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CHAPTER I: 

BACKGROUND AND SIGNIFICANCE 

 

Some text and figures in this chapter have been published in Walker, Saunders et al. 20211. 

 

The pancreatic islet 

 

Anatomy and physiology 

The pancreas, which is broadly divided into head, body, and tail regions, lies behind the 

stomach in back of the abdominal cavity, with the head positioned in the curve of the duodenum 

and the tail extending towards the spleen (Figure 1) and is a dual function organ responsible for 

controlling both food digestion and blood glucose homeostasis. The exocrine compartment, 

which makes up 98% of the pancreas mass, encompasses clusters of cells arranged in acini 

that secrete digestive enzymes including proteases, amylases, nucleases, and lipases into a 

branched ductal network that joins the common bile duct and releases into the small intestine to 

break down macromolecules in food2,3. The endocrine compartment is composed of pancreatic 

islets, vascularized and innervated mini-organs that are dispersed throughout the gland. Islets 

are composed primarily of endocrine cells: α cells, which secrete glucagon; β cells, which 

secrete insulin; δ cells, which secrete somatostatin; γ cells (formally called pancreatic 

polypeptide cells), which secrete pancreatic polypeptide (PP); and ε cells, which secrete ghrelin 

(Figure 1). The islet also contains capillaries (endothelial cells and pericytes), neuronal 

projections, resident immune cells, and fibroblasts. In contrast to exocrine cells, endocrine cells 

of the islet secrete their hormones directly into the blood stream though paracrine actions of 

these hormones within the islet are also important. Islet hormones from the pancreas are first 

delivered to the liver through the portal vein before reaching systemic circulation.  

 

The primary function of the islet is to exert hormonal control on whole body glucose metabolism 

through the actions of the two primary hormones insulin and glucagon which are secreted in 

coordinated and pulsatile fashion4–6. Insulin lowers blood glucose by stimulating glucose uptake 

in peripheral tissues such as muscle and fat and promoting the liver to suppress glucose 

production and increase glycogen synthesis (Figure 2). In contrast, glucagon, a catabolic 

hormone, raises blood glucose by acting on the liver to stimulate the breakdown of glycogen 

and to activate gluconeogenesis (Figure 2). While the tight control of blood glucose through 

regulation of carbohydrate metabolism is the classical role of the islet, insulin and glucagon also 

have important roles in lipid and protein metabolism where insulin, an anabolic hormone, 

promotes uptake and storage of amino acids and fatty acids while inhibiting the breakdown of 

lipids and proteins7–9, while glucagon, a catabolic hormone, promotes the breakdown of lipids 

and proteins, particularly for use in gluconeogenesis10–12. In particular, recent work have 

highlighted a liver-α cell signaling axis where α cell-derived glucagon signals in the liver to 

control levels of circulating amino acid levels13–17. 
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Tools to study human pancreatic islet physiology and pathophysiology 

Given this central role of the pancreatic islet in glucose homeostasis, there is great interest in 

investigating the mechanisms of islet function. The human pancreas is a difficult organ to study 

in part because of the risk of live-biopsy of the pancreas and challenges in viable post-mortem 

tissue processing due to from auto-digestion of exocrine tissue. As such, investigation of 

pancreatic islet biology has been greatly advanced by the use of numerous experimental animal 

model systems which have produced critical insight into islet physiology and pathophysiology. 

However, we continue to learn that in some circumstances, model systems may not translate 

into clinically relevant information18–21. Importantly, human islets show a number of key 

differences from rodent islets including their endocrine cell composition and arrangement, 

vascularization, gene expression, glucose set-point, both basal and stimulated insulin and 

glucagon secretion (key differences highlighted below)22–26. 

 

To overcome these differences, a great effort has been placed on increased availability of 

human islets and human pancreata for research in the past decade. Numerous groups have 

helped develop infrastructure to collect pancreatic tissue and islets from same donor along with 

the donor’s de-identified medical record in order to place findings in the appropriate clinical 

context. Additionally, building off knowledge gained from rodents, numerous human-based 

model systems and approaches have been developed (Figure 3) to probe various components 

of the islet. These include intact tissue which can either be analyzed in a static manner in 

fixed/frozen sections or studied as live pancreas slices and isolated islets which can be studied 

in vitro or in vivo through transplantation into immune-deficient mice. Aggregated organoids 

known as pseudoislets can also be used in analogous studies. Further, single cell analyses can 

be performed on primary islet cells, immortalized cell lines, or on β-like cells resulting from 

induced differentiation of embryonic stem cells or induced-pluripotent stem cells. A summary of 

these approaches and their advantages and disadvantages is shown in Table 1. This 

Dissertation includes many of these approaches including integrated study of the entire 

pancreas, use of tissue sections processed in multiple complementary ways, studies on isolated 

islets both in vitro and in vivo, and analyses of dispersed single cells from the islet. Further, a 

portion of this Dissertation describes the development and implementation of a new pseudoislet 

approach. 

 

Islet composition 

In contrast to rodent islets, which contain a β cell-rich “core” and α and δ cells on the periphery, 

adult human islets display more variability in composition and exhibit more heterotypic contacts 

between α, β, δ, γ, and ε cells27–29. While rodent islets typically consist of 75-80% β cells and 15-

20% α cells, human islets have proportionately fewer β cells (45-65%) and more α cells (30-

50%)27–32 (Figure 4). Much less abundant are δ and γ cells (representing less than 10% each), 

with ε cells being particularly rare (estimated <1% of all islet cells)30. Islets range considerably in 

size (from approximately 50-500 μm in diameter), with an average of 1,500 cells per islet. 

Variability in endocrine cell ratios between individuals is mirrored by significant variation in β cell 

mass33,34, though differences in endocrine cell distribution between pancreatic regions are 

relatively minor35. The exception is that γ cells are strikingly abundant in a posterior lobe of the 

pancreatic head region, referred to as the “uncinate process”36–39. Quantification of endocrine 
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cell populations has come from both isolated islets and pancreatic sections27,30,32,40 but 

contribution of other cell types such as endothelial cells, stromal cells, leukocytes, neuronal 

elements, and extracellular matrix to islet volume has not been systematically examined. 

Interestingly, studies suggest that most δ cells are located close to islet capillaries and have an 

elongated shape as well as filopodia-like processes that increase their potential influence on 

non-immediate neighboring cells41,42. There is a growing evidence of a critical role of 

somatostatin and δ cells in regulation of islet function in health and disease; somatostatin is a 

potent paracrine inhibitor of both insulin and glucagon secretion43.  

 

Non-endocrine cells and the extracellular matrix of the islet likely play important, yet 

incompletely defined, roles in islet homeostasis – either by delivering nutrients and soluble 

factors or by providing signals that influence islet cell health and function44. While rodent islets 

are highly vascularized, with thick and highly fenestrated capillaries45–48, human islets have a 

much lower vascular density49,50 (Figure 5). Due to experimental limitations, knowledge of in 

vivo human islet vascularity and blood flow remains elusive, though a recent report suggests 

that blood flow may not be uni-directional51,52. Islet capillary networks are lined with elongated 

endothelial cells53–55 and though it is clear pericytes are present, our knowledge of their function 

in human islets is still evolving44,56. Since endothelial cells respond to diverse stimuli such as 

hypoxia, angiogenic factors, and cytokines, and secrete growth factors, signaling molecules, 

and basement membrane components, it is likely that such interactions with human islet cells 

influence their function57–60.  

 

Neuronal processes and immune cells are found with human pancreatic islets, suggesting that 

these provide signals influencing islet hormone secretion. For example, neuronal processes 

project into the human islet from extra-pancreatic nerves and may enable modulation of islet 

function by the central nervous system61,62. Autonomic axons are closely associated with 

capillaries63–65, setting up the possibility that they coordinate with endothelial cells to influence 

hormone secretion from the islet. Resident immune cells in islets largely belong to T cell and 

macrophage lineages, with occasional B cells66–69. Interestingly, these cells tend to be more 

numerous in peri-islet regions (representing the interface between endocrine and exocrine 

tissue66,68. Since islet macrophages are known to play crucial roles in mouse pancreas and islet 

development, their role in human islet development and in Type 2 diabetes (T2D)-associated 

inflammation is of great interest70–72. 

 

The human islet extracellular matrix (ECM) is unique in that human endocrine cells produce a 

basement membrane that is distinct from the basement membrane of the endothelium and is 

composed of collagens, heparan sulfate proteoglycans, and laminin73–76. The islet interstitial 

matrix consists of collagen, elastin, fibronectin, and various polysaccharides, and together with 

the basement membrane provides cell support and anchorage54,59,77–79. In addition, it is 

becoming increasingly appreciated that ECM also influences cell phenotype and function, 

signaling primarily through integrins but also providing a “sink” for secreted growth factors that 

interact with unique receptors59,77–80. It has also been proposed that the islet ECM provides a 

polarized microdomain to promote endocrine granule fusion81,82.  
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Endocrine cell structure and identity 

At the ultrastructural level, the common function of all islet endocrine cells is readily apparent: 

these cells are protein-producing, -packaging, and -secreting factories, with distinctive secretory 

granules that also serve as the site of most prohormone processing. The β cell has been most 

extensively studied, catalyzed by the identification of insulin secretory granules in early electron 

microscopy studies and seminal studies of prohormone processing83–87. Glucagon-containing 

secretory granules are similar in size to those of β cells, but their electron-dense cores are 

distinct, surrounded by a tightly fitted membrane and chromogranins and synaptophysin variably 

distributed throughout the granule83,85,88. Delta cells contain larger (450-800 nm) secretory 

granules with lower electron density with synaptophysin and chromogranins present throughout 

the granule matrix41,83,85,88. Less abundant γ and ε cells tend to have small secretory granules 

that resemble α cells85,89,90. 

 

Insulin is synthesized and secreted only by the islet β cell. Expression of the insulin gene INS 

and the components necessary for the processing and regulated secretion of insulin are 

controlled by a network of enhancer elements, transcription factors, and their coregulators which 

are crucial for both establishing and maintaining β cell identity91–93. Insulin is translated as a 

preprohormone and is processed to proinsulin upon cleavage of the signal sequence in the 

endoplasmic reticulum (ER) (Figure 6). Within the ER, proinsulin is folded and undergoes 

formation of three disulfide bonds (two between the A and B domain and one within the A 

domain)94. This proinsulin is trafficked through the Golgi apparatus into immature secretory 

granules where it is processed by the prohormone convertases PC1/3 and PC2 to release C-

peptide95. Further, carboxypeptidase E removes C-terminal basic amino acids and mediates 

targeting to the secretory pathway for the 51 amino acid fully processed insulin96.  

 

To achieve high concentrations of insulin within these granules, mature insulin complexes with 

Zn2+ ions that are transported into the granule by ZnT8/SLC30A897. These hexameric crystals 

form the dense core of mature insulin granules which must traverse through a cortical actin 

network before docking at the plasma membrane as part of a primed “readily releasable 

pool”94,98. These processes ensure that only a small portion of the overall insulin content within a 

cell is released in response to an appropriate signal. While insulin makes up the majority of the 

protein content of the insulin granules, there are other components within the granules. In 

addition to the aforementioned C-peptide and Zn2+ ions, the peptide islet amyloid polypeptide 

(IAPP), members of the neuroendocrine chromogranin family, and neurotransmitters such as 

adenosine-triphosphate (ATP), and serotonin (5-HT), among others are co-secreted with insulin 

from β cells97.  

 

Like insulin, preproglucagon gene expression is controlled by a network of transcription factors 

and regulatory elements99. Preproglucagon is predominantly expressed in intestinal 

enteroendocrine L cells, the pancreatic islet α cells and various regions of the brain12,100; 

however, the 160 amino acid proglucagon is processed in a tissue specific manner depending 

on expression of prohormone convertase enzymes101,102 (Figure 7). α cells predominantly 

express PC2, which generates the 29 amino acid glucagon peptide along with the major 

proglucagon fragment, glicentin-related polypeptide, and intervening-peptide-1 in equimolar 
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amounts101,103,104. In contrast, enteroendocrine cells predominantly express PC1 which 

generates a variety of peptides including glucagon-like peptide 1 (GLP-1)105. The similarity of 

these peptide products has led to numerous challenges with specificity and cross reactivity of 

assays measuring glucagon106. Similar to insulin, mature glucagon is packaged into secretory 

granules in preparation for an exocytotic stimulus although less is known about the composition 

of α cell granules in comparison to β cell granules100. Further, α cells have been reported to 

have granules of various sizes and other more minor α cell secretory products such as 

acetylcholine have been hypothesized to be stored and secreted in a different fashion than 

glucagon107. 

 

Beyond distinctive hormones, secretory granules, and subcellular machinery, islet endocrine 

cells are often defined by their signature of cell surface proteins (e.g., receptors, ion channels) 

or by a network of signaling molecules and transcriptional regulators that define cell identity and 

function. For example, canonical transcription factors in β cells such as MAFA, NKX6.1, PDX1, 

PAX6, NKX2-2, ISL1, NEUROD1, FOXO1 and FOXA2 are crucial for both establishing and 

maintaining β cell identity as well as coordinating production and secretion of insulin108–112. All β 

cells are not the same, as heterogeneity and different β cell subsets have been defined by cell 

surface markers and cell function113–115. Similarly, α cells express factors regulating glucagon 

production and secretion, notably ARX, IRX1/2, MAFB, PAX6, NKX2-2, ISL1, NEUROD1, and 

FOXA2108–110,116. Less is known about regulatory networks in δ, γ, and ε cells, but HHEX is 

thought to direct δ cell differentiation117,118, and γ and ε cells express subsets of transcription 

factors also found in α cells108,119. While there are clear similarities in cellular identity markers 

between human and non-human islets, there are some important differences, most highlighted 

by discrepancies in the phenotype of certain forms of monogenic diabetes in mice and 

man116,120. For example, while mice and humans heterozygous for PDX1 mutations are 

phenotypically similar121–124, heterozygous mutations in HNF1α, HNF4α and other MODY 

transcription factors do not appear to result in similar islet dysfunction in mice compared to that 

seen in man125–127. Moreover, compensatory mechanisms likely differ; for example, while Ngn3-

deficient mice do not develop endocrine cells at all, NGN3 loss-of-function mutations in humans 

produce variable (and less severe) phenotypes116,128,129. 

 

β cell function 

 

Nutrient control 

Glucose-stimulated insulin secretion (GSIS) involves the coordinated relay of metabolic, 

electrical, and chemical signals within the β cell130–136. A representative insulin secretory profile 

from islet perifusion and a schematic of β cell signaling with the components of the GSIS 

pathway highlighting the secretagogues within the perifusion is shown in Figure 8A and 8B.  

 

One unique aspect of GSIS in human β cells is that the facilitated diffusion of glucose occurs via 

transporter GLUT1, in contrast to GLUT2 in rodent β cells137–139, while most subsequent steps in 

this glucose triggering pathway are thought to be similar in non-human and human β cells. After 

entry into the cell, glucose is phosphorylated by glucokinase (GCK) to generate glucose-6-

phosphate (G6P)24,140. As GLUT1 is insulin-independent, glucose transport into the β cell is not 
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limiting. Instead, GCK’s relatively low affinity for glucose allows it to act as the rate limiting step 

for glucose flux into glycolysis and exert significant control on whole-body glucose homeostasis. 

Glucose metabolism in the β cell through both glycolysis and the TCA cycle ultimately lead to 

the generation of ATP from ADP. This increase in ATP:ADP ratio closes ATP-sensitive K+ (KATP) 

channels on the plasma membrane, depolarizing the membrane and converting the metabolic 

signal into an electrical signal. With sufficient membrane depolarization (~ -50 mV), voltage 

gated Ca2+ channels open leading to an influx of Ca2+ which then triggers exocytosis of insulin 

granules and insulin is secreted141. As the major stimulus for exocytosis, intracellular Ca2+ is 

tightly regulated, primarily by the ER142. Indeed, stimulated β cells undergo characteristic Ca2+ 

oscillations that reflect this tight regulation143. Ca2+ ions are transported into the ER by sarco-ER 

Ca2+-ATPase (SERCA) pumps and are released in response to various signals including Ca2+-

induced Ca2+ release (CICR).  Further, β cells within an islet synchronize their electrical and 

Ca2+ responses through gap junctional coupling. Importantly, this coupling is crucial to a robust 

insulin secretory response as individual β cells do not respond with the same magnitude or 

dynamics as an intact islet144,145.  

 

Glucose metabolism also has a potentiating effect on insulin secretion via the so-called 

amplifying pathway146–149 that is downstream of intracellular Ca2+ increase and thought to be 

mediated by mitochondrial-derived metabolic coupling factors such as guanosine triphosphate, 

isocitrate, or NADPH133,150–154.  Thus, mitochondrial metabolism is crucial for both the generation 

of ATP as well as the intersection of various metabolic pathways and the regulation of these 

coupling factors155–158. The triggering and amplifying pathways help to create the characteristic 

bi-phasic insulin secretory response seen in vitro with an abrupt increase in glucose (Figure 

8A).  

 

While glucose is the primary physiological regulator of insulin secretion, circulating amino acids 

such as arginine, leucine, alanine, glutamine, and glycine 159–162, metabolites such as 

glutamate163, and lipids164 can also influence insulin secretion. For amino acids, this effect may 

be mediated by transport and metabolism, through binding to extracellular receptors, or via 

direct depolarization of the plasma membrane165. Glutamate, an excitatory neurotransmitter, 

may signal through ionotropic or metabotropic glutamate receptors to influence insulin secretion, 

though the significance of these pathways in human β cells is not as well understood166,167. 

Importantly, amino acids may also influence insulin secretion indirectly, particularly through the 

α cell168. In addition to intracellular lipid metabolism providing a pool of lipid signaling molecules 

that contribute to the amplifying pathway, extracellular fatty acids can signal though G-protein-

coupled-receptors (GPCR), the most well studied being GPR40 (FFAR1), a Gq-coupled GPCR 

activated by medium and long chain fatty acids169–172. 

 

Neurohormonal control 

While nutrients are the primary driver of the insulin secretory response, other neurohormonal 

signals act to modulate and optimize insulin secretion (Figure 9). This is most clearly illustrated 

by the fact that oral glucose delivery results with a much greater increase in plasma insulin 

levels compared to the same amount of glucose given intravenously173,174. This phenomenon, 

known as the incretin effect, was discovered to be due to hormones secreted from 
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enteroendocrine cells of the intestine, most notably GLP-1 from L cells and glucose-dependent 

insulinotropic polypeptide (GIP; formally gastric-inhibitory polypeptide) from K cells, which act 

through GPCRs175–181. Receptors for GLP-1 and GIP are Gs-coupled GPCRs that primarily 

signal by activating adenylyl cyclase to increase cyclic adenosine monophosphate (cAMP) 

(Figure 8B)182–186. Signaling from GLP-1 and GIP alone is not sufficient to stimulate insulin 

secretion but acts synergistically to potentiate GSIS179,187,188. Epinephrine, a sympathetic 

hormone primarily from the adrenal glands acts to raise blood glucose and prevent 

hypoglycemia in part by inhibiting insulin secretion (Figure 8A). Epinephrine is a ligand for 

multiple receptors, but human β cells primarily express α2-adrenergic receptors, Gi-coupled 

GPCRs that signal by inhibiting adenylyl cyclase to reduce cAMP and by activating G-protein-

coupled inwardly rectifying potassium channels (Figure 8B)189,190.   

 

While systemic signals are crucial in the control of insulin secretion, the structure of the islet 

creates a unique microenvironment for local intra-islet signals131,134,191. There are many secreted 

factors from the various cells within the islet which can often act on numerous receptors and cell 

types, thus in this chapter we highlight a selection of the most well studied factors (Figure 9). 

These paracrine signals, which have been shown to be active in human islets but have been 

mechanistically studied primarily in non-human islets, allow for an additional layer of β cell 

control. Indeed, individual β cells do not display the same coordinated secretion pattern seen in 

intact islets; paracrine signals from α cells are crucial in establishing species-specific glycemic 

set points 26,135. Recent work has demonstrated that within islets, β cells may take on different 

roles – some may be fine-tuned to be more sensitive to glucose and act as a pacemaker or 

“hub” β cell in the islet192,193. These studies, which were performed in mice, are supported by 

mathematical modeling of human islets113,194, but require more work to clearly establish this 

concept in human islets. Further, the means by which these hubs cells may transmit signals 

remains debated195–197. 

 

Despite the opposing physiological actions of insulin and glucagon, glucagon can regulate and 

potentiate insulin secretion198. The glucagon receptor (GCGR) is expressed by β cells and is a 

Gs-coupled GPCR acting through cAMP199. The GCGR has a high degree of sequence 

homology with GLP-1R175 and several groups have demonstrated that the ligands to these 

receptors, glucagon and GLP-1, respectively, are capable of activating either receptor168,200,201. 

Physiologically, this is thought to predominantly manifest as α cell-derived glucagon signaling 

through both GLP-1R and GCGR on the β cell; however, as GLP-1 is also derived from 

proglucagon, GLP-1 produced within the islet may contribute to islet signaling202,203. This 

foundational α-to-β cell communication within the islet also sets up scenarios where nutrient 

signaling to the β cell, such as from amino acids, can come indirectly through the α cell168.  

 

It is becoming clear that δ cells provide important local inhibition to β cells. The regulation of δ 

cells is not as well understood, but somatostatin secretion increases with glucose in a dose-

dependent manner and involves calcium-induced calcium release132,204,205. Somatostatin 

secretion may also be stimulated by local signals, including the peptide urocortin3 released from 

β cells or by ghrelin from ε cells206,207. Somatostatin signals to the β cell through one of five 

SSTR isoforms, with SSTR2 thought to be the most prominent in humans208,209. All isoforms are 
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Gi-coupled GPCRs that signal similarly to the α2-adrenergic receptor discussed above. Thus, 

under physiologic conditions, while somatostatin provides inhibitory feedback to modulate and 

possibly prevent the over secretion of insulin, it does not completely block insulin secretion132,210.  

 

Other signals derived in the islet that modulate hormone secretion include ghrelin, extracellular 

ATP, serotonin, γ-aminobutyric acid (GABA), and acetylcholine. Ghrelin is secreted primarily 

from cells of the gastric mucosa and would be delivered to islets in the circulation, but it can also 

be secreted locally in the islet by ε cells. It is most well-known for its role as an appetite 

stimulant but also acts to inhibit insulin secretion via the growth hormone secretatgogue 

receptor (GHS-R) which is Gi-coupled in β cells211–215. ATP is stored in insulin granules of the β 

cell and can be co-secreted with insulin or secreted by “kiss-and-run” exocytosis where dense 

insulin cores are retained within the granule 216,217. Human β cells primarily express ionotropic 

purinergic (P2X) receptors, thus setting up an autocrine feedback network218,219. These 

receptors are permeable to Na+, K+, and Ca2+, and thus when activated depolarize the cell and 

increase insulin secretion. In addition, ATP can be converted to ADP, AMP or adenosine via 

ectonucleotidases such as NTPDase3, a highly specific human β cell specific marker220.  

 

Serotonin, a monoamine neurotransmitter, is produced by the β cell and co-secreted from 

insulin granules221. Serotonin signaling is particularly important during pregnancy, when its 

increased production mediates islet adaptations to metabolic demands222,223. Serotonin can 

signal on numerous receptors on the β cell, including the Gq coupled 5-HT2B receptor and the 

excitatory ionotropic 5-HT3 depending on the context224. In addition, 5-HT intracellular has been 

shown to lead to serotonylation of small GTPases in a receptor independent fashion225.  

 

GABA, the major inhibitory neurotransmitter in the central nervous system (CNS), is derived 

from glutamate via glutamic acid decarboxylase (GAD) and is synthesized in β cells at some of 

the highest levels outside the CNS226. While small amounts of GABA may be released with 

insulin granules, most GABA is secreted independently of glucose from the cytosol of β cells via 

an alternative pulsatile secretory pathway227. Human β cells express the ionotropic GABAA 

receptors which are permeable to Cl- when activated228. Acetylcholine is the major 

neurotransmitter of parasympathetic nerves; however, parasympathetic innervation is relatively 

sparse in the human islet and thus the major local source of acetylcholine is likely the α cell64,229. 

Acetylcholine signaling is complex, with multiple receptors at play, though the Gq-coupled M3 

receptor is thought to be the primary cholinergic receptor in β cells230. Acetylcholine signaling 

generally has a stimulatory effect on β cells though this is dependent on the surrounding 

conditions107,231,232. 

α cell function 

 

Nutrient control 

In comparison to glucose-stimulated insulin secretion, the molecular mechanism by which 

glucose regulates glucagon secretion is far less clear, with multiple, often contradictory, 

hypotheses presented and no single model explaining all the dynamics of glucagon release 
100,233–237. Furthermore, even less is known about human α cells; thus, much of glucagon 

secretion modeling is based on studies of non-human islets or α cells. Since the cell 



 9 

arrangement and islet composition differ considerably in human islets, one must be cautious in 

extrapolating studies in rodent islets to glucagon secretion by human α cells. A representative 

glucagon secretory profile from islet perifusion and a schematic of presumptive α cell signaling 

pathways related to Ca2+ and cAMP with components that relate to the perifusion highlighted is 

shown in Figure 8C and 8D. 

 

Human α cells express several of the same key components in the glucose sensing pathway as 

β cells, including GLUT1 and GCK, suggesting that they may have a similar mechanism to 

intrinsically sense and respond to glucose238,239. However, compared to β cells, α cells have 

different expression and localization of numerous ion channels including voltage-dependent Na+ 

channels and T-, L-, and P/Q-type Ca2+ channels, leading to a substantially different 

electrophysiologic profile233,235,240. Like in the β cell, depolarization of the α cell induces a rapid 

influx of Ca2+ and secretion of glucagon; however, unlike the β cell, it is not well understood how 

changes in glucose concentration relate to membrane polarization233,241.  

 

Significant research has been devoted to understanding how the KATP channel may function in 

the α cell242–245. A KATP-centric model of α cell regulation postulates that under low glucose 

conditions, KATP channels are mostly closed and generate sufficient activity to open P/Q Ca2+ 

channels. With high glucose, metabolism leads to closure of the remaining KATP channels and 

inactivation of voltage dependent Na+ channels, thereby preventing voltage-dependent Ca2+ 

channels from opening and inhibiting glucagon secretion. In contrast, the endoplasmic-reticulum 

dependent model proposes that a key role of glucose derived ATP is to activate SERCA pumps 

to drive Ca2+ into the ER246–248. In low glucose, low ATP leads to low SERCA activity and a net 

release of Ca2+ from the ER. This activates the depolarizing store-operated pathway, leading to 

activation of voltage-dependent Ca2+ channels and glucagon release. In high glucose, abundant 

ATP activates SERCA pumps and shut down the store-operated pathway, thus inhibiting 

glucagon release.  

 

While these models place significant emphasis on Ca2+ in the control of glucagon secretion, 

there is abundant evidence that its role is more complex and nuanced249. In the α cell, Ca2+ 

changes are modest, and oscillations are not as synchronous as they are in β cell233,249. Further, 

while there is a positive correlation of Ca2+ signal and glucagon secretion at low glucose, the 

two are uncoupled at high glucose250. In fact, α cell Ca2+ activity appears to elevate with high 

glucose despite glucagon secretion decreasing251. This suggests, additional signals likely work 

in concert with Ca2+ to regulate glucagon secretion, a role that may be filled by the second 

messenger cAMP which can act in parallel to Ca2+ in the α cell252. cAMP acts primarily through 

cAMP-dependent PKA and exchange proteins activated by cAMP (EPACs) and may even be 

under direct control from glucose253.  

 

While the traditional role of the islet has centered on hormonal control of glucose levels, recent 

work has highlighted that glucagon, in particular, has a fundamental role in regulating protein 

metabolism and amino acid homeostasis. Interrupting glucagon signaling in the liver leads to 

elevations in circulating amino acids, which in turn can induce α cell proliferation254–259. In 

addition to regulating α cell mass, amino acids such as arginine, glutamine, and alanine have 
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long been recognized as a strong stimulatory signal for glucagon secretion, which 

physiologically protects against insulin-induced hypoglycemia after a protein-rich meal260–262. 

