ECM-cell
interactions within
islets. Integrin receptors
bind to collagen,
fibronectin, and laminin,
and Src family kinases
and Rho GTPases help
transduce signals
downstream. In this way,
ECM components can
influence gene
expression, growth, and
survival of cells. Image
from Llacua et al.,
2018%".
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systems there is evidence that ECM proteins can have cytokine-like properties; ECM-derived fragments
mimicked CXC receptor ligands and contributed to neutrophil recruitment in inflamed lungs®*?, and HA

fragments were also shown to induce inflammatory genes in alveolar macrophages?'®.

The ECM has been considered a “sink” for storage of growth factors. Charged growth factors and
chemokines may interact with HS and HA proteoglycans (which are negatively charged) to impact their
concentration and accessibility?®>?%®, Many ECM proteins have been shown to interact with growth
factors to promote proliferation and differentiation®®, with some integrin subunits even able to crosstalk
with growth factor receptors directly’®. In addition, proteases secreted by ECs or other cells can
facilitate remodeling of ECM components and thereby modulate bioavailability of diffusible proteins
deposited in the ECM.

Finally, the ECM is thought to help establish a “polarized microdomain” in the B-cell, as the portion in
contact with EC basement membrane is a preferential site for insulin granule fusion®®?*. In other
words, crosstalk between ECM and B-cells help achieve a strong “bias” for exocytosis to occur at the
vascular face.

Extracellular matrix in B-cell development and proliferation

Laminins promote B-cell differentiation in fetal mouse pancreas®*®**’, and there is evidence that they help
maintain differentiation of cultured human B-cells®®. Differentiation of stem cells into B-like cells has also
been augmented with laminin and fibronectin, which signal through the Akt/ERK pathways®®.
Additionally, netrin (which structurally resembles laminin) was shown to promote differentiation of
pancreatic progenitor3291. Integrins a,B3; and a,fs are critical to adhesion and migration of endocrine
progenitors in mouse®®,

In addition to playing a role in differentiation, integrin-mediated laminin signaling is also critical for (3-cell
proliferation in mice?®*°", and laminins 411 and 511 were associated with rare proliferating B-cells of
human islets cultured in vitro®®®. Inactivation of HA in mouse B-cells also resulted in abnormal islet
morphology and reduced B-cell proliferation?®.



Extracellular matrix in islet function, inflammation, and injury

There has been recent interest in islet ECM components because -cells or islets anchored to ECM
proteins in vitro exhibit enhanced survival and insulin secretion?*>*°%3%_ One group using polyethylene
glycol hydrogel capsules showed that supplementation with col-1V and laminin increased insulin
secretion approximately six-fold compared to encapsulation alone®*. Even the inclusion of fibrin, which
is not a regular component of the ECM, promotes B-cell function, proliferation, and survival®®. The
addition of heparin (a component of HSPGs) also promoted B-cell survival in cultured mouse islets?®.
Although these results are promising, titrating the concentration of ECM proteins appears to be crucial to
achieving a positive effect’*®. The B4 integrin subunit seems to be the primary regulator of insulin
secretion®®3% B-cell survival®®®*?%3% and B-cell proliferation®".

There is a great deal of ECM remodeling during islet inflammation; to reach B-cells, immune cells must
exit the microvasculature by adhering to and traversing the endothelium and basement membrane??.
These migrating immune cells, along with any dying cells, secrete factors that alter expression of ECM
components and enzymatic modulators. The subsequent release can be a chemotactic cue for
additional cells and/or can polarize cells already present’®*?¢. Not surprisingly, abnormal ECM
characteristics have been linked to both T1D and T2D. Increased fibronectin was observed in young
postnatal pancreas of NOD mice, along with more macrophages and altered islet morphology®®. NOD
mice also have increased expression of heparanase, which degrades HSPGs normally found in the
islet?®. Hyaluronan, a GAG that is produced during inflammation and contributes to T-cell retention and
phenotype, accumulates in increased amounts in human T1D islets, underscoring the impact of ECM
dynamics on disease pathogenesis®®="".

The matrix is also disrupted in rodent models and human T2D, with fibrosis caused by collagen
deposition and influx of pericytes and inflammatory cells*'2. Removal of HSPGs with heparinase
decreased amyloid deposition and cell death in INS-1 cells treated with IAPP?®’, suggesting a role for
HSPGs in islet amyloidgenesis, which is observed in some cases of human T2D. Although further
investigation is needed in the pancreas, there is evidence of hyperglycemia-induced ECM regulation: the
basement membrane of kidney capillaries undergoes dramatic transformation under high glucose
conditions, showing increased fibronectin deposition and col-IV accumulation®'®. Importantly, it is the
trafficking of these proteins that seems to be aberrantly regulated and not merely the expression.

ECM dynamics change in the context of acute injury, and have been manipulated therapeutically in the
setting of islet transplantation, which is an artificial “injury” that severs native vasculature and can
adversely affect cell viability and immune response. Recently the use of encapsulation technologies,
which aim to modulate immune interactions, as well as other bioengineering devices, have been
supplemented with ECs and ECM components?’%314315 - For example, the addition of laminin and col-
IV enhanced viability and insulin secretion of transplanted mouse islets?”°, and supplementation with
ECM and growth factors was also shown to improve transplant outcome through inhibition of apoptosis
and by promoting revascularization®". Fibrin has also been utilized successfully as a “temporary”
scaffold to enhance vascularization and islet engraftment®'”.
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Aims of Dissertation

Regeneration of endogenous B-cells represents a promising therapy to treat diabetes, but there are still
considerable gaps in our understanding of B-cell regeneration. Among these are not only the molecular
mechanisms that are unique to human B-cell proliferation, but also the contribution of non-p-cells and the
islet microenvironment to the regenerative process and the specific characteristics that render some cells
more capable of proliferation.

The goal of this dissertation is twofold: (1) to further understand how the microenvironment, specifically
vascular ECs, affects p-cell proliferation; and (2) to advance the methodologies for studying the human
B-cell transcriptome during development and disease. Together, these projects provide a framework for
future efforts aimed at promoting B-cell regeneration and increasing functional $-cell mass. To
accomplish these aims, we utilized and improved existing technologies and developed new experimental
approaches as described in Chapter II.

In Chapter lll, to test the hypothesis that interactions between macrophages and ECs promote B-cell
proliferation, we built on our existing mouse model of VEGF-A overexpression where a rapid 3-cell loss
upon VEGF-A induction and EC expansion is followed by gradual -cell proliferation and regeneration
during the period of VEGF-A normalization®®" and EC quiescence. Our previous work had shown that
macrophages were recruited to the islet upon VEGF-A induction and that this recruitment was required
for B-cell regeneration. To determine the role of proliferative and quiescent ECs in the paradigm, we
introduced an additional mouse model in which the key receptor mediating VEGF-A signaling, VEGFR2,
was conditionally inactivated in ECs. The resulting experiments demonstrated that EC signaling was
necessary for maximal macrophage recruitment and phenotype activation, which is consistent with
reports of EC-macrophage crosstalk in other regenerative models'?1°%162185186 \yjg 3150 showed that
ablation of VEGFR2 in quiescent ECs, during the early regenerative stage, induced rapid vessel
regression that promoted B-cell proliferation. This suggests that molecules such as ECM-bound growth
factors released from ECM during EC regression could be involved in stimulating B-cell proliferation.

To extend our findings from this in vivo mouse model to the human islet microenvironment, we next
investigated the vascular changes in human islets during postnatal pancreas development. Our group
and others have shown that human B-cell proliferation rates peak postnatally and drop precipitously
within the first decade of life**'®%'8; therefore, the vascular organization during this time period, because
of known interactions between the vasculature and islet cells in rodents, is of particular interest in
humans. Our analysis revealed that intra-islet EC area was greatest during the peak of 3-cell
proliferation, suggesting that either vascular arrangement or EC-derived signals may impact postnatal 3-
cell growth.

To advance our understanding of human islet development and B-cell function, better tools are needed
for identifying progenitor populations that can be more effectively differentiated into 3-cells, as well as
markers of mature (3-cells that could be utilized for purification and targeting. In Chapter IV, we
addressed this challenge by identifying molecular markers of developing and mature human B-cells, first
describing a population of multipotent pancreatic progenitor cells in the neonatal human pancreas
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expressing secretory granule membrane major glycoprotein 2 (GP2), and then assessing a newly
described cell surface marker of adult human B-cells, nucleoside triphosphate diphosphohydrolase 3
(NTPDase3). In collaboration with Dr. Cristina Nostro at University of Toronto, we found that GP2 marks
multipotent pancreas progenitors, and Dr. Nostro’s group further showed that the selection of GP2-
expressing progenitor cells enhances efficiency of B-cell differentiation from hESCs*'°. With regard to
NTPDase3, we demonstrated that it has a unique temporal expression pattern during pancreas
development. In addition, we showed that this marker has a utility for 3-cell purification for RNA-seq
analysis and for in vivo B-cell imaging. Identification and characterization of these two markers will
further not only our knowledge of islet and B-cell development, but will also allow us to assess B-cell
gene expression and mass during the disease process and inform the development of future therapies
for DM. We demonstrated the application of our islet cell sorting strategy by isolating a-cells from human
donors with T1D and reporting for the first time transcriptional dysregulation in human T1D a-cells that
likely contributes to impaired glucagon secretion®%.

The studies in this Dissertation suggest new ways in which the islet microenvironment might be
manipulated to promote B-cell regeneration, and build upon existing tools to isolate and analyze features
of developing and mature human B-cell populations. The significance of these findings, as well as
proposed future directions, is discussed in Chapter V.
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CHAPTER Il
MATERIALS AND METHODS

Some methods in this chapter have been published in Brissova, Haliyur, Saunders, Shrestha et al.,
2018%° and Cogger, Sinha, Sarangi, McGaugh, Saunders et al., 2017"°.

Mouse Models

All animal studies described in this Dissertation were approved by the Institutional Animal Care and Use
Committee at Vanderbilt University Medical Center, and animals were kept in facilities monitored by the
Vanderbilt University Division of Animal Care on a 12 hour light/12 hour dark schedule with unrestricted
access to standard chow and water. Mouse models and abbreviations used to describe them are
summarized in Table 1.

Table 1. Mouse models

Abbreviation MGI Nomenclature or Strain Name | References
Cd5-CreER Tg(Cdh5-cre/ERT2)#Ykub Okabe et al., 2014
NOD-scid-IL2ry™" NOD.Cg-Prkdc**“112rg™""/SzJ Shultz et al., 2005°%
RIP-rtTA Tg(Ins2-rtTA)2Efr Milo-Landesman et al., 2001°%
TetO-VEGF unlisted Efrat et al., 1995°%
Ohno-Matsui et al., 2002°%°
VEGFR2" Kdrim2sate Hooper et al., 2009°%

The original bitransgenic mice with doxycycline (Dox)-inducible B-cell-specific overexpression of human
VEGF-A+s5 (abbreviated BVEGF-A) were generated by crossing RIP-rtTA male mice and TetO-VEGF
female mice, both on a C57BL/6 background?*?*#*32°  These mice were generously provided by Dr.
Shimon Efrat of Tel Aviv University and Dr. Peter Campochiaro of Johns Hopkins University,
respectively. In this BVEGF-A model the rat Ins2 promoter drives expression of the tetracycline-
responsive rtTA transactivator specifically in pancreatic -cells. Upon exposure to Dox, the rtTA
transactivator binds the tetracycline operator (TetO), driving expression of human VEGF-A4gs in B-cells.
Details of Dox preparation and administration are included below.

The mice with Tamoxifen (Tmx)-inducible EC-specific knockout of VEGFR2 (abbreviated VEGFR25%)
were generated by crossing Cd5-CreER male mice and VEGFR2"" female mice (see Table 2, Scheme
A1-A2). Heterozygous VEGFR2" mice on a C57BL/6 background from Jackson Laboratories (stock
#018977) were bred to create a homozygous VEGFR2" line. Frozen sperm from the Cd5-CreER line
was generously provided by Dr. Yoshiaki Kubota of Keio University. In vitro fertilization (IVF) was
performed by the Vanderbilt Transgenic Mouse/ES Cell Shared Resource using female C57BL/6 mice
(stock #000664). In the VEGFR2“E® model loxP sites are inserted flanking VEGFR2 exon 3, and the
Cdhb (VE-cadherin) promoter drives expression of a Tamoxifen (Tmx)-inducible Cre recombinase in
vascular ECs. Upon exposure to Tmx, Cre recombinase translocates to the nucleus, excising VEGFR2
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alleles through Cre-loxP recombination and subsequently preventing VEGFR2 expression in ECs.

Details of Tm preparation and administration are included below.

To generate an inducible model of EC-specific knockdown of VEGFR2 in BVEGF-A mice, Cd5-CreER
and VEGFR2" mice were crossed with RIP-rtTA and TetO-VEGF transgenic mice as described in Table
2. The final cross produced both BVEGF-A; VEGFR2“E mice as well as Cre-negative sibling controls

(BVEGF-A; VEGFR2").

Table 2. Breeding scheme to generate BVEGF-A; VEGFR2"“5® mice

RIP-rtTAY"

VEGFR2"M

Male breeder Female breeder Desired Offspring Freq
1 Cd5-CreERY* VEGFR2" Cd5-CreERY"; VEGFR2"" 50%
2 Cd5-CreERY": VEGFR2"" VEGFR2" Cd5-CreERY": VEGFR2" 25%
Cd5-CreERY": VEGFR2"*;
3 Cd5-CreERY": VEGFR2™" RIP-rtTA'9" L e ’ 50%
’ RIP-r{TAY
Cd5-CreER'Y"; VEGFR2""; " Cd5-CreER""; VEGFR2"", .
4 1P AT VEGFR2 P AT 12.5%
| SCHEME B |
Male breeder Female breeder Desired offspring Freq
1 VEGFR2"M TetO-VEGFA®9Y TetO-VEGFAY"; VEGFR2"" 100%
2 | TetO-VEGFA®": VEGFR2"* TetO-VEGFAYY TetO-VEGFAYY: VEGFR2"* 50%
_ tg/tg.
3 | TetO-VEGFAY": VEGFR2"™ Tet\S’E\(’;EF(;;ﬁ ’ TetO-VEGFAY": VEGFR2™ 25%
| FINAL CROSS |
Male breeder Female breeder Desired offspring Freq
Cd5-CreERY": VEGFR2"" : TetO-VEGFA'Y": TetO-VEGFA""; Cd5-CreERY": 259%

VEGFR2" : RIP-rtTA"Y*

For the in vivo studies of human islets described in Chapter IV, human islets were transplanted into

immunodeficient NOD-scid-IL2ry™" mice®? obtained in collaboration with Dr. Leonard Shultz from

Jackson Laboratories (stock #005557). These mice lack mature T cells, B cells, and natural killer cells,
and exhibit deficient cytokine signaling, making them ideal recipients for xenotransplantation.