The cellular mechanisms behind amino acid-induced glucagon secretion are poorly defined but 

likely involve a combination of metabolic, electrical, and receptor-mediated processes 

depending on the individual amino acid165,263–266. The fact that amino acids can stimulate 

glucagon secretion independently of glucose has suggested the possibility that they play a 

primary role in glucagon secretion168,200,267. 

 

Lipids may also play a role in regulating glucagon secretion, though the precise effects and 

mechanisms in human islets have not been well studied263. In humans, lipid ingestion or IV 

injection has varied effects on glucagon secretion268,269. Fatty acid stimulation of glucagon 

secretion is concentration-dependent and varies with chain length. It is thought to be mediated 

by the Gq-coupled FFAR1 signaling through calcium270,271.  

 

Neurohormonal control 

Circulating hormones can also modulate α cell function. Most notably, epinephrine, a strong 

stimulus for glucagon secretion as part of the counter-regulatory response to hypoglycemia, can 

signal through multiple receptors. In the α cell it is thought to primarily signal through the β2-

adrenergic receptor, a Gs-coupled GPCR, and the α1-adrenergic receptor, a Gq-coupled 

GPCR272. Activation of both receptors may explain why epinephrine is such a potent stimulus, 

increasing both cAMP and Ca2+ within the α cell273–275.  

 

Paracrine signaling likely plays a fundamental role in the control of α cell secretion of 

glucagon134,136,233,276 (Figure 9). Most notably, isolated α cells do not respond appropriately to 

stimuli (glucose in particular), which suggests that signals and interactions within the islet 

microenvironment are necessary for appropriate α cell function277,278. These paracrine actions 

are thought to be particularly important in high glucose environments when the β and δ cell 

derived products are highly secreted, but their relative contribution in low glucose environments 

is still an active area of research. 

 

Given their abundance within the islet, β cells are likely a prime source for local regulation of 

glucagon secretion, with insulin being the prime source as the most abundant β cell secretory 

product279. α cells express the insulin receptor, a transmembrane receptor tyrosine kinase that 

autophosphorylates itself when activated with insulin and initiates a signaling transduction 

cascade. The precise downstream signaling induced in the α cell by insulin is not fully 

understood but may include activation of phosphodiesterases to breakdown cAMP or activation 

of KATP channels to hyperpolarize the α cell and close voltage-dependent Ca2+ channels and 

ultimately inhibiti insulin secretion280,281. Interestingly, insulin signaling can also cause 

translocation of GABAA receptors, allowing it to thus act in concert with another β cell secretory 

product, GABA282. When ionotropic GABAA receptors on the α cell are activated they become 

permeable to Cl- and thus hyperpolarize the α cell283,284.  

 

Other β cell-derived molecules include serotonin, which can act on Gi-coupled 5-HT1F GPCRs 

on α cells to lower cAMP and inhibit glucagon secretion221, and ATP, which can signal through 
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Gq-coupled P2Y1 receptors on α cells to increase intracellular Ca2+. β cell-derived ATP may 

explain elevations in intracellular Ca2+ in α cells at high glucose despite reduced glucagon 

secretion285,286, thus providing a signal to balance the other inhibitory signals from β cells. 

Further, juxtacrine signaling from nearby islet cells may also help regulate α cells. Recently, 

EphA forward signaling through the EphA4 receptor on α cells was shown to provide tonic 

inhibition of glucagon secretion through maintenance of F-actin density that was lost in isolated 

α cells287. 

 

Somatostatin secretion from δ cells provides important local inhibition to the α cell132. Like β 

cells, human α cells primarily express the SSTR2 receptor, a Gi-coupled GPCR shown to 

reduce cAMP in the α cell and robustly inhibit glucagon secretion208,288,289. The unique 

distribution of δ cells has also led to numerous models whereby other signals ultimately affect 

glucagon secretion through δ cells. For example, acetylcholine, which is secreted by human α 

cells, can stimulate δ cells and thus provide indirect negative feedback135,230.  

 

Finally, autocrine signaling by α cells may help regulate glucagon secretion. Glutamate, an 

abundant amino acid but also a major excitatory neurotransmitter, is packaged in α cell granules 

and co-secreted with glucagon290. Human α cells express ionotropic α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA) receptors capable of responding to glutamate by 

allowing Ca2+ and Na+ entry into the cell; thus, signaling through these receptors both 

depolarizes the cell and increases intracellular Ca2+ to act as a positive autocrine signal291. In 

addition, it has been suggested that α cells express Gs-coupled glucagon receptors that would 

signal by increasing cAMP as well 292. Thus, there are numerous potential pathways for positive 

autocrine signaling in the α cell, which may explain how relatively minor changes in other stimuli 

(such as lowered glucose) can so effectively promote glucagon secretion291. 

 

Diabetes mellitus 

 

Diabetes mellitus is a metabolic disease characterized by abnormally elevated blood glucose 

levels, or hyperglycemia.  The 2020 National Diabetes Statistics Report (CDC) estimates that 

34.2 million US individuals—10.5% of the total population—had diabetes in 2018, with another 

88 million US adults having prediabetes293. The consequences of hyperglycemia include 

microvasculature complications including retinopathy, autonomic neuropathy, and nephropathy 

along with macrovasculature complications including cardiovascular disease and stroke. The 

social and economic burden of diabetes is substantial within the U.S. as direct and indirect 

estimated costs were $327 billion in 2017 and diabetes was the seventh leading cause of 

death293.  

 

The classification of diabetes is still quite rudimentary, with the categories of diabetes based on 

clinical criteria rather than molecular pathogenesis. The most common form of diabetes is type 2 

diabetes (T2D) which accounts for ~90-95% of all cases and is characterized by a relative 

insulin deficiency. Type 1 diabetes (T1D) is characterized by a near complete insulin deficiency 

and accounts for ~5% of total cases. Less commonly, diabetes can result from genetic 

mutations, such as neonatal diabetes mellitus or maturity-onset diabetes of the young (MODY) 
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or even be secondary to other medical conditions such as post-transplantation diabetes 

mellitus. Major types of diabetes are summarized in Table 2. While nearly all forms of human 

diabetes are associated with impaired islet cell function and/or reduced β cell mass, the 

molecular events and mechanisms leading to dysfunction or reduced mass in different forms of 

human diabetes are either incompletely characterized or largely unknown294,295.  

 

Type 1 diabetes 

T1D is characterized by a dysregulated autoimmune response of both the adaptive and innate 

immune system, ultimately resulting in destruction of β cells. Recent consensus divides the 

natural progression of T1D into three stages (Figure 10A). Stage 1 is characterized by the 

presence of 2 or more islet autoantibodies and is thought to mark the initiation of β cell loss 

despite maintenance of normoglycemia296,297. The autoimmune process is thought to be initiated 

or potentiated by a triggering event, such as early life exposure to food antigens or exposure to 

certain viral infections, although the triggering event is likely different in different individuals. 

Stage 2 is characterized by dysglycemia and dysfunctional insulin secretion in response to 

glucose challenge, while stage 3 is characterized by symptom onset and is thought to occur 

after loss of ~60-90% of an individual’s β cell mass, though exact quantification is not currently 

feasible298. Despite this general model, there is poorly understood T1D heterogeneity in terms of 

age of onset, rate of disease progression, and residual C-peptide production299,300. For example, 

one report estimated that as many as 40% of T1D patients developed the disease after the age 

of 30300, while T1D has also been reported to occur within the first six months of life301. 

Borrowing a paradigm from other diseases with clinical heterogeneity, the emerging concept is 

that there are “endotypes” of T1D based on incompletely defined genetics and pathologic 

processes302,303. 

 

Islet-immune interactions are crucial in T1D. Modest insulitis, or lymphocytic infiltration of the 

islet, is a hallmark pathologic feature of T1D – though there is significant variability in cellular 

composition and frequency of insulitis among donors304,305. Insulitis is often characterized by 

tight focal aggregation of immune cells at one islet pole and the immune cells are primarily 

CD8+ T cells, though B cells, CD4+ T cells, and macrophages may also be present299,306–308. 

Islet β cells in T1D show elevated expression of HLA class I and class II components, potentially 

facilitating autoimmune surveillance and destruction309,310. Furthermore, a majority of identified 

genetic loci associated with T1D are linked to immune-related genes with HLA loci accounting 

for more than 50% of the risk297,299. Understanding the role that β cells play in the autoimmune 

process is of great interest, with the growing sense that β cells or the β cell response 

contributes to β cell demise311. Recent multiplexed imaging studies have highlighted that prior to 

destruction, β cells lose markers of cell identity and show altered protein expression, though it is 

unclear if these changes are indicative of adaptations to avoid immune detection or pathologic 

changes that invite destructive, autoreactive T cells40,312. Interestingly, β cells that remain in T1D 

appear to have nearly normal insulin secretion profiles, highlighting that T1D defects are 

primarily related to changes in β cell mass rather than function313.  

 

While T1D pathophysiology is primarily focused on β cells, there is evidence for the involvement 

of other cell types in the pancreas. Individuals with T1D have an impaired counter regulatory 
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response that can lead to potentially dangerous hypoglycemia. This defect is multifactorial but 

appears to involve dysregulated glucagon secretion and compromised gene expression in α 

cells in T1D313–316; how the α cell responds to the immune and metabolic stresses of T1D, as 

well as to the loss of local paracrine signaling from β cells and disrupted islet architecture, will 

be important to define going forward. Further, there is emerging evidence for involvement of the 

entire pancreas in T1D pathogenesis, as individuals with T1D have significantly smaller 

pancreas size characterized by a loss of acinar cell number, highlighting an important, but 

understudied, interaction of islet pathology with exocrine tissue317–320. 

 

Type 2 diabetes 

T2D is a very heterogenous disorder from a clinical standpoint, with likely multiple molecular 

pathways and time courses to reach hyperglycemia. T2D is characterized by islet dysfunction, 

defined by insufficient insulin secretion from β cells and inappropriate glucagon secretion, often 

on a background of peripheral insulin resistance that arises in states such as obesity or 

advancing age321. Insulin resistance in T2D tends to stay comparatively stable throughout 

disease while β cell functional mass declines, highlighting both initial and progressive β cell 

failure as a key determinant of T2D pathogenesis (Figure 10B)322. This decline in insulin 

production mirrors the clinical disease course where escalating treatment paradigms are 

needed to promote glucose homeostasis323. Rather than the development of insulin resistance 

being the primary event, an alternate hypothesis for the sequence of events leading to T2D is 

that insulin hypersecretion and subsequent hyperinsulinemia is the initial defect, with the 

hyperinsulinemia leading to insulin resistance and obesity that eventually results in β cell 

failure324. 

 

While there are ongoing arguments about whether T2D is accompanied by reduced β cell mass 

or reduced β cell function, most favor a combination of the two. For example, cross sectional 

post-mortem studies suggest a mild reduction in β cell mass in T2D, but there is significant 

overlap in β cell mass among T2D and normal individuals. Thus, it remains unclear whether this 

mild mass reduction is the result of disease-associated β cell loss or merely a different baseline 

in β cell mass that gives rise to differential susceptibility to T2D325–330. The central role of the β 

cell is further highlighted in GWAS studies, where the majority of the loci identified are related to 

β cell biology331–335. The identified GWAS variants (>500), which collectively explain only a small 

proportion of the overall genetic risk attributed to T2D, lie largely in non-coding regions that may 

allow them to have broad effects on β cell processes and function, but makes specific study of 

their effects challenging336–338. How most of the GWAS-defined loci contribute to T2D is still 

unclear, with many studies underway to examine the impact on islet function.  

 

Mirroring the clinical heterogeneity in T2D, molecular studies suggest considerable variability 

and complexity in defects leading to inadequate insulin secretion. Indeed, there is increasing 

evidence that points to a complicated interplay of stress pathways and impaired β cell function 

as a major driver of decreases in β cell functional mass339–341. Components such as gluco- and 

lipotoxcity and chronic inflammation are proposed to cause activation of stress pathways in the 

islet, including ER stress, oxidative stress, cytokine stress, and hypoxic stress342–346. However, 

many of these processes have only been studied in human islets manipulated in vitro and thus, 
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the actual molecular events of human islets in vivo remain uncertain. In addition, a subset of 

T2D islets shows amyloid, an aggregation of fibrillary IAPP hormone which is normally co-

secreted from β cells328,347,348. This striking pathologic hallmark has prompted significant 

investigation into the pathologic processing that underlies aggregation in T2D islets, as well as 

whether the intermediate oligomers formed during amyloid formation or the end deposits 

themselves cause further stress to the islet349–354. These processes remain incompletely 

understood but are the topic of many ongoing studies.  

 

While the β cell may initially be able to compensate for elevated insulin demand, islet function 

eventually fails and results in processes that may include dysregulated secretion, autophagy, 

loss of cell identity, dedifferentiation, and/or apoptosis. Despite this general paradigm, it should 

be noted that there is likely great variability in the relative contribution, temporal sequence, and 

underlying etiologies of these components in different populations and individual patients, 

reflecting individual differences in genetics and environment321,355. For example, T2D in youth is 

associated with faster and more substantial β cell deterioration than T2D in adults, underscored 

by a different response to diabetes-directed therapies356. This complex heterogeneity highlights 

the difficulty in making precise mechanistic determinations about islet dysfunction in T2D. 

While the focus is primarily on β cells, islet dysfunction in T2D involves other cell types as well.  

Notably, dysregulated glucagon secretion from α cells, particularly apparent with the failure 

glucagon suppression after a meal, results in increased hepatic glucose output and can 

exacerbate insulin insufficiency357,358. More work is needed to identify whether this α cell 

dysfunction in T2D results from intrinsic α cell defects, from the loss of appropriate paracrine 

signals from β cells, or from the metabolic environment in T2D. Additionally, T2D is associated 

with disruptions to non-endocrine cells including macrophages, endothelial cells, and pericytes 

that aid in overall function56,60,359,360. In particular, amyloid deposits in the T2D have been 

proposed to activate intra-islet macrophages and have also shown to disrupt intraislet 

vasculature49,361,362. 

 

Other forms of diabetes 

While T1D and T2D are most common, there are many other forms of diabetes (Table 2). 

Gestational diabetes mellitus (GDM) occurs in individuals who do not appropriately respond to 

the metabolic challenges and insulin resistance of pregnancy363–366. Studies in rodents suggest 

that normally pancreatic β cells and islets compensate through increased insulin production and 

hypertrophy/hyperplasia; however, our knowledge of specific structural and functional changes 

in the human islet during pregnancy or during gestational diabetes is quite limited. After 

resolution of pregnancy, most individuals with GDM return to normoglycemia, but they are at 

significant increase risk for the future development of T2D relative to women who do not 

develop GDM367.  

 

In addition to polygenic forms of diabetes, there are also numerous monogenic forms of 

diabetes – these have greatly advanced the understanding of human islet development and 

function by highlighting critical genes for β cell differentiation, maturation, and insulin secretion. 

MODY is classically defined as monogenic diabetes with (1) onset before 25 years of age, (2) 

autosomal dominance inheritance, and (3) absence of autoimmunity368. While mutations have 
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been identified in >15 different genes, some familial forms of monogenic diabetes have no 

mutation yet defined. Identified subtypes generally are defined by mutations to genes related to 

transcriptional regulation (MODY1: HNF4A, MODY3: HNF1A, MODY4: PDX1, MODY5: HNF1B, 

MODY6: NEUROD1, MODY7: KLF11, MODY9: PAX4, MODY11: BLK), enzyme disorders 

(MODY2: GCK), protein misfolding (MODY8: CEL, MODY10: INS), ion channels (MODY12: 

ABCC8, MODY13: KCNJ11), and signal transduction (MODY14: APPL1) with MODY2 and 

MODY3 being the most common369–371. MODY subtypes are unified by their cause of a β cell 

defect and disruption of insulin release but generally have their own unique clinical, functional, 

and structural characteristics which have provided important clues into the role of the underlying 

genes in human islet biology368,372,373.  

 

In contrast to MODY, neonatal diabetes describes a monogenic form of diabetes that presents 

within the first 6 months of life. Like MODY, these mutations can lead to diabetes in a variety of 

ways but are unified in having a substantial effect on islets and β cells374,375. Common causes of 

neonatal diabetes include activating mutations in KATP channel genes KCNJ11 or ABCC8, which 

misregulate channel opening and prevent insulin secretion 376–378. In contrast, inactivating 

mutations in KCNJ11 or ABCC8, leads to inappropriate insulin secretion and hyperinsulinism379–

381. Mutations in the insulin gene or islet-enriched transcription factors can also cause neonatal 

diabetes374,375. 

 

Pancreatogenic diabetes, meaning diabetes resulting from disease processes in the exocrine 

pancreas such as chronic pancreatitis or a mutation in carboxyl-ester lipase, highlight the 

connection between the endocrine and exocrine pancreas382. Cystic fibrosis-related diabetes 

(CFRD) has become more frequent with the improved clinical outcomes in cystic fibrosis. CFRD 

usually requires insulin treatment, with reduced insulin secretion likely caused by islet loss, 

dysmorphia, and dysfunction that results from pronounced exocrine destruction and infiltration 

of immune cells, especially T-cells383,384. This pathology is not a direct impact of CFTR (cystic 

fibrosis transmembrane conductance regulator) mutations in β cells but rather is a result of 

CFTR mutations in the exocrine pancreas382–384.  

 

Post-transplantation diabetes, which also shares numerous risk factors with T2D, is a common 

but significant complication after organ and cell transplantation that threatens the health of both 

the graft and the transplant recipient385,386. Post-transplantation diabetes is likely multifactorial 

but is strongly associated with certain immunosuppressive agents387–389.   

 

Emerging therapeutic approaches to diabetes 

 

Given the pancreatic islet’s central role in all forms of diabetes, it follows that many new or 

emerging therapeutic approaches focus on impacting islets – especially preserving, replacing or 

enhancing β cell mass. Most emerging strategies have not yet been tested in humans with 

diabetes but can be divided into two broad categories: 1) β cell replacement and 2) 

maintenance, expansion, or modulation of functional β cell mass (Figure 11). 
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β cell replacement 

In T1D and in some individuals with T2D, it would be highly desirable to replace or supplement 

the inadequate β cell mass. Within the approach of β cell replacement or transplantation, there 

are two sources of insulin-producing cells, one of which is islet transplantation (which replaces 

more than just β cells) and one of which uses insulin-producing cells that are derived from other 

cells but are technically not β cells. Whole pancreas transplantation is sometimes an option 

when combined with renal transplantation390. 

 

Islet allotransplantation in combination with immunosuppression has been the focus of intense 

efforts by many groups since the improved results of Shapiro and colleagues in 2000391. In this 

procedure, normal human islets isolated from cadaveric donor(s) are infused into the portal vein 

(percutaneous transhepatic portal vein delivery) with subsequent engraftment in distal liver 

vasculature390,392,393. This approach, which benefits from use of mature, fully functioning islets 

with relatively intact microenvironment and cell composition, has been effective in ameliorating 

life-threatening, severe hypoglycemia394. Improved quality of life after islet-after-kidney 

transplantation have been recently reported395, but this therapeutic approach faces a number of 

significant challenges, including islet loss in post-transplantation period, need for lifelong 

immune modulation to prevent ongoing allo- and autoimmunity, need for islets from more than 

one donor pancreas in some transplant recipients, and β cell toxicity from common 

immunosuppressive agents386,387,392,394,396,397. Even if such challenges are overcome, the very 

limited supply of human islets will not allow widespread adoption of islet transplantation for 

T1D390.  

 

To develop a new source of β cells for transplantation, intense and ongoing efforts are directed 

towards creation of human β-like cells using human ESCs or human iPSCs390. Using knowledge 

from developmental islet biology, investigators have developed protocols involving sequential 

stimulation and inhibition of specific developmental pathways with growth factors and small 

molecules to generate insulin-producing cells that are glucose responsive and can reverse 

diabetes in mice398–401. In contrast to most islet transplant procedures, iPSCs could use a 

patient’s own cells and remove alloimmunity concerns402 though there are also efforts to 

generate islet-like cells capable of evading immune detection403. Directed differentiation is a 

rapidly evolving area of research with many recent protocol modifications, such as endocrine 

cell clustering404, circadian entrainment405, estrogen-related receptor γ expression406, and 

enhanced transforming growth factor β (TGF-β) signaling407. Current efforts are focused on 

speeding up and refining the maturation process, improving dynamic insulin secretion, 

generating mono-hormonal cells. While this is an exciting area of research, there are important 

questions, including the safety profile, before transplantation of insulin-producing cells can move 

into the clinical area.  For example, safety concerns about undifferentiated cells becoming 

transformed after transplantation remain, especially if cells were allografts and 

immunosuppression was needed. Additional questions include: 1) how many insulin-producing 

cells are needed for diabetes reversal as insulin production in these cells is less than that of 

native human islets; 2) how long these cells survive and function after transplantation, and 3) if 

transplantation of insulin-producing cells alone will be sufficient to restore glucose homeostasis 
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or whether a more complete islet microenvironment involving glucagon-producing cells408 or 

other components of the native islet will be required. 

 

Maintenance, expansion, or modulation of functional β cell mass 

In many forms of diabetes, β cells remain but are not capable of meeting insulin demands. Here, 

therapeutic approaches seek to restore or bolster β cell function and maintain or expand β cell 

mass. In the cases of expanding β cell mass, there is also a need to ensure that the newly 

generated β cells are fully functional and ultimately, there may be an opportunity to combine 

approaches that stimulate β cell proliferation with those that bolster β cell function.  

 

While attractive, improving β cell function has been a difficult therapeutic path since our current 

understanding of the reason(s) for impaired β cell function, and thus the target of intervention, is 

quite limited. As discussed earlier for T2D, multiple abnormalities have been postulated, but it is 

not known if one abnormality is primary or if there are multiple pathways to β cell dysfunction. 

The progressive nature of T2D indicates that most current antihyperglycemic medications such 

as sulfonylureas, meglitinides, metformin, and glitazones do not prevent the progressive decline 

in insulin secretory capacity409. Medications that modulate the GLP-1 pathway (GLP-1 receptor 

agonists and DPP-4 inhibitors) or target the sodium glucose transporter-2 (SGLT2) improve 

glycemic control and have positive impact on cardiovascular or renal outcomes, but the 

influence on human islet health and mass are largely unknown. Dual GIP and GLP-1 receptor 

agonists are also under investigation and have shown encouraging effects of β cell function and 

weight loss410,411. 

 

Importantly, several studies have indicated an ability for β cell function to improve in certain 

circumstances. Bariatric surgery appears to lead to improved β cell function, prior to significant 

weight loss, through a mechanism that is not yet determined412–416. Additionally, intensive 

dietary interventions (very low calorie or carbohydrate diets), particularly early in the T2D 

course, can lead to diabetes remission, but only do so when β cell function is restored417–421. For 

T2D particularly, defining how such interventions improve β cell function will potentially reveal 

additional ways to target these pathways. 

 

An attractive approach has been to protect β cells and promote β cell survival in the face of 

cytokine, ER, or metabolic stressors that lead to β cell death. There are currently no 

therapeutics which have been definitively shown to mitigate deleterious effects of these stress 

pathways, but numerous targets have shown promise in preclinical or early clinical trials. In 

T1D, immune modulation through targeting immune cells or signals has shown promise in 

protecting β cells and slowing β cell loss422–424. In particular, teplizumab, an anti-CD3 (T cell) 

antibody, and golimumab, an anti-TNFα antibody, have shown promising results in phase 2 

trials at delaying onset of clinical T1D or boosting endogenous insulin production, 

respectively425,426. Alternatively, numerous other targets focus on the β cell and seek to 

modulate its response to such stressors. The calcium channel blocker, verapamil, has been 

shown to promote β cell survival in patients with recently diagnosed T1D by reducing 

thioredoxin-interacting protein (TXNIP), which normally promotes apoptosis in β cells427,428. 

Targeting of the vitamin D nuclear receptor appears to promote β cell survival by modulating its 
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response to inflammatory and metabolic signals429. Modulation of prostaglandin E2 receptor 

signaling with EP3 blockade and EP4 activation may also promote β cell survival430,431. Histone 

deacetylase 3 (HDAC3) inhibition protects from cytokine-induced β cell death perhaps by 

preventing transactivation in response to inflammatory signals432,433. The anti-inflammatory lipid 

family palmitic acid esters of hydroxy stearic acids (PAHSAs) also appear to reduce cytokine-

induced ER stress in mice and human islets ex vivo434. Finally, GLP-1R agonists, already used 

clinically to boost β cell function, have been proposed to also have a role in reducing β cell ER 

stress and promoting survival435,436. Translating these broad range of pathways to protect 

endogenous β cell mass to the clinic will be an exciting next avenue in the treatment of 

diabetes. 

 

Currently, there are two general approaches to stimulate endogenous β cell growth in effort to 

increase β cell mass: 1) harnessing the mechanisms, growth factors, hormones, and signals 

involved in normal, physiologic islet growth; and 2) identifying small molecules and/or 

compounds that induce proliferative pathways. Compared to mouse β cells, human β cells are 

less likely to proliferate, which remains a challenge in the field. Nonetheless, intracellular 

signaling through phosphoinositide-3-kinase (PI3K), the calcineurin/nuclear factor of activated T 

cells (NFAT), and the mechanistic target of rapamycin (mTOR) pathways have been implicated 

in inducing human islet cell proliferation437–442. While the machinery for cell cycle progression is 

largely conserved between humans and rodents, the majority of cyclins and cyclin-dependent 

kinases (CDKs) in human β cells are sequestered in the cytoplasm rather than the nucleus, 

possibly explaining the resistance to proliferative signals443–447. Studies performing high-

throughput small molecule screens have identified candidate molecules such as harmine and 5-

iodotubercidin that target the dual-specificity tyrosine-regulated kinase 1a (DYRK1A) to induce β 

cell proliferation448,449. Recently, inhibition of DYRK1A combined with either stimulation of the 

GLP-1R or with inhibition of TGFβ were shown to be additive in promoting human β cell 

proliferation450–452. This is significant because it allows for use of both agents at lower doses that 

limit off-target effects, since these pathways are not β cell-specific and in the case of DYKR1A, 

both over and underproduction have been linked to CNS effects453. Alternatively, cell-specific 

targeting and active compound delivery, as discussed below, will be essential. Further, new 

developments with intact human pancreatic slices will aid in our understanding of how these 

compounds control long-term endocrine regeneration with intact cytoarchitecture454. Finally, 

work remains to establish that newly formed β cells via targeting of these pathways are 

appropriately functional. 

 

Cellular reprogramming through induced differentiation (neogenesis) or transdifferentiation are 

exciting concepts to replenish β cell mass, though much work remains to establish this as a 

viable approach. While multipotent pancreatic progenitors have a clear role in development, 

there is not yet convincing evidence for a true pancreatic stem cell that could be targeted in the 

adult human islet or pancreas455. On the other hand, cellular plasticity of other terminally 

differentiated cell types has been demonstrated in several mouse models. Models of extreme β 

cell loss456,457 and numerous genetic approaches458–464 have led to increased β cell neogenesis 

or transdifferentiation of other cell types. While equivalent studies in human islet cells are quite 

limited, a recent study reported that human islet non-β (mainly α) cells can transdifferentiate into 
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insulin producing with exogenous expression of MAFA and PDX1465. There is a need for more 

work to characterize the phenotype of reprogrammed cells in order to understand how similar 

they are to native human β cells. 

 

Importantly, many of the pathways in pancreatic islet biology targeted to improve β cell function, 

protect β cells, and manipulate β cell growth are also present in in other cells, making it unlikely 

there is β cell-specific process that can be therapeutically targeted. While certain pathways or 

targets may be enriched in islet cells and thus inherently targeted, it is more likely that safe and 

effective therapeutic manipulation of desired pathways will require delivery of the therapeutic 

compound to islet cells using an engineered carrier (e.g., an aptamer, an antibody, or a virus). 

Another challenge for delivery is that the unique macro- and microanatomy of the islet may 

make targeting and cargo delivery to the β cell difficult. To meet these challenges, numerous 

groups are working to identify and validate cell surface markers that are specific to or enriched 

in the β cell, such as NTPDase3 and GLP-1R, or in the α cells, such as HPa3, or in all islet 

endocrine cells, such as HPi1466–468. In this way, aptamer- or antibody-based systems may allow 

cell- or islet-specific delivery of a therapeutic agent that would otherwise have broad effects469. 

Additional targeting approaches include the use of viruses, primarily adeno-associated viruses 

(AAVs), to achieve cell specificity, either through pseudotyping to achieve the desired tropism470 

or through the identification of cell-specific promoters to regulate gene expression of the viral 

cargo471–473. Finally, chimeric antigen receptor T cells (CAR T cells), T cells with genetically 

engineered artificial T cell receptors, are being used in cancer biology to target specific cell 

populations and may represent an attractive approach to islet targeting474,475. Overall, it is clear 

that approaches to provide β cell or islet specificity are critical in the development of islet- or β 

cell-directed therapeutics. 

 

Aims and Summary of Dissertation 

 

Pancreatic islets are central in the control of blood glucose and their dysfunction is a hallmark of 

diabetes. Our understanding of islet biology has grown exponentially; however, significant 

barriers to translation remain. Among these are the difficulty in obtaining and mechanistically 

studying primary human islets which have known differences between commonly used animal 

model systems. As such, the primary goal of the research included in this Dissertation is 

to advance our understanding of the molecular mechanisms of human islet function and 

dysfunction in diabetes. These new molecular insights will impact both the diagnosis and 

treatment of diabetes. 

 

We approached this through both the application of existing tools to new scientific questions and 

the development of new experimental tools and approaches to study primary human islets. 

Materials and methods for these studies are described in Chapter II. 

 

In Chapter III, we describe the application of an in vivo transplantation model to study the effect 

of therapeutics on human islets and how they may contribute to diabetes. We show that the 

immunosuppressive agents tacrolimus and sirolimus contribute to the pathogenesis of post-

transplantation diabetes mellitus after cell or solid organ transplantation by leading to β cell 
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dysfunction. We further show that these effects are reversible with withdrawal of the 

immunosuppressive agent and preventable with co-treatment with a GLP-1 receptor agonist, an 

existing clinically approved therapeutic in the treatment of type 2 diabetes. In another study, we 

investigate the effects of dapagliflozin, an SGLT2-inhibitor also used in the treatment of diabetes 

and conclude that effects on the islets by this therapeutic are indirect through changes in 

glucose. 

 

In Chapter IV, we describe the development of a system where human islets are dispersed into 

single cells and then reaggregated into pseudoislets. We describe how the resulting 

pseudoislets are similar to native islets in morphology, function, composition, and cellular 

identity. This system is advantageous by allowing for both the genetic and cellular manipulation 

of primary human islet cells while studying them in an aggregated context similar to native islets. 

We investigate human islet cell GPCR physiology through the use of designer receptors 

exclusively activated by designer drugs (DREADDs) as well as genetically-encoded calcium 

biosensors in pseudoislets to reveal cell type differences in GPCR signaling. We additionally 

use FACS to manipulate the cell composition of pseudoislets and targeted fluorescent viral 

delivery to monitor cell specific biosensor response as well as real-time pseudoislet formation. 

 

In Chapter V, we describe an integrative approach to robustly study the isolated islets and 

pancreas from 20 donors with short-duration T2D to reveal early, disease-driving mechanisms 

in T2D. Our approach assessed islet function both in in vitro and in vivo using transplantation, 

analyzed the islet transcriptome by bulk RNA-seq from whole islets, and from FACS-purified β 

cells and α cells, and explored pancreatic tissue via traditional and multiplexed imaging 

approaches for a deep understanding of the T2D islet microenvironment. Integration of these 

studies reveals that that human β cell dysfunction in short-duration type 2 diabetes is defined by 

RFX6-mediated transcriptional dysregulation and a disrupted islet microenvironment associated 

with amyloid deposition. Additionally, we used our integrative approach to investigate an 

atypical pathobiological finding of substantial insulin secretion in a donor with presumed T1D 

and describe how we integrated studies of islets, tissue, and genetics to investigate the donor 

and understand the etiology of their diabetes. This work expands the fields understanding of 

T1D heterogeneity and how different disease mechanisms can manifest as a common clinical 

phenotype. 

 

In Chapter VI, we describe studies using multiple approaches to investigate the role of islet-

enriched transcription factors in α and β cell identity and function. Changes in transcription 

factor expression and cell type specificity have been described in numerous important 

processes including the pathogenesis of diabetes and islet cell development. To define the 

consequences for these states, we utilized single cell RNA-seq to understand heterogeneity 

within α and β cell states based on combinatorial transcription factor expression and link these 

states to changes in genes involved in hormone secretion as well as changes in 

electrophysiological parameters for β cells. In addition, we investigate the role of the 

transcription factor RFX6 by using shRNA knock down in human pseudoislets. Together these 

studies reveal important cell-type specific roles for transcription factor expression and how these 

govern islet function and cellular states. 
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In sum, the studies in this Dissertation provide new insight into the development and 

progression of several types of human diabetes and highlight numerous cell-type specific 

molecular responses important for understanding how human islet cells sense and respond to 

signals and nutrients. The significance of these findings, as well as proposed future directions, 

is discussed in Chapter VII. 
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Figure 1. The pancreatic endocrine islet is a mini-organ that coordinates glucose 

homeostasis.  

The pancreas, which is broadly divided into head, body, and tail regions, lies behind the 

stomach in back of the abdominal cavity, with the head positioned in the curve of the duodenum 

and the tail extending towards the spleen. Most of the pancreatic mass is exocrine tissue, 

encompassing clusters of digestive enzyme-secreting cells arranged in acini that feed into a 

branched ductal system joining the common bile duct for secretion into the small intestine. Note 

that variations in cystic duct anatomy exist but the most common anatomy is shown here. Blood 

flow from the pancreas feeds into the portal vein and flows directly to the liver. Endocrine islets 

are dispersed throughout the gland; they are composed of α, β, δ, γ, and ε cells and also 

contain capillaries, nerve fibers, and resident immune cells (shown here: macrophages). Text 

labels refer to examples of anatomic and cellular features; both pancreatic duct and capillary in 

inset are schematized to show lumen but are lined by ductal epithelium and vascular 

endothelium, respectively. Figure adapted from Walker, Saunders, et al., 20211. 
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Figure 2. The pancreatic islet is central to glucose homeostasis.  

Glucose homeostasis is regulated by coordinated effort between multiple organ systems in the 

body with the islet playing a central role. Insulin from β cells acts on the muscle/fat and liver to 

cause glucose uptake while glucagon from α cells acts on the liver to promote glucose 

production. 
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Figure 3. Models utilized to study the human pancreatic islet.  

Using a cadaveric donor organ, islets can be isolated from surrounding exocrine tissue or can 

be dispersed further into single cells. Additionally, pancreatic sections can be fixed and/or 

frozen for histological analysis or processed into “slices” to perform experiments ex vivo. As an 

alternative to primary tissue, β-like cells can be generated from embryonic stem cells (ESCs), 

induced pluripotent stem cells (iPSCs), or other cell types, and immortalized β cell lines are also 

available. Cells from multiple sources can be (re)combined to form pseudoislets, and native 

islets or pseudoislets may also be transplanted into immune-deficient mice for in vivo 

physiological analysis. See Table 1 for detailed information about these model systems. Figure 

adapted from Walker, Saunders, et al., 20211. 
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Figure 4. Islet composition and morphology varies between human and mouse.  

(A) Mouse and (B) human islets labeled for insulin (green), glucagon (red), and somatostatin 

(blue). Endocrine composition of (C) mouse islets, n=28, and (D) human islets, n=32, 

determined by analysis of optical sections taken throughout entire islets. Human islet 

composition differed significantly (p<0.0001) across all endocrine cell populations examined. 

Horizontal bar represents the mean of each cell population. Figure adapted from Brissova et al., 

200522.  
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Figure 5. Human islets are less vascularized than mouse islets.  

Islet vasculature visualized by endothelium-binding lectin-FITC (A, mouse) or endothelial cell 

marker CD34 (B, human). Brackets in A and B denote an islet (i). C) Area of individual islets 

was similar in the mouse (n=6) and human (n=8). p=0.97. (D) Human islets (n=8) had a lower 

capillary density as compared with that of the mouse (n=6). ****p<0.0001. Scale, 100 μm. Figure 

adapted from Brissova et al., 201523. 
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Figure 6. Insulin biosynthesis and secretion.  

Insulin maturation along the granule secretory pathway. Preproinsulin mRNA is transcribed from 

the INS gene and translated to preproinsulin peptide. As this transits through the rough ER and 

trans-Golgi network, the prepropeptide is processed to its mature form and ultimately stored as 

hexameric insulin/Zn2+ crystals within mature secretory granules. Figure adapted from Tokarz et 

al., 201894. 
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Figure 7. Cell-specific posttranslational processing of proglucagon.  

Proglucagon is synthesized as a polypeptide that is cleaved into different fragments. In the 

intestinal L cell, PC1/3 is preferentially expressed, leading to GLP-1 and other products. In the 

pancreatic α cell, PC2 is preferentially expressed leading to glucagon and other products. 

GRPP: glicentin-related polypeptide; IP: intervening peptide; MPGF: major proglucagon 

fragment. Figure adapted from Fava et al., 2016476. 
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Figure 8. Intracellular mechanisms controlling insulin and glucagon secretion from β and 

α cells.  

Perifusion traces depict endocrine cell function and associated schematics of insulin secretion 

from β cells (A–B) and glucagon secretion from α cells (C–D). Exposure to high glucose (pink), 

a cAMP-potentiator (IBMX; purple), low glucose and epinephrine (teal), and direct depolarization 

(KCl; orange) represent the standardized protocol used by the Human Pancreas Phenotyping 

Program (HIPP) to evaluate human islet preparations distributed through IIDP and the Alberta 

IsletCore; traces shown are from 7 non-diabetic donors, ages 17-49 years, analyzed through 

HPAP (hpap.pmacs.upenn.edu). Schematics of the β cell (B) and α cell (D) highlight major 

signaling pathways controlling hormone secretion; in the α cell these pathways are less well 

https://hpap.pmacs.upenn.edu/
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defined and so the pathways shown are presumptive. Key components within the cell are color 

coordinated with the corresponding perifusion stimuli to conceptualize how the intracellular 

pathways result in the secretion dynamics shown in (A) and (C). Figure adapted from Walker, 

Saunders, et al., 20211.  
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Figure 9. The human islet microenvironment contains a diversity of cells that are 

intricately connected.  

Schematic depiction of endocrine cells (β, dark green; α, blue; δ, purple), islet vasculature (red), 

neuronal processes (yellow), macrophages (pink), and pericytes (pale green). Ligands are 

colored according to the predominant cell type(s) that produces them or to show they are 

primarily delivered to the islet via the systemic blood flow; in addition to acting as ligands, some 

nutrients can also be metabolized (glucose, ΑA, FFA). Lines depict local action on islet cells 

through major receptor categories. Key signaling molecules and receptors are shown; see text 

for discussion of several of these ligands and their effects on α and β cells. the complex nature 

of signaling within the islet microenvironment is emphasized but the reader should note that 

many pathways are necessarily excluded in this depiction due to space constraints. Figure 

adapted from Walker, Saunders, et al., 20211. 
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Figure 10. Diabetes-related changes to islet structure and function.  

Schematics showing development of type 1 (A) and type 2 (B) diabetes. In the T1D model, a 

yet-to-be-defined “triggering event” or multiple events are thought to initiate an autoimmune 

process, development of islet autoantibodies, and progressive loss of β cell mass. While this 

schematic depicts an islet containing only α and δ cells, the degree of β cell loss varies in 

individuals and with disease progression and some β cells can still be detected in the pancreas 

of individuals with T1D.  In the T2D model, progressively insufficient insulin secretion to meet 

(potentially elevated) insulin demand may be characterized by glucose and lipid toxicity and/or 

inflammation. In some cases, islet capillaries increase in size, macrophages infiltrate the islet, 

and/or amyloid deposits disrupt islet architecture. While curves showing changes in β cell mass 

are smooth, it is likely that the loss of functional β cell mass may stop and restart. Figure 

adapted from Walker, Saunders, et al., 20211. 
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Figure 11. Clinical strategies to restore functional β cell mass.  

Exogenous β cell replacement approaches (left panel) include transplantation of cadaveric islet 

(human or xenograft) or of stem cell-derived β-like cells. Endogenous approaches (right panel) 

can be categorized into those that 1) protect β cells from immune or metabolic stress, 2) 

increase β cell mass through proliferation, neogenesis, or transdifferentiation, and 3) improve β 

cell function. Modulation of these strategies may require use of β cell or islet-targeting 

approaches such as antibodies, aptamers or adeno-associated viruses. Figure adapted from 

Walker, Saunders, et al., 20211. 
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Table 1. Model systems for studying human islets 

Model Description Applications & Advantages Limitations 
Key 
References 

Histological 
sections 

Pancreas 
processed and 
sections 
mounted onto 
slides for 
imaging 

• Reflective of endogenous 
pancreas 

• Can be processed in multiple 
ways for several techniques 

• Static snapshots 

• No ability to manipulate tissue 

• Study of a small pancreas 
region 

Used by many 
laboratories 

Pancreas 
slices 

Small intact 
sections of 
living pancreatic 
tissue with 
exocrine and 
endocrine 
structure 
preserved 

• Preserves microenvironment 
architecture 

• Avoids islet isolation process 

• Allows for study of interaction 
between endocrine and 
exocrine compartments 

• Islet/pancreas blood flow and 
innervation are not maintained 

• Material is limited 

• Culture duration is limited 

339,454,477,478 

Isolated islets 
in vitro 

Endocrine 
pancreas 
(islets) 
enzymatically 
and physically 
separated from 
exocrine 
pancreas for 
study 

• Enriches for endocrine 
compartment of pancreas 

• Islet structure relatively intact 

• Can be processed in multiple 
ways for several techniques 

 

• Heterogeneity of human islets 
(variable islet size in single 
preparation and variable purity 
between preparations) 

• Islet vascularization and 
innervation are not maintained 

• Limited supply; unpredictable 
availability 

• Culture duration is limited 

479,480 
 
Review: 
481 

In vivo 
transplantation 
(mice) 

Human islets 
engrafted into 
immunodeficien
t mice 

• Islets can be studied in a 
dynamic in vivo environment 

• Permits longer-term studies 

• Anterior chamber of the eye 
(ACE) site allows for in vivo 
imaging of graft 

• Hormones from endogenous 
mouse islet cells may affect 
studies 

• Glycemic set point of mouse is 
different than that of humans 

482,483 

ACE: 

484–486  

 

Reviews: 

487,488 

Pseudoislets Three-
dimensional 
organoids that 
combine islet 
cell populations 
to generate 
structures 
resembling 
native islets 

• Allows for efficient genetic 
manipulation and even 
distribution of molecules 
(e.g., virus) to all cells 

• Composition (proportions of 
cell types within islet) can be 
manipulated prior to 
reaggregation 

• Uniformity of resulting 
pseudoislets (composition 
and size) 

• Potential effects of initially 
breaking cell-cell connections 

• Not clear how closely 
pseudoislets resemble primary 
islets 

• Variability between 
pseudoislet formation 
techniques/protocols 

• See also: limitations for 
isolated islets 

465,489–494  

 

Review: 

495 

Stem cell-
derived 
insulin-
producing 
cells and other 
islet cells 

In vitro 
differentiation of 
undifferentiated 
embryonic SCs 
(ESCs) or 
induced 
pluripotent SCs 
(iPSCs) into β-
like or other 
islet cells 

• Controlled source of cells for 
study 

• Allows for development 
related questions 

• iPSCs can be individualized 

• Not clear how closely SC-
derived islet cells resemble 
primary islet cells 

• Heterogeneity between 
protocols, reagents, and cells 
produced 

• ESC source  iPSC 

 

β cells: 
398,399,401,40
5,407,496; α 
cells: 408 
 

Applications:  
110,372,497 

Reviews: 

498–503 

Immortalized 
cell lines 

e.g., EndoC; 
immortalized 
human β cell 
line derived 
from fetal 
pancreatic 
tissue 

• Amenable to manipulation 
(gene knockdown, chemical 
treatment, CRISPR, etc.) 

• Single cell line reduces 
heterogeneity between 
experiments 

• Some versions allow for cell 
growth to be arrested 

• Not clear how closely cell lines 
resemble primary islet cells 

• Difficult to propagate/culture 

504–506 

Table adapted from Walker, Saunders, et al., 20211. 



 35 

Table 2. Structural and functional changes to pancreatic islets in disease 
Diabetes 
Type 

Islet/Pancreas Structure Islet Function Underlying Genetics 
Key 
References 

T1D • Drastic loss of β cell 
mass 

• Disordered islet cell 
organization 

• Immune cell infiltration 

• Abnormal extracellular 
matrix 

• Smaller pancreas with 
reduced acinar cell 
number 

• Significant loss of insulin 
secretion 

• Possible β cell dysfunction 
during disease 
development 

• Evidence of nearly normal 
insulin secretion by 
residual β cells 

• Evidence of α cell 
dysfunction; impaired 
response to hypoglycemia 

• Polygenic; some known 
heritability 

• Very strong HLA loci 
association 

• Other SNPs identified by 
GWAS are largely related 
to immune system 

40,76,80,312,313
,507,508 
 
Reviews: 
299,509–511 

T2D • Islets appear relatively 
normal early in disease  

• β cell mass variable 
depending on disease 
duration 

• Thickened islet capillaries 
and increased vessel 
density 

• Amyloid deposits in 
many, but not all, donors 

• Macrophage infiltration 

• Reduced insulin secretion, 
particularly relative to 
demand (insulin 
resistance) 

• Evidence of α cell 
dysfunction; failure of 
glucagon suppression with 
meal 

• Polygenic; some known 
heritability 

• SNPs identified by 
GWAS are largely related 
to islet cells 

• Many SNPs related to 
non-coding enhancer 
regions 

49,327,331,333,3
38–
340,349,350,512
–516 
 
Reviews: 
71,321,417,510,5
17–519 

GDM • Largely unknown  

• Potential defect in 
compensatory β cell 
expansion 

 

• Insufficient insulin 
secretion 

 

• Polygenic; large overlap 
with T2D 

• Majority of loci related to 
β cell function 

• GDM-specific: HKDC1, 
BACE2 

364,520 
 
Reviews: 
363,366,521 

MODY • Variable depending on 
exact mutation; see text 

• Case reports have 
described phenotypes 
including decreased β cell 
mass, impaired 
pancreatic 
morphogenesis, 
pancreatic hypoplasia 

• Variable depending on 
exact mutation; see text 

• Case reports have 
described progressive β 
cell dysfunction due to 
insulin secretory defects 
and/or glucose sensing 
defects 

• Monogenic 

• Mutations to HNF4α, 
GCK, HNF1α, PDX1, 
HNF1β, NEUROD1 
constitute MODY 1-6, 
respectively 

• Other mutations 
identified, including those 
in KLF11, CEL, PAX4, 
INS, BLK, ABCC8, 
KCNJ11 

373,522–531 
 
Reviews: 
368,532,533 

Neonatal 
diabetes 

• Variable depending on 
exact mutation; see text 

• Case reports have 
described phenotypes 
including pancreatic 
agenesis, pancreatic 
hypoplasia and CHGA+, 
hormone– cells  

• Variable depending on 
exact mutation; see text 

 

• Monogenic; most 
commonly caused by 
mutations to KCNJ11 or 
ABCC8 

• Other genes implicated 
include FOXP3, GATA4, 
GATA6, GCK, HNF1β, 
INS, NEUROG3, PAX6, 
PDX1, PTF1A, RFX6 

128,129,377,378,
534–538 
 
Reviews: 
374–376,539 

PHHI • Diffuse: disorganized 
islets; abnormal β cells in 
all portions of pancreas; 
evidence of β and δ cell 
transcriptional 
abnormalities 

• Focal: abnormal β cell 
lesions; increased β cell 
proliferation 

• Insulin hypersecretion 
resulting in severe 
hypoglycemia, caused by 
absent or dysfunctional 
KATP channel 

• Tumor development due to 
imbalance between 
imprinted genes mapped to 
11p15 (focal only) 

• Diffuse: mutation in 
ABCC8 or KCNJ11 

• Focal: paternally inherited 
ABCC8 or KCNJ11 
mutation and region-
specific loss of maternal 
11p15 alleles 

380,540–545 
 
Reviews: 
379,381,542,546,
547 
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CFRD • Increased immune cell 
infiltration of exocrine 
pancreas 

• Extensive fibrosis and fat 
infiltration (exocrine and 
peri-islet area) 

• Islet loss/dysmorphia 

• In vivo insulin insufficiency 
likely due to islet loss 

• Remaining islets have 
similar function to normal 
islets in vitro 

• Monogenic 

• Mutations to CFTR gene 
disrupt protein synthesis 
(Class I/VI), processing 
(Class II), or function 
(Class III/IV) 

384,548,549 
 
Reviews: 
383,550–552 

Post-
transplan
tation 
diabetes 

• Largely unknown 

• Possible β cell 
morphologic changes  

• Impaired insulin granule 
formation 

• Impaired insulin secretion, 
particularly related to 
certain 
immunosuppressive 
agents 

• Polygenic; large overlap 
with T2D 

387–389,553–
556 
 
Reviews: 
385,386,557 

CFRD, cystic fibrosis-related diabetes; GDM, gestational diabetes; GWAS, genome-wide association study; MODY, 
mature-onset diabetes of the young (monogenic diabetes); PHHI, persistent hyperinsulinemic hypoglycemia of infancy; 
SNP, single nucleotide polymorphism; T1D, type 1 diabetes; T2D, type 2 diabetes.  

Table adapted from Walker, Saunders, et al., 20211. 
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CHAPTER II: 

MATERIALS AND METHODS 

 

Some methods in this chapter have been adapted from Dai, Walker et al. 2020558, Dai, Walker 

et al. 2020559, Walker, Haliyur et al. 2020560, Shrestha, Saunders, Walker et al.561, Haliyur, 

Walker, et al. (manuscript in preparation), and Walker, Saunders, Rai et al. (manuscript in 

preparation). 

 

Experimental Model and Subject Details 

 

Animals 

Immunodeficient 10-12-week old NOD-scid-IL2rγnull (NSG) male mice were used for human islet 

transplantation studies. Animals were maintained by Vanderbilt Division of Animal Care in 

group-housing in sterile containers within a pathogen-free barrier facility housed with a 12hr 

light/12hr dark cycle and access to free water and standard rodent chow. All animal procedures 

were approved from by the Vanderbilt Institutional Animal Care and Use Committees. 

 

Primary cell cultures 

Primary human islets were cultured in CMRL 1066 media (5.5 mM glucose, 10% FBS, 1% 

Pen/Strep, 2 mM L-glutamine) in 5% CO2 at 37°C for 0-24 hours prior to reported studies. 

 

Human specimens 

Pancreata and islets from normal donors and donors clinically diagnosed with T1D or T2D were 

obtained through a partnership with the International Institute for Advancement of Medicine 

(IIAM), National Disease Research Interchange (NDRI), Integrated Islet Distribution Program 

(IIDP), Alberta Diabetes Institute (ADI), Human Pancreas Analysis Program (HPAP) and 

Network for Pancreatic Organ Donors with Diabetes (nPOD). In diseased pancreatic organs as 

well as a subset of non-diabetic donors, pancreata from the same donor was processed for both 

islet isolation and tissue for histology (described below). These donors were all screened for 

criteria reflective of a representative pancreas including limited ICU/hospital stay, absence of 

pancreatitis, and no history of congestive heart failure or end stage renal disease. A number of 

non-diabetic human islets were also obtained through IIDP or ADI. Donor information for islet 

studies in this Dissertation are shown in Table 3. Donor information for pancreatic tissue studies 

in this Dissertation are shown in Table 4. Human kidney sample was provided by Dr. Agnes 

Fogo, Vanderbilt University Medical Center. The Vanderbilt University Institutional Review 

Board declared studies on de-identified human pancreatic specimens does not qualify as 

human subject research. 

 

Methods 

 

Human pancreatic islet procurement 

Pancreas processing and islet isolation were performed by Rita Bottino at Allegheny Health 

System or Imagine Pharma. Pancreata from normal, T1D-diagnosed, and T2D-diagnosed 

donors were received within 18 hours from cross clamp and maintained in cold preservation 
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solution on ice until processing. Pancreas was then cleaned from connective tissue and fat, 

measured and weighed. Prior to islet isolation, multiple cross-sectional slices of pancreas with 

2-3 mm thickness were obtained from the head, body and distal tail. Pancreatic slices were 

further divided into four quadrants and then either snap frozen or processed for cryosections.  

 

Tissue specimens processed for cryosections were fixed in 0.1 M phosphate buffered saline 

(PBS) containing 4% paraformaldehyde (Electron Microscopy Sciences) for 3 hours on ice with 

mild agitation, washed in four changes of 0.1 M PBS over 2 hours, equilibrated in 30% 

sucrose/0.01 M PBS overnight and embedded in Tissue-Plus O.C.T. compound (Fisher 

Scientific).  

 

For islet isolation, depending on the size of pancreatic duct, 18G or 22G catheters were inserted 

into the main pancreatic duct (one catheter towards head and the other one towards tail). 

Accessory duct and main pancreatic duct were clamped at the points where sections were 

collected to prevent leakage of collagenase solution during infusion. Collagenase solution 

consisting of collagenase NB1, (1600 U/isolation, Crescent Chemical), neutral protease NB1 

(200U/isolation, Crescent Chemical), and DNase I (12000U/isolation, Worthington Biochemical 

Corporation) was pre-warmed to 28ºC and delivered intraductally using a Rajotte’s perfusion 

system and then maintained at 37ºC for approximately 20min. The inflated tissue was then 

transferred to a Ricordi’s chamber apparatus for combined mechanical and enzymatic digestion, 

which was maintained at 36ºC 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% 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, the islet-enriched fraction contained 90,000 islet equivalents (IEQs), typically with a 

purer fraction (>50%) and a less pure fraction (>30%). Islets were cultured for 12 – 24 hours 

and then shipped from Pittsburgh to Vanderbilt University and/or other collaborators including 

the University of Massachusetts for further analysis following shipping protocols developed by 

IIDP. 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% CO2 at 37°C for 0-24 hours 

prior to reported studies.   

 

Traditional Immunohistochemical Analysis 

Immunofluorescence of pancreas was performed on 5-m cryosections from multiple blocks 

from head, body and tail regions. Kidneys bearing islet transplants were collected and then 5-μm 

cryosections of each graft were labeled for immunofluorescence. Immunolabeling of 

pseudoislets were performed on islet whole mounts and/or with islets embedded in collagen IV 

gels sectioned at 8-m and was performed as previously described562.  
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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. 

 

Primary antibodies to all antigens and their concentrations are listed in Table 5 and were 

visualized using the appropriate secondary antibodies listed in Table 6. Apoptosis was 

assessed by TUNEL stain (Millipore, S1675). Amyloid was visualized using a 2-minute 

incubation in Thioflavin S (0.5% w/v; #T-1892, Sigma, St. Louis, MO) followed by a brief wash in 

70% ethanol. Digital images were acquired with a Zeiss LSM880 (Carl Zeiss), or FV3000 

(Olympus) laser scanning confocal microscope, a Leica DMI6000B fluorescence microscope 

equipped with a Leica DFC360FX digital camera (Leica), a BX41 fluorescence 

microscope(Olympus), or Fluorescent ScanScope (Aperio).  

 

Quantification of cytoplasmic or nuclear expression of markers was quantified using HALO 

software (Indica Labs) with a cytonuclear algorithm (HighPlex FL v3.2.1 or Cytonuclear v3) or 

my manual counting through MetaMorph 7.1 imaging software (Molecular Devices). 