DNA extraction and genotyping

Mouse models used in our breeding schemes were maintained by genotyping using the primers and
PCR conditions listed in Table 3. DNA was extracted and PCR reactions were performed with tail snips
from mice using the Red Extract N-Amp Tissue PCR kit (XNAT, Sigma), except in VEGFR2" mice,
where the Kapa Hot Start PCR kit (KK5621; Kapa Biosystems) was used instead. Both DNA extraction
and preparation of PCR reaction mixtures were performed according to the manufacturer’s instructions.
Primers (Sigma Genosys) were reconstituted in RNase/DNase-free water to 100 uM and further diluted
1:20, stored at -20°C for use in PCR reactions. Thermal cycler conditions listed in Table 3 were used to
amplify DNA before resolving on agarose gels with 100 ng/mL ethidium bromide in 1X Tris/Borate/EDTA

(TBE) buffer as indicated.
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Table 3. PCR primers and conditions for genotyping

Mouse Model

Genotyping Primers

PCR Conditions

Expected

Products

93°C 3
‘ , 93OC ”
Cd5-CreER 5-GCG GTC TGG CAG TAA AAA CTA TC -3’ (forward) 60°C 20" 30 cycles 100 bp for Cre
3- GTG AAA CAG CAT TGC TGT CAC TT -3’ (reverse) 72°C 45 (3.0% agarose)
72°C 5
4°C” hold
92°C 2
94°C 30" 400 bp for
RIP-rTA 5'- GTG AAG TGG GTC CGC GTA CAG - 3' (forward) 57°C 30" 30 cycles anSaens
5'- GTA CTC GTC AAT TCC AAG GGC ATC - 3' (reverse) | /2°C 30 ansg
72C 10 (1.5% agarose)
4°C” hold
95°C &4
95°C 1’
ToO.VEGE 5'- TCG AGT AGG CGT GTA CGG - 3' (forward) 57°C 30" 29 cycles ?é:sbpe';oer
ett- 5'- GCA GCA GCC CCC GCA TCG - 3 (reverse) 72°C 1 ansg
725G 10 (1.5% agarose)
4°C” hold
94°C 2
94°C 207 .
gg:g :]]8: 10 cycles 179 bp for wild-
VEGER2™ 5'- CCA CAG AAC AAC TCA GGG CTA - 3' (forward) e ) SBVEE’ o
5'- GGG AGC AAA GTC TCT GGA AA - 3' (reverse) 60:C 15: 28 cycles VEGER2®
r2°c 10 (3.0% agarose)
72°C 1’
4°C” hold

Compound preparation and administration

VEGF-A transgene expression was activated in BVEGF-A mice by Dox administration (5 mg/mL) in light-
protected drinking water containing 1% Splenda® for a period of 3-5 days. VEGFR2 knockdown was
induced in VEGFR2“E° mice by intraperitoneal injection of 4 mg Tmx (20 mg/mL; 200 uL). Tmx (20
mg/mL) was prepared fresh in filter-sterilized corn oil the day before each injection and allowed to
dissolve overnight on a nurator at room temperature, protected from light. Vetbond tissue adhesive (3M)
was used to seal injection sites to prevent oil leakage.

Tissue Collection and Fixation

Mouse pancreata, as well as kidneys and eyes bearing islet grafts, were collected from anesthetized
mice prior to cervical dislocation. Organs were washed in ice-cold 10 mM phosphate buffered saline
(PBS) and fat and other excess tissue was removed before pancreata were weighed and fixed as

described below.

Pancreata and islets from normal, T1D, and T2D donors were obtained through partnerships with the
Alberta Diabetes Institute (ABI), International Institute for Advancement of Medicine (IIAM), Integrated
Islet Distribution Program (IIDP), National Disease Research Interchange (NDRI), and Network for
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Pancreatic Organ Donors with Diabetes (hPOD). Donor demographic information is summarized in Table
4 (histological analysis) and Table 5 (gene expression and in vivo experiments) below. The Vanderbilt
University Institutional Review Board does not classify de-identified human pancreatic specimens as
human subject research. Human pancreata were received within 18 hours from cold clamp and
maintained in cold preservation solution on ice until processing. Prior to islet isolation, pancreas was
cleaned from connective tissue and fat, measured, and weighed, and then multiple cross-sectional slices
with 2-3 mm thickness were obtained from the head, body and distal tail. Pancreatic slices were further
divided into four quadrants and then processed for cryosections (described below).

Table 4. Demographic information of human donors used for histology

. . Disease Cause of Tissue
Donors Age Ethnicity/Race Duration Gender Death Source
G18 weeks N/A -- N/A N/A N/A N/A
G37 weeks Caucasian - M N/A Anoxia 1AM
G37 weeks Caucasian -- M N/A Anencephaly 1AM
G40 weeks N/A -- F N/A Anencephaly 1AM
G40 weeks Caucasian - M N/A N/A 1AM
Neonatal G41 weeks Caucasian -- F 12.6 Anencephaly 1AM
G41 weeks Caucasian -- F 14.2 Anencephaly nPOD
4 days Caucasian -- M 13.1 Anoxia 1AM
2 months Caucasian - F 14.7 Head Trauma NDRI
2 months Hispanic/Latino - F 19.9 Anoxia IIAM
2 months African American - F 13.4 Head Trauma IIAM
3 months Hispanic/Latino - M 16.1 Head Trauma NDRI
3 months Caucasian - M 16.8 Anoxia NDRI
3 months Hispanic/Latino - M 17.0 Anoxia NDRI
7 months Hispanic/Latino - M 17.3 Head Trauma IIAM
Infant 10 months _Caugasiar? - F 15.4 Anoxia NDRI
10 months Hispanic/Latino - F 23.1 Head Trauma IIAM
10 months African American - M 19.6 Anoxia IIAM
11 months Hispanic/Latino - M 18.4 Head Trauma NDRI
20 months Caucasian - F 234 Anoxia 1AM
21 months Caucasian - M 18.8 Anoxia 1AM
3 years Caucasian -- M 19.3 Anoxia 1AM
4 years Caucasian -- F 19.0 Head Trauma 1AM
5 years Caucasian -- M 16.2 Anoxia 1AM
Child 5 years African American - F 15.9 Anoxia NDRI
7 years Caucasian -- M 26.7 Anoxia NDRI
10 years Caucasian -- M 19.3 Head Trauma NDRI
11 years African American - M 18.3 Anoxia 1AM
Adult 18 years Caucasian -- M 31.4 Head Trauma 1AM
(Control) 35 years Caucasian - M 26.8 Head Trauma 1AM
20 years Caucasian 7 years M 25.5 Anoxia NDRI
(T1D)
Adult 47 years Caucasian 3 years M 31.3 Stroke 1AM
(T1D, T2D) (T2D)
49 years Caucasian 3 years F 33.8 Stroke 1AM
(T2D)

BMI — body mass index; IIAM — International Institute for the Advancement of Medicine; N/A — not available; NDRI —
National Disease Research Interchange; nPOD — Network for Pancreatic Organ Donors with Diabetes; T1D — type
1 diabetes; T2D — type 2 diabetes
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Table 5. Demographic information of human islet donors used for cell sorting, RNA-seq, and islet
transplantation

. . Disease Cause of Islet
Age Ethnicity/Race Duration Gender Death ‘ Source
Normal 19 years Caucasian -- M 27.2 Head Trauma IIDP
Controls 50 years African American - M 30.2 Stroke IIDP
(FACS Purity)
26 years Hispanic/Latino -- F 35.9 Anoxia IIDP
Normal 35 years Caucasian -- F 23.6 Anoxia IIDP
Controls (RNA- 49 years Caucasian -- F 31.6 Stroke IIDP
seq) 50 years African American - M 30.2 Stroke IIDP
55 years Caucasian -- M 27.8 Stroke IIDP
T1D Samples 14 years Caucas?an 2 years F 24.3 Anox?a nPOD
(RNA-seq) 27 years Caucas!an 17 years M 18.4 Anoxia NDRI
30 years Caucasian 20 years M 29.8 Anoxia NDRI
40 years Pacific Islander unknown F 43.1 Stroke 1AM
T2D Samples 56 years Caucasian 3 years M 31.1 Head Trauma 1AM
(RNA-seq) 59 years Caucasian 10 years F 27.5 Stroke 1AM
64 years Caucasian 5 years M 33.2 Head Trauma 1AM
Additional 12 years African Amgrican - F 23.3 Head Trauma 1AM
FACS Samples 33 years Caucasian 17 years M 25.6 Head Trauma 1AM
(MODY)
Normal 10 years Hispanic/l_'atino -- F 25.4 Head Trauma nPOD
Controls (Islet 43 years Caucas!an -- M 35.0 Stroke IIDP
Transplants) 55 years Caucasian -- M 30.1 Head Trauma IIDP
61 years N/A -- M N/A N/A ADI

ADI — Alberta Diabetes Institute; BMI — body mass index; IIAM — International Institute for the Advancement of
Medicine; IIDP — Integrated Islet Distribution Program; MODY — Monogenic diabetes of the young; N/A — not
available; NDRI — National Disease Research Interchange; nPOD — Network for Pancreatic Organ Donors with
Diabetes; T1D — type 1 diabetes; T2D — type 2 diabetes

Islet isolation

Islet isolation was performed by our collaborator Dr. Rita Bottino at the Allegheny-Singer Research
Institute in Pittsburgh, PA. Human pancreata were processed for islet isolation using an approach
previously described®®’. Briefly, 18G or 22G catheters were inserted into the main pancreatic duct and
ducts were clamped to prevent leakage of collagenase solution during infusion. Collagenase solution
consisting of collagenase NB1, (1600 Ulisolation, Crescent Chemical), neutral protease NB1
(200U/isolation, Crescent Chemical), and DNase | (12000U/isolation, Worthington Biochemical
Corporation) was pre-warmed to 28°C and delivered intraductally using a Rajotte’s perfusion system and
then maintained at 37°C for approximately 20 minutes. The inflated tissue was then transferred to a
Ricordi’'s chamber apparatus for combined mechanical and enzymatic digestion, which was maintained
at 36°C for 5-15 minutes prior to warm and cold collection. The digest was incubated in cold RPMI media
(Mediatech) supplemented with heat inactivated 10% Fetal Calf Serum (Life Technologies) for 1 hour on
ice. If post-digestion tissue pellet was larger than 2 mL and islets were distinguishable from exocrine
tissue by dithizone staining (Sigma), a purification step consisting of density gradient (Biocoll, Cedarlane)
centrifugation on a COBE 2991 Cell Processor (Gambro-Terumo) was used to separate islets from
exocrine tissue. Islets were re-suspended in CMRL 1066 medium (Mediatech) supplemented with 10%
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heat-inactivated Fetal Calf Serum (Life Technologies), 100 units/mL Penicillin/0.1mg/mL Streptomycin
(Life Technologies), 2 mmol/L L-glutamine (Life Technologies). On average, islet-enriched fraction
contained 90,000 islet equivalents (IEQs). Islets were cultured for 12-24 hours and then shipped from
Pittsburgh to Vanderbilt University and/or University of Massachusetts for further analysis following
shipping protocols developed by the Integrated Islet Distribution Program (IIDP). Subsequent assays with
isolated islets were set up within 48 hours of islet arrival.

Culture and assessment of pancreatic islet function

Upon arrival at Vanderbilt University, human islets were cultured in CMRL1066 media (5.5 mM glucose,

10% FBS, 1% Pen/Strep, 2 mM L-glutamine) in 5% CO; at 37°C for 0-48 hours prior to reported studies.
Normal function of islets from adult controls (Table 5) was confirmed by the Vanderbilt Islet Procurement
and Isolation Core, using a dynamic cell perifusion system and radioimmunoassay as described

previously®%.

Pancreatic tissue fixation

Mouse and human tissue specimens processed for cryosections were fixed in 0.1 M PBS containing 4%
paraformaldehyde (Electron Microscopy Sciences) for 2-3 hours on ice with mild agitation, washed in
four changes of 0.1 M PBS over 2 hours, and equilibrated in 30% sucrose/0.01 M PBS overnight. After
blotting to remove excess sucrose, tissues were mounted in Tissue Tek cryomolds filled with Tissue-Plus
Optimal Cutting Temperature (OCT) compound (VWR Scientific Products). Tissue molds were placed on
dry ice until the OCT was set, then stored at -80°C. Tissues were sectioned from 5-10 ym thick on a
Leica CM1950 cryostat (Leica) and these cryosections were attached to Superfrost Plus Gold slides
(ThermoFischer Scientific).