Quantification of area or density measurements was performed using HALO with a classifier 

algorithm or with thresholding using MetaMorph 7.1. Endocrine cell mass was quantified by 

using the ratio of hormone positive cells as identified by cytonuclear algorithm within the entire 

pancreatic section from multiple blocks representing the head, body, and tail region.  

 

CODEX Multiplexed Imaging 

CODEX imaging and analysis was performed in collaboration with Diane Saunders in the 

Powers & Brissova group. Antibodies were purchased preconjugated from Akoya Biosciences 

or purchased from other vendors and conjugated using the CODEX Conjugation Kit (Akoya 

Biosciences) or through Leinco Technologies, Inc. (St. Louis, MO, USA). See Table 7 for a 

complete list of CODEX antibodies and sources. 10-μm lightly fixed pancreas sections (4% PFA 

as described previously563) were mounted onto 22x22 mm glass coverslips (Electron 

Microscopy Sciences) coated in 0.1% Poly-L-lysine (Sigma). Coverslips were handled with bent-

tip tweezers (Fine Science Tools) and stained with the CODEX Staining Kit (Akoya Biosciences) 

in uncoated 6-well tissue culture plates (VWR) per manufacturer instructions. Fluorescent 

oligonucleotide-conjugated reporters were combined with Nuclear Stain and CODEX Assay 

Reagent (Akoya Biosciences) in light-protected 96-well plates sealed with foil (Akoya 

Biosciences) according to 27-plex, 11 cycle experimental plan. Automated image acquisition 
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and fluidics exchange were performed using the Akoya CODEX® instrument and CODEX® 

Instrument Manager (CIM) v1.29 driver software (Akoya Biosciences) integrated with a BZ-X800 

epifluorescent microscope (Keyence). Tissue was hydrated in 1X CODEX buffer (10X CODEX 

Buffer diluted in Milli-Q water) and hybridization/stripping of the fluorescent oligonucleotides was 

performed using dimethyl sulfoxide (Sigma). After loading of coverslip into stage insert, tissue 

was visualized with Nuclear Stain diluted 1:1000 in PBS and imaging area was set using BZ-

X800 viewing software (Keyence), specifying the center point and tile number. All images were 

acquired using a CFI plan Apo I 20x/0.75 objective (Nikon) with 30% tile overlap and 5 z-planes 

(1.5 μm/z).  

 

Following image acquisition, a “WashTissue” cycle was performed via CIM driver and coverslip 

was removed from stage insert. To visualize amyloid, a modified Thioflavin S staining protocol 

(described above) was performed via incubations of coverslip in 6-well plates. Coverslips were 

then washed once in 1X CODEX Buffer and reloaded into microscope stage insert in same 

orientation as previously imaged. Nuclear stain was applied as described previously, exposure 

time was set at 10-20ms for Cy2/A488 channel, and image acquisition was performed using the 

“AddCycle” function of the CIM driver. 

 

We captured a total of 16 regions from 6 ND and 10 T2D donors (average 50 mm2 

tissue/donor). Image alignment, stitching, background subtraction, and deconvolution were 

performed using the CODEX® Processor v1.7.0.6 (Akoya Biosciences; see 

https://help.codex.bio/codex/processor/technical-notes for details). Individual channel images 

(TIFF files) were imported into HALO® software v3.1 (Indica Labs) for all analyses as described 

below. 

 

Groups of 6-8 channels were combined using the “Fuse Channels” function in HALO and 

nuclear and amyloid stains from the appended cycle were registered with other channels using 

the “Image Registration” function. Tissue and islet areas were annotated by hand to exclude 

regions that were out of focus or had poor stain quality. Islets (estimated diameter ≥50 μm) were 

annotated based on DAPI, CHGA, and ThioS channels. Cell segmentation and cell type 

annotations were performed using the HALO HighPlex FL v3.2.1 module with consistent 

cytonuclear parameters (nuclear contrast threshold 0.456, maximum cytoplasm radius 0.48). 

Due to marker intensity variability among donor samples, thresholds were manually set for each 

marker and donor. Unless otherwise noted, cells were counted positive for a given marker if 

minimum intensity was reached in 50% of cytoplasm area (see Figure 46A for complete list of 

markers, abbreviations, and cell types). For cells with more variable morphology, positivity was 

also counted for nuclear area (30%: ARG1, CD11c, CD14, CD163, CD206, CD31, CD34, CD45, 

HLA-DR, IBA1, KRT, MCAM), Proliferating cells were counted only if minimum 60% of nuclear 

area met Ki67 intensity threshold. Extracellular matrix (COL-IV) and amyloid deposits (ThioS) 

were measured by random forest classification algorithm (HALO Tissue Classifier module) and 

expressed as positive area as percentage of total islet area. For spatial analyses, ThioS or 

CD31 area classifications were converted to an annotation layer. A nearest neighbor algorithm 

(HALO Spatial Analysis module) was applied to obtain average distance of endocrine cells to 

islet capillaries (CD31+ region). Infiltration analysis was used to calculate proximity of various 

https://help.codex.bio/codex/processor/technical-notes
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cell types to amyloid, with ThioS annotation set as the interface layer. Infiltration was first 

performed for all cells within a 50 μm radius (5 10-μm zones), then for cells of a given 

phenotype to ultimately express prevalence as % total cells in each zone. 

 

Fluorescence-Activated Cell Sorting (FACS) of human α and β cells 

Human α and β cells sorting was performed in collaboration with the Vanderbilt Flow Cytometry 

Core (D. Flaherty and K. Weller). Human islets were dispersed using a modified protocol as 

described previously564.  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 α- and β-cells99,220,565.  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 III 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 Figure 44A. 

 

Measurement of islet endocrine cell populations by flow cytometry 

Intracellular flow cytometry was performed by David Harlan and colleagues at the University of 

Massachusetts Medical School. Islet dissociation and intracellular antibody staining used a 

previously described protocol566. Anti-insulin (Gallus Immunotech), anti-chicken 

allophycocyanin, (Jackson ImmunoResearch), anti-glucagon (Sigma-Aldrich) conjugated with 

Zenon Pacific Blue (Invitrogen), and anti-somatostatin (LSBio) conjugated with Zenon Alexa 

Fluor 488 (Invitrogen) were used to stain β, α, and δ cells, respectively (Table 8). Dissociated 

islet cell preparations were analyzed using a BD Biosciences FACS Aria II Cell Sorter 

(University of Massachusetts Medical School Flow Core Laboratory). Cellular debris was 

eliminated from islet preparations using a forward scatter versus side scatter size gate.  

 

Isolation of islet T cells  

Islet T cell isolation was performed by Sally Kent and colleagues at the University of 

Massachusetts Medical School. One hundred hand-picked whole islets were dissociated and 

immediately stained with viability dye and T cell markers, which were used to detect T cell 

populations by flow cytometry as previously described567. The gate was set for single cells, 

viable cells, and CD45+ cells. All CD45+ cells were interrogated for either CD3+ T cells and 

CD19+ B cells. The CD3+ T cells were further evaluated for CD4+ and CD8+ cell 

subpopulations. The gating protocol is summarized in Figure 52. All primary antibodies are 

listed in Table 8.  

 

RNA isolation, cDNA synthesis for quantitative RT-PCR 

Total RNA was extracted from human islet grafts or pseudoislets using an RNAqueous RNA 

isolation kit (Ambion, Austin, TX). RNA quality control and quantity assessment (QC/QA) was 
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performed using Bioanalyzer instrument in the Vanderbilt Function Genomics Shared Resource 

(FGSR) core lab. cDNA was synthesized using High Capacity cDNA Reverse Transcription Kit 

(Applied Biosystems, 4368814) according to the manufacturer’s instructions. Quantitative PCR 

(qPCR) was performed using TaqMan assays and reagents from Applied Biosystems (Foster 

City, CA) as described previously 24,568,569. Primers used are listed in Table 9. SYPL1, SV2A, 

and CHDA were used for control genes in the immunosuppressive drug study. 18S and ACTB 

were used in parallel for control genes in the Dapagliflozin (DAPA) study. ACTB was used in the 

pseudoislet study. Relative changes in mRNA expression calculated by the comparative Ct 

method using Applied Biosystems Stepone Plus System. 

 

Assessment of pancreatic islet function in vitro by macroperifusion 

Islet perifusions were performed either by Powers and Brissova research group or Vanderbilt’s 

Islet Procurement and Analysis core. Function of islets from diseased donors and normal 

controls (Table 3) were studied in a dynamic cell perifusion system at a perifusate flow rate of 1 

mL/min570. The effluent was collected at 3-minute intervals using an automatic fraction collector. 

Insulin and glucagon concentrations in each perifusion fraction were measured by hormone 

assays below. Area under the curve (AUC) above baseline hormone release was calculated 

with the trapezoidal method in GraphPad Prism 8.0. Islets were then lysed with acid-ethanol 

solution to extract the total hormone content. Insulin and glucagon from supernatants and islet 

extracts were quantified using the aforementioned assays.  

 

Assessment of pseudoislet function in vitro by static incubation 

DAPA experiments. Human islets were cultured overnight in CMRL media at 37°C 5% CO2. 

The next day 15 size matched islets were pre-cultured for 1 hour with or without 500 nM DAPA 

in 5.6 mM glucose containing DMEM media with 0.1% BSA. Islets were then cultured for 1 

additional hour in DMEM media with 0.1% BSA and the 3.3 mM or 16.7 mM glucose with or 

without 500 nM DAPA and media and islets were collected for analyses. 

Pseudoislets. Pseudoislets (10-20 IEQs/well) were placed in 2 mL of DMEM (media, 2mM 

glucose) of a 12-well plate (351143, Corning) and allowed to equilibrate for 30 minutes and then 

were transferred to media containing the stimuli of interest for 40 minutes. Media from this 

incubation was assessed for insulin and glucagon by assays below. 

 

Microperifusion platform 

The microperifusion platform (Figures 37 and 38) is based on a previously published 

microfluidic device with modifications571. Design modifications were incorporated using 

SolidWorks 2018 3D computer-aided design (CAD) software. Microfluidic devices were 

machined, according to the CAD models, using a computer numerical controlled milling machine 

(MDX-540, Roland) from poly(methyl methacrylate) workpieces. To reduce the optical working 

distance, through-holes were milled into the culture wells and a #1.5 glass coverslip was 

bonded to the bottom component of the microfluidic device using a silicone adhesive (7615A21, 

McMaster-Carr). Custom gaskets were fabricated using a two-part silicone epoxy (Duraseal 

1533, Cotronics Corp) and bonded into the top component of the device using a specialized 

polyester adhesive (PS-1340, Polymer Science). The two components of the microfluidic device 

are assembled in a commercially available device holder (Fluidic Connect PRO with 4515 
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Inserts, Micronit Microfluidics), which creates a sealed system and introduces fluidic 

connections to a peristaltic pump (Instech, P720) though 0.01” FEP tubing (IDEX, 1527L) and a 

low volume bubble trap (Omnifit, 006BT) placed in the fluid line just before the device inlet to 

prevent bubbles from entering the system (see Figure 38B for microperifusion assembly).  

 

Fluid dynamics and mass transport modeling 

Mathematical modeling of perifusion systems was performed by Ashu Agarwal and Matthew 

Ishahak at the University of Miami. Two-dimensional (2D) finite element method (FEM) models, 

which incorporate fluid dynamics, mass transport, and islet physiology, were developed for the 

macroperifusion and microperifusion platforms and implemented in COMSOL Multiphysics 

Modeling Software (Release Version 5.0). Fluid dynamics were governed by the Navier-Stokes 

equation for incompressible Newtonian fluid flow. Convective and diffusive transport of oxygen, 

glucose, and insulin were governed by the generic equation for transport of a diluted species in 

the chemical species transport module. Islet physiology was based on Hill (generalized 

Michaelis-Menten) kinetics using local concentrations of glucose and oxygen, as previously 

described572,573. The geometry of the macroperifusion platform was modeled as the 2D cross-

section of a cylindrical tube with fluid flowing from bottom to top (Figure 38D). The geometry of 

the microperifusion platform was modeled as a 2D cross-section of the microfluidic device with 

fluid flow from left to right (Figure 38E). In both the macroperifusion and microperifusion 

models, 5 islets with a diameter of 150 µm (5 IEQs) were placed in the flow path. FEM models 

were solved as a time-dependent problem, allowing for intermediate time-steps that 

corresponding with fraction collection time during macro and microperifusion. A list of the 

parameters used in the computational models is provided (Table 10). 

 

Assessment of pseudoislets by microperifusion 

The microperifusion apparatus was contained in a temperature-controlled incubator (37°C) fitted 

to a Zeiss LSM 880 (Zeiss Microscopy Ltd, Jena, Germany) or Olympus FV3000 (Olympus 

Corporation, Tokyo, Japan) laser-scanning confocal microscope (Figure 38B). Pseudoislets 

(approximately 25 IEQs/chamber) were loaded in a pre-wetted well, imaged with a 

stereomicroscope to determine loaded IEQ, and perifused at 100 L/min flow rate with Krebs-

Ringer buffer containing 125 mM NaCl, 5.9 mM KCl, 2.56 mM CaCl2, 1 mM MgCl2, 25 mM 

HEPES, 0.1% BSA, pH 7.4 at 37°C. Perifusion fractions were collected at 2-minute intervals 

following a 20-minute equilibration period in 2 mM glucose using a fraction collector (Bio-Rad, 

Model 2110) and analyzed for insulin and glucagon concentration assays below.  

 

Hormone assays 

Insulin, glucagon, and somatostatin were measured by radioimmunoassay (RIA) (human insulin, 

RI-13K, Millipore; glucagon, GL-32K, Millipore; somatostatin: RK-060-03, Phoenix 

Pharmaceuticals), enzyme-linked immunosorbent assay (ELISA) (Human insulin, 10-1132-01, 

Mercodia or 80-ISNHU-E01.1, Alpco; mouse insulin, glucagon, 80-INSMSU-E01, Alpco; 10-

1281-01, Mercodia), or Homogeneous Time Resolved Fluorescence (HTRF) assay (glucagon, 

62CGLPEH, Cisbio). Assays were selected based on current protocols of the Islet Procurement 

and Analysis core. 
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Pseudoislet formation 

Human islets were handpicked to purity and then dispersed with 0.025% HyClone trypsin 

(Thermo Scientific) for 7 minutes at room temperature before counting with an automated 

Countess II cell counter or manually by hemacytometer. Cells were then resuspended in 

appropriate volume of Vanderbilt pseudoislet media to allow for seeding into wells at 2000 cells 

per 200 µL each well of CellCarrier Spheroid Ultra-low attachment microplates (PerkinElmer) or 

50 µL per drop in GravityPLUSTM Hanging Drop System (InSphero). In ultra-low attachment 

plates, pseudoislets were allowed to reaggregate for 6 days before being harvested and 

studied. For InSphero plates, drops were spun down into collecting reservoir on the 3rd day and 

150 µL fresh media was added before allowing to fully reaggregate up to day 6. Full protocol 

used is available as a supplemental item in Walker, Haliyur et al560. 

 

Adenovirus 

Adenoviral vectors CMV-mCherry (VB180905-1046uck), CMV-hM4Di-mCherry (VB180904-

1144bbp), CMV-hM3Dq-mCherry (VB160707-1172csx) were constructed by VectorBuilder Inc 

(Chicago, IL) and adenovirus was prepared, amplified, and purified by the Human Islet and 

Adenovirus Core of the Einstein-Sinai Diabetes Research Center (New York, NY) or Welgen Inc 

(Worcester, MA). Adenovirus for scramble and targeted shRNA were tagged with mCherry or 

mKate2 under the CMV promoter and shRNA driven by a U6 promoter and were prepared, 

amplified and purified by Welgen, Inc. Titers were determined by plaque assay. Ad-CMV-

GCaMP6f was purchased from Vector Biolabs (Catalog #1910, Malvern, PA). Dispersed human 

islets were incubated with adenovirus at a multiplicity of infection of 500 for 2 hours in Vanderbilt 

pseudoislet media before being spun, washed, and plated. 

 

In vitro calcium imaging 

GCaMP6f biosensor was excited at 488 nm and fluorescence emission detected at 493 – 574 

nm. Images were acquired at 15-μm depth every 5 seconds using a 20x/0.80 Plan-Apochromat 

objective. Image analysis was performed with MetaMorph v7.1 software (Molecular Devices, 

San Jose, CA) or CellSens (Olympus). Pseudoislets in the field of view (3-7 pseudoislets/field) 

were annotated using the region of interest tool. The GCaMP6f fluorescence intensity recorded 

for each time point was measured across annotated pseudoislet regions and normalized to the 

baseline fluorescence intensity acquired over the 60 seconds in 2 mM glucose prior to 

stimulation.  

 

Human islet transplantation  

Surgical transplantation of human islets into the kidney capsule were performed by Greg 

Poffenberger  of the Powers & Brissova group. Human islets were transplanted under the 

kidney capsule of male immunodeficient NOD.Cg-PrkdcscidIl2rgtm1Wjl/Sz (NSG) mice574 age 12-18 

weeks. Between 1000-2000 islet equivalents per mouse were transplanted beneath the kidney 

capsule of NSG mice. Islets were allowed to engraft for 2 weeks before beginning experiments.  

Tacrolimus (TAC), Sirolimus (SIR), Ex-4, and DAPA administration 

Two weeks after human islet transplantation, TAC (0.25 mg/kg/day, NDC 0469-3016-01, 

Astellas Pharma US, Inc., Northbrook, IL) or saline was delivered by micro-osmotic pumps 

(Alzet 1004) implanted in recipient NSG mice. Mice were divided equally and randomly between 

https://en.vectorbuilder.com/vector/VB180905-1046uck.html
https://en.vectorbuilder.com/vector/VB180904-1144bbp.html
https://en.vectorbuilder.com/vector/VB180904-1144bbp.html
https://en.vectorbuilder.com/vector/VB160707-1172csx.html
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treatment groups. SIR (0.2 mg/kg, NDC 0008-1030-06, Pfizer, New York, NY) or saline was 

given by intraperitoneal injection every 72 hours. Saline delivered via osmotic pump vs IP 

injection had no effect on glucose, insulin levels, morphology or cell composition of grafts and 

as such, we combined into one control group for data analysis in the immunosuppressive study. 

Blood concentrations of TAC and SIR were measured by Vanderbilt Diagnostic laboratories. Ex-

4 (24nmol/kg/day, California Peptide Research, Inc., Napa, CA) or 1x PBS was also delivered 

by micro-osmotic pumps (Alzet 1004) as previously described568. For the DAPA study, 2 mg/kg 

daily oral dosing achieved clinically relevant levels and was used. Details on DAPA 

measurement in mouse serum are described below. 

 

DAPA measurements 

DAPA measurements in mouse serum were performed by Wade Calcutt in the Vanderbilt 

University Mass Spectrometry Core Facility. Sample analyses were carried out using an Acquity 

UPLC system (Waters Corp., Milford, MA) interfaced with a TSQ Quantum triple-stage 

quadrupole mass spectrometer (Thermo, San Jose, CA) equipped with a standard APCI ion 

source. Quantitation was based on SRM in negative ion mode (dapagliflozin: m/z 408 → 330, 

CE 14 V; tolbutamide (internal standard) IS: m/z 269 → 106, CE 21 V). Calibration curves were 

constructed by plotting peak area ratios (dapagliflozin / tolbutamide) against analyte 

concentrations for a series of eight spiked plasma standards, ranging from 0.05 μM to 50 μM 

dapagliflozin. A weighting factor of 1/C2 was applied in the linear least-squares regression 

analysis to maintain homogeneity of variance across the concentration. A Waters Atlantis dC18 

analytical column (2.1 mm x 50 mm, 3 μm) was used for all chromatographic separations. 

Mobile phases were made up of 0.2% propionic acid in (A) H2O and in (B) CH3CN. Gradient 

conditions were as follows: 0–1 min, B = 5%; 1–5 min, B = 5–100%; 5–6.5 min, B = 100%; 6.5–

7.0 min, B = 100–5%; 7–11 min, B = 5%. Plasma samples (50 μL) were spiked with tolbutamide 

(5 μL), lightly vortexed, allowed to stand at room temperature for 15-20 min, and deproteinized 

with 150 μL of cold acetonitrile. Samples were then vortexed and placed on ice for 10-15 min. 

Precipitated proteins were removed by centrifugation (10,000 x g, 20 min, 5°C). The clear 

supernatant (150 μL) of each sample was transferred to a clean microcentrifuge tube and 

evaporated to dryness under a gentle stream of nitrogen gas. The residue was reconstituted in 

100 μL H2O/ CH3CN (3:1), vigorously vortexed, and transferred to a 200-μL silanized 

autosampler vials equipped with Teflon-lined bonded rubber septa.  

 

Assessment of glucose tolerance and stimulated serum insulin and glucagon 

Intraperitoneal glucose tolerance tests were performed with 2g/kg glucose after a 6 hour fast 

with blood glucose measurements at 0’, 15’, 30’, 60’, 90’, and 120’, as previously described569. 

For glucose-stimulated insulin secretion (GSIS), the mice were fasted for 6 hours and then 

injected intraperitoneally with glucose/arginine (2g/kg) or glucose alone (2g/kg). Blood samples 

were obtained before (0’) and after (15’) injection. In Ex-4 experiments the mice were injected 

with Ex-4 (100g/kg) 30 minutes before GSIS. Total glucagon (Mercodia, 10-1271-01), mouse 

insulin (Alpco, 80-INSMSU-E01), and human insulin (Alpco, 80-ISNHU-E01.1) were analyzed by 

ELISA and also expressed as a ratio to blood glucose levels. 
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Measurement of total graft insulin or glucagon content 

Transplanted human islet grafts were carefully separated from host mouse kidney. The grafts 

were transferred to 1.5ml Eppendorf tube and cut to 2-3 pieces using a sharp scalpel. 0.25 ml 

acid alcohol (0.1ml of concentrated HCl into 11ml of 95% ethanol) was added to the Eppendorf. 

After a 48-hour incubation at 4oC, the supernatant was collected and stored at -80oC. Insulin 

and glucagon content in graft extracts were diluted at least 1:1000 and measured by ELISA as 

above.  

 

Electron microscopy 

Electron microscopy was performed by Chunhua Dai in the Powers & Brissova group. 

Ultrastructure of β and α cells was studied by transmission electron microscopy as previously 

described569. The mice were perfused with PBS first for 5 minutes and followed by fixing solution 

(2.5% gluteraldehyde in 0.1M cacodylate buffer) for 20 minutes. Mouse kidney with transplanted 

human islet grafts were removed and continued to fix for 1 hour at room temperature. Human 

grafts were removed and kept in fixing solution at 4pC overnight. The samples then were 

delivered to Vanderbilt EM core for embedding and sectioning and subsequently imaged on the 

Philips/FEI Tecnai T12 microscope at various magnifications. 

 

Human islet graft bulk RNA-sequencing 

RNA sequencing and analysis of islet grafts was performed at the HudsonAlpha Institute for 

Biotechnology in Hunstville, AL, by Dr. Nripesh Prasad. A minimum of 500 nanograms of total 

RNA (RNA isolation as above) was used for downstream RNA-seq applications. Polyadenylated 

RNAs were isolated using NEBNext Magnetic Oligo d(T)25 Beads. The NEBNext mRNA Library 

Prep Reagent Set for Illumina (New England BioLabs Inc., Ipswich, MA, USA) was then used to 

prepare individually bar-coded next-generation sequencing expression libraries as per 

manufacturer's recommended protocol. Library concentration was assessed using the Qubit 2.0 

Fluorometer, and the library quality was estimated by utilizing a DNA 1000 Chip on an Agilent 

2100 Bioanalyzer. Accurate quantification for sequencing applications was determined using the 

qPCR-based KAPA Biosystems Library Quantification Kit (Kapa Biosystems, Inc., Woburn, MA, 

USA). Paired-end sequencing (100 million, 100-bp, paired-end reads) was performed on an 

Illumina HiSeq2500 sequencer (Illumina, Inc., San Diego, CA, USA). Post-processing of the 

sequencing reads from RNA-seq experiments for each sample was performed using 

HudsonAlpha’s unique in-house RNA-seq data analysis pipeline. Briefly, quality control checks 

on raw sequence data for each sample were performed using FastQC (Babraham 

Bioinformatics, Cambridge, UK). Raw reads were mapped to the reference hg19 using TopHat 

v2.0. The alignment metrics of the mapped reads were estimated using SAMtools. Aligned 

reads were imported to the commercial data analysis platform AvadisNGS (Strand Scientifics, 

CA, USA). After quality inspection, the aligned reads were filtered on the basis of read quality 

metrics; reads with a base quality score of less than 30, alignment score of less than 95, and 

mapping quality of less than 40 were removed. Remaining reads were then filtered on the basis 

of their read statistics; missing mates, translocated, unaligned, and flipped reads were removed. 

The reads list was then filtered to remove duplicates. Samples were grouped and transcript 

abundance was quantified for this final read list using Trimmed Means of M-values (TMM) as 

the normalization method. Output data utilized for all subsequent comparisons were 
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summarized as normalized expression values generated by AvadisNGS. For RNA-seq 

analyses, p-value of the differentially expressed gene list was estimated by z-test using 

Benjamini Hochberg corrections of 0.05 for false-discovery rate. Differential expression of genes 

was further refined on the basis of fold changes (using the default cut-off ≥ ±1.5) observed in 

comparisons between defined conditions. DAVID v6.8 analysis was performed on the 

differentially expressed gene list of 1.5x fold change575. This data has been deposited in the 

GEO repository (GSE140230). 

 

T2D FACS-purified α and β cell and whole islet RNA isolation and sequencing 

Library preparation and sequencing of samples was performed at MedGenome (Foster City, 

CA). RNA was extracted from sorted α and β cells using the Invitrogen RNAqueous-Micro Total 

RNA Isolation kit (Thermo Fisher #AM1931). TURBO DNA-free (Ambion) was used to treat any 

trace DNA contamination. RNA was quantified by Qubit Fluorometer 2.0 and RNA integrity was 

confirmed (RIN >7) by 2100 Bioanalyzer (Agilent). Amplified cDNA libraries were constructed 

using SMART-seq v4 Ultra low Input RNA-kit (Takara) and sequencing was performed on an 

NovaSeq platform (Illumina) using paired-end reads (100 bp) and 25 million reads per sample. 

 

Analysis was performed in collaboration with Dr. Steve Parker and Vivek Rai at the University of 

Michigan. Raw RNA-seq reads were processed using FastQC (v0.11.8) for broad quality 

assessment based on the following parameters: (1) base quality score distribution, (2) sequence 

quality score distribution, (3) average base content per read, (4) GC distribution in thereads, (5) 

PCR amplification issue, (6) overrepresented sequences, (7) adapter content. Based on the 

quality report of fastq files, sequence reads were trimmed using fastq-mcf (v1.05) and cutadapt 

(v2.5) to only retain high quality sequence for further analysis. The paired-end reads were 

aligned to the GRCh37/hg19 human reference with GENCODE v19 gene annotation using 

STAR splice-aware aligner (v2.5.4b; --outSAMUnmapped Within KeepPairs)576. 

 

Fragments mapping to features type in GENCODE v19 gene annotation were counted using 

featureCounts from Subread package577. The gene list was pruned to contain only protein-

coding genes mapping to autosome and chrX, resulting in a total of 20,260 genes. Libraries 

were assessed using comprehensive quality metrics generated by QoRTs578 as well as 

computed derived metrics. Briefly, on the top of QoRTs reported metrics, (1) 5’-3’ gene 

coverage bias (as the ratio of coverage values at the 90%-ile and 10%-ile of the coverage 

distribution), (2) Kolmogorov-Smirov test statistic between cumulative gene diversity of each 

library relative to median distribution of all libraries within each cell type and standardized to a 

mean of 0 and standard deviation of 1 to yield a z-score, (3) number of reads mapped mapped 

to Xist and SRY genes, (4) average number of reads mapped to chrM, and (5) transcript 

integrity number (TIN)579  were computed for each library. The labeled sex of donors was 

matched against the gene expression quantified for sex genes to rule out any sample swaps or 

mislabeling. Principal components for TPM normalized count matrix were computed for each 

cell type in order to detect potential outliers. 