Culture and Differentiation of hESCs

Differentiation of hESCs was performed by Dr. Katy Cogger at the University of Toronto. Briefly,
differentiation of H1 hESCs (WiCell) was initiated when the cultures reached 70-80% confluence.
Monolayer cultures were treated with RPMI (Gibco) containing 100 ng/ml hActivin A (R&D Systems) and
2 uM CHIR990210 (Tocris) for one day (d0-d1). They were then cultured for 2 days in RPMI media
containing 100 ng/ml hActivin A and 5 ng/ml hbFGF (R&D Systems) (d1-d3) to complete stage 1 of
differentiation. During stage 2, cells were cultured in RPMI with 1% vol/vol B27 supplement (without
vitamin A) (Life Technologies), 50 ng/ml hFGF10 (R&D Systems), 0.75 yM dorsomorphin (Sigma), and 3
ng/ml mWnt3a (R&D Systems) (d3-d6). On day 6, cultures were transferred to stage 3 media, consisting
of DMEM (Gibco) with 1% vol/vol B27 supplement, 50 ug/ml ascorbic acid (Sigma), 50 ng/ml hNOGGIN
(R&D Systems), 50 ng/ml hFGF10, 0.25 yM SANT-1 (Tocris), and 2 yM all-trans RA (Sigma), and
cultured for 2-3 days. During stage 4, the media was changed to DMEM containing 1% vol/vol B27
supplement, 50 ug/ml ascorbic acid and 50 ng/ml hNOGGIN, and supplemented with 10 mM
nicotinamide (Sigma) to direct cells toward the PP lineage (d8-d13). H1 cells for FACS sorting received
media supplemented with 100 ng/ml hEGF and 3.3 mM nicotinamide at stage 4 to obtain a GP2-low
expressing population.
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For stage 5 and 6, single cells obtained after FAC-sorting were cultured in suspension at 2 x 10° cells/ml
in low-adherent tissue culture plates in MCDB131 media (Gibco) containing 1 uM T3 (Sigma), 1.5 g/L
NaHCO; (Gibco), 1% vol/vol L-glutamine (GE Healthcare), 1% vol/vol B27 supplement (Gibco), 15 mM
D-(+)-glucose (Sigma), 10 ug/ml heparin (Sigma), 0.25 uM SANT-1 (Tocris), 10 uM RepSox (Tocris), 100
nM LDN193189 (Cayman), 10 yM ZnSO, (Sigma), 0.05 pM all-trans RA (Sigma), and 10 yM Y27632
(Tocris) (d13-d16, stage 5). After 72 h, the media was changed to MCDB131 containing 1 yM T3, 1.5
g/L NaHCOs3, 1% vol/vol L-glutamine, 1% vol/vol B27 supplement, 15 mM D-(+)-Glucose, 10 pg/ml
Heparin, 10 yM RepSox, 100 nM LDN193189, 10 yM ZnSO,4, and 100 nM DBZ (Tocris) (d16-d23, stage
6), media was replenished at day 19. Aggregates were collected at day 23 and dissociated with trypsin
for flow cytometry analysis. Stage 5 and stage 6 media components are based on the previously
described protocols’™.

Immunohistochemistry, Imaging, and Analysis

Immunohistochemical analysis of pancreas was performed on serial 5-7 um cryosections as described
previously®®' using primary and secondary antibodies listed in Tables 6-7. Briefly, cryosections were air
dried and then either post-fixed with 1% paraformaldehyde in 10mM PBS for 10 minutes before
permeabilization, or immediately permeabilized in 0.2% Triton-X in 10nM PBS. After permeabilization
sections were washed three times in 10nM PBS for 3-5 minutes each, then blocked in 5% normal donkey
serum in 10mM PBS for 60-90 in a humidified chamber at room temperature. Sections were incubated
overnight with primary antibodies diluted in antibody buffer (0.1% Triton-X, 1% BSA in 10nM PBS) in a
humidified chamber at 4°C, then washed three times with in 10mM for 10 minutes each. Sections were
then incubated with secondary antibodies prepared in antibody buffer for 90 minutes in a humidified
chamber protected from light, at room temperature. Sections were treated with DAPI (5 mg/mL stock
diluted 1:50,000 in 10mM PBS) for 10 minutes, and then washed three times in 10mM PBS for 15
minutes each. Slides were mounted using SlowFade Gold antifade reagent (Invitrogen Molecular
Probes) and sealed with fingernail polish prior to imaging.

Digital images were acquired with a Leica DMI6000B fluorescence microscope equipped with a Leica
DFC360FX digital camera (Leica), a laser scanning confocal microscope (Zeiss LSM510 META or
LSM880, Carl Zeiss), and a ScanScope FL (Aperio). Image analysis was performed using MetaMorph
7.7 software (Molecular Devices), ImageScope software (Aperio), or HALO software (Indica Labs).

For analysis of islet composition, images of entire pancreatic sections were captured at 20x magnification
using a ScanScope FL system and islets were annotated based on insulin staining, and HALO
algorithms were used to calculate area of B-cells, ECs, and macrophages. For B-cell proliferation, cells
were deemed positive for Ki67 only when at least 75% of the nucleus was surrounded by insulin®
cytoplasm. A minimum of 1,500 B-cells was assayed per sample.
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Table 6: Primary antibodies for immunohistochemistry

Species Catalog # Dilution
Amylase Rabbit Sigma A8273 1:1000
C-peptide Mouse DSHB GN-ID4 1:2000
Caveolin-1 Rabbit Abcam ab2910 1:2000
CD206 (Mrc1) Rat BioLegend 141701 1:500
CD31 (human) Mouse BD Pharmingen 550389 1:100
CD31 (mouse) Rat BD Pharmingen 553370 1:100
CD39L3 (NTPDase3) Mouse gift of J. Sévigny N/A 1:50
Col-IV Rabbit Abcam ab6586 1:1000
Glucagon Rabbit Cell Signaling 2760s 1:100
GP2 Mouse MBL International Corp. D277-3 1:250
GP2 (HPx1) Mouse gift of C. Dorrell N/A 1:100
Iba1 Rabbit Wako 019-19741 1:500
Insulin Guinea pig Dako A0564 1:500
Ki67 Rabbit Abcam ab15580 1:5000
Nkx6.1 Rabbit BCBC/P. Serup N/A 1:2000
Pancreatic polypeptide Rabbit Bachem T-4088 1:1000
Ptf1a Goat gift of C. Wright N/A 1:500
Somatostatin Goat Santa Cruz sc7819 1:500
VEGF-A Goat R&D Systems AF564 1:200
VEGFR2 Goat R&D Systems AF644 1:2000

DSHB — Developmental Studies Hybridoma Bank (University of lowa)

Table 7: Secondary antibodies for immunohistochemistry
Host Primary Ab

Fluorophore

Source

Catalog #

Dilution

Species Species

Cy2 Jackson Immunoresearch 705-225-147 1:500
Donkey Goat Cy3 Jackson Immunoresearch 705-165-147 1:500
Cy5 Jackson Immunoresearch 705-175-147 1:200
Cy2 Jackson Immunoresearch 706-225-148 1:500
Donkey Guinea pig Alexa488 Jackson Immunoresearch 706-545-148 1:500
Cy3 Jackson Immunoresearch 706-165-148 1:500
Cy5 Jackson Immunoresearch 706-175-148 1:200
Cy2 Jackson Immunoresearch 715-225-150 1:500
Donkey Mouse Alexa488 Jackson Immunoresearch 715-545-150 1:500
Cy3 Jackson Immunoresearch 715-165-150 1:500
Cy5 Jackson Immunoresearch 715-175-150 1:200
Cy2 Jackson Immunoresearch 711-225-152 1:500
Donkey Rabbit Alexa488 Jackson Immunoresearch 711-545-152 1:500
Cy3 Jackson Immunoresearch 711-165-152 1:500
Cy5 Jackson Immunoresearch 711-175-152 1:200
Cy2 Jackson Immunoresearch 712-225-153 1:500
Donkey Rat Alexa488 Jackson Immunoresearch 712-545-153 1:500
Cy3 Jackson Immunoresearch 712-165-153 1:500
Cy5 Jackson Immunoresearch 712-175-153 1:200

Flow Cytometry and Fluorescence-Activated Cell Sorting (FACS)

The flow analysis and sorting experiments described in Chapter IV were performed in collaboration with
the Vanderbilt Flow Cytometry Core (human islet cells) and in collaboration with Dr. Katy Cogger at the
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University of Toronto (hESCs). The antibodies used are listed in Table 8.

Table 8. Antibodies for flow cytometry and sorting
Antigen Species Catalog #
CD39L3 (NTPDase3) Mouse (IgG) | gift of J. Sévigny N/A 1:50
C-peptide Rat DSHB GN-1D4 1:1000
: GP2 Mouse MBL International D277-3 1:10,000
Primary Corp.
HIC0-4F9 [Biotin] (HPi1) | Mouse (IgG) Novus NBP1-18872B 1:100
HIC3-2D12 (HPa3) Mouse (IgM) gift of C. Dorrell N/A 1:100
Nkx6.1 Mouse DSHB F55A10 1:2000
Fluorophore Host Primary Ab Source Catalog # Dilution |
AF647 Donkey Mouse Life Technologies A31571 1:400
APC Goat Mouse (IgG) | BD Pharmingen 550826 1:500
Secondary . .
BV421-Strep -- -- BD Pharmingen 563259 1:500
PE Goat Mouse (IgM) | BD Pharmingen 550589 1:1000
PE Goat Rat BD Pharmingen 550767 1:400

DSHB - Developmental Studies Hybridoma Bank (University of lowa); Strep — streptavidin

Human islet cell sorting

Human islets from seven normal donors (ages 12-55 years, BMI 23-36), three T1D donors (ages 14-30
years, BMI 18-30), one MODY donor (age 33, BMI 26), and four T2D donors (ages 40-64 years, BMI| 28-
43) were dispersed using a modified protocol as described previously*?. Briefly, 0.025% trypsin was
used to disperse cells and reaction was quenched with modified RPMI medium (10% FBS, 1%
Penn/Strep, 5 mM glucose). Cells were washed in the same medium and counted on a hemocytometer,
then transferred to FACS buffer (2 mM EDTA, 2% FBS, 1X PBS). Indirect antibody labeling was
completed via two sequential incubation periods at 4C, with one wash in FACS buffer following each
incubation. Primary (HPi1, HPa3, NTPDase3) and secondary antibodies, listed in Table 8, have been
characterized previously and used to isolate high-quality RNA from a- and B-cells*’*°. Appropriate
single color compensation controls were run alongside samples. Prior to sorting, propidium iodide (0.05
ug/100,000 cells; BD Biosciences) was added to samples for non-viable cell exclusion. Flow analysis
was performed using an LSRFortessa cell analyzer (BD Biosciences), and a FACSAria lll cell sorter (BD
Biosciences) was used for FACS. Analysis of flow cytometry data was completed using FlowJo 10.1.5
(Tree Star). Gating strategy is shown in Fig. 25. Where indicated, a subset of collected cells was
washed twice in PBS and collected onto a Plus Gold slide (Fisher Scientific) using a Cytospin 4
cytocentrifuge (ThermoFisher), then fixed in 4% PFA for 10 minutes prior to immunocytochemical
analysis.

Flow cytometry and FACS of hESCs

Sorting of hESCs was performed by Dr. Katy Cogger at the University of Toronto. Cells were dissociated
from the monolayer using either TrypLE Express (Gibco) or StemPro Accutase (Gibco) and incubated at
37°C to generate a single-cell suspension. Live cells were incubated for 20 min at 4°C with primary
antibody (GP2) in 1X PBS/10% fetal bovine serum (FBS; Wisent Inc.) (FACS buffer). After washing
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twice with FACS buffer, samples labeled with unconjugated primary antibody were incubated for an
additional 20 min at 4°C with secondary antibody in FACS buffer. Cells were re-suspended in 1X
PBS/0.1% FBS and sorted using the BD Ariall-RITT or Arialll Fusion cell sorters.

For intracellular staining, cells were fixed in 1.6% PFA for 24 h at 4°C. Samples were then washed twice
in FACS buffer, and incubated overnight at 4°C with primary antibodies (C-peptide, Nkx6.1) in 1X PBS
containing 5 mg/ml saponin (Sigma). After two washes in FACS buffer, the cells were then incubated
with secondary antibodies in saponin for 30-45 min at room temperature. Mouse and rat IgGs were used
as controls. Flow cytometry was carried out using the BD LSR Fortessa flow cytometer, and data were
analyzed using FlowJo software.

RNA Isolation, Sequencing, and Analysis

RNA sequencing and analysis was performed at the HudsonAlpha Institute for Biotechnology in
Hunstville, AL, with the help of Shristi Shrestha and Dr. Nripesh Prasad. Sorted a- and B-cells (5,000-
123,000) were stored in 200 pL lysis/binding solution (Ambion) at -80°C prior to RNA isolation using the
RNAqueous micro-scale phenol-free total RNA isolation kit (Ambion). Trace DNA was removed with
TURBO DNA-free (Ambion), RNA integrity was evaluated (Agilent 2100 Bioanalyzer; 7.90+0.23 RIN,
n=21), and high-integrity total RNA was amplified (Ovation system; NuGen Technologies) per standard
protocol as described previously?®'. Amplified cDNA was sheared to target 200bp fragment size and
libraries were prepared using NEBNext DNA Library Prep (New England BioLabs). 50bp Paired End
(PE) sequencing was performed on an lllumina HiSeq 2500 using traditional lllumina methods®" to
generate approximately 50 million reads per sample. Raw reads were mapped to the reference human
genome hg19 using TopHat v2.1°*2. Aligned reads were then imported onto the Avadis NGS analysis
platform (Strand life Sciences) and filtered based on read quality followed by read statistics to remove
duplicates. Transcript abundance was quantified using the TMM (Trimmed Mean of M-values)
algorithm®**%* as the normalization method. Genes with normalized expression values less than 25
were removed prior to differential expression analysis between control and T1D groups. Fold change
(cutoff = £1.5) was calculated based on p-value estimated by z-score calculations (cutoff 0.05) as
determined by Benjamini Hochberg false discovery rate (FDR) correction of 0.05°*. Differentially
expressed genes were further analyzed through Ingenuity Pathway Analysis (IPA, Qiagen) and Gene
Ontology (GO) analysis using DAVID v6.8°%.

Islet Transplantation

Human islets from four normal donors (ages 10-61 years, BMI 25-35) were obtained through 1IDP, ADI,
and nPOD (Table 5) and transplanted into immunodeficient 10-12 week old NOD-scid-IL2ry™" (NSG)
male mice. For each donor, 3-5 mice were transplanted with 100-200 islet equivalents under the
contralateral kidney capsule or into the anterior chamber of the eye (ACE) as described previously
Briefly, islets were loaded into P10 tubing, mice were anesthetized and their kidneys exposed by
dissecting through flank skin and muscle layers. The capsule was separated from the kidney

337-339
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parenchyma using a 23-gauge butterfly needle and the P10 tubing containing donor islets was inserted
into the channel created by the needle. Muscle and skin layers were closed and mice were observed
daily for 2 weeks after surgery. Islets were allowed to engraft for 1 month prior to imaging.