 

Differential gene expression analysis was performed between T2D and non-diabetic samples for 

each cell type individually using DESeq2580. In order to minimize potential effects of known and 
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unknown confounding factors, known covariates were included in the DESeq2 model as well 

accounted for unknown covariates using RUVseq latent variable approach581. Briefly, the 

following multi-step process was followed. (1) remove genes from the raw count matrix which 

had less than 10 reads in fewer than 25% of the samples for that cell type. (2) first-pass 

differential expression analysis using DESeq2 with Age, Sex, BMI, and Batch as known 

covariates. The output result was filtered for genes that were non-significant i.e., not 

differentially expressed between T2D and non-diabetic samples and had p-value > 0.5. These 

genes were used as “control” or “empirical” genes for RUVSeq::RUVg function to estimate latent 

variables accounting for variation in the data not attributed to disease status. (3) The latent 

variables estimated from the RUVseq run were then used as additional covariates (on the top of 

Age, Sex, BMI, and Batch where applicable) for the second run of DESeq2. The output results 

from DESeq2 were filtered for 1% FDR to generate the final list of genes differentially expressed 

between T2D and ND for each cell type. For each cell type, functional enrichment analysis was 

performed using RNA-enrich582 with an FDR threshold of 5%. Terms were condensed using the 

RelSim function in REVIGO583 with similarity parameter set to 0.5 and visualized in semantic 

space using an.xgmml file imported into Cytoscape software584 v3.8.2. Combined analysis of DE 

genes (fold change ≥1.5 or ≤-1.5; p<0.01) was performed using Metascape585. Metascape’s 

heuristic algorithm samples the 20 top-score clusters, selects up to the 10 best scoring terms 

(lowest p-values) within each cluster, and connects terms pairs with Kappa similarity above 0.3. 

The resulting network was exported as a .cys file and visualized using Cytoscape, with the most 

representative term name in each cluster selected manually. 

 

Weighted Gene Correlation Network Analysis (WGCNA)586 was adopted to create networks 

from the gene expression data. Briefly, genes were first filtered following the same rule 

established in Differential Gene Expression where only genes that had at least 10 reads in at 

least 25% of the samples for each cell type were retained. Raw counts were then processed 

using varianceStabilizedTransformation function in DESeq2 package and used 

removeBatchEffect from limma R package587 to adjust for effects of age, sex, and BMI while 

protecting for disease status in the design matrix. The normalized and batch corrected count 

matrix was then used as input to blockwiseModules to create a “signed hybrid” network with 

“bicor” as the correlation function. The power (k) parameter was selected such that the scale 

free topology fit reached at least 80% fit. To examine cell type modules associated with 

quantitative traits of interest, a linear regression-based framework was utilized: (1) inverse 

normalization of the raw quantitative trait, (2) adjustment for Age, Sex, and BMI by linear 

regression, and (3) computation the spearman rank correlation between residuals and 

eigengene of all modules. 

 

Single cell library preparation and sequencing 

Sorted or dispersed islet cell samples were resuspended in 0.04% BSA/1X PBS at a density of 

630-1,200 cells/μl and then loaded in triplicate (approximately 10,000 cells/replicate) on 10x 

Chromium chips (PN# 1000009) to ensure consistent results. Gel Bead in Emulsion (GEM) 

generation and barcoding were performed on the 10x Chromium Controller according to the 

manufacturer’s instructions (10x Genomics Single Cell 3’ Library and Gel bead Kit v2 #220104). 

Immediately after GEMs were generated, samples were transferred to a 0.2ml TempAssure 
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PCR 8-tube strip (USA Scientific #14024700), capped, and placed into a thermocycler (Bio-Rad 

T100™ Thermal Cycler) for reverse transcription. After incubation, the GEMs were broken, and 

pooled cDNA proceeded to cleanup using Silane magnetic beads (10x Genomics #2000048) to 

remove leftover reagents. cDNA was then amplified through 10 cycles of PCR and cleaned 

using SPRIselect beads (Beckman Coulter # B23318). Resulting cDNA (average 45 

ng/replicate) was checked for quality by Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific 

#Q32854) and Agilent Bioanalyzer High Sensitivity Kit (Agilent #5067-4626). Final libraries were 

constructed according to manufacturer’s instruction and underwent 14 cycles of PCR 

amplification after sample index addition, yielding ~953ng and average library size of 486bp. 

Final libraries were sequenced with a Novaseq sequencer (Illumina) using paired-end reads 

(100 bp) to average depth of ~146,000 reads per cell. 

 

scRNA-seq alignment, processing, quality control, and analysis 

Alignment to reference transcriptome (GRCh38-1.2; gene annotation provided by 10x 

Genomics) and unique molecular identifier (UMI)-based gene expression quantification was 

obtained following the Cell Ranger analysis pipeline (v2.1). The “Aggr” function was used to 

aggregate transcript counts and normalize read depth across 5 islet preparations and their 

technical replicates, producing one single gene-cell (feature-barcode) matrix. Further data 

preprocessing and clustering was performed using Seurat version 3.1588. Cells with 200-4,000 

detected genes and <10% mitochondrial gene expression were retained, and only genes 

expressed in ≥3 cells were considered for further analysis. Gene expression was normalized for 

each cell by library size and log-transformed using a size factor of 10,000 molecules per cell. 

For feature selection, 2,000 highly variable genes were selected using function 

“FindVariableFeatures.” The data was further centered and scaled to zero mean and unit 

variance implemented in the “ScaleData” function using parameter “vars.to.regress” to regress 

out mitochondrial gene expression. Cells co-expressing the insulin (INS) and glucagon (GCG) 

genes above log expression of 6.5 and 5 respectively, as well as cells expressing INS or GCG 

in addition to any other cell type gene marker, were removed as doublets (see Table 11 for cell 

type markers used). Transcript counts from lysed cells (ambient mRNA/background RNA) were 

estimated and genes identified from empty droplets (droplets without cells) using DropletUtils 

package589. Using the raw gene-barcode matrix (Cell Ranger v3.1), UMI threshold of 100 and 

below were considered ambient transcripts. About ~200 genes were identified as ambient 

genes and their expression level was noted to remove from the original gene barcode matrix in 

order to account for transcript stemming from lysed cells. The principal component analysis 

(PCA) was performed using previously determined 2,000 high variable genes as input. An elbow 

plot, which ranks the principal components (PCs) based on percent variance per PC, was 

considered to determine the number of PCs to use for downstream graph-based clustering. 

“FindNeighbors” and “FindClusters” functions were used with 20 PCs as input for cluster 

generation and resolution at 0.6. Finally, UMAP dimension reduction was used for cluster 

visualization.  

 

For comparisons to other single cell RNA-seq experiments, raw gene count matrices were 

extracted from existing single cell RNA-seq datasets590–592 and further analyzed using the R 

package Seurat version 3.1 as described above. 
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Single cell electrophysiology and gene expression  

Patch-seq data was accessed from published data592 in collaboration with Dr. Joan Camunas 

and Dr. Patrick MacDonald. Two-hundred hand-picked islets per donor were dissociated to 

single cells using enzyme-free Hanks’-based Cell Dissociation Buffer (Thermo Fisher Scientific, 

Cat# 13150-016) or Hanks’ Balanced Salt Solution and StemPro accutase (ThermoFisher 

Scientific, Cat# A11105-01) and cultured in 5.5 mmol/L glucose DMEM with L-glutamine, 110 

mg/L sodium pyruvate, 10% FBS, and 100 U/mL penicillin/ streptomycin for 1-3 days. Media 

were then changed to bath solution containing (in mM): 118 NaCl, 20 TEA, 5.6 KCl, 1.2 MgCl2•6 

H2O, 2.6 CaCl2, 5 HEPES, and either 1, 5 or 10 glucose (pH 7.4 with NaOH) in a heated 

chamber (32–35oC). For whole-cell patch-clamping, fire polished thin wall borosilicate pipettes 

coated with Sylgard (3-5 MOhm) contained intracellular solution with (in mM): 125 Cs-

glutamate, 10 CsCl, 10 NaCl, 1 MgCl2•6H2O, 0.05 EGTA, 5 HEPES, 0.1 cAMP, and 3 MgATP 

(pH 7.15 with CsOH). Electrophysiological measures were collected using a HEKA EPC10 

amplifier and PatchMaster Software (HEKA Instruments, Lambrecht/Pfalz, Germany). We 

measured cell size as total membrane capacitance. Membrane fusion was stimulated with a 

series of ten 500 ms depolarizations from -70 to 0mV and normalized to initial cell size. Early 

and late exocytotic responses reflect plasma membrane fusion of the readily releasable and 

reserve granules, respectively, while total exocytosis was taken as a measure of exocytotic 

capacity. In β cells early Ca2+ currents reflect mixed L- and P/Q-type currents, while late Ca2+ 

currents reflect primarily P/Q-type currents. The integrated current over a 500 ms depolarization 

is a measure of Ca2+ charge entry and used for normalization of exocytosis to Ca2+ influx. 

Finally, we measured the peak and voltage-dependence of half-inactivation of Na+ currents 

since these make important contributions to cellular excitability.  

 

Immediately following recordings, the patch pipette was withdrawn and replaced with a wide-

bore (0.2-0.5 MOhm) collecting pipette containing lysis buffer without ERCC mix. Cells were 

then collected bygentle suction and visual confirmation, and then transferred into 8-strip PCR 

tubes containing 4mL lysis buffer (with ERRC spike-in) on ice and stored at -80oC until cDNA 

and library preparation. cDNA and sequencing libraries were generated using the SmartSeq-2 

protocol as previously described593. For patch-seq cells, we first assembled the 8-strip tubes into 

96-well plates for increased throughput (Bio-Rad, RC9601 and MSA5001). mRNAs were primed 

with an anchored oligo-dT and reverse transcribed using an LNA-containing template switching 

oligo, followed by PCR amplification (21 cycles). Libraries were then generated from the 

amplified cDNA by tagmentation with Tn5. Libraries were sequenced either in a NextSeq 500 or 

NovaSeq platform (Illumina) using paired-end reads (75 bp) to an average depth of 1 million 

reads per cell. 

DNA and Whole Exome Sequencing  

Genotyping was performed by Dr. Louis Philipson and colleagues at the University of Chicago. 

DNA was extracted from snap-frozen donor tissue using Wizard Genomic DNA purification kit 

(Promega, A1120). DNA sequencing was performed as previously described594,595 using a 

custom designed next-generation sequencing (NGS) targeted panel that includes 148 genes 

implicated in monogenic forms of diabetes (neonatal diabetes and MODY), insulin resistance, 

lipodystrophy, obesity, rare syndromic forms of diabetes, and diabetes candidate genes596. All 
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targeted sequencing results from the atypical T1D donor are listed in Table 12. The T1D genetic 

risk score (GRS) was calculated from 10 variants known to be associated with T1D597.  

 

Whole-exome sequencing was performed using the Agilent SureSelect Clinical Research 

Exome Kit (Agilent Technologies) on Illumina NextSeq technology with 150- bp paired end 

reads and mean depth of coverage over 150X. Variants with a global population frequency >1% 

in ExAC were excluded. Variants were filtered for relevance to human diabetes using diabetes-

related keywords with Online Mendelian Inheritance in Man (OMIM) and Human Gene Mutation 

Database (HGMD). All variants were interpreted according to the American College of Medical 

Genetics (ACMG) guidelines. The top 20 variants were assessed for pathogenicity and clinical 

phenotype and the top nine are reported in Table 13.  

 

Statistics 

Specific statistical tests used for each dataset are described in the figure legends and text for 

clarity. Statistical comparisons were performed using Prism v8 software (GraphPad, San Diego, 

CA) or in RStudio. A p-value less than 0.05 was considered significant. Data were expressed as 

mean ± standard error of mean. 
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Table 3. Donor information for islet studies 

Donor ID Age Sex BMI 
Disease + 

Duration 

Cause of 

Death 

Tissue 

Source 

Isolation 

Center 
Study 

08785748 46 M 24.3 --- Head Trauma IIDP U Penn ISD; T2D 

08784318 43 M 29.6 --- Head Trauma IIDP U Penn ISD; T2D 

08774468 44 F 23.8 --- CVA IIDP U Penn ISD; DAPA; T2D 

DON61 55 M 35.6 --- CVA AHN AHN ISD 

08930707 55 M 27.8 --- CVA IIDP U Illinois ISD; T2D 

DON75 16 M 23 --- Overdose AHN AHN ISD; DAPA 

08768702 59 F 22 --- CVA IIDP U Wisconsin ISD; DAPA; T2D 

08769130 37 M 27.6 --- CVA IIDP U Wisconsin ISD; DAPA 

HPAP004 24 F 32.2 --- Anoxia HPAP U Penn ISD 

DON160 15 M 25.1 --- Head Trauma AHN AHN ISD 

08769035 43 M 35 --- CVA IIDP S California ISD 

08768699 24 F 32.2 --- Anoxia IIDP U Penn DAPA 

DON120 19 M 20.1 --- Head Trauma AHN AHN DAPA 

08617638 49 M 34 --- CVA IIDP S California DAPA; Pseudo; T2D 

R237 61 M 19.7 --- N/A ADI Islet Core ADI Islet Core DAPA 

08768998 35 M 24.3 --- CVA IIDP S California DAPA 

08611143 32 M 26.2 --- Anoxia IIDP U Wisconsin DAPA 

08776514 48 F 29.2 --- CVA IIDP U Penn DAPA 

08776508 53 F 25.4 --- N/A IIDP U Penn DAPA 

08784601 51 F 21.2 --- CVA IIDP U Penn DAPA 

08775095 61 M 42.1 T2D-8y CVA IIDP S California DAPA 

ABIC495 47 M 31.3 T2D-3y CVA AHN AHN DAPA; T2D 

ADBI307 59 M 27.5 T2D-6y CVA AHN AHN DAPA; T2D 

ADDA138 51 M 31.1 T2D-3y Head Trauma AHN AHN DAPA; T2D 

ADLE098 60 M 38.3 T2D-1y Head Trauma AHN AHN DAPA; T2D 

DON78 19 F 23.8 --- CVA AHN AHN DAPA 

08774213 20 M 21.7 --- Head Trauma AHN AHN DAPA 

08769829 35 M 28.5 --- Head Trauma AHN AHN DAPA 

08930762 68 M 24.9 --- CVA IIDP U Illinois DAPA 

DON308 35 M 24.7 --- Head Trauma AHN AHN Pseudoislet 

08619527 28 M 34.7 --- Head Trauma IIDP SL Pseudoislet 

10861888 58 F 36.6 --- Anoxia IIDP S California Pseudoislet; T2D 

11046361 57 M 35.9 --- Stroke IIDP SL Pseudoislet; T2D 

11106978 20 F 36.9 --- Head Trauma IIDP SL Pseudoislet 

11578698 57 M 25.8 --- Stroke IIDP SL Pseudoislet 

12713942 41 M 23.5 --- Stroke IIDP SL Pseudoislet 

10490796 53 F 26.3 --- Anoxia IIDP SL Pseudoislet 

10516338 52 F 26.9 --- Stroke IIDP SL Pseudoislet 

R252 26 F 25.4 --- N/A ADI Islet Core ADI Islet Core Pseudoislet 

R253 57 M 25.5 --- N/A ADI Islet Core ADI Islet Core Pseudoislet 

R260 73 F 26.9 --- N/A ADI Islet Core ADI Islet Core Pseudoislet 

R264 44 M 33.7 --- N/A ADI Islet Core ADI Islet Core Pseudoislet; T2D 

R282 57 M 26.4 --- N/A ADI Islet Core ADI Islet Core Pseudoislet 

R286 41 M 20.3 --- N/A ADI Islet Core ADI Islet Core Pseudoislet 

R306 22 F 21.1 --- N/A ADI Islet Core ADI Islet Core Pseudoislet 

R309 47 F 27.4 --- N/A ADI Islet Core ADI Islet Core Pseudoislet 

R314 31 F 30.3 --- N/A ADI Islet Core ADI Islet Core Pseudoislet 

R318 54 M 20.5 --- N/A ADI Islet Core ADI Islet Core Pseudoislet 

R323 60 F 24.9 --- N/A ADI Islet Core ADI Islet Core Pseudoislet 

R340 36 M 23.3 --- N/A ADI Islet Core ADI Islet Core Pseudoislet 

HPAP022 39 F 34.76 --- Anoxia HPAP U Penn Pseudoislet 

HPAP035 35 M 26.91 --- Anoxia HPAP U Penn Pseudoislet 

AHGV031 51 F 22.057 --- ICH IIAM AHN Pseudoislet 

AGHY243 19 M 20.96 --- Anoxia OPO U Penn Pseudoislet 

R310 25 M 26.4 --- N/A ADI Islet Core ADI Islet Core Pseudoislet 

AHG3262 58 F 31.07 --- CVA OPO U Penn Pseudoislet 

DON184 14 F 24.13 --- Anoxia OPO U Penn scRNA-seq 
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DON185 39 F 34.76 --- Anoxia OPO U Penn scRNA-seq 

08768781  50 M 22.4 --- CVA IIDP U Penn scRNA-seq 

08768783  59 F 32.3 --- CVA IIDP U Wisconsin scRNA-seq 

R232 66 F 18.5 --- CVA ADI Islet Core ADI Islet Core scRNA-seq 

AIBT467 19 M 29.142 --- Head Trauma IIAM AHN RFX6 

AIAQ288 22 M 35.706 --- Head Trauma IIAM U Penn RFX6 

17277513 43 F 36.5 --- CVA IIDP S California RFX6 

AHLA313 47 M 32.78 --- Anoxia OPO U Penn RFX6 

18021384 56 M 24.2 --- Anoxia IIDP SL RFX6 

17528599 60 M 29.9 --- Anoxia IIDP U Penn RFX6 

ACHM315 55 M 35.565 --- CVA/ICH IIAM AHN T2D 

ADBN085 19 M 27.2 --- Head Trauma NDRI AHN T2D 

ADD3367 20 M 27.765 --- Head Trauma NDRI AHN T2D 

AFEL051 24 M 20.8 
--- 

Anoxia, Drug 

Intoxication OPO AHN T2D 

ACKV075 26 F 35.9 --- Anoxia IIDP U Penn T2D 

ABIT067 32 F 39.4 ---  IIDP  U Wisconsin T2D 

AEDI259 19 M 20 --- Head Trauma NDRI AHN T2D; Atypical T1D 

AEDZ192 19 M 21.154 --- Anoxia NDRI AHN T2D; Atypical T1D 

ADBD275A 35 F 23.6 --- Anoxia IIDP U Penn T2D 

AFCU134 39 F 34.76 
--- 

Anoxia, Drug 

Intoxication OPO AHN T2D 

AFEF080 55 F 24.242 --- CVA/ICH OPO AHN T2D 

AFES372 52 M 29.2 --- ICH OPO AHN T2D 

AFG1440 45 F 29.752 --- Anoxia, CVA OPO AHN T2D 

AFJJ008 42 M 32.2 
--- 

Anoxia, Drug 

Intoxication OPO AHN T2D 

AFL5294 35 M 24.691 
--- 

Head Trauma, 

CVA/ICH OPO AHN T2D 

AGBA390 48 M 24.567 --- Anoxia, CVA OPO AHN T2D 

AGKS491 59 M 32.686 
--- 

Head Trauma, 

CVA/ICH IIAM AHN T2D 

AHAD144 46 F 32.885 --- CVA/ICH IIAM AHN T2D 

11791244 47 M 36.1 --- CVA/ICH IIDP S California T2D 

11633049 48 M 38.8 ---  IIDP U Wisconsin T2D 

ACKB319 49 F 31.6 --- CVA IIDP U Penn T2D 

ADBQ038 50 M 30.2 --- CVA IIDP U Illinois T2D 

ADFR455 53 M 31.1 --- Anoxia IIDP U Wisconsin T2D 

10252228 55 F 35.7 ---  IIDP U Wisconsin T2D 

R265 64 M 37.6 ---  ADI Islet Core ADI Islet Core T2D 

R200 65 M 27.1 --- Unknown ADI Islet Core ADI Islet Core T2D 

ABHQ115 49 F 33.8 T2D-3y CVA/ICH IIAM AHN T2D 

ABIQ254 66 F 32.78 T2D-3y CVA/ICH IIAM AHN T2D 

ABKD062 61 F 31.2 T2D-4y CVA/ICH NDRI AHN T2D 

ACIA085 64 M 33.168 T2D-5y 

Head Trauma, 

ICH IIAM AHN T2D 

ADC1496 40 F 43.066 T2D-0y CVA/ICH IIAM AHN T2D 

ADIX484 50 M 32.9 T2D-4y CVA/ICH NDRI AHN T2D 

AEDN413 42 M 41.975 T2D-0y CVA/ICH IIAM AHN T2D 

AEJR177 43 M 36.056 T2D-1y Head Trauma IIAM AHN T2D 

AFCM451 37 F 49.766 T2D-5y Anoxia, CVA IIAM AHN T2D 

AFFT486 59 M 36.89 T2D-0y CVA/ICH IIAM AHN T2D 

AFI2364 53 M 30.116 T2D-7y Anoxia OPO AHN T2D 

AFKE426 52 M 33.599 T2D-7y CVA/ICH IIAM AHN T2D 

AGAH468 43 M 37.326 T2D-6y CVA/ICH IIAM AHN T2D 

AGAL381 52 F 21.9 T2D-10y CVA/ICH NDRI AHN T2D 

AGJU173 52 F 29.2 T2D-0y CVA/ICH IIAM AHN T2D 

ACGI428 22 M 25.7 T1D-8y Anoxia IIAM AHN Atypical T1D 

ABJG028 7 M 26.6 
--- 

Respiratory 

Arrest NDRI AHN Atypical T1D 

ABIU320 8 F 16.1 --- ICH IIAM AHN Atypical T1D 
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ADHM183 8 M 17.2 --- Anoxia NDRI AHN Atypical T1D 

AADK480 9 M 15.5 --- Head Trauma NDRI AHN Atypical T1D 

ABHF310 11 M 18.3 --- Anoxia IIAM AHN Atypical T1D 

AEFZ087 16 M 23.2 --- Head Trauma IIAM AHN Atypical T1D 

ACCZ181 19 M 34.1 --- Head Trauma IIDP U Wisconsin Atypical T1D 

M, Male; F, Female; IIDP, Integrated islet distribution program; ISD, Immunosuppressive drug; 

T2D, Type 2 diabetes; DAPA, dapagliflozin; AHN, Allegheny Health Network; CVA, 

cerebrovascular accident (stroke); ICH, intracranial hemorrhage; ADI, Alberta Diabetes Institute; 

OPO, organ procurement organization; NDRI, national disease research interchange; IIAM, 

international institute for the advancement of medicine; SL, Scharp lacy; N/A, not available. 
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Table 4. Donor information for histology 

Donor ID Age Sex BMI 
Disease + 

Duration 
Cause of Death 

Tissue 

Source 
Study 

ACEZ011 20 M 19.442 --- Head trauma IIAM Transcription Factors; aT1D 

ABI2259 35 M 26.852 --- Head trauma IIAM Transcription Factors; T2D 

ACHM315 55 M 35.565 --- CVA/ICH IIAM T2D 

ADBN085 19 M 27.2 --- Head Trauma NDRI T2D 

ADD3367 20 M 27.765 --- Head Trauma NDRI T2D 

AEDI259 19 M 20 --- Head Trauma NDRI T2D 

AEDZ192 19 M 21.154 --- Anoxia NDRI T2D 

AFCU134 39 F 34.76 
--- 

Anoxia, Drug 

Intoxication OPO T2D 

AFEF080 55 F 24.242 --- CVA/ICH OPO T2D 

AFES372 52 M 29.2 --- ICH OPO T2D 

AFFN281 52 M 28.09 --- Head Trauma OPO T2D 

AFG1440 45 F 29.752 --- Anoxia, CVA OPO T2D 

AFJJ008 42 M 32.2 
--- 

Anoxia, Drug 

Intoxication OPO T2D 

AFL5294 35 M 24.691 --- Head Trauma, CVA/ICH OPO T2D 

AGBA390 48 M 24.567 --- Anoxia, CVA OPO T2D 

AGKS491 59 M 32.686 --- Head Trauma, CVA/ICH IIAM T2D 

AHAD144 46 F 32.885 --- CVA/ICH IIAM T2D 

ABHQ115 49 F 33.8 T2D-3y CVA/ICH IIAM T2D 

ABIC495 47 M 31.3 T2D-3y CVA/ICH IIAM T2D 

ABIQ254 66 F 32.78 T2D-3y CVA/ICH IIAM T2D 

ABKD062 61 F 31.2 T2D-4y CVA/ICH NDRI T2D 

ACIA085 64 M 33.168 T2D-5y Head Trauma, ICH IIAM T2D 

ADBI307 59 F 27.548 T2D-6y CVA/ICH IIAM T2D 

ADC1496 40 F 43.066 T2D-0y CVA/ICH IIAM T2D 

ADDA138 56 M 30.973 T2D-3y Head Trauma NDRI T2D 

ADIX484 50 M 32.9 T2D-4y CVA/ICH NDRI T2D 

ADLE098 60 M 38.302 T2D-1y CVA/ICH IIAM T2D 

AEDN413 42 M 41.975 T2D-0y CVA/ICH IIAM T2D 

AEJR177 43 M 36.056 T2D-1y Head Trauma IIAM T2D 

AFCM451 37 F 49.766 T2D-5y Anoxia, CVA IIAM T2D 

AFFT486 59 M 36.89 T2D-0y CVA/ICH IIAM T2D 

AFHT091 54 M 38.28 T2D-0.66y Head Trauma IIAM T2D 

AFI2364 53 M 30.116 T2D-7y Anoxia OPO T2D 

AFKE426 52 M 33.599 T2D-7y CVA/ICH IIAM T2D 

AGAH468 43 M 37.326 T2D-6y CVA/ICH IIAM T2D 

AGAL381 52 F 21.9 T2D-10y CVA/ICH NDRI T2D 

AGJU173 52 F 29.2 T2D-0y CVA/ICH IIAM T2D 

ACGI428 22 M 25.7 T1D-8y Anoxia IIAM Atypical T1D 

ADHM183 8 M 17.2 --- Anoxia NDRI Atypical T1D 

AEDI259 19 M 20.1 --- Head Trauma NDRI Atypical T1D 

AEDZ192 19 M 21.2 --- Anoxia NDRI Atypical T1D 

AACS476 10 M 19.3 --- Head Trauma NDRI Atypical T1D 

ACEZ381 24 M 35.5 --- Head Trauma IIAM Atypical T1D 

ABI2259 35 M 26.8 --- Head Trauma IIAM Atypical T1D 

ACHM315 55 M 35.6 --- CVA IIAM Atypical T1D 

M, Male; F, Female; T2D, Type 2 diabetes; AHN, Allegheny Health Network; CVA, 

cerebrovascular accident (stroke); ICH, intracranial hemorrhage; OPO, organ procurement 

organization; NDRI, national disease research interchange; IIAM, international institute for the 

advancement of medicine. 
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Table 5. Primary antibodies for immunohistochemistry 
Antigen Species Source Catalog # Dilution 

ARX Sheep R&D Systems AF7068 1:2000 

C-peptide Mouse DSHB GN-ID4 1:2000 

Caveolin-1 Rabbit Abcam ab2910 1:2000 

CD31 Mouse BD Pharmingen 550389 1:100 

CD45 Mouse BD Pharmingen 347460 1:100 

Collagen-IV Rabbit Rockland 600-401-106S 1:1000 

GFP Chicken Abcam ab13970 1:1000 

Glucagon Rabbit Cell Signaling 2760s 1:200 

Glucagon Mouse abcam Ab10988 1:200 

Iba1 Rabbit Wako 019-19741 1:500 

Insulin Guinea pig Dako A0564 1:1000 

Ki67 Rabbit Abcam ab15580 1:1000 

MAFA Rabbit Novus NBP1-00121 1:250 

MAFB Mouse R&D Systems MAB3810 1:1000 

MAFB Rabbit Roland Stein N/A 1:3000 

mCherry Rabbit Abcam ab167453 1:1000 

NKX2.2 Mouse DSHB 74-5A5 1:1000 

Nkx6.1 Rabbit BCBC/P. Serup N/A 1:2000 

SGLT2 Rabbit Novus Biologicals NBP1-92384 1:100 

SGLT2 Rabbit abcam Ab-58298 1:100 

Somatostatin Goat Santa Cruz sc7819 1:500 

PAX6 Rabbit Covance PRB-28P-100 1:5000 

PDX1 Rabbit C. V. E. Wright N/A 1:5000 

pS6 Ser 235/236 Rabbit Cell Signaling 4858s 1:500 

pS6 Ser 240/244 Rabbit Cell Signaling 5364s 1:500 

VEGFR2 Goat R&D Systems AF644 1:2000 

DSHB – Developmental Studies Hybridoma Bank (University of Iowa) 
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Table 6. Secondary antibodies for immunohistochemistry 
Host 

Species 

Primary Ab 

Species 

Fluorophor

e 

Source Catalog # Dilution 

Donkey Chicken Cy2 Jackson Immunoresearch 703-225-155 1:500 

Donkey Goat 

Cy2 Jackson Immunoresearch 705-225-147 1:500 

Cy3 Jackson Immunoresearch 705-165-147 1:500 

Cy5 Jackson Immunoresearch 705-175-147 1:200 

Donkey Guinea pig 

Cy2 Jackson Immunoresearch 706-225-148 1:500 

Cy3 Jackson Immunoresearch 706-165-148 1:500 

Cy5 Jackson Immunoresearch 706-175-148 1:200 

Donkey Mouse 

Cy2 Jackson Immunoresearch 715-225-150 1:500 

Cy3 Jackson Immunoresearch 715-165-150 1:500 

Cy5 Jackson Immunoresearch 715-175-150 1:200 

Donkey Rabbit 

Cy2 Jackson Immunoresearch 711-225-152 1:500 

Cy3 Jackson Immunoresearch 711-165-152 1:500 

Cy5 Jackson Immunoresearch 711-175-152 1:200 

Donkey Rat 

Cy2 Jackson Immunoresearch 712-225-153 1:500 

Cy3 Jackson Immunoresearch 712-165-153 1:500 

Cy5 Jackson Immunoresearch 712-175-153 1:200 

 

  



 58 

 

Table 7. CODEX antibodies 
Antigen Clone Conjugation Source (catalog #) Dilution Reporter 

CD45  HI30 Akoya Akoya (4150003) 200 Alexa488-RX001 

CD8  SK1 Akoya Akoya (4150004) 100 Alexa488-RX004 

CD38  HB-7 Akoya Akoya (4150007) 200 Alexa488-RX007 

Pan‐

Cytokeratin  
AE-1/AE-3 Akoya Akoya (4150020) 500 Alexa488-RX019 

HLA‐DR  L243 Akoya Akoya (4250006) 300 Atto550-RX026 

CD31  WM59 Akoya Akoya (4250009) 400 Atto550-RX032 

Ki67  B56 Akoya Akoya (4250019) 600 Atto550-RX047 

CD34  561 Akoya Akoya (4250020) 200 Atto550-RX035 

E-cadherin  4A2C7 Akoya Akoya (4250021) 200 Atto550-RX014 

CD3  UCHT1 Akoya Akoya (4350008) 100 Cy5-RX015 

CD4  SK3 Akoya Akoya (4350010) 100 Cy5-RX021 

CD11c  S-HCL-3 Akoya Akoya (4350012) 100 Cy5-RX027 

Glucagon  K79bB10 Custom Abcam (ab10988) 400 Alexa488-RX016 

C-peptide  C-PEP-01 Custom 
ThermoFisher (MA1-

19159) 
200 Alexa488-RX031 

Ghrelin  883622 Custom R&D (MAB8200) 400 Alexa488-RX040 

CD163  GHI/61 Custom BioLegend (333602) 200 Alexa488-RX043 

MCAM 

(CD146) 
P1H12 Custom BioLegend (361002) 100 Alexa488-RX046 

β-Tubulin TUJ1 Leinco BioLegend (801201) 150 Atto550-RX017 

Somatostatin  7G5 Custom Novus (NBP2-37447) 400 Atto550-RX020 

Arginase I Polyclonal Custom Novus (NBP1-32731) 200 Atto550-RX029 

Pancreatic 

polypeptide 
548416 Custom R&D (MAB62971) 600 Atto550-RX041 

CD14  HCD14 Custom BioLegend (325602) 100 Cy5-RX024 

α-Amylase Polyclonal Leinco Abcam (ab35414) 100 Cy5-RX030 

IBA1  EPR16589 Custom Abcam (ab221790) 200 Cy5-RX033 

Chromogranin 

A 

LK2H10+PH

E5+CGA/414 
Custom Novus (NBP2-34674) 800 Cy5-RX036 

Collagen IV  EPR20966 Leinco Abcam (ab226485) 50 Cy5-RX042 

CD206  15-2 Custom BioLegend (321102) 200 Cy5-RX045 
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Table 8. Antibodies for flow cytometry and sorting  

Primary 

Antigen Species Source Catalog # Dilution 

CD39L3 (NTPDase3) Mouse (IgG) gift of J. Sévigny N/A 1:50 

HIC0-4F9 [Biotin] (HPi1) Mouse (IgG) Novus NBP1-18872B 1:100 

HIC3-2D12 (HPa3) Mouse (IgM) gift of P. Streeter N/A 1:100 

Insulin Chicken 
Gallus 

Immunotech 
ABI 1:10 

Glucagon-Pacific Blue Mouse Sigma Aldrich G2654 1:600 

Somatostatin-AlexaFlour 

488 
Mouse LS Bio 

LS-C169129-

100 
1:200 

CD45 Mouse BD BioSciences 560178 1:100 

CD3 Mouse BD BioSciences 555334 1:100 

CD19 Mouse BD BioSciences 555412 1:25 

CD4 Mouse BD BioSciences 555346 1:25 

CD8 Mouse BD BioSciences 561953 1:25 

Secondary 

Fluorophore Host Primary Ab Source Catalog # Dilution 

APC Donkey Chicken Jackson Immuno 703-136-155 1:25 

APC Goat Mouse (IgG) BD Pharmingen 550826 1:500 

BV421–Strep -- -- BD Pharmingen 563259 1:500 

PE Goat Mouse (IgM) Jackson Immuno 115-116-075 1:1000 
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Table 9. Primers for qRT-PCR  
Gene Symbol Catalog # 

18S Hs99999901_s1 

ABCC8 Hs01093761_m1 

ACTB Hs99999903_m1 

CACNA1D Hs00167753_m1 

CHGA Hs00900370_m1 

GCG Hs01031536_m1 

GCK Hs01564555_m1 

INS Hs02741908_m1 

KCNJ11 Hs00265026_s1 

KCNK16 Hs00259530_m1 

MAFA Hs01651425_s1 

MAFB Hs00534343_s1 

MTOR Hs00234508_m1 

NFATC1 Hs00542678_m1 

NFATC2 Hs00905451_m1 

NFATC3 Hs00190046_m1 

NFATC4 Hs00190037_m1 

NKX6.1 Hs00232355_m1 

PDX1 Hs00236830_m1 

RFX6 Hs00941591_m1 

RPS6 Hs04195024_g1 

RPS6KB1 Hs00356367_m1 

RPTOR Hs00375332_m1 

SLC5A2 Hs00894642_m1 

SV2A Hs01059458_m1 

TFRC Hs00951083_m1 

 

 

Table 10. Computational Modeling Parameters 

 
*Parameters in center apply to both perifusion systems 

Table adapted from Walker, Haliyur et al. 2020560.  

Parameter Macroperifusion Microperifusion

Fluid

Density

Dynamic Viscosity

Inlet Velocity 2.13x10-4 m/s 3.34x10-2 m/s

Diffusion Coefficient, Glucose in Fluid

Diffusion Coefficient, Glucose in Islets

Diffusion Coefficient, Oxygen in Fluid

Diffusion Coefficient, Oxygen in Islets

Diffusion Coefficient, Insulin in Fluid

Diffusion Coefficient, Insulin in Islets

Oxygen Concentration

Number of Islets

Radius

Maximum Oxygen Consumption Rate

Maximum Glucose Consumption Rate

Insulin Release Rate Constant

Maximum First Phase Insulin Secretion Rate

Maximum Second Phase Insulin Secretion Rate

Fluid Dynamics

Mass Transport

Islet Physiology

5

7.5x10
-5

 m

-0.034 mol/s/m
3

-0.028 mol/s/m
3

3x10
-3

 1/s

10x10
-5

 mol/s/m
3

1.8x10
-5

 mol/s/m
3

2x10-9 m2/s

1.5x10-10 m2/s

0.5x10-10 m2/s

0.2 mol/m3

Water

993 kg/m3

7x10-4 Pa/s

9x10-10 m2/s

3x10-10 m2/s

3x10-9 m2/s
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Table 11. Markers used for cell type annotation in scRNA-seq. 

Cell type Gene marker(s) 

α cell GCG 

β cell INS 

δ cell SST 

γ cell PPY 

ε cell GHRL 

Acinar PRSS1 

Ductal KRT19 

Stellate PDGFRB, COL1A1 

Endothelial PECAM1 

Immune HLA-DRA 

 

Table adapted from Shrestha, Saunders, Walker et al.561  
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Table 12. DNA sequencing of 22yM donor with 8 years of T1D for variants associated with 
monogenic diabetes.  

Chr – chromosome, MAF – Minor allele frequency; DNA isolated from pancreatic sample of donor was 

subjected to DNA sequencing covering coding regions and splice junctions of 148 genes associated with 

monogenic diabetes (3).  

 

Table 13. Variants associated with diabetes arising from whole exome sequencing of 
22yM donor with 8 years of T1D 

SIFT–Sorting Intolerant From Tolerant; Donor DNA underwent whole-exome sequencing. Variants were 

filtered for relevance to human diabetes using key words with the top nine variants reported here. 

Donor Gene Chr 
Transcript ID 

(NCBI) 
Nucleotide 

Amino Acid 

Change 
dbSNP ID MAF 

POLY 

Score 

22yM, 

8yrs 

T1D 

CDKN1C 11 NM_000076.2 c.543_554del p.Ala191_Pro194del NA 0 0 

CYP27B1 12 NM_000785.3 c.963+7T>G - NA 0 0 

EIF2AK3 2 NM_004836.5 c.-201A>G - rs144057685 0.005 0 

FBN1 15 NM_000138.4 c.3294C>T p.Asp1098Asp rs140587 0.005 0 

GCK 7 NM_000162.3 c.209-8G>A - rs144798843 0.001 0 

Donor Gene 
Transcript ID 

(NCBI) 
Nucleotide 

Amino Acid 

Change 
Zygosity 

Allele Frequency 

(gnomAD) 
SIFT 

22yM 

8yrs 

T1D 

ABCC9 NM_005691.3 c.3594G>A Met1198Ile heterozygous 0.0071% Tolerated 

COL6A5 NM_153264.6 c.2006T>G Val669Gly heterozygous 0.5300% Deleterious 

EPG5 NM_020964.3 c.3280G>A Gly1094Ser heterozygous 0.0250% Tolerated 

OAS1 - c.812A>T Tyr271Phe heterozygous 0.0016% Tolerated 

PPIP5K2 
NM_0013458

75.2 
c.3325A>G Ile1109Val heterozygous 0.0920% Tolerated 

SLC2A4 - c.811C>T Arg271Trp heterozygous 0.0000% Deleterious 

SOS1 - c.2593T>G Leu865Val heterozygous 0.0000% Deleterious 

UCP1 - c.169G>A Gly57Ser heterozygous 0.0290% Tolerated 

ZZEF1 - c.8785C>G Leu2929Val heterozygous 0.0510% Deleterious 
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CHAPTER III: 

ASSESSMENT OF THERAPEUTICS ON HUMAN ISLETS IN AN IN VIVO SYSTEM 

 

Some text and data in this chapter have been adapted from Dai, Walker, et al., 2020558, and 

Dai, Walker, et al., 2020559.  

 

Chapter introduction 

 

Many pharmaceuticals have effects on pancreatic islets and glucose homeostasis. Some have 

proven to be effective in treating diabetes while others have different primary indications but 

development or worsening of diabetes is a consequential side effect598–601. Given the central 

role of the islet in glucose homeostasis and diabetes, understanding how human islets respond 

to different therapeutic treatments is of great interest. To address this question, in vitro culture in 

the presence of the therapeutic of interest is a common approach; however, these studies have 

inherent limitations. To extend and complement these findings, we have developed a 

transplantation model of human islets into immune-deficient mice574 with dosing regimens 

designed to achieve clinically relevant drug levels. This approach has several advantages 

including 1) assessment in a dynamic in vivo environment that more closely mimics the clinical 

situation and 2) assessment for much longer time points than is possible with islets in culture. 

This chapter describes how we have used this approach to address two key questions: 1) how 

immunosuppressive drugs relate to the development of post-transplantation diabetes mellitus 

and whether this can be alleviated and 2) how the diabetes medication dapagliflozin, an SGLT2 

inhibitor, affects islets. These studies have led to important insight into the pathogenesis of post-

transplantation diabetes mellitus and how we might approach the rational design of clinical trials 

to reduce the incidence as well as into the mechanism of action of islet effects from SGLT2 

inhibitors. 

 

Tacrolimus- and sirolimus-induced human β cell dysfunction is reversible and 

preventable 

 

Introduction 

The development of effective immunosuppressive agents has enabled organ and cell 

transplantation to become a life-saving medical achievement. However, a number of potential 

adverse events following transplantation threaten the health of both the patient and the graft, 

including post-transplantation diabetes mellitus (PTDM)602. PTDM affects between 7-74% of 

transplantation patients (with the variance typically being attributed to center-specific differences 

in pre-transplant screenings and diagnostic tests)603. Furthermore, the risk for PTDM 

progressively increases in the post-transplantation period with PTDM incidence increasing 

linearly with time604. PTDM is associated with reduced graft function, increased graft loss, and 

increased patient mortality, making it both a common and significant complication605. In PTDM, 

both reduced insulin secretion and impaired insulin action through the development or 

worsening of insulin resistance have been proposed as mechanisms603. The pathogenesis of 

PTDM is likely multifactorial and shares T2D genetic risk factors603,606. Since treatment with 

immunosuppressive agents tacrolimus (TAC) and sirolimus (SIR) is associated with PTDM607–
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610, elucidating the effect of these immunosuppressive agents on human β cells may aid the 

understanding of the pathophysiology and progression of PTDM. 

 

TAC inhibits calcineurin, a calcium/calmodulin-dependent phosphatase which controls activation 

of the nuclear factor of activated T cells (NFAT) transcription factors. Calcineurin inhibition leads 

to immunosuppression by preventing T cell activation and cytokine production611. The 

calcineurin/NFAT pathway is also active in other cell types, and inhibition in these cells is 

thought to mediate the various toxicities of TAC611. In pancreatic β cells, calcineurin/NFAT 

signaling is thought to positively regulate insulin secretion and, in juvenile human islets, β cell 

proliferation568,612. Furthermore, TAC treatment has been shown to increase β cell apoptosis in 

cultured human islets613,614. 

 

In contrast, SIR inhibits mechanistic target of rapamycin (mTOR), a key regulator of cell 

metabolism, growth and proliferation615. Inhibition of mTOR leads to immunosuppression by 

preventing T and B cell expansion616. Like the calcineurin/NFAT pathway, mTOR signaling is 

crucial in many cell types, and its inhibition has adverse effects, including disruption of glucose 

homeostasis. In insulin-sensitive tissues, SIR treatment disrupts insulin signal transduction, 

causing insulin resistance603,617. In mouse islets and human islets in vitro, SIR treatment reduces 

insulin secretion and decreases β cell survival and proliferation618,619. 

 

While both TAC and SIR appear to have effects on β cells, existing studies have largely been 

performed in vitro or in murine models and have used a wide range of drug doses and treatment 

schedules that may not be clinically relevant. Importantly, mouse islets show a number of key 

differences to human islets including in their stress response, proliferation rates, and both basal 

and stimulated insulin secretion21,24,569. In addition, studies of human islets in vitro have been 

limited to a few days, not mimicking the clinical situation in humans. Thus, findings from prior 

studies are difficult to translate to patients with PTDM. We therefore sought to clarify the β cell 

effects of TAC or SIR treatment using human islets in an in vivo transplant model that mimics 

the clinical setting and drug exposure. Here, we show that TAC or SIR treatment at clinically 

relevant levels leads to β cell dysfunction related to multiple islet effects. We also demonstrate 

that TAC- or SIR-induced β cell effects are reversible, and that they can, at least partially, be 

prevented with concurrent glucagon-like peptide-1 (GLP-1) receptor agonist treatment. 

 

Results 

Tacrolimus and sirolimus impair insulin secretion from human β cells at clinically relevant levels 

in vivo 

To investigate immunosuppressive drug exposure in a system that would mimic the human islet 

response in vivo, we used a human islet transplant model in the immunosuppressed NOD.Cg-

PrkdcscidIl2rgtm1Wjl/Sz (NSG) mouse which have deficiencies in both innate and adaptive 

immunity574. We first examined the pharmacokinetics of TAC and SIR in the NSG mouse, and 

defined dosing regimens that achieved therapeutic drug levels [TAC, 5 to 20 ng/mL620; SIR, 5-20 

ng/mL621]. Surprisingly, the half-life of TAC in the NSG mouse is much shorter than in humans 

(2 hours versus 12 hours); thus, we utilized 0.25mg/kg/day delivered by an implanted osmotic 

pump to achieve clinically relevant levels (Figure 12A) For SIR treatment, we found that drug 
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clearance varied drastically between mouse strains, highlighting the importance of robustly 

characterizing dosing regimens in each model when studying these drugs in mice. Ultimately, 

0.2mg/kg of SIR delivered via IP injection every 72 hours achieved clinically relevant 

concentrations in the NSG mouse (Figure 12B).  These doses are much lower than used in 

prior studies which did not report levels of these drugs and raises questions about the clinical 

relevance and translational potential of prior findings. 

 

Two weeks following engraftment of human islets, mice began treatment with TAC, SIR, or 

saline for 4 weeks (Figure 12C).  Human islet preparations were analyzed for viability, purity, 

and function by perifusion analysis; only islets which passed stringent quality control were used 

for subsequent studies570. We verified targeting of the mTOR pathway by showing that SIR 

treatment drastically reduced ribosomal protein S6 phosphorylation at two critical motifs, 

235/236 and 240/244 in human grafts (Figure 13A-13D). Interestingly, TAC also decreased S6 

phosphorylation. 

 

Both TAC-treated and SIR-treated mice showed impaired glucose handling by glucose 

tolerance testing (GTT) with SIR treatment showing greater impairment, likely reflecting SIR-

induced insulin resistance617 (aggregate: Figure 12D-12E; individual donors: Figure 14). Mice 

treated with TAC had no change in fasting blood glucose while mice treated with SIR showed a 

slightly higher fasting blood glucose (Figure 12F). As changes in blood glucose likely reflect 

impact on endogenous mouse organ systems and human islet grafts, we evaluated function of 

the grafts by measuring serum insulin levels using a human-specific insulin assay and 

normalizing these to the glucose level of the mouse. In fasted mice, SIR treatment did not affect 

human insulin or the insulin/glucose ratio while TAC treatment decreased human insulin and the 

insulin/glucose ratio (Figure 12G-12H; individual donors: Figure 15).  

 

After glucose-arginine stimulation, human islets in both TAC and SIR treatment groups secreted 

less insulin compared to saline-treated animals (Figure 12I-12K; individual donors: Figure 15). 

SIR-treated mice had both higher blood glucose and human insulin than TAC-treated mice. To 

assess for direct effects on islets, we cultured human islets in vitro with clinically relevant doses 

of TAC or SIR (20 ng/mL) for 1, 24, and 48 hours and found that after 48 hours of exposure, 

insulin secretion was inhibited at both basal (5.6mM) and high (16.7mM) glucose (Figure 16). 

These results indicate that at clinically relevant levels, both SIR and TAC directly affect human β 

cells in vivo by impairing insulin secretion in the stimulated and/or fasted state and that this 

could be a significant contributor to PTDM. 

 

Tacrolimus and sirolimus treatment do not affect β cell proliferation or apoptosis in vivo 

To investigate mechanisms underlying the human β cell dysfunction induced by TAC or SIR 

treatment, we harvested islet grafts for analysis. As both the calcineurin and mTOR pathway are 

involved in the regulation of β cell mass568,612–614,619, we analyzed β cell proliferation by Ki67 but 

found low proliferation rates (<0.5%) with no differences between treatment groups (Figure 

17A, 17C). Likewise, we assessed for apoptosis by the TUNEL assay; however, apoptotic β 

cells in the grafts were extremely rare with no difference between treatment groups (Figure 
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17B, 17D), indicating that neither TAC nor SIR treatment for 4 weeks at clinically relevant doses 

affect β cell proliferation or apoptosis in human islets in vivo.  

 

Tacrolimus and sirolimus treatment increase amyloid formation and macrophages in human islet 

grafts 

Amyloid deposition in islets, an important pathologic feature in type 2 diabetes, may be a cause 

or a hallmark of dysfunctional islets347.  Because transplanted human islets form amyloid 

deposits and this is exacerbated by stressors such as insulin resistance569, we assessed the 

grafts for amyloid deposition. Interestingly, we found that individual donors varied greatly in the 

degree of amyloid deposition seen and thus report values normalized to the saline-treated 

control. We found that TAC or SIR treatment increased amyloid deposition in the transplanted 

human islets (Figure 18A-18B normalized; Table 14 non-normalized data points), supporting 

the concept of TAC- and SIR-induced β cell dysfunction. Surprisingly, both SIR and TAC 

treatment also increased the number of CD45+ cells within the graft area (Figure 18C-18D); 

these cells were primarily macrophages (as marked by IBA1) and of human origin (human-

specific CD45), indicating that these are likely islet resident macrophages (Figure 18E-18F). 

Islet macrophages play both supportive and detrimental roles within the islet depending on the 

context622–624. The functional effects of TAC or SIR treatment on islet resident macrophages 

have not been studied; however, there is evidence that inhibition of the mTOR or NFAT 

pathways can activate resident macrophages as opposed to the well-characterized suppression 

seen in T cells625–628. Furthermore, amyloid deposits can stimulate islet macrophages to produce 

IL-1β which can inhibit β cell function361,362. 

 

Tacrolimus and sirolimus treatment disrupt insulin processing and β cell granule formation and 

lead to broad transcriptional dysregulation 

To assess for structural alterations in the human β cell, we analyzed the grafts by electron 

microscopy and found fewer β cell insulin granules in TAC- and SIR-treated grafts (Figure 19A-

19B), suggesting that TAC- or SIR-induced dysfunction is related to impaired mature insulin 

granule formation, a critical process in coordinated insulin release.  

 

To examine the transcriptional consequences of TAC or SIR treatment, we assessed grafts by 

RT-PCR for the expression of genes encoding key molecules involved in β cell metabolism 

(INS, GCK, SLC2A1), β cell enriched transcription factors (PDX1, MAFA, MAFB, NKX6.1), the 

NFAT family (NFATC1-4), and mTOR signaling (MTOR, RPTOR, RPS6KB1, RPS6) (Figure 

20A-20D). There were no changes in any of these transcripts in TAC- or SIR-treated grafts.  

 

To obtain a broad view of the transcriptional landscape, we then performed unbiased RNA-

sequencing of the human islet grafts (Figure 20E-20F). Gene set pathway analyses of 

differential gene expression by DAVID575 within TAC- or SIR-treated grafts revealed enrichment 

of multiple gene lists related to three broad categories: extracellular matrix, ion/calcium flux, and 

peptide processing (Figure 19C-19E). Alterations in the extracellular matrix are consistent with 

the increased amyloid deposits and immune infiltration and associated increases in 

inflammatory-related transcripts across both TAC and SIR treatment groups (Figure 20G-20H). 

Dysregulation of genes related to the handling of calcium and other ion flux, suggests impaired 
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signal transduction related to stimulated insulin secretion. Finally, alteration of genes related to 

key insulin processing events such as cleavage at dibasic sites and the formation of disulfide 

bonds suggests a defect in mature insulin formation. To test this, we analyzed fasting human 

proinsulin levels in TAC- and SIR-treated mice (Figure 19F). We found elevated human 

proinsulin/insulin ratios, a marker of β cell stress and an early event in the progression of β cell 

dysfunction629. 

 

In sum, these data indicate that both TAC and SIR at clinically relevant doses do not affect 

regulation of β cell proliferation but have broad effects on human islets, including impaired 

insulin secretion, impaired insulin processing and β cell granule formation, and an increase in 

amyloid deposition.  

 

Human β cell dysfunction reverses after 4-week withdrawal of TAC or SIR 

To determine if TAC- or SIR-induced β cell dysfunction is reversible, we treated mice 

transplanted with human islets (two independent donors) with TAC or SIR for 4 weeks then 

withdrew treatment and assessed β cell function (Figure 21A). The ability to withdraw treatment 

and monitor islet function highlights the value of this model as this would not be possible in 

humans treated with these agents following organ or cell transplantation. With 4 weeks of TAC 

or SIR treatment, we saw impaired human graft function as before (Figure 21B-21E; Figure 

22A-22D; Figure 23B, 23D-23G). However, 4 weeks after withdrawal of treatment, we saw a 

complete normalization of both glucose handling as well as human β cell function in both fasted 

and stimulated states (Figure 21F-21I; Figure 22E-22H; Figure 23C, 23H-23K). This suggests 

that dysfunction induced by TAC or SIR is not permanent and highlights that human β cells can 

recover normal function if such stressors are removed.  

 

Following withdrawal of TAC or SIR, grafts were harvested and analyzed. Compared to grafts 

from the same treatment group after 4 weeks of treatment, amyloid deposition was higher in the 

saline-treated control grafts, was stable in TAC-treated grafts, and was lower in SIR-treated 

grafts (Figure 21J-K). Thus, after 4 weeks of withdrawal from treatment, amyloid deposition in 

grafts was similar between all treatment groups. Overall, these data indicate that these markers 

of islet dysfunction can normalize if the treatment is stopped and suggest that amyloid deposits 

may be cleared if islet insults are removed. 

 

Exendin-4 treatment protects human β cells from TAC-induced dysfunction and partially 

ameliorates SIR-induced dysfunction 

While it is helpful to know that the effects of TAC and SIR on human islets can be reversed with 

withdrawal, these drugs are indispensable in achieving chronic immune suppression in 

transplant patients. Thus, withdrawal of therapy is not a viable option. To assess ways to protect 

human islets from drug-induced dysfunction, we cotreated mice bearing human islets from two 

independent donors with either TAC or SIR and Exendin-4 (Ex-4), a glucagon-like peptide-1 

(GLP-1) receptor agonist (Figure 24A). GLP-1, an incretin hormone released by the L-cells of 

the intestine, acts through Gs-coupled GLP-1 receptors on β cells to activate multiple signaling 

pathways including the calcineurin/NFAT pathway630. This signaling acts to potentiate stimulated 
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insulin secretion and also promote young human β cell proliferation568. GLP-1 receptor agonists 

are used clinically in individuals with T2D and have an excellent safety profile. 

 

The addition of Ex-4 improved glucose handling in both TAC and SIR treated groups (Figure 

24B-24C). Since GLP-1 signaling is primarily active in β cells in the setting of elevated glucose, 

we focused on stimulated graft function. We found that TAC+Ex-4 treatment improved 

stimulated human insulin and insulin/glucose ratio compared to TAC treatment alone and that 

these reached levels comparable to islet-graft function in mice never receiving TAC (Figure 

24D-24F). In comparison to SIR treatment alone, SIR+Ex-4 treatment led to slightly improved 

insulin/glucose ratio (Figure 24D-24F). Taken together, this indicates Ex-4 is able to completely 

rescue TAC-induced β cell dysfunction and partially rescue SIR-induced β cell dysfunction.  