In vivo Imaging

Mice were anesthetized using a standard dose of isoflurane and injected with 100 pL of saline containing
30 pg of DyLight550-conjugated NTPDase3 antibody (Vanderbilt Antibody and Protein Resource) or
isotype control (Novus) into the left retro-orbital space. After recovery for 24 hours, mice were again
anesthetized and placed on the microscope stage with right eye facing up and oriented to reveal islet
graft (visible under white light). Images showing the iris bearing grafted islets were obtained using an
Olympus SZX12 fluorescent stereomicroscope equipped with a DP80 camera (Olympus) and CellSens
image acquisition and analysis software (Olympus). Following imaging, mice were sacrificed and grafts
were removed and fixed according to the standard protocol for pancreas fixation described above.

Statistical Analysis

Prism software (GraphPad) was used to perform statistical analysis comparing two groups using
unpaired t tests and one-way analysis of variance with Tukey’s multiple comparison test to compare
three or more groups. Unless otherwise noted, data are expressed as mean * standard error of mean.
Statistical analysis of RNA-sequencing data is described above (see RNA Isolation, Sequencing, and
Analysis).
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CHAPTERIIII

ENDOTHELIAL CELLS IN THE ISLET MICROENVIRONMENT, IN CONCERT WITH
MACROPHAGES, MODULATE BETA CELL PROLIFERATION

Introduction

Vascular endothelial growth factor A (VEGF-A) is the master regulator of islet vascular
development??®#?2223.228 - \JEGF-A inactivation in pancreatic and islet progenitors leads to dramatic
reduction in islet vasculature which is accompanied by reduced B-cell mass and impaired insulin
secretion®®?°?5' " However, when VEGF-A is inactivated in the adult islets, they lose approximately 40%
of their vasculature, but maintain normal B-cell mass and nearly normal function??2246222%3  These
results suggest that islet vasculature and VEGF-A signaling are required for early postnatal 3-cell growth
but play lesser role in the maintenance of adult p-cell mass and function.

Since VEGF-A reduction during development had a deleterious effect on B-cell mass, our group asked
whether an increase in VEGF-A might enhance B-cell proliferation during development. Using the
inducible RIP-rtTA; TetO-VEGF-A (BVEGF-A) mouse model, we showed that 3-cell-specific
overexpression of VEGF-A increased EC proliferation but decreased the number of Ngn3* progenitors,
leading to altered islet morphology as well as reduced B-cell proliferation®®’. These findings have been
corroborated by subsequent reports of enhanced VEGF-A signaling during pancreatic development
causing hypervascularization and disrupted islet architecture®®*?*°. We next used the same BVEGF-A
model to overexpress VEGF-A in adult B-cells, which initially caused rapid EC expansion and marked 3-
cell death®'. The most striking observation came after VEGF-A normalization: there was a transient but
robust burst of B-cell proliferation leading to restoration of B-cell mass, islet structure, and function after a
period of 6 weeks?' (Fig. 11a). EC expansion was accompanied by recruitment of circulating
monocytes, and experiments with islets transplanted under the kidney capsule of BVEGF-A mice
revealed that regeneration was independent of the site and circulating factors, but was instead derived
from the local islet microenvironment®®'. Ablation of macrophage recruitment significantly reduced 3-cell

proliferation, indicating that macrophages were required for p-cell regeneration2°1.

RNA-seq analysis of ECs, macrophages, and f3-cells isolated from BVEGF-A mice indicated that intra-
islet ECs increase expression of several growth factors (Ctgf, Igf1, Pdgfa; Fig. 11b) that have been
previously shown to stimulate B-cell proliferation 24240343 " Fyrthermore, they express cell adhesion
molecules (Madcam1, Vcam1) and cytokines (//10) that are capable of recruiting and/or polarizing
macrophages to an M2-like or “restorative” phenotype®**3*®. This led us to hypothesize that intra-islet
ECs provide crucial microenvironmental cues that promote 3-cell regeneration (Fig. 11¢).

We know much less about the role that islet microenvironment plays in human pancreatic development;
limited studies suggest that, like mice, human islets become vascularized early during fetal
development®’*'®, but adult human islets have significantly fewer capillaries than the adult mouse®.
However, it is unknown if human islets are formed with fewer blood vessels at birth or whether islet
vasculature declines with aging. Mounting evidence suggests that 3-cell mass is largely established
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during the early postnatal period and B-cell proliferation declines sharply after birth®*=*"**%_ Proliferation
rates of the three main endocrine cell types (a-, -, 8-cells) exhibit distinct trends, with a precipitous drop
in 8-cell proliferation and &-cell number shortly after birth and gradual increase in B-cell population®**.
Notably, B-cell proliferation also declines postnatally but is still much higher in juvenile period (<10 years
of age) compared to adult islets®*. Our group has also observed that early postnatal development in
human islets is marked by dramatic changes in islet cell composition, arrangement, and interaction with
vascular and neuronal components. We have shown that endocrine cells undergo dynamic
rearrangements in developing islets, with initial mantle-core architecture reminiscent of a rodent islet
followed by gradual intermingling of proliferating a-, B-, and 5-cells®*°. Together, these observations
suggest the hypothesis that ECs in the developing human islet, like those in our BVEGF-A mouse model,
provide local signals to facilitate p-cell proliferation.

In this chapter we have tested our hypothesis that intra-islet ECs, alone or in concert with macrophages,
provide permissive signals to promote B-cell proliferation. First, to determine the contribution of intra-islet
ECs to macrophage recruitment, macrophage phenotype activation, and B-cell proliferation in the
BVEGF-A mouse model, we have targeted VEGFR2, the primary receptor for VEGF-A signaling that is
expressed by islet ECs????*, Several groups have demonstrated the importance of VEGF-A-VEGFR2
signaling in tissue regeneration, including in the liver, lung, and hematopoietic systems?%?’%%’”  We
therefore predicted that knocking down VEGFR?2 in proliferative and quiescent ECs would disrupt
macrophage recruitment and polarization and impair $-cell proliferation. To extend our hypothesis to
human B-cells, we also performed a cross-sectional analysis of angioarchitecture during human
pancreas development and aligned the data we collected with existing data on B-cell proliferation.

Results

Acute ablation of VEGFR2 in ECs does not affect islet vasculature or -cell proliferation

To define the role of VEGFR2 signaling in adult islet capillary maintenance, we generated a Tamoxifen
(Tmx)-inducible mouse model of Cad5-CreER™; VEGFR2" (VEGFR2“5°). Pancreata were removed 1-
2 weeks after initial Tmx or vehicle treatment (8d and 15d time points, respectively; Fig. 12a). VEGFR2
was virtually undetectable in ECs from Tmx-treated mice at both time points, indicating efficient
knockdown. Importantly, however, vascular structures (visualized by either CD31 or caveolin-1 labeling)
remained intact (Fig. 12b). There was no significant difference in islet vessel area or density at 8d (Fig.
12c), suggesting that acute loss of VEGFR2 signaling does not play a significant role in adult islet
vascular homeostasis. There was also no difference in basal p-cell proliferation rates between Tmx- and
vehicle-treated mice (0.79 and 0.65% respectively, p<0.05; Fig. 12d), indicating that under basal
conditions VEGFR2 signaling lost acutely in intra-islet ECs does not affect p-cell proliferation.

Proliferative ECs are required for macrophage polarization and maximal macrophage recruitment

To investigate the role of proliferative ECs in macrophage recruitment and polarization, we combined the
BVEGF-A system (RIP-rtTA; TetO-VEGFA) with our inducible VEGFR2 knockout (VEGFR2“5), as
shown in Table 2. This allowed us to modulate VEGF-A-VEGFR2 signaling in an inducible manner by
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administering Dox to overexpress VEGF-A in B-cells and Tmx to inactivate VEGFR2 in ECs. Due to
possible effects of Tmx administration on compensatory B-cell proliferation®*®, we elected to treat all mice
with Tmx and designated Cre-negative (BVEGF-A; VEGFR2") mice as controls to represent intact
VEGFR2. We performed all experiments in both male and female mice; however, due to the inefficient
induction of VEGF-A in females (the TetO transgene is X-linked, and BVEGF-A; VEGFR2"“5° mice only
have one copy, so it may be randomly inactivated in some cells), all of the data presented in this chapter
is from male mice only.

Administration of Tmx was utilized to knock down VEGFR2 in ECs, followed by Dox treatment for 3 days
to induce VEGF-A (Fig. 13a). We confirmed effective VEGF-A induction in both BVEGF-A; VEGFR2"
and BVEGF-A; VEGFR2“E¢ genotypes (Fig. 13b), as well as efficient knockdown of VEGFR?2 in the latter
(Fig- 13c). We then analyzed various aspects of islet phenotype using mice receiving no treatment (No
Dox) as a baseline. After 3 days Dox, vasculature expanded in BVEGF-A; VEGFR2"" mice (from
27.9+2.2 to 48.5+2.4% of total islet area; p<0.05) but not in BVEGF-A; VEGFR2"“° mice (29.1+3.6 to
23.943.2%; p>0.05; Fig. 14a,c). There was a slight accompanying decrease in B-cell area of control
BVEGF-A; VEGFR2" islets due to EC expansion (53.2+6.6 to 41.2+2.4% of total islet area), while B-cell
area in BVEGF-A; VEGFR2“C islets did not change (Fig. 14a,d).

Macrophage recruitment was observed in both genotypes, though recruitment was higher when VEGFR2
signaling was intact than in BVEGF-A; VEGFR2"“5° mice (10.30.7 vs. 7.8+0.6% of total islet area,
respectively; p<0.05; Fig. 14e). These data suggest that some macrophages infiltrated islets in
response to VEGF-A alone, even with no damage to B-cells, but also indicate that intact VEGF-A-
VEGFR2 signaling promotes maximal macrophage recruitment. We next examined macrophage
polarization by labeling for the “M2-like” marker MRC1 (CD206) (Fig. 14b), which is normally expressed
by resident macrophages of the exocrine pancreas but not by intra-islet macrophages'"**". However,
after VEGF-A induction some infiltrating macrophages in control BVEGF-A; VEGFR2" islets were
MRC1*, while infiltrating macrophages in BVEGF-A; VEGFR2“EC islets remained MRC1" (Fig. 14f). This
observation suggests that VEGFR2 signaling in proliferative endothelial cells and/or B-cell loss is
necessary for macrophage polarization to an M2-like phenotype.

VEGFR2 knockout in quiescent ECs accelerates EC regression, promoting B-cell recovery

To investigate the role of quiescent ECs in B-cell proliferation, we treated BVEGF-A; VEGFR2" and
BVEGF-A; VEGFR2“5¢ mice for 3 days with Dox to induce VEGF-A and allowed 7 days of Dox
withdrawal (WD) for VEGF-A to normalize and ECs to return to quiescence (Fig. 15a). We sacrificed
some animals at this 7d WD time point, then gave the remaining mice one dose of Tmx to knock down
VEGFR2. We harvested pancreata 48 hours later (9d WD, 2d post-Tmx) to assess islet phenotype.

As expected, VEGF-A expression declined during Dox WD (Fig. 15b), and VEGFR2 was efficiently
knocked down in BVEGF-A; VEGFR2"“° mice 48 hours after Tmx treatment (Fig. 15c). VEGF-A-
induced EC expansion occurred in both BVEGF-A; VEGFR2™ (from 27.9+2.2 to 66.5+2.3% of total islet
area; p<0.05) and BVEGF-A; VEGFR2F (29.1+3.6 to 61.2+3.2%; p<0.05) mice, with no difference in
EC area between the two groups at 7dWD (p>0.05; Fig. 16a-b). Within 48 hours of Tmx administration
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(9d WD), there was significant regression of vasculature in BVEGF-A; VEGFR2"“5 islets (61.2+3.2 to
41.6+1.5% of total islet area; p<0.05), while EC area in BVEGF-A; VEGFR2" islets remained elevated
(66.5+2.3 vs. 57.23+4.3%; p>0.05; Fig. 16b). Unexpectedly, BVEGF-A; VEGFR2“FC islets had
significantly greater B-cell area as compared to BVEGF-A; VEGFR2" after Tmx (30.4+1.6 vs. 21.4+3.3%
of total islet area, respectively; p<0.05; Fig. 16c), and B-cell proliferation was slightly higher in BVEGF-A;
VEGFR2"“5° compared to BVEGF-A; VEGFR2" (5.0+0.7 vs. 3.2+0.7 percent, respectively; p=0.09; Fig.
16e). Together, these data point to VEGFR2 inactivation in quiescent ECs having a surprisingly
stimulatory effect on B-cell recovery.

Since EC-secreted factors normally promote B-cell proliferation, we wondered why loss of quiescent EC
signaling would have the opposite impact. Noticing the reduction in intra-islet EC area that accompanied
VEGFR2 inactivation, we explored the possibility that EC-associated ECM, which includes structural
protein components as well as binding sites for growth factors and other signaling molecules, was
altered. Visualization of col-IV, a major component of the islet ECM?%%' revealed that by two days after
VEGFR2 knockdown, when ECs had started to regress, there were pockets (vascular “casts”) of ECM
that were not associated with intact ECs (Fig. 17b). We hypothesize that vessel regression may have
promoted release of growth factors from degraded ECM, thereby promoting 3-cell proliferation (Fig.
17¢c).

Recruited macrophages persisted in islets even after VEGFR2 knockdown (Fig. 16d), suggesting that
their retention is not dependent on VEGFR?2 signaling in quiescent ECs. MRC1" macrophages were
present in islets from BVEGF-A; VEGFR2" and BVEGF-A; VEGFR2"“° mice both before (7d WD) and
after (9d WD) Tmx treatment (Fig. 17a), indicating that compromised VEGF-A-VEGFR2 signaling at this
stage of B-cell recovery does not affect macrophage polarization.