 

Analysis of amyloid deposition within the grafts revealed that TAC+Ex-4-treated grafts had 

significantly less amyloid than TAC alone and was similar to that of control grafts (Figure 24G-

24H). SIR+Ex-4 cotreatment showed a partial reduction in amyloid deposition compared to SIR 

treatment alone (Figure 24G-24H). Overall, these data are consistent with the functional 

improvements and demonstrate that TAC- and SIR-induced effects on human islets and amyloid 

formation can, at least partially, be prevented. 

 

Discussion 

Understanding the effect of immunosuppressive agents on human islets would help elucidate 

the pathogenesis of PTDM. To study this, we transplanted human islets into immunodeficient 

mice and treated the mice with clinically relevant levels of two commonly used 

immunosuppressive agents, TAC and SIR. Using this model, we identified several major 

molecular alterations related to this dysfunction, including reduced β cell granules, elevated 

proinsulin, and increased islet amyloid deposition, which have not been previously reported for β 

cell dysfunction related to immunosuppressive agents. Furthermore, gene pathway enrichment 

analysis of RNA-seq data revealed that TAC- or SIR-induced broad dysregulation of peptide 

processing, ion and calcium flux, and extracellular matrix maintenance.  Together, these data 

provide new mechanistic insight into TAC- and SIR-induced dysfunction as it relates to PTDM. 

 

With this model, we also demonstrated that TAC and SIR-induced dysfunction can be reversed 

with withdrawal of the drug and prevented with co-treatment with the GLP-1 agonist Ex-4, 

important findings with clinical implications. Ex-4 and TAC, at least in part, target similar 

pathways with TAC inhibiting calcineurin while GLP-1R signaling in the β cell has been shown to 

lead to calcineurin activation568. Our data suggest that β cell activation of calcineurin through the 

GLP-1R can overcome inhibition by TAC and thus prevent the insulin secretory deficit though 

we cannot rule out contribution from additional pathways. Ex-4 and SIR target different 

pathways, and we noted a partial improvement in human β cell health and function. It is possible 

that targeted mTOR activation in human β cells may be an effective approach of protecting 

human β cells from SIR-induced dysfunction.  

 

This study differs from prior reports on the impact of TAC or SIR on islets613,614,619 in that we 

studied human islets in vivo and used dosing regimens that achieved clinically relevant levels, 
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thus avoiding toxicity-related effects. In this setting, TAC and SIR affect human β cell function 

without altering β cell proliferation or death. This adds to a growing body of literature highlighting 

differences in how human islets respond in vivo versus in vitro, including in their ability to 

proliferate, differentiate, and respond to metabolic stressors such as hyperglycemia or 

dyslipidemia569,631–635. Thus, these results highlight that in vitro may not always reflect in vivo 

mechanisms and emphasize the value of studying human islets in a transplantation model.  

 

Our model has a number of advantages, including allowing for studies that would not be 

possible in humans while still being able to assess human β cells in a complex, in vivo 

environment. This approach also allows for a comprehensive assessment that takes into 

account both direct actions of TAC or SIR on the grafts as well as indirect actions such as SIR-

induced insulin resistance. While our model allowed for longer treatment periods than in vitro 

studies, transplant patients are typically on life-long immunosuppression and some develop 

PTDM years after transplant. It is unclear if TAC or SIR exposure over this length of time would 

have additional effects than what we observed and whether this would be reversible. Another 

caveat to our approach is that the transplantation procedure may add stress to the islets that 

would not be present in the pancreas in situ during the development of PTDM. To minimize this, 

we allowed the islets to engraft for 2 weeks before starting drug treatment, giving the islets time 

to recover. Further, while the immunosuppressed mouse is the best model to study human islets 

in vivo, TAC and SIR may have additional indirect effects on human islets by impacting the 

systemic immune system that are not reflected in our model. Finally, even though we performed 

all experiments with multiple independent donors, it is possible that the genetic and epigenetic 

variation of human islet donors could play a role in susceptibility to these drugs and PTDM.  

 

PTDM is a major complication after all solid organ and cell transplantation, but clear treatment 

guidelines for long-term management or prevention are lacking602. Studies evaluating GLP-1-

based therapies in PTDM are limited but indicate that short-term GLP-1 administration can 

improve insulin secretion636. Furthermore, small retrospective analyses have shown that 

sitagliptin, a DPP-4 inhibitor which boosts endogenous GLP-1 levels by preventing its 

breakdown, is safe and efficacious in treating PTDM603. Our data provide a strong rationale for 

cotreatment with a GLP-1-based agonist and suggest that clinical trials might test whether GLP-

1 agonist treatment may be beneficial in patients treated with TAC or SIR. 

 

In summary, we highlight that TAC- or SIR-induced human islet dysfunction is both reversible 

with withdrawal of treatment and, at least partially, preventable with cotreatment with a GLP-1R 

agonist. These studies highlight the importance of both calcineurin/NFAT and mTOR pathways 

in human β cell function and suggest that activation of these pathways specifically in β cells may 

be a useful approach to reduce the incidence of PTDM.  

 

Dapagliflozin does not directly affect human α or β cells 

 

Introduction 

Blood glucose levels, which are normally tightly controlled through coordination of multiple 

organ systems, are elevated in T2D. Sodium-dependent glucose cotransporter 2 (SGLT2) 
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inhibitors such as dapagliflozin (DAPA) are important medications in the treatment of T2D and 

lower blood glucose by preventing glucose reabsorption by the kidney thereby promoting 

glucosuria. DAPA treatment also decreases insulin secretion from pancreatic islet β cells and 

improves muscle insulin sensitivity, thought to be a consequence of lower blood glucose637,638. 

Interestingly, initiation of DAPA treatment is also associated with a transient rise in glucagon 

from pancreatic islet α cells which may partially counteract the glucose-lowering benefits637,638.  

 

While the metabolic benefits of DAPA are clear, it remains controversial whether the effects of 

DAPA on glucagon secretion are due to direct effects on α cells. Previous studies of DAPA on 

cultured human islets have been conflicting. Partly this is because the DAPA concentrations 

used have been outside the therapeutic window (100-200 ng/ml; 250-500 nM)639–641 calling into 

question the clinical relevance of the findings. For example, very low concentrations of DAPA 

(10 nM, below therapeutic range) increased glucagon secretion under high glucose (11 mM), 

but decreased glucagon secretion under low glucose (1 mM)642. In contrast, high concentrations 

of DAPA (12.5 µM, above therapeutic range) increased glucagon secretion in a subset of donor 

human islets under low and moderate glucose (1 and 6 mM) but had no effect under high 

glucose (15 mM)643,644. Moreover, recent studies have contended that SGLT2 is not expressed 

in islet cells and argued that SGLT2 inhibitors do not directly affect islet hormone secretion in 

rodent models645,646.  

 

Importantly, human islets show key differences from rodent islets including their endocrine cell 

composition and arrangement, gene expression (including of glucose transporters), glucose set-

point, and both basal and stimulated insulin and glucagon secretion22,24–26,568,569. We therefore 

sought to clarify the effects of clinically relevant levels of DAPA on human islets both in vitro and 

in an in vivo transplant model that mimics the clinical setting and drug exposure. Here, we show 

that SGLT2 expression in human islets is extremely low and that DAPA does not directly affect 

insulin or glucagon secretion from the human islet. 

 

Results 

SGLT2 expression in the human islet is extremely low 

To characterize SGLT2 (gene name SLC5A2) expression, we first performed 

immunofluorescence analyses of human and mouse kidney sections, finding robust SGLT2 

staining in the kidney cortex (Figure 25A-25B). However, protein expression in both human and 

mouse islets was undetectable using the same antibody under the same conditions (Figure 

25C-25D). In order to directly compare staining, we analyzed sections from human islets 

transplanted under the renal capsule of immunodeficient mice. While staining in the mouse 

kidney was robust, we could not detect any signal from the adjacent human islet graft (Figure 

25E). At the transcript level, SLC5A2 expression in whole islets was detectable but at levels 

1600-fold lower than in human kidney (Figure 25G). Since SGLT2 expression may change in 

the diabetic state where inhibitors are used clinically, we also analyzed T2D islet grafts for 

SGLT2 staining and again could not detect signal within the graft (Figure 25F). Further, there 

was no difference in SLC5A2 expression in T2D islets compared to non-diabetic islets (Figure 

25H). Together, these data suggest that SGLT2/SLC5A2 is not expressed in human islet cells to 

a significant degree, if at all.  
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DAPA treatment does not directly affect glucagon or insulin secretion in vitro 

We next sought to clarify direct effects of therapeutic levels of DAPA on human islets in vitro 

using an acute exposure model (Figure 26A). We selected 500 nM DAPA (within the 

therapeutic range of total DAPA) and performed experiments in albumin-containing media to 

mimic the clinical situation where a majority of DAPA is bound by albumin639–641. We cultured 

human islets from four different islet preparations at basal glucose (5.6 mM) for 1 hour before 

transferring islets to low (3.3 mM) or high glucose (16.7 mM), chosen to be reflective of 

biological fasted and fed states. In this system, insulin secretion from β cells was unchanged at 

either high or low glucose by DAPA treatment (Figure 26B-26C). Similarly, glucagon secretion 

from α cells was also unchanged at either low or high glucose (Figure 26D-26E). Thus, these 

data suggest acute DAPA exposure does not directly affect human islet cell function. 

 

Acute DAPA treatment in vivo mildly increased glucagon secretion 

To investigate the effects of DAPA on human islets in a dynamic in vivo environment, we used a 

human islet transplant model in the immunocompromised NOD.Cg-PrkdcscidIl2rgtm1WjlSz (NSG) 

mouse574. First, we defined DAPA pharmacokinetics in the NSG mouse without transplanted 

human islets and found that 2 mg/kg daily oral dosing resulted in DAPA blood levels within the 

therapeutic window (Figure 27A). DAPA was cleared from the blood within 24 hours as similarly 

reported in human and did not accumulate in blood over several days of treatment (Figure 27B-

27C). Further, after one-week treatment blood glucose levels were reduced and stimulated 

mouse glucagon levels were elevated, mirroring clinical data and indicating effective treatment 

(Figure 27D-27H). 

 

Having established the appropriate dosing, we then transplanted human islets under the kidney 

capsule of NSG mice and repeated this across four different donor islet preparations. Following 

two weeks to allow engraftment, mice began treatment with DAPA (Figure 28A). After one 

week of DAPA treatment, we assessed graft function by measuring serum human insulin levels 

using a human-specific insulin assay and also measured total serum glucagon in the fasted 

state and after glucose stimulation. We found that mice treated with DAPA had similar fasting 

blood glucose and fasted levels of human insulin and total glucagon (Figure 28B-28D). While 

mouse and human glucagon cannot be distinguished due to 100% sequence identity, mouse 

glucagon levels from experiments without transplanted human islets are ~1/3 of that seen in 

those with transplants; thus, the majority of glucagon measured comes from the human islet 

grafts (Figure 27E and 28D). After glucose stimulation, blood glucose was lower in the DAPA-

treated group, indicating effective treatment (Figure 28E). Human insulin was also lower in the 

DAPA-treated group as expected given the lower blood glucose (Figure 28F). When normalized 

to the glucose level of the mouse, human insulin levels were unchanged with DAPA treatment 

(Figure 28G). Additionally, total glucagon was elevated in the DAPA group (Figure 28H-28I), 

demonstrating that this human islet transplant model recreates the transient elevations in 

glucagon secretion seen when initiating DAPA treatment in patients. 
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Chronic DAPA treatment in vivo did not affect the human islet graft function 

To assess for longer term effects of DAPA treatment, we continued treatment with DAPA for an 

additional 3 weeks (Figure 28A). After 4 total weeks of DAPA treatment, there were no 

differences in fasted blood glucose, fasting total glucagon levels, or fasting human insulin levels 

(Figure 28J-28L). After glucose stimulation, DAPA-treated mice again had lower blood glucose 

(Figure 28M). Human insulin levels were lower in DAPA-treated animals but not different when 

corrected for the lower blood glucose (Figure 28N-28O). Interestingly, glucagon levels were no 

longer elevated in DAPA-treated mice (Figure 28P-28Q). In total, these data suggest that 

prolonged DAPA treatment with clinically relevant dosing does not alter glucagon secretion from 

human α cells. 

 

Human islet grafts show no effects of DAPA treatment 

With an in vivo model which recreates the clinical situation, we next analyzed the human islet 

grafts to investigate for direct effects of DAPA on human islets (Figure 28A). The ability to 

harvest the graft and perform detailed molecular studies on the human islets highlights the 

additional value provided by this model. We extracted total hormone from the grafts and found 

no difference in insulin or glucagon content with DAPA treatment (Figure 29A-29B), suggesting 

that glucagon and insulin synthesis and processing were not affected by DAPA treatment. To 

assess for ultrastructural alterations in the human α and β cell, we analyzed control and DAPA-

treated grafts by electron microscopy but found equal numbers of both β and α cell granules 

(Figure 29C-29F). Furthermore, β and α cell proliferation (Figure 29G-29H) and apoptosis 

(Figure 29I-29J) were very low and unchanged in both DAPA-treated and control groups, 

suggesting that DAPA does not impact endocrine cell mass. Finally, islet amyloid deposition, a 

marker of islet stress and dysfunction, was not changed with DAPA treatment (Figure 29K-

29L). Together, these data do not support a direct role for clinically relevant levels of DAPA in 

islet cell function 

 

Discussion 

Inhibitors of SGLT2, including DAPA, are common medications in the treatment of T2D with 

numerous benefits on whole body metabolism, but it has been unclear if these inhibitors act 

directly on the pancreatic islet, particularly α cells. To study this, we investigated the expression 

of SGLT2/SLC5A2 and the effects of DAPA on hormone secretion in human islets in vitro and in 

vivo after transplantation into mice. SLC5A2 transcript was multiple orders of magnitude lower 

than levels detected in the human kidney, and SGLT2 was undetectable in islets using the same 

antibody that readily detected expression in the kidney and has been used previously643,644. 

Further, neither SLC5A2/SGLT2 were altered in the T2D state. Functionally, acute DAPA 

treatment at therapeutic levels in vitro did not alter insulin or glucagon secretion at low or high 

glucose. In vivo, DAPA treatment led to lower blood glucose and proportionally lower human 

insulin levels. Total glucagon levels were elevated after one week of treatment but returned to 

normal levels after four weeks of treatment. Finally, molecular analysis of the human islet graft 

demonstrated that insulin and glucagon content, α and β cell granules, α and β cell proliferation 

and apoptosis, and amyloid deposition in human islet grafts were not changed with DAPA 

treatment.  
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This study differs from prior reports on DAPA’s effect on the islet in several ways. For in vitro 

studies, we treated human islets with 500 nM DAPA to remain within the therapeutic window. 

Use of different DAPA concentrations may explain the dissimilarities seen from other studies 

where effects could be due to off target effects on ion channels or other glucose transporters646. 

Consistent with this notion, a recently published dose-response curve for DAPA reported that 

stimulation on glucagon secretion in vitro is not seen until DAPA levels are significantly above 

the range of levels seen in humans treated with DAPA644.  

 

Furthermore, while static in vitro studies (including ours) can be helpful to isolate direct islet 

effects, they are not fully reflective of the clinical situation where islets are vascularized and 

dynamically respond to glucose and other nutrients as well as endogenous hormones which 

modulate both β and α cell function. In this study, investigating human islet function in a context 

where DAPA’s primary actions on the kidney change blood glucose allows for study in the 

appropriate context and appreciation of both direct and indirect actions. We found that DAPA 

had no effect in the fasted state when glucose levels are lower and thus SGLT2 is less active in 

the kidney. After glucose stimulation, blood glucose levels become elevated, but mice with 

DAPA treatment showed lower blood glucose, reflective of reduced ability of the kidney to 

resorb glucose. At this lower blood glucose level, we observed proportionally lower insulin, and 

elevation in glucagon with acute DAPA treatment. Because the effects of DAPA on insulin and 

glucagon secretion were not observed in vitro or in vivo in the fasted state but only in vivo with 

glucose stimulation, these effects are likely indirect and related to the dynamic in vivo 

environment. This is consistent with a recent multivariate analysis which concluded that glucose 

changes were the main determinant of the changes in glucagon secretion seen with SGLT2 

inhibition647.  

 

Finally, a major advantage of our model is the ability to harvest the human islet graft and 

perform molecular analyses to assess for effects of DAPA on the islet, studies that cannot be 

performed in clinical research. For example, a recent study in mice showed that luseoglifozin, 

also an SGLT2 inhibitor, can stimulate mouse β cell proliferation in certain contexts648; however, 

our data indicates that this is unlikely to be the case for human β cells. Additionally, islet 

stressors such as dyslipidemia or treatment with immunosuppressive drugs can lead to 

evidence of poor islet health through the formation of amyloid558,569, but this was not observed 

with DAPA treatment. Overall, the lack of discernible evidence of these effects on the islet graft 

further argues that DAPA does not directly act on the human islet.  

 

There are limitations to our study. Principally, in vivo one is unable to differentiate glucagon that 

originates from endogenous mouse α cells from that which comes from engrafted human α cells 

due to 100% sequence identity. To address this, we performed parallel studies on mice without 

engrafted human islets and found that glucagon levels were ~1/3 what they were in mice with 

engrafted human islets, suggesting a majority of the detected glucagon originates from human α 

cells. Further, our in vitro studies are not hindered by this limitation and also show no direct 

effects on the human islet. Additionally, a recent study suggested SGLT2 inhibitors may act on δ 

cells within the islet if exogenous insulin is added649. While our data does not suggest that 
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SGLT2 is expressed in δ cells, we did not measure somatostatin secretion and thus do not 

know if DAPA has effects on δ cells in our system that did not include exogenous insulin.  

 

In sum, we conclude that DAPA does not have direct effects on human islet function, but rather 

the transient effects on human α cell function are secondary to the acute glucose lowering of 

DAPA through increased renal glucose excursion. Future studies should focus on how α cells 

sense acute glycemic changes and establish chronic glycemic set points as well as how these 

systems may be altered in the diabetic state. 
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Figure 12. TAC and SIR treatment impairs β cell function of human islets in vivo.  

(A) Time course of TAC blood levels with single dose (0.25mg/kg) injection in NSG mice to 

establish drug half-life and TAC dosing regimen. (B) Comparison of the SIR blood levels in 

C57BL/6 and NSG mice (n=3/group) and SIR dosing regimen. Trough levels for A and B in NSG 
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mice after 14 days treatment with various doses and interval times. Dotted lines indicate clinical 

therapeutic dose ranges and black arrows indicate doses chosen for this study. (C) Schematic 

of in vivo experimental design. (D-E) Glucose tolerance test (GTT) in mice after 4 week-

treatment and area under curve (AUC) calculations (E; n=25 samples/treatment from 5 donors; 

individual donor data shown in Figure 14). (F-K) Fasted (6h) and 15’ after glucose and arginine 

stimulation blood glucose (F, I), human insulin levels (G, J) and human insulin:blood glucose 

ratio (H, K) (n=37-39 samples/treatment from 7 donors; individual values and donor data shown 

in Figure 15). * p<0.05, ** p<0.01; *** p<0.001. Error bars indicate SEM. One-way ANOVA 

followed by Tukey multiple comparisons test was used for analysis of statistical significance. 

Figure adapted from Dai, Walker et al. 2020558. 
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Figure 13. Related to Figure 12. TAC and SIR treatment reduces S6 phosphorylation in 

human grafts.  

(A-B) Representative images of human grafts labeled with INS (green), pS6235/236 or 

240/244(red), GCG (blue). Scale bar=20 mm and applies to all images in (A) and (B). (C-D) % 

of positive pS6 β cells in human grafts (n=6-9 grafts/treatment from 3 donors) (E-F) % of 

positive pS6 β cells in human grafts after 4 weeks withdrawal (n=2 grafts/treatment from one 

donor). (G-H) % of positive pS6 β cells in human grafts with Ex-4 cotreatment (n=2-3 

grafts/treatment from one donor) * p<0.05, ** p<0.01, *** p<0.001. Data represent mean + SEM. 

One-way ANOVA was used for analysis of statistical significance. Figure adapted from Dai, 

Walker et al. 2020558.  
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Figure 14. Related to Figure 12. Glucose tolerance test by individual donor in mice 

transplanted with human islets.  

(A-J) GTT (A,C,E,G,I) or AUC (B,D,F,H,J) shown by donor; corresponds to Figure 12D-12E. 

n=3-7 samples/treatment/donor. Figure adapted from Dai, Walker et al. 2020558. 
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Figure 15. Related to Figure 12. Effects of TAC and SIR treatment for 4 weeks.  

(A-G) Data corresponds to Figure 12G,12J. Human insulin levels before and after stimulation 

from individual donors with TAC or SIR treatment for 4 weeks. n=3-8 serum samples /treatment 

/donor. Figure adapted from Dai, Walker et al. 2020558. 
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Figure 16. The effect of TAC and SIR on human β cell function in vitro.  

(A-F) Insulin levels after human islets cultured with TAC or SIR for 1 hour (A-B, n=3 

samples/treatment), 24 hours (C-D, n=8-10 samples/treatment), or 48 hours (E-F, n=10-11 

samples/treatment) with 5.6mM or 16.7mM glucose. * p<0.05, ** p<0.01. Data represent mean 

+ SEM. One-way ANOVA was used for analysis of statistical significance. Figure adapted from 

Dai, Walker et al. 2020558. 
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Figure 17. TAC or SIR treatment do not change in vivo human β cell proliferation or 

apoptosis.  

(A) Representative images of Ki67 assay in human grafts after 4 weeks treatment with insulin 

(green), Ki67 (red), and DAPI (blue). Arrows showed Ki67 positive β cells. Scale bar: 25 µm 

applies to all images in (A). (B) Representative images of TUNEL assay in human grafts after 4 

weeks treatment with insulin (green), TUNEL (red), and DAPI (blue). Scale bar: 50 µm applies 

to all images in (B). (C) Percentage of Ki67 positive β cells in transplanted human grafts (n=8-12 

grafts/treatment). (D) Quantification of TUNEL positive β cells. Data represent mean + SEM. 

One way ANOVA was used for analysis of statistical significance. Figure adapted from Dai, 

Walker et al. 2020558. 
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Figure 18. TAC and SIR increase amyloid formation and human-derived CD45+ cells in 

human islets grafts.  

(A) Representative images of amyloid deposits, indicated by thioflavin S (red), in human grafts 

labeled with insulin (INS, green) and (B) quantification of thioflavin S area/insulin area 

normalized to the NaCl-treated ratio for that donor to account for donor differences (n=10-11 

grafts/treatment from 5 donors, each point represents one graft with 5-6 sections analyzed per 

graft). See Table 14 for raw amyloid/insulin area data. Scale bar: 50 µm applies to all amyloid 

images. (C) Representative images of CD45+ cells in human grafts with green (INS, GCG, 

SOM), red (CD45) and blue (DAPI) and (D) quantification % of CD45 area after TAC and SIR 

treatment for 4 weeks (B, n=7-8 grafts/treatment from 3 donors). (E) Images showing 
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macrophages in mouse grafts or mouse pancreatic islets, green (INS), red (IBA1, antibody 

reacts with human and mouse macrophages), blue (CD45, reacts only to human tissue, 

negative in both mouse graft and mouse pancreatic islet). (F) Macrophages in human graft 

derived from human (co-labeled CD45 and IBA1, yellow) and mouse (IBA1 only, green, pointed 

with arrows): blue (INS, GCG, and SOM), red (CD45), green (IBA1). Figure adapted from Dai, 

Walker et al. 2020558. 

 
 
 
 
Table 14. Percent of Amyloid/insulin area per graft – non-normalized data 
  ----------------------4 week treatment---------------------- 4 week withdrawal 

  NaCl TAC SIR Ex-4 TAC+Ex-4 SIR+Ex-4 NaCl TAC SIR 

Donor 3 

0.48 1.40 1.23             

0.43 1.64 1.55             

  1.50 1.51             

Donor 4 0.32 0.69 0.50 0.23 0.38 0.21       

Donor 5 

2.85 5.00 7.62 2.52 1.82 6.26       

2.50 6.16 8.46 2.03 2.53 4.67       

        1.87 3.37       

Donor 6 
0.38 0.83 0.84       0.32 0.52 0.31 

0.28 0.71 0.71       0.49 0.42 0.37 

Donor 7 

1.17 2.34 2.86       1.93 2.68 2.57 

0.95 2.05 3.83       2.05 2.49 3.06 

1.08 1.98 5.38             

Thioflavin S area expressed at a percent of insulin area for 5-6 sections per graft shows varying baseline 

amyloid formation by donor. Data from columns 1-3 (donors 3-7) is included in Figure 18, columns 1-3 

and 7-9 for donors 6 and 7 is included in Figure 21, and columns 1-6 for donors 4 and 5 is included in 

Figure 24.  Table adapted from Dai, Walker et al. 2020558. 
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Figure 19. TAC and SIR reduce β cell insulin granules and induce broad transcriptional 

dysregulation.  

(A) Representative EM images of β cells and quantification (B) of granules per β cell in human 

grafts from each drug treatment. Scale bar: 1 µm, applies to all EM images. (C-E) DAVID gene 

set enrichment for terms related to extracellular matrix (C), ion/calcium flux (D), peptide 

processing (E). Note that the x-axis scale is different in panel F. P-value plotted are the 

Benjamini Hochberg corrections of 0.05 for false-discovery rate and dotted line shows -

log10(0.05). (F) Ratio of human proinsulin/insulin (NaCl, n=6; TAC, n=7; and SIR, n=7 fasted 

samples from donor 7). * p<0.05, ** p<0.01; *** p<0.001. Error bars indicate SEM. One-way 

ANOVA followed by Tukey multiple comparisons test was used for analysis of statistical 

significance. Figure adapted from Dai, Walker et al. 2020558. 
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Figure 20. Gene expression in human grafts measured by real time quantitative RT-PCR 

and RNA-seq.  

(A-D) Genes are grouped by (A) β cell metabolism, (B) β cell enriched transcription factors, (C) 

the NFATC family, and (D) mTOR signaling. n=5 grafts/treatment. (E-F) Volcano plots of RNA-

seq data, TAC vs PBS (E) and SIR vs PBS (F). RNA-seq data from human graft samples. (G-H) 

Fold change transcripts related to inflammation stimulated by TAC (G) and SIR (H) compared to 

control group (n=5 samples from 2 donor transplantations). Figure adapted from Dai, Walker et 

al. 2020558. 
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Figure 21. Impaired β cell function by either TAC or SIR normalizes after 4 weeks of 

withdrawal.  

(A) Schematic of experimental design. Mice were given NaCl, TAC or SIR for 4 weeks followed 

by withdrawal (WD) for 4 weeks. (B-C, F-G) GTT and AUC after treatment with TAC or SIR for 4 

weeks (B-C) or 4 weeks after withdrawal (F-G). (D-E, H-I) Human insulin:blood glucose ratios at 

0’ and 15’ of glucose-arginine stimulation after 4 weeks treatment (D-E) and then 4 weeks after 

withdrawal (H-I); n=5 samples/treatment from one donor. See Figure 22 for individual blood 

glucose and human insulin measurements. See Figure 23 for data from a second donor which 

is shown separately due to significantly different baseline human insulin. (J-K) Representative 

images of amyloid after 4 weeks drug withdrawal (J) and quantification of amyloid burden after 4 

weeks treatment and after 4 weeks withdrawal (K; n=4-5 grafts/treatment from 2 donors, 2-3 

grafts per donor, each donor normalized to 4 week treatment with NaCl – see Table 14 for raw 

data). Amyloid data is plotted differently from Figure 12 or 24 to show dynamic nature of this 

process. Scale bar: 50 µm applies to all amyloid images. * p<0.05, ** p<0.01, *** p<0.001. Error 

bars indicate SEM. One-way ANOVA followed by Tukey multiple comparisons test was used for 

analysis of statistical significance. Unpaired t-test was used to compare 4-week treatment to 4-

week withdrawal within a group: $<0.05. Figure adapted from Dai, Walker et al. 2020558.  