ECs are most abundant in human islets during early postnatal pancreatic development

To investigate the dynamics of intra-islet vasculature during human pancreatic development, we
performed a cross-sectional immunohistochemical analysis on pancreatic tissue sections from 26 human
donors ranging from the early postnatal period (born at G37 weeks) to 11 years of age. A complete list
of donors and additional characteristics are provided in Table 4, with representative images shown in
Fig. 18a. We quantified EC area, expressed as a percentage of total islet area, in neonates (<2 months;
n=9), infants (>2 month — 2 years; n=11), and children (>2 years — 10 years; n=6). Neonatal islets had
the greatest EC component at 9.8% (range 3.5-15.2), but infant islets were very similar (9.2%; range 4.0-
18.4). EC area in children was slightly lower (7.6%; range 2.0-10.3), though not significantly different
from that of neonates or infants (one-way ANOVA, p>0.05). Despite heterogeneity among donors of the
same ages, intra-islet EC area trended highest during early postnatal life (€2 years) and slightly declined
thereafter (Fig. 18b-c). Furthermore, this peak correlated to the height of B-cell proliferation observed in
the juvenile human pancreas (Fig. 18b).
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Figure 14: Islet changes following VEGFR2 knockout in proliferative ECs. (A) Islet architecture of macrophages
(IBA1*), ECs (CD31%), and B-cells (INS*) from BVEGF-A; VEGFR2 and BVEGF-A; VEGFR2AEC mice at baseline (no Dox)
and 3d Dox. Graphs in (C) — (E) show quantification (mean + SEM) of islet composition (674 + 78 ym? per animal) by
immunohistochemistry. Letters above bars refer to statistical comparison of means; means with different letters are
significantly different (t-test comparing genotypes within time point or comparing time point within genotype, p<0.05; n=4-5
per group per genotype). (B) Islet macrophages with an “M2-like” phenotype (MRC1*) at no Dox and 3d Dox. Arrowheads
point to examples of these macrophages. Graph in (F) depicts percentage of M2-like intra-islet macrophages (MRC1* Iba1*).
Scale bars are 50 pm.
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Figure 16: Islet changes following VEGFR2 knockout in quiescent ECs. (A) Islet architecture of macrophages (IBA1*),
ECs (CD31%), and B-cells (INS*) from BVEGF-A; VEGFR2 and BVEGF-A; VEGFR22EC mice at no Dox, 7d WD (pre-Tmx),
and 9d WD (2d post-Tmx). Scale bar is 50 pm. (B)-(D) Quantification (mean + SEM) of islet composition (957 + 118 pm? per
animal) and (E) B-cell proliferation rates (2,427 + 158 B-cells) by immunohistochemistry. Letters above bars refer to
statistical comparison of means; means with different letters are significantly different (t-test comparing genotypes within time
point or one-way ANOVA/Tukey’s post-hoc comparing time points within genotype, p<0.05; n=4-7 per group per genotype).
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Discussion

Previous studies in our lab have shown that 3-cell induction of VEGF-A results in marked intra-islet EC
proliferation and B-cell loss®®'. Upon normalization of VEGF-A expression, intra-islet ECs return to
quiescence and B-cells undergo recovery through proliferation of pre-existing B-cells?®’. To further
investigate this process, we generated an inducible VEGFR2 knockout mouse (VEGFR2“5°) that
allowed us to block VEGF-A-VEGFR2 signaling in ECs, and used this model to study the role of
proliferative and quiescent ECs, respectively, in B-cell loss, macrophage recruitment, and pB-cell recovery.

Surprisingly, we observed some macrophage recruitment even in the absence of intact VEGFR2
signaling (Fig. 14e), suggesting that proliferative ECs were not required for the influx of circulating
monocytes and their subsequent differentiation into macrophages. Since no changes in 3-cell area were
detected in BVEGF-A; VEGFR2“ C islets (Fig. 14d), it is unlikely that cell death (which is a known
stimulator of macrophage recruitment in acute injury'®'%¢°?) was responsible. More likely, macrophage
recruitment was stimulated by VEGF-A through VEGFR1, which is expressed by circulating
monocytes®*#*. Treating mice with an anti-VEGFR1 antibody or inactivating this receptor may help to
determine whether the recruitment was mediated by this receptor. It is also possible that the increase in
intra-islet macrophages we observed in BVEGF-A; VEGFR2EC islets was the result of resident
macrophage proliferation, which should be addressed in future studies.

Infiltrating macrophage polarization to an “M2-like” phenotype was blocked with VEGFR2 knockdown,
suggesting that signals derived from proliferative EC may be necessary for macrophage polarization
(Fig. 14f). This is in line with previous reports that the microenvironment can direct macrophage
phenotype and specifically polarize macrophages in the context of tissue injury*®'*2'%9 - Additionally,
there is evidence that the M2 marker we used, MRC1 (CD206), plays a role in 3-cell regeneration. Van
Gassen and colleagues isolated pancreatic macrophages after PDL, and found that CD206"
macrophages had increased expression of Tgfb? and Egf'*>. TGFB1 has been shown to directly
upregulate SMAD? in B-cells, which promotes B-cell proliferation by increasing Cyclin D1 and D2"°. In a
model of DT-mediated B-cell ablation, Criscimanna and colleagues showed that infiltrating macrophages
initially have an M1-like phenotype (high IL-6, TNFa) but are polarized to M2 (high IL-10, CD206), a
phenotype “switch” that is required for (3-cell regeneration®®?. Together, these data highlight a possible
role for MRC1 as a mediator of restorative macrophage signaling. Though there is less known about the
particular mechanisms by which ECs polarize macrophages, Cao and colleagues did recently show that
mesenchymal stem cell-secreted stromal cell-derived factor 1 (SDF-1, also known as CXCL12) was
required for M2 macrophage recruitment and B-cell proliferation after STZ-mediated injury353. This
particular factor may not play a role in our model, but the elevated expression and secretion of
chemokines and growth factors by ECs could be involved in our model system.

When we inactivated VEGFR2 in quiescent ECs, after macrophage recruitment had already occurred, we
did not observe a decline of intra-islet macrophages (Fig. 16d). From this we can conclude that
disruption of VEGFR2 signaling, at least for a short period of time, is not necessary for macrophage
retention. We also did not detect changes in macrophage polarization in this scenario (Fig. 17a),
suggesting that EC-derived signals or -cell loss are more important for induction of an M2-like
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phenotype rather than maintenance of this phenotype. Moreover, although macrophage phenotype
conversion can be extremely rapid, it is possible that prolonged VEGFR2 inactivation (instead of only for
48 hours) would eventually result in fewer M2-polarized macrophages.

Based on prior work dealing with ECs and the role of VEGFR2 signaling in tissue regeneration, we
anticipated that the loss of VEGFR2 signaling in quiescent ECs during the period of 3-cell regeneration
would inhibit B-cell division. However, we actually observed the opposite; VEGFR2 knockout significantly
accelerated EC regression (Fig. 16b) and appeared to have a slight stimulatory effect on B-cell
proliferation (Fig. 16e). While this result is in contrast with the effects of VEGFR2 inactivation on cell
proliferation observed during liver and lung regeneration following surgical tissue removal*’®?” it is
conceivable in the context of our experimental paradigm where islet hypervascularization was driving -
cell loss. Although ECs were quiescent by 7d WD, we continued to observe residual VEGF-A by staining
in the islet ECM during this period (data not show) which was likely sufficient to sustain extensive and
elaborate capillary network in control BVEGF-A; VEGFR2" islets. In contrast, the disruption of VEGF-A-
VEGFR2 signaling axis upon VEGFR2 inactivation led to a rapid capillary regression in
hypervascularized BVEGF-A; VEGFR2“EC islets and this EC regression was accompanied by increased
B-cell proliferation.

To further explore the relationship between EC regression and increased 3-cell proliferation, we focused
on the important function of ECs in modulating the ECM. Two days after VEGFR2 knockdown, when
ECs had started to regress, we observed pockets (“vascular casts”) of ECM that were not associated
with intact ECs (Fig. 17b). We hypothesize that release of growth factors from this remaining ECM
helped promote B-cell proliferation, which is supported by the elevated expression of ECM-modulating
enzymes and adhesion molecules in ECs isolated from BVEGF-A mice (Fig. 10).

To study the role of ECs in the human islet microenvironment, we employed an immunohistochemical
approach to visualize and quantify vasculature in developing human islets. Our group and others have
observed dramatic changes in islet cell composition during early postnatal development, and we have
shown that B-cell proliferation rates peak postnatally and then rapidly decline in the first decade of life.
Here, we observed that intra-islet EC area is highest during early postnatal life (€ 2mo) and slightly
declines thereafter (Fig- 18b-c). This trend correlates to the height of 3-cell proliferation observed in the
juvenile human pancreas (Fig. 18b), supporting the hypothesis that ECs are important in this process.
While this is only a correlative result, it is consistent with ex vivo experiments that have been conducted
using human fetal pancreatic tissue showing that EC-secreted factors, EC-derived ECM, and EC-B-cell
contacts promote B-cell differentiation and proliferation??%29!2%,

In both human islet development and murine 3-cell regeneration, our results suggest that signals derived
from the local EC population are crucial in promoting B-cell proliferation. Though the mechanisms have
not yet been thoroughly investigated in human islets, our work with BVEGF-A; BVEGF-A mice indicates
that ECs can contribute to B-cell proliferation by recruiting macrophages to the islet microenvironment
and ensuring that these macrophages attain the proper phenotype to facilitate regeneration and prevent
detrimental inflammation. We also provided evidence that quiescent EC signaling may impact B-cell
proliferation more directly by modulating growth factor bioavailability.
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CHAPTER IV
MOLECULAR MARKERS OF DEVELOPING HUMAN PANCREAS AND MATURE BETA CELLS
FACILITATE UNDERSTANDING OF HUMAN ISLET BIOLOGY AND FUNCTION

Some text and data in this chapter have been adapted from Cogger, Sinha, Sarangi, McGaugh,
Saunders et al., 2017%'%; Brissova, Haliyur, Saunders, Shrestha et al., 2018*?°; and Saunders & Phillips
et al., 2018 (manuscript in preparation).

Introduction

In the quest to understand human B-cell physiology and develop therapies to restore p-cell mass and
function to patients with diabetes, islet biologists have encountered a unique set of challenges. For
example, there has been great interest in generating B-like cells from human embryonic stem cells
(hESCs) and induced pluripotent stem cells (hiPSCs). Intricate stepwise protocols have been developed
to produce pancreatic progenitors expressing the canonical markers PDX1 and NKX6.1, which have the
potential to further differentiate into insulin-producing B-like cells. However, these protocols can be
highly variable and yield a low percentage of pancreatic progenitors®**3*°. Furthermore, the techniques
largely draw on our knowledge of mouse pancreatic organogenesis, which allows in vivo manipulation
that is impossible in the developing human. Consequently, we know relatively little about human
pancreatic and islet development, and this lack of knowledge limits development of efficient
differentiation protocols.

Once B-cells and islets are formed, the multicellular composition and anatomical location of islets pose
additional challenges to studying individual islet endocrine cell subtypes. To overcome this, several
groups have developed systems to isolate subpopulations of islet endocrine cells for transcriptional,
metabolic, and functional analyses. These isolations are generally accomplished by dispersing and
sorting cells using antibodies that target either cell surface antigens on live cells or intracellular proteins
in fixed, permeabilized cells****%¢_ Other groups have alternatively sorted B-cells based on zinc
content, using the zinc-binding fluorochrome Newport Green*’. Each approach has advantages and
drawbacks, but one critical limitation is the lack of a cell surface antibody that specifically recognizes
human B-cells.

In addition to analyzing human B-cells ex vivo, there is great need to identify and visualize B-cells non-
invasively in vivo. Indeed, although reduced B-cell mass is an established feature of diabetes
progression, current knowledge has originated from post-mortem analysis because there are no effective
methods to quantify B-cell mass non-invasively in humans®®. This limitation has greatly hindered our
understanding of disease risk and progression and prevents the evaluation of interventions designed to
preserve or increase B-cell mass. Many traditional imaging modalities lack necessary sensitivity for the
small size and sparse distribution of islets, and better reagents are necessary to distinguish -cells from
other islet endocrine cells and neighboring exocrine tissue®®. Antibodies typically have greater
specificity and affinity than other molecules such as peptides and small molecules, and multiple
antibodies targeting islet cell surface antigens have unsuccessfully been tried for islet imaging
applications in vivo®®*®.
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In this chapter we have characterized two molecular markers that have great potential to aid B-cell
research and overcome some of the challenges mentioned above. First, to address the developing
human B-cell niche and the need for more efficient hESC and hiPSC differentiation, we present data on a
cell surface marker identified in a proteomics screen by our collaborator Dr. Cristina Nostro®'®. Together
with Dr. Nostro, we showed that pancreatic secretory granule membrane major glycoprotein 2 (GP2) is a
specific marker of human multipotent pancreatic progenitors both in vitro and in vivo, and that selecting
progenitor cells expressing GP2 during the differentiation process increases the yield of insulin-producing
B-like cells. In the second part of the chapter, in efforts to identify cell surface markers of human B-cells,
we describe the expression pattern of an ecto-enzyme, nucleoside triphosphate diphosphohydrolase 3
(NTPDase 3), that is expressed in pancreatic islets of both human and rodents and has been linked to
regulation of insulin secretion®*'*%. Importantly, we found that this molecular marker is highly specific to
mature human B-cells and its expression is preserved in B-cells from individuals with T1D and T2D,
making it a useful and powerful new reagent for B-cell purification ex vivo and imaging and targeting in
vivo.

Results

GP2 marks putative pancreatic progenitors in human neonatal pancreas

GP2 expression in the human adult pancreas is restricted to the acinar compartment; however, its
expression pattern during pancreatic development was not known. Using histological sections from
neonates (born at G33, G37, and G39 weeks), we observed GP2" NKX6.1" INS™ cells on the leading
edge and INS™ NKX6.1" GP2" islet clusters at the center of the developing pancreatic lobes (Fig. 19a).
To further characterize these as multipotent pancreatic progenitors (PPs), we also labeled for PTF1A,
which is expressed by NKX6.1" PPs in epithelial tips of the developing mouse pancreas®****®®. Cells in
the epithelial tip of the human pancreas do express PTF1A along with NKX6.1 and GP2 (Fig. 19b). In
contrast, cells in the trunk express NKX6.1 but not PTF1A, and are GP2 negative. We were curious
whether this PP population persisted after birth, so we extended our histological analysis to include
pancreatic sections from infant donors (3, 10, and 20 months). We identified GP2" PTF1A* NKX6.1" PP
cells in these pancreata, albeit with a less pronounced lobular pattern of GP2 expression and fewer PPs
than in neonatal donors (Fig. 20). Together, our data provide strong evidence for the existence of
multipotent pancreatic progenitor cells in the postnatal human pancreas.

Purified GP2" pancreatic progenitor cells give rise to B-like cells in vitro

To assess whether GP2 could be used as a cell surface marker for isolating pancreatic progenitor cells,
the Nostro group employed fluorescence activated cell sorting (FACS) to isolate the GP2-positive and
GP2-negative fractions at day 13 of differentiation from the hESC line H1 (Fig. 21a). These fractions
were cultured identically through day 23, at which point the cultures from GP2" cells had yielded
significantly more NKX6-1" C-PEPTIDE" cells compared to GP2 negative and unsorted cultures (Fig.
21b). These results suggest that GP2 can be used as a positive selective marker for pancreatic
progenitor cells that harbor the potential to become insulin-producing B-like cells.

48



NTPDase3 is expressed specifically in adult human B-cells, including those in islets from
individuals with T1D and T2D

To characterize expression of NTPDase3 (Fig. 22a), we performed immunohistochemistry on pancreatic
tissue sections from human donors (n=18, age range of 0-49 years) using a monoclonal antibody>°%#*%.
We observed NTPDase3 expression on the membrane of most adult B-cells, but importantly, not in adult
a-cells (Figs. 22b, 23a). No colocalization of NTPDase3 with pancreatic polypeptide hormone or
amylase (exocrine enzyme) was observed, though a small number of d-cells did express NTPDase3
(Fig. 23b-d). Significantly, B-cell NTPDase3 expression was preserved in human T1D and T2D disease
states (Fig. 22c).

NTPDase3 is dynamically expressed during human pancreas development

Interestingly, although NTPDase3 labeled adult human B-cells with high specificity, its expression during
early pancreas development, especially the first few years of life, is quite dynamic. At the time of birth,
human acinar cells, but not B-cells, expressed NTPDase3 (Fig. 22d, top panel). Between 3 months and
2 years of age, NTPDase3 expression became less in acinar cells and appeared in an increasing
proportion of B-cells; this transition was heterogeneous among individuals and even in islets from the
same pancreas. During this age range, both acinar cells and 3-cells expressed NTPDase3 (Fig. 23e).
By 5 years of age, acinar expression was completely absent and NTPDase3 was only expressed in [3-
cells (Fig. 22d, bottom panel).

NTPDase3 antibody effectively and efficiently isolates B-cells from live dispersed
human islet cells

To investigate the utility of NTPDase3 as a biomarker for mature 3-cells, we first developed a cell sorting
strategy to label live human islet cells (Fig. 24a). Use of the NTPDase3 antibody in combination with
previously characterized cell surface markers*”**’ enabled effective separation of a- and B-cell
subpopulations (Fig. 24b). We validated the purity of our subpopulations using two complementary
approaches, immunocytochemistry and RNA sequencing (RNA-seq). Based on hormone expression
(insulin, glucagon, somatostatin), - and a- cell populations were enriched to 96% and 98% purity,
respectively, from a dispersed islet preparation composed of many disparate cell types (Fig. 24c¢).
Transcripts of a-cell-specific genes (e.g. ARX, HNF4A) were highly expressed in a-cell samples and
minimally expressed in B-cell samples; the inverse was true of B-cell-specific genes (e.g. GLP1R, PDX1),
which were detected at high levels only in B-cell samples (Fig. 24b, d). Genes common to both a- and
B-cells (e.g. ISL1, PAX6) showed similar abundance in both cell types. NTPDase3 transcript (ENTPDJ3)
was approximately 10-fold higher in B-cells than a-cells.

To expand the application of our sorting strategy, we demonstrated that NTPDase3 effectively isolates f3-
cells from human islet donors of various ages and disease states (Fig. 25). Though islets from donors
with longstanding T1D contained too few B-cells from which to isolate RNA, we compared transcriptional
profiles of T1D a-cells with those of normal a-cells (Fig. 26a-b), and found that genes associated with a-
cell identity and function were significantly downregulated in the T1D a-cell, while stress response factors
and cell-cell contact proteins were upregulated (Fig. 26¢). Among the islet-enriched transcription factors
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downregulated in T1D a-cells was Regulatory factor X6 (RFX6), which lies upstream of MAFB, ARX, and
NKX6.1 in endocrine cell differentiation®*®** and directly controls expression of P/Q and L-type voltage-
gated calcium channels (CACNA1A, CACNA1C, CACNA1D) and the Katp channel subunit sulfonylurea
receptor 1 (ABCC8)*®*"°. T1D a-cells also had altered expression of potassium and sodium ion
channels, vesicle trafficking proteins, and cyclic adenosine monophosphate (cAMP) signaling molecules,
which collectively point to altered T1D a-cell electrical activity and impaired glucagon exocytosis (Fig.
26d).

We also conducted preliminary analysis on a- and B-cells from T2D islets, revealing reduced expression
of islet-enriched transcription factors and increased expression of molecules involved in low-grade
chronic inflammation (Fig. 27). In B-cells, reduced transcription factor expression (MAFA, NKX6.1,
PDX1; Fig. 27b) is consistent with observations of reduced protein levels in human T2D islets and
concurrent with the development of hyperglycemia in db/db mice® . Changes in a-cell gene
expression in T2D have not been extensively studied, though recent scRNA-seq analysis showed
differential gene expression in human T2D a-cells in addition to B-cells and other islet cell types®™.
Macrophages are thought to be the major source of inflammatory damage to T2D islets, so our
observation of elevated chemokines (e.g. CSF1) is consistent with gene expression changes seen in
rodent models of T2D'*°. Several other cytokine receptors and downstream regulators that are
upregulated in our data set (IL1R1, IL6R, NKFB, TNFA) are activated by free fatty acids and have been
shown to amplify proinflammatory signals in mouse and human islets in vitro'®®. Furthermore, their
activity can directly induce ER stress and reduce insulin expression'*°*">*¢ |ikely contributing to
deterioration of 3-cell mass and function during the progression of T2D.

Targeting NTPDase3 detects human B-cells in vivo

Since NTPDase3 antibody allowed the sorting of live human B-cells, we next tested whether it could
detect human B-cells in vivo. To accomplish this we utilized immunodeficient mice bearing human islets
engrafted either under the kidney capsule or in the anterior chamber of the eye (ACE). When mice
received an intravenous injection of unlabeled NTPDase3 antibody and grafts were removed twenty-four
hours later, visualization with a secondary antibody revealed that NTPDase3 bound B-cells in vivo with
high specificity (Fig. 28). We next performed the experiment with NTPDase3 antibody conjugated to
DyLight550 (Fig. 29a), and twenty-four hours post-injection we observed fluorescent signal from human
islet grafts that was not present with an isotype control (Fig. 29b). Immunohistochemistry on removed
islet grafts confirmed this highly specific binding of the conjugated NTPDase3 antibody to human -cells
(Fig. 29c).
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Figure 19: Validation of the multipotent pancreatic progenitor marker GP2 in human tissue.

(A) Immunohistochemical staining of pancreatic sections from human donors born at gestational (G) weeks 33, 37,
and 39.9. Donor information available in Table 4. (B) Detail of developing epithelial branches at G37w. In tip region,
white arrowheads point to a multipotent pancreatic progenitor cell (GP2* PTF1A* NKX6.1*) and yellow arrowheads to
an acinar cell (GP2* PTF1A* NKX6.17); in trunk region, orange arrowheads denote a ductal/endocrine progenitor
(GP2- PTF1A- NKX6.1*). Scale bars are 50 um and apply to all images in the respective panel.
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Figure 20: Multipotent pancreatic progenitors are present in the developing human pancreas after birth.
Immunohistochemical analysis of developing pancreatic lobes in neonates (born at G33, 37, and 39.9w) and infants
(3, 10, 20mo). Scale bar represents 50 um and applies to all images in the respective column. (A) GP2 becomes
broadly expressed in the epithelium but remains strong around lobe periphery; differentiated B-cells (NKX6.1* INS*)
are GP2-negative. (B) GP2* multipotent progenitor (PTF1A* NKX6.1*) cells reside in epithelial branch tips towards
the periphery of lobes and are marked by arrowheads. Boxes in left panel of (B) indicate area enlarged in right panel.
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Figure 21: Purified GP2* pancreatic progenitor cells give rise to ‘B-like’ cells in vitro. (A) Flow plots showing the
GP2 profile at day 13 of the unsorted (presort) and fluorescence-activated cell sorted H1 cells, which were then
cultured to generate 3-like cells up to day 23. (B) Representative flow cytometry plots of day 23 cultures from H1-
derived unsorted (presort), GP2* or GP2~ populations stained with anti- NKX6.1 and anti-C-PEPTIDE (CPEP)
antibodies. The bar graph shows the average percentage of NKX6.1* C-PEP* cells. N = 5, error bars indicate s.e.m. *p
< 0.05, One-way ANOVA. (C) Model depicting the in vivo and in vitro equivalent of the human multipotent pancreatic
progenitor (MPC) expressing PTF1A, GP2, and NKX6.1. The MPC residing at the tip of the developing human
pancreas has the potential to develop into acinar (GP2* PTF1A*) and ductal/endocrine (GP2~ NKX6.1*) progenitors.

Figure panels are adapted from Cogger et al., 201739,
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Figure 22: NTPDase3 is expressed specifically in adult human B-cells. (A) Overview of NTPDase3
analysis and experimental applications. (B) Representative image of an adult (18yM) islet showing NTPDase3
expression in INS* cells. See also Fig. 23. Monoclonal mouse antibody to human NTPDase3 generously
provided by J. Sévigny. (C) NTPDase3 expression is retained in 3-cells from individuals with type 1 (T1D) and
type 2 (T2D) diabetes. (D) NTPDase3 has a different pattern of expression in the human pancreas at different
stages of development; in top row, NTPDase3 is initially restricted to pancreatic epithelium and acinar cells, but
by around 1 year of age, acinar cell expression dissipates and p-cells specifically express NTPDase3 (bottom
row). Scale bars in B-D are 50 um. Human pancreatic donor information is available in Table 4.
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Figure 23: Expression of NTPDase3 in adult pancreatic endocrine and exocrine cells. (A-D) NTPDase3 is
not expressed in adult a-cells (labeled by GCG; A), PP cells (PPY; C), or acinar cells (AMY; D). A small percentage
of &-cells (SST; B) express NTPDase3, as indicated by the white arrowhead. Scale bars are 50 um. Sample is
18yM (see Table 4). (E) During infancy NTPDase3 expression can be seen both in B-cells and surrounding acinar
tissue. Arrowheads indicate non-endocrine NTPDase3" cells.
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Figure 24: NTPDase3 antibody effectively and efficiently isolates B-cells from live dispersed human islet cells.
(A) Experimental overview of islet dispersion and sorting. (B) Separation of a- and 3-cell subpopulations by fluorescence
activated cell sorting (FACS). Indirect antibody labeling was used to preselect endocrine cells (HPi1*) and subsequently
identify a-cells (HPa3*) and B-cells (NTPDase3*). See also Fig. 25. (C) FACS-collected islet cells were dispersed and
stained, and cell populations were assessed by immunocytochemistry. Two independent islet preparations are shown;

donor information is available in Table 5. Scale bar is 50 pm.

(D-E) Transcriptome by RNA-sequencing analysis of

purified human a- and B-cells from normal adult donors (n=5; ages 26-55 years). (D) Principal component analysis (PCA)
plot shows clustering of a- and 3-cell samples. (E) Heat map of a selected gene subset shows relative gene expression in
individual a- and B-cell samples.
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Figure 25: NTPDase3-based cell sorting method can be applied to islets from various disease states. The labeling
strategy depicted in Fig. 23a is applicable to dispersed human islet cells from (A) nondiabetic adult donors, (B) juvenile
donors, (C) donors with T1D, (D) donors with T2D, and (E) donors with MODY. Donor information is available in Table 5.
Gating strategy is shown in each row, with column labels indicating the gated population. Cell debris were excluded by
forward scatter (FSC) and side scatter (SSC), single cells were identified by the FSC-A v. FSC-H plot, and non-viable cells
were excluded using propidium iodide (Pl). Endocrine cell subpopulations were then isolated based on positivity for HPi1 and
additional positivity for HPa3 (a-cells) or NTPDase3 (B-cells).
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Figure 26: Transcriptome analysis by RNA-seq reveals genes critical to a-cell function are differentially expressed in
T1D a-cells. (A) Principal component analysis (PCA) plot shows clustering of a-cell samples from control (n=5; 26-55yrs)
and T1D (n=3; 14-30yrs) donors. (B) Heat map of the pairwise correlation between all samples based on the Spearman
Correlation coefficient, which ranks and quantifies the degree of similarity between each sample pair. Perfect correlation is
indicated by 1. (C) Genes associated with pathways described in a-cell function. Vertical dotted lines represent point of
significance for FC=1.5x threshold analysis; p<0.05 for all values shown. (D) Proposed model for disrupted glucagon
secretion in T1D a-cells. Normal a-cell function is maintained by a-cell-specific transcription factors which regulate gene
expression of machinery necessary for glucagon synthesis and secretion (left panel). Altered expression of transcription
factors likely leads to disruption of a-cell calcium homeostasis and cell signaling subsequently impairing glucagon secretion
(right panel, downregulated genes labeled in green). Figure is adapted from Brissova et al., 2018320,
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Figure 27: T2D a- and B-cells show reduced expression of islet-enriched transcription factors and
elevated expression of inflammatory markers. Cells from control (n=5; 26-55yrs) and T2D (n=4; 40-65yrs)
donors were isolated from dispersed human islets and assayed by RNA-seq. Graphs show differential
expression of endocrine cell identity genes in T2D (A) a-cells and (B) p-cells, and genes associated with
inflammatory response (C) in T2D a-cells (blue) and B-cells (green). Vertical dotted lines represent point of
significance for FC=1.5x threshold analysis; p<0.05 for all values shown.
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Figure 28: Detection of IV-injected NTPDase3 antibody in human islet graft on kidney capsule of NSG mice.
(A) Experimental overview of human islet transplantation, antibody administration, and immunohistochemical
visualization. (B) Macro view of islet graft (outlined in dashed white line) and surrounding kidney tissue. Anti-
mouse-cy3-conjugated secondary antibody shows NTPDase3 bound to human B-cells. (C) Immunohistochemical
detail of islet graft, as denoted by white box in (B). Scale bars in B-C are 50 um. Transplanted islets are from
18yM (see Table 5).
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Figure 29: Targeting NTPDase3 detects human B-cells in vivo. (A) Experimental overview of human islet
transplantation, antibody administration, and imaging. (B) Islet grafts (outlined in white dashed lines) in the
anterior chamber of the eye (ACE) of NSG mice receiving injections of DyLight550-conjugated antibody (left:
isotype control, IgG2b-DyL550; right: NTPDase3-DyL550). Scale bar is 200 pm. (C) Immunohistochemistry on
sections of islet grafts after removal from NSG mice. Secondary anti-mouse-Alexa488 antibody (left panel)
recognized bound NTPDase3 antibody; DyLight550 signal (Cy3, second panel from left) remained intact following
removal and fixation of grafts. Scale bar is 50 pm. Grafts pictured in B and C are from 61yM human islet donor
(n=2 mice each, IgG2b-DyL 550 and NTPDase3-DyL550); more information is available in Table 5.



Discussion

Our collaborators in the Nostro group identified the pancreatic secretory granule membrane GP2 as a
highly enriched cell surface protein in hESC-derived PPs. We expanded on this work and showed that
GP2 is expressed in the human postnatal pancreas, where it labels a subset of cells expressing PTF1A
and NKX6.1 that localize to the epithelial tips (Figs. 19, 20). These findings suggest the existence of a
multipotent PP population in the human pancreas that is characterized by co-expression of GP2, PTF1A,
and NKX6.1, and which can give rise to both acinar (GP2* PTF1A" NKX6.1") or endocrine/ductal (GP2~
PTF1A™ NKX6.1%) lineages (Fig. 21c). This model mirrors the organization of murine multipotent
PPs364365377 \ith the important distinction that putative PPs in human pancreas persist beyond fetal
development. Furthermore, the Nostro group showed that GP2" cells could be enriched using FACS
during hESC differentiation, with GP2*-purified populations giving rise to increased numbers of insulin-
expressing mono-hormonal B-like cells (Fig. 21). Though these B-like cells are not glucose responsive,
the data nevertheless suggest that GP2" cells harbor the potential to efficiently generate B-cells in vitro.

Our data indicate that NTPDase3 is expressed on the cell surface of essentially all adult human B-cells,
including those from individuals with T1D and T2D (Fig. 22b-c). In contrast to a prior report, we did not
observe NTPDase3 expression in human a-cells*®2. The level of NTPDase3 expression, which appeared
more polarized than evenly distributed throughout the cell membrane, was similar across all 3-cells,
indicating that this marker of B-cells does not correlate with recently reported B-cell subtypes®’®. The
identity and role of the few NTPDase3-negative B-cells will be of future interest.

Interestingly, NTPDase3 is not expressed by very young (<10 months of age) human B-cells, and
actually is expressed broadly in the epithelium during fetal pancreas development and by young
pancreatic acinar cells postnatally (Fig. 22d). Based on the expression pattern of NTPDase3 and
current knowledge of postnatal 3-cell development, we postulate that NTPDase3 is important for B-cells
to attain their functional maturity. As modulators of extracellular ATP, NTPDases directly impact
purinergic signaling pathways controlling processes like glucose-stimulated insulin secretion®337%-38",
Furthermore, the cellular expression of specific purinergic receptor subtypes appears to change during
rodent pancreatic development and also under diabetic conditions, suggesting that NTPDase expression
is functionally relevant in pancreatic islets and may affect B-cell maturation®*?%3, In addition to the
pancreas, isozyme NTPDase3 is also expressed in the brain (where it is proposed to regulate synaptic
function, at least in rodent models), Gl tract, and urinary bladder (GTEx). Future studies are necessary
to establish the importance of this particular NTPDase isoform in human B-cell physiology and
pathophysiology.

Given its specificity and membrane localization, we utilized an NTPDase3 antibody for purification of live
human B-cells (Fig. 24). Prior studies have relied on isolating live B-cells through exclusion of other cell
types*”*"® which results in higher contamination (e.g. up to 13% in B-cells as reported by Bramswig et
al.47) and means that existing data sets are contaminated with gene expression data from non-B-cells.
Our results using NTPDase3 as a positive selector of B-cells provide a more accurate transcriptional
profile than other cell sorting approaches and without compromising membrane integrity, as is required
for sorting using intracellular insulin staining. Furthermore, the emerging single cell RNA-seq (scRNA-
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seq) technology is unable to completely define human B-cells. This technology lacks the sensitivity to
reliably detect low-abundance transcripts that can be detected with our new sorting approach®*3#°. For
example, recent scRNA-seq studies performed on human islet cells detected an average of only
approximately 3,000-7,000 genes per cell****3¥7_|n contrast, our bulk analysis identified over 20,000
genes. Currently, sequencing from “bulk” or sorted populations of cells still delivers the most
comprehensive look at gene expression, and our NTPDase3-based 3-cell sorting strategy should
considerably improve the accuracy of this approach.

We next tested the use of unconjugated (Fig. 28) and conjugated (Fig. 29) NTPDase3 antibodies for in
vivo imaging applications. The detection of transplanted human -cells by NTPDase3 indicates that the
antibody circulates, exits the vascular space, and reaches engrafted islet cells, where the NTPDase3
epitope is exposed on the cell surface in vivo. This is a major advantage since extracellular epitopes are
often exposed in dispersed single cells but are hidden and not accessible in cells in the in vivo
environment. Our results suggest that the NTPDase3 epitope would be accessible in the native
pancreas, which is important for in vivo imaging applications. Additionally, in vitro analysis of T1D and
T2D tissues suggests that NTPDase3 expression is not altered under pathophysiological conditions, a
desirable quality of agents aimed at quantifying B-cell mass. These data provide evidence for critical in

vivo imaging characteristics lacked by current imaging agents®®.
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CHAPTER V
SIGNIFICANCE AND FUTURE DIRECTIONS

The first goal of this Dissertation was to advance understanding of how microenvironmental signals,
specifically ECs, regulate B-cell proliferation, and to translate this information into the human context. To
accomplish this, we first generated a novel mouse model that allowed us to modulate VEGF-A-VEGFR2
signaling in ECs and analyze both the direct interaction between ECs and B-cells, as well as the
interaction between ECs and macrophages. We found that loss of VEGFR2 signaling in proliferative
ECs reduced macrophage recruitment and polarization, the implications of which are discussed in the
first subsection (Role of islet endothelial cells in the recruitment and polarization of macrophages).
When we inactivated VEGFR2 in quiescent ECs, we observed rapid vessel regression that led to a slight
increase in -cell proliferation; these studies are considered in the subsection dedicated to ECs alone
(Direct contribution of islet endothelial cells to B-cell proliferation). We also performed for the first
time a systematic analysis of vascular

changes in human islets at different

* Macrophage recruitment

stages of postnatal development. This
has provided a new understanding and
insight into how these changes are
related to human B-cell proliferation,
which is discussed in the third
subsection (Endothelial cells and
macrophages in the human islet
microenvironment). To integrate our
findings from these human and mouse
studies of the islet microenvironment,
general areas that warrant future
exploration are discussed (Concluding
commentary: microenvironment in 3-
cell proliferation). Our proposed
model of EC and macrophage
contribution to B-cell proliferation is
shown in Fig. 11¢c (reproduced here).
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Figure 11c: Model depicting the interaction between ECs and macrophages
to promote B-cell proliferation (adapted from Brissova et al., 2014201).

The second overall goal of this Dissertation was to develop and apply new approaches to study changes
in human B-cell gene expression during development and disease. We pioneered the use of two new
molecular markers that identify crucial cell subpopulations in the human islet, and used these tools to
advance our understanding of B-cell biology. The first marker, GP2, labels multipotent pancreatic
progenitors in the neonatal pancreas and is discussed in the context of hESC differentiation and human
postnatal development (Molecular characterization of pancreatic progenitors: GP2). NTPDase3,
which is highly specific to mature B-cells, is then discussed for its application to numerous technologies,
including cell sorting and in vivo imaging (Molecular characterization of mature B-cells: NTPDase3).
Identification and study of these markers generated new knowledge about developing and mature B-cells
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specifically from human islets, and paves the way for future experiments addressing the mechanisms of
B-cell dysfunction in disease states.

Role of islet endothelial cells in the recruitment and polarization of macrophages

Previous work in our lab established the critical role of macrophages in B-cell regeneration®®’, and we
have built on this model by investigating the interaction between macrophages and intra-islet ECs. We
showed that VEGFR2 inactivation prior to VEGF-A induction reduced, but did not completely prevent,
macrophage infiltration to islets. We predict that the remainder of this effect is mediated by VEGFR1,
which is expressed by circulating monocytes, and future experiments should focus on defining whether
this is, in fact, the case. Although VEGFR1 is also abundantly expressed in islet vasculature®’, it does
not compensate for VEGFR2 loss; if anything, VEGF-A-VEGFR1 signaling in the absence of VEGFR2
enhances vessel stabilization.

In addition to monocyte recruitment, polarization to an M2-like phenotype was also reduced when
VEGFR2 was inactivated in proliferating ECs of BVEGF-A; VEGFR2"“E° mice, suggesting a role for ECs
in macrophage polarization. A very interesting line of investigation would be to test whether restoration
of VEGFR2 signaling corrects this deficit— i.e. how long after initial knockdown before VEGFR2
expression is restored, and whether macrophage phenotype is altered when this occurs. This could be
accomplished by performing a time-course analysis of islets from BVEGF-A; VEGFR2“5¢ mice, noting
the relationship between VEGFR2 expression and macrophage phenotype. It is possible that VEGFR2
inactivation has a transient effect on polarization, but also possible that the absence of VEGFR2
signaling in ECs at the onset of monocyte infiltration is sufficient to permanently affect a distinct
macrophage phenotype. Using the existing paradigm of VEGFR2 inactivation followed by VEGF-A
induction, we could then determine whether macrophage polarization was required for 3-cell
regeneration by assessing pancreata at 1 or 2 week WD time points. If we found that M2 polarization
was reversible, we could maintain VEGF-A knockdown during the duration of VEGF-A induction to
answer this question. Several groups have shown the importance of macrophages in other models of B-
cell proliferation, and have documented M2-like properties of the macrophages involved, but there is no
direct evidence showing this polarization is necessary.

Though the reduction in M2 macrophages of BVEGF-A; VEGFR2“5° mice suggested that ECs contribute
to macrophage polarization, it is also possible that B-cell death is the major driver for polarizing the
recruited macrophages we observe in BVEGF-A mice. Since knocking out VEGFR2 also prevented
VEGF-A-induced hypervascularization and B-cell death, an interesting line of research is to use
alternative methods of 3-cell destruction to examine the effects of EC signaling on macrophage
polarization. For example, M2 macrophage recruitment has been documented in PDL"**"'** and
treatment with DT?°? and STZ**. Using one of these models, cell death might be sufficient to polarize
macrophages (in which case we would expect no change by then knocking down VEGFR2), or it is
possible that signals derived from ECs are also required for that process. Data from STZ-mediated [3-
cell injury, in which grafted MSCs were shown to recruit M2 macrophages, suggests the latter**.

Nonetheless, resolving the major source(s) of macrophage polarization signals has important
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implications for improving therapies to “reprogram” macrophages, which may involve administering small
molecules or other drugs to promote anti-inflammatory processes'#162180:339.3%0

In considering the signals that may polarize macrophages, in our BVEGF-A model as well as in the larger
context of therapeutic tools, it is important to recognize that macrophage phenotype is often very fluid
and highly regulated. An initial “bias” toward pro-inflammatory or pro-angiogenic signaling, for example,
may resolve endogenously. M1 macrophages express high levels of iINOS that produces NO and leads
to oxidative stress; however, NO also interacts with IRF5 to limit M1 gene expression, suggesting
nuanced self-regulation®”'. Furthermore, the field of macrophage biology is rapidly evolving, with the M2
paradigm being further stratified to describe macrophages that may have very different roles in a
particular tissue type or injury model**?. The transcriptional profile of BVEGF-A macrophages seems to
align with two of these subtypes: M2a, marked by increased expression of scavenger and phagocytic
receptors (Retnlb, Chil3, Mrc1) and secretion of profibrotic and trophic factors (fibronectin, IGF, TGFf),
and M2c, associated with removal of apoptotic cells******. There is also evidence that M2a macrophages
upregulate histone demethylase JMJD3, which alters chromatin to promote expression of M2 genes and
inhibit M1 genes®*%. Further analysis of BVEGF-A macrophages, both in the presence and absence of
VEGFR2 signaling, might reveal similarities with specific macrophage subsets in other disease models.
Detailed histology, flow cytometry, or scRNA-seq would all help in this process.

Direct contribution of islet endothelial cells to B-cell proliferation

Unexpectedly, VEGFR2 knockout after a week of VEGF-A normalization actually promoted B-cell
proliferation due to accelerated vessel regression. However, this data should be carefully considered in
the context of the experimental design, which is based on only 2 days of VEGFR2 knockdown. Although
that amount of time was sufficient for discernible effect on proliferation in other models of tissue
regeneration?’®?”’, our model is more complex in that the islet vasculature is still greatly increased at the
time of VEGFR2 knockdown. Therefore, we need to know if a prolonged period of VEGFR2 knockdown,
or VEGFR2 knockdown later on in the regenerative process, might have differential effects on 3-cells.
For example, data on VEGFR2 knockout alone (in the absence of VEGF-A overexpression) showed no
decrease in vasculature after 1 week, though vessel density trended downward, so it would be
informative first to inactivate VEGFR2 for longer than 2 days, perhaps up to 2 weeks of the initial 6-week
BVEGF-A recovery period. An alternative experimental paradigm could allow for more substantial vessel
regression before knocking down VEGFR2 (for example, 2 weeks after VEGF-A withdrawal instead of 1
week), thereby ensuring that any effects on B-cell proliferation were independent of the effects of
reversing hypervascularization.

Using the model we have generated, several experimental setups would provide further insight into the
role of ECs in B-cell proliferation. As discussed in the previous section, STZ or DT administration
produces similar environments (B-cell death and macrophage infiltration) leading to 3-cell regeneration,
and it would be very informative to block VEGFR2 in these contexts. It is possible that without the
compounded effects of islet hypervascularization, loss of VEGF-A-VEGFR2 signaling in ECs would lead
to reduced 3-cell proliferation. STZ or DT would more closely mimic the environment in which Ding and
colleagues inactivated VEGFR2 in ECs and observed impairment of hepatocyte and epithelial progenitor
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cell proliferation in injured liver and lung tissues, respectively?’®?’”. Alternatively, VEGFR2 signaling may
simply not play as large of a role in pancreatic B-cell regeneration as it does in these systems. If not
critical for regeneration, perhaps VEGFR2 signaling contributes to $-cell expansion observed during
pregnancy. It is known that EC expansion precedes B-cell proliferation during rodent pregnancy'®, so it
would be interesting to analyze B-cell proliferation rates and B-cell mass in pregnant VEGFR2“5° mice.

Although the increase in B-cell proliferation of BVEGF-A; VEGFR2“5° mice was only slight in our current
model, future work could address contributing molecular mechanisms. We began investigating structural
ECM changes by staining for col-IV, which revealed that ECM “casts” were present after the rapid
regression of ECs, and we hypothesized that such regression mobilized growth or other pro-proliferative
factors that were normally trapped in the ECM. However, there is a great deal to be done in
understanding whether ECM affects 3-cell proliferation. One important step would be to perform tissue
decellularization on islets isolated from BVEGF-A; VEGFR2“F® mice and characterize associated growth
factors by protein mass spectrometry. There are several growth factors with demonstrated effects on
rodent B-cell proliferation that might be driving the regeneration observed in our BVEGF-A model, but two
candidates of note are EGF and HGF. EGF, which has been shown to help restore 3-cell mass after
alloxan-induced B-cell loss**, appears to be highly regulated during alveolar regeneration, where matrix
metalloproteinase (MMP) 14 increases its bioavailability to drive regeneration®””. Liver regeneration is
also modulated by release and activation of HGF through proteolysis®”’. HGF has been shown to
suppress inflammatory signaling in macrophages®®, which fits into our model of macrophage-EC
crosstalk promoting B-cell proliferation. In addition to EGF and HGF, overexpression of CTGF has been
shown to increase macrophage-mediated B-cell proliferation after B-cell loss****®°, so it would be
interesting if we saw ECM-associated CTGF in BVEGF-A; VEGFR2“5° mice. Treating mice with
inhibitors or activators of ECM remodeling (i.e. MMPs) would be a next step to define whether ECM
modulation had any effect on B-cell proliferation.

Finally, though we focused on VEGFR2 in these experiments because of its crucial role in mediating
VEGF-A signaling and EC function, there are other molecules produced by ECs that could be used to
directly interrogate the role of ECs in B-cell regeneration. For example, SDF-1 (CXCL12) produced by
ECs could interact with CXCR4 to recruit macrophages®®, and secretion of HGF by ECs could be critical
for adaptive B-cell proliferation'®'%®. Manipulating other critical growth factor receptors could uncover
signaling pathways that are crucial to macrophage recruitment and -cell proliferation.

Endothelial cells and macrophages in the human islet microenvironment

Our study of vasculature in developing postnatal human islets showed a correlation of EC area with -
cell proliferation rates. It will be essential to further analyze ECs in adult pancreatic samples, as well as
to examine the composition of intra-islet macrophages during development. In mice it is known that
embryonic pancreatic macrophages promote cell expansion and differentiation, having profound impacts
on functional B-cell mass: reduced fetal B-cell proliferation and cell size is observed in CSF-1-deficient
mice'’?, while culturing explants with CSF-1 causes a 3x increase in both macrophage and endocrine
cell populations'”®. Systematically quantifying macrophages in juvenile pancreatic samples, to
complement the data we generated for ECs, may give us additional insight into vascular changes
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occurring during postnatal islet development. Studies by Almaga and colleagues®® showed that intra-

islet capillaries in “young” versus “old” mouse islets differ in abundance of immune cells, namely
macrophages; still, it is not known if phenotype of these macrophages is changed by aging and whether
intra-islet ECs may play a role in this process. We would like to pursue this question by (1) defining the
dynamics of macrophage and EC gene expression during development, and (2) determining whether
lack of intra-islet ECs alters juvenile human B-cell proliferation. Examining transcriptional differences in
islets from donors of varying ages may capture changes not reflected in histology and structural analysis,
and would generate hypotheses which we could test in vivo by employing siRNA knockdown in human
islets. Additionally, we know that transplanted B-cells from juvenile donors exhibit higher proliferation
rates and are more responsive to some mitogens*®', so by depleting islets of ECs or macrophages, we
could test whether these particular cell types played a role in this ability. Since “young” mouse ECs are
able to stimulate proliferation of normally quiescent “old” B-cells®®, it would be very interesting to test this
using human ECs.

The idea of EC function declining with age, or in the context of chronic low-grade inflammation, is also an
important research focus as we consider clinical strategies to enhance B-cell survival or function in
patients with diabetes. The hyperglycemic environment in T1D and T2D can promote oxidative stress,
apoptosis, and dysregulated paracrine signaling within the islet, which collectively compromise EC
function?'"2. Though healthy ECs may promote B-cell proliferation, we will need to understand the
deficits in less “fit” ECs if we hope to harness EC-derived signals as a way to increase functional B-cell
mass.

Concluding commentary: microenvironment in 3-cell proliferation

The islet microenvironment provides signals that are critical to $-cell function, survival, and recovery from
injury, so understanding the sources of these signals, and how they interact, is necessary to promote (3-
cell regeneration in a therapeutic environment. The following concepts are of particular importance and
should be explored further:

* Closely regulate pro-angiogenic factors to yield beneficial effects in tissue repair and
regeneration. The right balance of EC-derived signals is necessary for positive outcomes,
whether during pancreatic development??2245-248:251402 ‘ig|at transplantation®®2""?"3 or
disease®®*%4%  Our experiments emphasize the importance of tightly regulated VEGF-A-
VEGFR2 signaling in intra-islet ECs and deleterious effects of islet hypervascularization on B-cell
mass and function.

* Investigate mechanisms leading to macrophage recruitment, persistence in, and withdrawal from
regenerative environments. For example, a recent model of macrophage-mediated effects in B-
cells highlighted that the presence of EGF effectively curbed the M1 inflammatory response, while
injury without supplemented growth factors actually led to increased M1 infiltration®®.

* Focus on cellular pathways that are commonly activated in both protective and regenerative
contexts, including those involved in extracellular remodeling and ECM modulation. For example,
heme oxygenase HO-1 has protective effects on B-cells'®"** but is also associated with
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amelioration of inflammation’®*""

A model®®".

* Define changes in islet microenvironment with aging. For example, ECs tend to become less
effective in defending against oxidative stress and may secrete proteins that facilitate immune cell
recruitment and extravasation, leading to vascular inflammation and damage®**'°.
“‘Reprogramming” of ECs or macrophages in vivo is a potential mechanism for promoting B-cell
proliferation after injury or disease. Particular attention should be paid to the differences in gene
expression between mouse and human ECs and macrophages, the latter of which are
incompletely defined*?>%.

and is highly upregulated (>5x) in macrophages of our BVEGF-

Molecular characterization of pancreatic progenitors: GP2

Our work with GP2 highlights two ways this marker could be further explored: in native neonatal human
pancreas, and in the differentiation of hRESCs. First, immunohistochemical labeling of GP2 helped reveal
the exciting discovery that multipotent pancreatic progenitor cells persist in the developing human
pancreas even after birth. From an experimental standpoint, the GP2 marker could be further used for
the isolation of multipotent pancreatic progenitor cells from neonatal human pancreas and aid their
analysis by approaches such as scRNA-seq. Describing these cells would broaden our understanding of
how human B-cell mass is established postnatally, since there is considerable heterogeneity in B-cell
mass among adult humans®>*'®. A more detailed understanding of B-cell neogenesis during postnatal
pancreatic development might help shed light on these differences and whether they influence future
disease susceptibility’”’. Additionally, the functional role of GP2 in cell multipotency could be
considered, since the only known function of GP2 is as a secreted, immunomodulatory membrane
protein found in zymogen granules of acinar cells*®*%. Although GP2" mice display normal pancreatic
development*'®, perhaps more detailed, tissue-specific studies could be conducted to elucidate the role
of GP2 in the pancreatic progenitor population. These experiments would help determine whether GP2
is involved in actively driving cell differentiation or whether it is purely a marker of multipotency.

Our collaborators in the Nostro group at the University of Toronto demonstrated that the GP2 marker is
expressed in pancreatic progenitor cells derived from hESCs, and that these progenitors can be
differentiated into insulin-producing B-like cells. This finding has the potential to greatly improve
efficiency of generating insulin-producing cells from hESCs, since current approaches are plagued by
inconsistent yields of B-like cells®**3*°. Large-scale purification of hESC progenitors by GP2, coupled
with improvements to the functional responsiveness of 3-like cells, would greatly advance hESC
differentiation as a viable therapeutic B-cell replacement therapy.

Molecular characterization of mature p-cells: NTPDase3

The identification of NTPDase3 as a marker of mature human B-cells opens several new avenues for
investigation and discovery. First, the function of this ecto-enzyme should be explored in the context of
B-cell physiology and maturation. This could be initially investigated by creating a B-cell-specific
NTPDase3 knockout in the mouse, which could then be assessed for normal islet formation and
postnatal p-cell proliferation. We could also use siRNA constructs to knock down NTPDase3 in
dispersed human islet cells, assessing subsequent changes in gene expression or insulin secretion.
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Since we have shown that an NTPDase3 antibody can be used to sort live human B-cells from dispersed
islet cells, it would be extremely interesting to compare transcriptional profiles of NTPDase3" and
NTPDase3  B-cell subsets. Performing this experiment using neonatal human islets, around the age of
1-2 years when NTPDase3 is only expressed in a small subset of B-cells, would help determine whether
NTPDase3 truly marks more physiologically “mature” B-cells. Additionally, the analysis of NTPDase3"
adult B-cells might reveal a B-cell subset with a distinct phenotypic role.

With regard to maturation, NTPDase3 expression should also be co-registered with other -cell
maturation markers, such as Nkx6.1 and Pdx1. We showed that NTPDase3 expression is retained in -
cells from T2D donors, whose B-cells sometimes display evidence of de-differentiation through reduced
transcription factor expression®'*"3, so these samples are of particular interest. If de-differentiated cells
do indeed express NTPDase3, we may need to revise the idea that NTPDase3 is a specific marker of
“‘mature” B-cells. Our initial results indicate that this is not likely.

The unique expression of NTPDase3 during human pancreatic development is certainly significant in that
it is unprecedented in studies of mouse pancreatic development and highlights the importance of studies
with human samples. Though some endocrine markers become increasingly specific in their expression
(for example, Nkx6.1 is broadly expressed by ductal and endocrine progenitors before becoming
restricted to B-cells'®'"?**), NTPDase3 is unique in that it appears first in the acinar compartment and
then completely inverts to expression in the endocrine compartment (B-cells). Further study of purinergic
signaling in the islet during development, and perhaps defining transcriptional regulation of NTPDase3,
might reveal additional distinctions in the way human islets develop compared to those in mice.

As mentioned, the use of NTPDase3 to improve the purity of isolated B-cell populations should enable
physiological experiments requiring live B-cells, including electrophysiology, high-resolution imaging, and
formation of pseudoislets. Our sorting strategy will also be valuable to pursue chromatin
immunoprecipitation (CHIP)-seq and assay for transposase-accessible chromatin sequencing (ATAC-
seq) experiments on human B-cells. Furthermore, the NTPDase3 antibody may be applicable to
improving efforts aimed at generating B-like cells from hESCs or hiPSCs. It is possible that NTPDase3
could be used to enrich for B-like cells at late stages of differentiation (similar to the way GP2 might be
used as a positive selector at earlier stages), or even the possibility that inducing NTPDase3 in 3-like
cells would aid in acquisition of mature B-cell characteristics such as GSIS.

Finally, our results suggest that NTPDase3 could be targeted as an imaging probe that might enhance
the understanding of B-cell mass dynamics in healthy individuals and those with diabetes, which has not
been possible in humans. This process might involve the creation of a “humanized” monoclonal antibody
that could be tested for in vivo imaging in humans, perhaps a single chain antibody that would allow for
maximal conjugation, efficient transport, and low background due to its small size®****'"*'?. Such a
construct could be first labeled for PET imaging and tested in mouse models to evaluate efficacy in
visualizing B-cells**®**%4'3  Another important future objective is to define the NTPDase3 epitope that our
current antibody targets, as it may reveal biological characteristics that are unique to this isozyme and
distinguish it from related NTPDases. Describing the epitope would also allow for use of small molecule
high-throughput screening to identify molecules that could be used for in vivo imaging or sorting as an
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alternative to the antibody itself, as antibodies sometimes have prolonged clearance and a high
background when used for in vivo imaging®®**'!. In either case, the development of a B-cell-specific
imaging tool and ability to quantify B-cell mass would also improve evaluation of clinical outcomes,
ranging from assessment of islet transplantation to endogenous recovery of 3-cell mass through
pharmaceutical manipulation. Thus, these findings with NTPDase3 in human B-cells offer the
opportunity to advance current knowledge of B-cell physiology, and provide a promising tool for basic
researchers and clinical investigators.
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