 87 

 
Figure 22. Related to Figure 21. The changes of blood glucose and human insulin levels 

induced by TAC or SIR are reversed after 4 weeks of withdrawal.  

(A-H) Fasted and stimulated blood glucose and human insulin analyses after 4 weeks of drug 

treatment (A-D; corresponds to Figure 21D-21E). Fasted and stimulated blood glucose and 

human insulin analyses after 4 weeks drug withdrawal (E-H; corresponds to Figure 21H-21I). * 

p<0.05, ** p<0.01, *** p<0.001. Data represent mean + SEM. One-way ANOVA was used for 

analysis of statistical significance. Figure adapted from Dai, Walker et al. 2020558. 
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Figure 23. Related to Figure 21. Impaired β cell function by either TAC or SIR normalizes 

after 4 weeks of withdrawal.  

(A) Schematic of experimental design. Mice were given NaCl, TAC or SIR for 4 weeks followed 

by withdrawal for 4 weeks. (B-C) GTT after treatment with TAC or SIR for 4 weeks (B) or 4 

weeks after withdrawal (C).  (D-K) Blood glucose and human at 0’ and 15’ of glucose-arginine 

stimulation after 4 weeks treatment (D-G) and then 4 weeks after withdrawal (H-K). n=3-4 

samples/treatment. * p<0.05, ** p<0.01, *** p<0.001. Data represent mean + SEM. One-way 

ANOVA was used for analysis of statistical significance. Figure adapted from Dai, Walker et al. 

2020558.  



 89 

 
Figure 24. Ex-4 treatment can protect β cells from drug-induced dysfunction.  

(A) Schematic of experimental design with TAC +Ex-4 or SIR + Ex-4 cotreatment for 4 weeks. 

(B-C) GTT and AUC after treatment with TAC or SIR with or without Ex-4 for 4 weeks. (D-F) 

Blood glucose, human insulin, and human insulin:blood glucose ratios at 15’ after glucose-

arginine stimulation (n=7-10 samples/treatment from 2 donors). Representative images (G) of 

amyloid after 4 weeks of treatment and quantification (H; n=3-4 grafts/treatment from 2 donors. - 

see Table 14 for raw data). Scale bar: 50 µm applies to all amyloid images. * p<0.05, ** p<0.01, 

*** p<0.001. Data represent mean + SEM. One-way ANOVA followed by Tukey multiple 

comparisons test was used for analysis of statistical significance. For ease of viewing, we 

highlight only the differences between NaCl vs. Ex-4, TAC vs TAC+Ex-4, or SIR vs SIR+Ex-4 
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within panels C-F and H. Full statistical comparisons are shown in Table 15. Figure adapted 

from Dai, Walker et al. 2020558. 

 

 

Table 15. Full statistical analysis of Figure 24C-24F and 24H  

 AUC Blood Human H Ins/Glucose Amyloid 

   Glucose Insulin Ratio /Ins area 

      
NaCl vs Ex-4 ns ns ns ns ns 

NaCl vs TAC ns ns ** * ns 

NaCl vs TAC+Ex-4 ns ns ns ns ns 

NaCl vs SIR *** ** ns ns * 

NaCl vs SIR+Ex-4 ** ns ns ns ns 

      
Ex-4 vs TAC ns *** *** *** * 

Ex-4 vs TAC+Ex-4 ns ns ns ns ns 

Ex-4 vs SIR *** *** * *** ** 

Ex-4 vs SIR+Ex-4 ** *** ns ** ns 

      
TAC vs TAC+Ex-4 ns ns * * * 

TAC vs SIR ** ns ns ns ns 

TAC vs SIR+Ex-4 ns ns ns ns ns 

      
TAC+Ex-4 vs SIR *** ** ns ns ** 

TAC+Ex-4 vs SIR+Ex-4 ns ns ns ns ns 

      
SIR vs SIR+Ex-4 ns ns ns ns ns 

Groups compared by One-way ANOVA followed by Tukey multiple comparisons test. ns p>0.05, * 

p<0.05, ** p<0.01, *** p<0.001. Table adapted from Dai, Walker et al. 2020558. 
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Figure 25. SGLT2/SLC5A2 expression is extremely low in mouse and human islets.  

(A-F) Representative images of immunostaining for SGLT2 expression in human (A) and mouse 

(B) kidney, human (C) and mouse (D) pancreatic islets, and transplanted normal (E) or T2D (F) 

human islet grafts under the mouse kidney capsule, allowing us to visualize mouse kidney and 

human islet tissue on the same section. C’, D’, E’ and F’ show only immunostaining for SGLT2. 

Scale bar in A ,B, C, C’, D, and D’: 50mm. Scale bar in E, E’, F, F’: 100mm. Green: insulin 

(guinea pig anti-insulin, Dako), blue: glucagon (mouse anti-glucagon, abcam), red: SGLT2 

(rabbit anti-SGLT2, Novus). SGLT2 staining was confirmed with a second independent antibody  

(rabbit anti-SGLT2, abcam; images not shown). See supplemental table 2 for detailed antibody 

information. (G) Expression of SLC5A2 mRNA (encodes SGLT2) in human pancreatic islets 

(n=5 donors) and human kidney cortex (n=1) measured by qRT-PCR. (H) Expression of 

SLC5A2 mRNA in age-matched normal (ND, 44-59 years old, n=5) and T2D human pancreatic 

islets (47-61 years old, n=5) measured by qRT-PCR. p=0.7377. Student’s t-test was used for 

analysis of statistical significance. Figure adapted from Dai, Walker et al. 2020559. 
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Figure 26. DAPA treatment does not affect α or β cell function in human islets in vitro.  

(A) Schematic design of acute DAPA treatment of human islets in vitro. After one hour with or 

without DAPA treatment in basal (5.6 mM) glucose, islets were transferred to low (3.3 mM) or 

high (16.7 mM) glucose for one hour. Low and high glucose media and islet extract was 

collected and analyzed for insulin and glucagon. (B-E) Insulin and glucagon secretion in low or 

high glucose with or without DAPA. Each data point corresponds to one donor (with symbols 

matched across panels; n=4 donors total) that is an average of multiple technical replicates. 

Student’s t-test was used for analysis of statistical significance; p > 0.05. Figure adapted from 

Dai, Walker et al. 2020559.   
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Figure 27. Effects of DAPA treatment on insulin and glucagon secretion in vivo and effect 

of DAPA in NSG mice without transplanted human islets.  

(A-C) Pharmacokinetics of DAPA treatment by oral gavage in the NSG mice. (A) dose-

dependent plasma Cmax with the dotted lines representing the clinical therapeutic dose range, 

(B) time course of DAPA absorption and clearance, (C) accumulation across repeated dosing. 

Red arrow in (A) indicates the dose we used in the study. (D-J) NSG mice without human islet 

transplanted received DAPA treatment for 1 week. The mice were fasted for 6 hours and blood 

glucose (D,H), and mouse glucagon (E, I), were measured at 0’ or 15’ after glucose challenge 

(2g/kg glucose delivered i.p.).Y-axes have been set to match Figure 28 and allow for 

comparison. Data also expressed as ratio of stimulated and mouse glucagon to blood glucose 

(E). ** p<0.01. Student’s t-test was used for analysis of statistical significance. Figure adapted 

from Dai, Walker et al. 2020559. 
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Figure 28. Effects of DAPA treatment on insulin and glucagon secretion in vivo. 

(A) Schematic design of DAPA treatment on human islets in vivo. The mice were daily given 

DAPA (2mg/kg/day) by oral gavage for 4 weeks with graft function measured after 1 week of 

treatment (B-I) and 4 weeks of treatment (J-Q). Basal (6h fasted, 0’; B) and stimulated blood 

glucose (2 g/kg glucose delivered i.p., Stimulated, 15’; E), human insulin (C, F), total glucagon 

(D, H) from the mice treated for 1 week with DAPA. Basal and stimulated blood glucose (J, M), 

human insulin (K, N), and total glucagon (L, P) after 4 weeks treatment. For both 1 and 4 week 

treatment, data also expressed as ratio of stimulated human insulin (G, O) and total glucagon (I, 

Q) to blood glucose. Each dot represents a serum sample from a single mouse with 

transplanted human islets. * p<0.05, *** p<0.001. Student’s t-test was used for analysis of 

statistical significance. Figure adapted from Dai, Walker et al. 2020559. 
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Figure 29. DAPA does not alter insulin or glucagon content, human α or β cell granule 

number, proliferation, apoptosis, or amyloid deposition in human grafts.  

(A, B) Insulin and glucagon content of human islet grafts (n=5 grafts from 2 donor 

transplantations, symbols matched across panels). (C-F) Representative EM images of human 

transplanted beta (C) and alpha cells (D) (x6500) with or without DAPA treatment and 

quantification of granules in β (E) and α cells (F); each dot represents a section of a beta or 

alpha cell from two islet grafts of one donor for control and DAPA treatment. (G, H) Percent of 
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Ki67 positive β and α cells (antibodies used: guinea pig ani-insulin, Dako; mouse anti-glucagon, 

abcam; rabbit anti-Ki67, abcam). (I, J) Percent of TUNEL positive β and α cells (antibodies 

used: guinea pig anti-insulin, Dako; rabbit anti-glucagon, Cell Signaling; TUNEL assay, 

Millipore-S7165). (K) Representative images of amyloid deposits in human grafts labeled with 

insulin (green) and thioflavin S (amyloid, red) and quantification of amyloid area (L). Scale bar: 

50 µm. n=8 grafts from 3 donor transplantations, symbols matched across panels G-J, L. 

Student’s t-test was used for analysis of statistical significance; p > 0.05. Figure adapted from 

Dai, Walker et al. 2020559. 
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CHAPTER IV: 

HUMAN PSEUDOISLET SYSTEM TO STUDY ISLET PHYSIOLOGY 

 

Some text and data in this chapter have been adapted from Walker, Haliyur et al., 2020560.  

 

Introduction 

 

Pancreatic islets of Langerhans, small collections of specialized endocrine cells interspersed 

throughout the pancreas, control glucose homeostasis. Islets are composed primarily of β, α, 

and δ cells but also include supporting cells such as endothelial cells, nerve fibers, and immune 

cells. Insulin, secreted from the β cells, lowers blood glucose by stimulating glucose uptake in 

peripheral tissues, while glucagon, secreted from α cells, raises blood glucose mainly through 

its actions in the liver. Importantly, β and/or α cell dysfunction is a key component of all forms of 

diabetes mellitus357,594,595,650–657. Thus, an improved understanding of the pathways governing 

the coordinated hormone secretion in human islets may provide insight into how these may 

become dysregulated in diabetes. 

 

In β cells, the central pathway of insulin secretion involves glucose entry via glucose 

transporters where it is metabolized inside the cell, resulting in an increased ATP:ADP ratio. 

This shift closes ATP-sensitive potassium channels, depolarizing the cell membrane and 

opening voltage-dependent calcium channels where calcium influx is a trigger of insulin granule 

exocytosis94. In α cells, the pathway of glucose inhibition of glucagon secretion is not clearly 

defined with both intrinsic and paracrine mechanisms proposed234,249,253. Furthermore, gap 

junctional coupling and paracrine signaling between islet endocrine cells and within the 3D islet 

architecture are critical for islet function, as individual α or β cells do not show the same 

coordinated secretion pattern seen in intact islets168,200,201,276,281. How these coordinated cellular 

responses relate to the islet cellular composition is not known but the absence of β cells in the 

T1D islet has been hypothesized to contribute to α cell dysfunction in T1D594. 

 

The 3D islet architecture, while essential for function, presents experimental challenges for 

mechanistic studies of intracellular signaling pathways in primary islet cells. Furthermore, 

human islets show a number of key differences from rodent islets including their endocrine cell 

composition and arrangement, glucose set-point, and both basal and stimulated insulin and 

glucagon secretion, highlighting the importance of studying signaling pathways in primary 

human cells22,24–26. 

 

To study signaling pathways in primary human islet cells within the context of their 3D 

arrangement, we developed an integrated approach that consists of: 1) human pseudoislets 

closely mimicking native human islet biology and allowing for efficient genetic manipulation; and 

2) a microfluidic system with the synchronous assessment of intracellular signaling dynamics 

and both insulin and glucagon secretion. Using this experimental approach, we demonstrate 

differences in Gq and Gi signaling pathways between human β and α cells. We further extend 

the system to cellular manipulation of the pseudoislet to resolve cell-type specific intracellular 

signals and investigate drivers of pseudoislet aggregation. 
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Results 

 

Human pseudoislets resemble native human islets and facilitate virally mediated 

manipulation of human islet cells 

To establish an approach that would allow manipulation of human islets, we adapted a system 

where human islets are dispersed into single cells and then reaggregated into 

pseudoislets493,494,658–660 (Figure 30A). To optimize the formation and function of human 

pseudoislets, we investigated two different systems to generate pseudoislets, a modified 

hanging drop system661,662 and an ultra-low attachment microwell system. We found both 

systems generated pseudoislets of comparable quality and function (Figures 31A and 31B) and 

thus combined groups for comparisons between native islets and pseudoislets. A key 

determinant of pseudoislet quality was the use of a nutrient- and growth factor-enriched media 

(termed Vanderbilt pseudoislet media).  

 

Pseudoislet morphology, size, and dithizone (DTZ) uptake resembled normal human islets 

(Figures 30B-30D). Pseudoislet size was controlled to between 150-200 μm in diameter by 

adjusting the seeding cell density and thus resembled the size of an average native human islet. 

Compared to native islets from the same donor cultured in parallel using the same pseudoislet 

media, pseudoislets had similar insulin and glucagon content though insulin content was 

reduced in pseudoislets from some donors (Figure 30E). Endocrine cell composition was also 

similar with the ratio of β, α, and δ cells in pseudoislets unchanged compared to cultured native 

islets from the same donor (Figures 30F and 30G).  

 

As the primary function of the pancreatic islet is to sense glucose and other nutrients and 

dynamically respond with coordinated hormone secretion, we assessed the function of 

pseudoislets compared to native islets by perifusion. We used the standard perifusion (termed 

in the text also as macroperifusion) approach of the Human Islet Phenotyping Program of the 

Integrated Islet Distribution Program (IIDP; https://iidp.coh.org/) which has assessed nearly 300 

human islet preparations. In this system, ~250 islet equivalents (IEQs) are loaded into a 

chamber and exposed to basal glucose (5.6 mM glucose; white) or various secretagogues (16.7 

mM glucose, 16.7 mM glucose and 100 μM isobutylmethylxanthine (IBMX), 1.7 mM glucose and 

1 μM epinephrine, 20 mM potassium chloride (KCl); yellow). Pseudoislet insulin secretion was 

very similar to that of native islets in biphasic response to glucose, cAMP-evoked potentiation, 

epinephrine-mediated inhibition, and KCl-mediated depolarization (Figure 30H). Pseudoislets 

and native islets also had comparable glucagon secretion, which was inhibited by high glucose, 

and stimulated by cAMP-mediated processes (IBMX and epinephrine) and depolarization (KCl) 

(Figure 30I). Compared to native islets on the day of arrival, pseudoislets largely maintained 

both insulin and glucagon secretion after six days of culture with the exception of a slightly 

diminished second phase glucose-stimulated insulin secretion and an enhanced glucagon 

response to epinephrine in cultured native islets and pseudoislets (Figure 31C-31N). These 

results demonstrate that after dispersion into the single-cell state, human islet cells can 

reassemble and reestablish intra-islet connections crucial for coordinated hormone release 

across multiple signaling pathways. 

https://iidp.coh.org/
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Interestingly, the islet architecture of both native whole islets and pseudoislets cultured for six 

days showed β cells primarily on the islet periphery with α cells and δ cells situated within an 

interior layer. Furthermore, the core of both the cultured native islets and pseudoislets consisted 

largely of extracellular matrix (collagen IV) and endothelial cells (caveolin-1) (Figures 32A-

32C), likely reflective of the consequences of culture and the loss of shear stress along 

endothelial cells. The survival of intraislet endothelial cells in culture for an extended period of 

time could be due to the nutrient- and growth factor-enriched media. Additionally, the islet cell 

arrangement suggests that extracellular matrix and endothelial cells may facilitate pseudoislet 

assembly. Proliferation, as assessed by Ki67, was low in both native and pseudoislets with β 

cells below 0.5% and α cells around 1% (Figures 32A and 32D). Similarly, apoptosis, as 

assessed by TUNEL, was very low (<0.5%) in pseudoislets and cultured human islets (Figures 

32A and 32E). Interestingly, endothelial cells appear to have greater turnover as evidenced by 

the presence of both Ki67 and TUNEL staining in the core of both native islets and pseudoislets 

(Figure 32A). 

 

To assess markers of α and β cell identity in pseudoislets, we investigated expression of several 

key islet-enriched transcription factors by immunolabeling. The expression of β (PDX1, NKX6.1) 

and α cell markers (MAFB, ARX) as well as those expressed in both cell types (PAX6, NKX2.2) 

was maintained in pseudoislets when compared to native islets (Figures 32F-32J), indicating 

that the process of dispersion and reaggregation does not affect islet cell identity. 

 

The 3D structure of intact islets makes virally mediated manipulation of human islet cells 

challenging due to poor viral penetration into the center of the islet. We adopted the pseudoislet 

system to overcome this challenge by transducing the dispersed single islet cells before 

reaggregation (Figure 33A). To optimize transduction efficiency and subsequent pseudoislet 

formation, we incubated with adenovirus for 2 hours in Vanderbilt pseudoislet media at a 

multiplicity of infection (MOI) of 500. Transducing pseudoislets with an adenovirus expressing a 

fluorescent reporter did not affect pseudoislet morphology or function and achieved high 

transduction efficiency of β and α cells throughout the entire pseudoislet (Figures 34A-34E). 

Interestingly, β cells showed a higher transduction efficiency (90%) than α cells (70%), 

suggesting that α cells may be inherently more difficult to transduce with adenovirus (Figure 

34B). 

 

Activation of Gi signaling reduces insulin and glucagon secretion 

To investigate the value of this experimental approach, we sought to perturb expression of a 

single islet gene and then assess islet cell function. We chose to alter G-protein-coupled-

receptor (GPCR) signaling in islet cells because GPCRs are known to modulate islet hormone 

secretion663,664. GPCRs, a broad class of integral membrane proteins, mediate extracellular 

messages to intracellular signaling through activation of heterotrimeric G-proteins which can be 

broadly classified into distinct families based on the Gα subunit, including Gi-coupled and Gq-

coupled GPCRs665. An estimated 30-50% of clinically approved drugs target or signal through 

GPCRs, including multiple drugs used for diabetes treatment666,667.  
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Studying GPCR signaling with endogenous receptors and ligands can be complicated by a lack 

of specificity—ligands that can activate multiple receptors or receptors that can be activated by 

multiple ligands. To overcome these limitations, we employed the DREADD technology668. 

DREADDs are GPCRs with specific point mutations that render them unresponsive to their 

endogenous ligand. Instead, they can be selectively activated by the otherwise inert ligand, 

clozapine-N-oxide (CNO), thus providing a selective and inducible model of GPCR 

signaling668,669. DREADDs are commonly used in neuroscience as molecular switches to 

activate or repress neurons with Gq or Gi signaling, respectively670. In contrast, there have been 

comparatively very few studies using DREADDs in the field of metabolism, but they have 

included investigating the Gq and Gs DREADD in mouse β cells and the Gi DREADD in mouse α 

cells200,671. The Gs-coupled DREADD has been reported to be leaky and have basal activation, 

and thus, we chose here to focus on the two most commonly used DREADDs, Gi and Gq, to 

demonstrate how this experimental approach can be utilized. To our knowledge, this is the first 

study to utilize this powerful technology in human islets.  

 

To investigate Gi-coupled GPCR signaling, we introduced adenovirus encoding hM4Di (Ad-

CMV-hM4Di-mCherry), a Gi DREADD, into dispersed human islet cells, allowed reaggregation 

into pseudoislets and then tested the effect of activated Gi signaling (Figure 33A). Gi-coupled 

GPCRs signal by inhibiting adenylyl cyclase, thus reducing cAMP, and by activating inwardly 

rectifying potassium channels (Figure 33B). Endogenous GPCRs which couple to Gi proteins 

include the somatostatin receptor in all islet cells as well as the α2 adrenergic receptor in β cells 
663,664. CNO (10 µM) had no effect on insulin or glucagon secretion in mCherry-expressing 

pseudoislets (Figures 34F and 34G), thus we compared the dynamic hormone secretion of 

hM4Di-expressing pseudoislets with and without CNO in response to a glucose ramp (2 mM 

glucose, 7 mM glucose, 11 mM glucose, 20 mM glucose; gray) and depolarization by KCl (20 

mM; yellow) by perifusion. Activation of Gi signaling had clear inhibitory effects on insulin 

secretion by β cells at low glucose, which became more prominent with progressively higher 

glucose concentrations (gray shading; Figures 33C-33E). Furthermore, bypassing glucose 

metabolism by directly activating β cells via depolarization with potassium chloride did not 

overcome this inhibition by Gi signaling (yellow shading; Figures 33C and 33F). Together these 

data demonstrate that in human β cells, Gi signaling significantly attenuates, but does not 

completely prevent, insulin secretion and that this effect, at least in part, occurs downstream of 

glucose metabolism. 

 

The activation of Gi signaling also had inhibitory effects on glucagon secretion (Figures 33G-

33J). We did not observe a substantial inhibition of glucagon secretion in the hM4Di and 

hM4Di+CNO group in response to glucose, but activation of Gi signaling with CNO caused a 

clear reduction in glucagon secretion, and secretion remained lower in the hM4Di+CNO group 

than control hM4Di pseudoislets. When stimulated with potassium chloride, pseudoislets with 

activated Gi signaling increased glucagon secretion but not to the level of controls. This 

demonstrates that the inhibitory effects of Gi signaling persist even if the α cell is directly 

activated by depolarization. Thus, in α cells, activation of Gi signaling reduces glucagon 

secretion across a range of glucose levels and when the cell is depolarized by potassium 

chloride. 
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Activation of Gq signaling greatly stimulates glucagon and somatostatin secretion but 

has both stimulatory and inhibitory effects on insulin secretion 

Gq-coupled GPCRs signal through phospholipase C, leading to IP3-mediated Ca2+ release from 

the endoplasmic reticulum (Figure 35A). Endogenous GPCRs which couple to Gq proteins in 

islets include the M3 muscarinic receptor and the free fatty acid receptor FFA (also known as 

GPR40)663,664. To investigate Gq-coupled GPCR signaling, we introduced hM3Dq (Ad-CMV-

hM3Dq-mCherry), a Gq DREADD, into dispersed human islet cells, allowed reaggregation, and 

assessed hM3Dq-expressing pseudoislets by perifusion. When CNO was added to activate Gq 

signaling, there was an acute increase in insulin secretion. However, this was not sustained as 

insulin secretion fell quickly back to baseline, highlighting a dynamic response to Gq signaling in 

β cells (Figures 35B-35E). Furthermore, continued Gq activation inhibited glucose-stimulated 

insulin secretion, suggesting that in certain scenarios, Gq signaling may override the ability of 

glucose to stimulate insulin secretion. These results highlight the value of assessing hormone 

secretion in the dynamic perifusion system. Finally, Gq activation reduced, but did not 

completely prevent, insulin secretion in response to direct depolarization with potassium 

chloride, indicating that the inhibitory effects cannot be overcome by bypassing glucose 

metabolism and suggesting that they occur downstream of the KATP channel. Together, these 

data indicate that activated Gq signaling can have both stimulatory and inhibitory effects on 

human β cells.  

 

In contrast, activation of Gq signaling in α cells robustly increased glucagon secretion in low 

glucose and it remained elevated with continued CNO exposure during glucose ramp as well as 

in the presence of potassium chloride (Figures 35F-35I). This indicates that in contrast to the β 

cells, activation of Gq signaling in α cells robustly stimulates glucagon secretion and this 

response is sustained across a glucose ramp and during KCl-mediated depolarization. 

 

Given the differing responses in β and α cells and the potential for paracrine signaling, we 

sought to measure somatostatin secretion and elucidate the effect of Gq activation in δ cells. 

The relatively low abundance of δ cells in the native islets and pseudoislets (approximately 5%) 

prevented detection of somatostatin in the perifusion and microperifusion experiments (below 

assay sensitivity), so we tested the effect of CNO in low (2 mM) and high (11 mM) glucose in 

the context of static incubation. In glucose alone, somatostatin secretion was below the assay 

detection limit in three out of the four donors tested; in contrast, activation of Gq signaling 

increased somatostatin secretion in both low and high glucose (Figure 36A-36D), showing that 

Gq signaling robustly stimulates δ cells.  

 

Integration of pseudoislet system with genetically-encoded biosensor and microfluidic 

device allows synchronous measurement of intracellular signals and hormone secretion  

While conventional macroperifusion systems, including the perifusion system used in this study 

reliably assess islet hormone secretory profiles220,570,594,595,654, their configuration does not allow 

coupling with imaging systems to measure intracellular signaling. To overcome this challenge, 

we developed an integrated microperifusion system consisting of pseudoislets and a microfluidic 

device that enables studies of islet intracellular signaling using genetically-encoded biosensors 

in conjunction with hormone secretion (Figures 37A and 38A-38C). The microfluidic device 
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(Figure 38A)571 is made of bio-inert and non-absorbent materials with optimized design for 

nutrient delivery, synchronous islet imaging by confocal microscopy, and collection of effluent 

fractions for analysis of insulin and glucagon secretion. The microperifusion system uses 

smaller volumes, slower flow rates, and fewer islets than our conventional macroperifusion 

system (Figures 38D-38F). 

 

To investigate the dual effects of activated Gq signaling on insulin secretion, we co-transduced 

pseudoislets with hM3Dq and GCaMP6f (Figure 38C), a calcium biosensor (Ad-CMV-

GCaMP6f), as the Gq pathway conventionally signals through intracellular Ca2+ (Figure 35A). In 

the absence of CNO, hM3Dq-expressing pseudoislets had stepwise increases in GCaMP6f 

relative intensity as glucose increased, corresponding to increasing intracellular Ca2+ and 

highlighting the added value of the system (Figure 37B; Supplemental Video 1). This 

intracellular Ca2+ response to stepwise glucose increase was accompanied by increasing insulin 

secretion (Figure 37C), but the first phase of insulin secretion was not as clearly resolved as in 

the macroperifusion (Figure 35B).  

 

Since there are differences in the design of the macro- and microperifusion systems, we used 

multiphysics computational modeling with finite element analysis572,573 to model the insulin 

secretion dynamics of the two systems (Figures 38H and 38I). This modeling accurately 

predicted the overall shape of each insulin secretory trace with the macroperifusion showing a 

“saw-tooth” pattern (Figure 38H) while the microperifusion had a more progressive increase 

(Figure 38I). Using this approach, we found that differences in the insulin secretory profiles 

were primarily due to the different fluid dynamics and experimental parameters between the two 

perifusion systems, especially the experimental time for each stimulus and the flow rate. 

Overall, this analysis demonstrates how perifusion parameters can impact insulin secretory 

pattern and indicates the strength of using complementary approaches. It also emphasizes the 

importance of validating new microperifusion devices672,673 by comparing these with 

macroperifusion that have been used for many years by many laboratories. 

 

When Gq signaling was activated with CNO, we again saw a transient stimulation of insulin 

secretion at low glucose followed by relative inhibition through the glucose ramp, while glucagon 

secretion from α cells was stimulated throughout the entire perifusion, independently of glucose 

concentration (Figures 37C, 37D, 37G-37J). Furthermore, the Ca2+ dynamics in response to Gq 

activation were consistent with the insulin secretory trace showing a rapid but short-lived 

increase in intracellular Ca2+. Interestingly, the Ca2+ signal remained elevated above baseline 

but did not significantly increase with rising glucose (Figures 37B, 37E and 37F; Supplemental 

Video 2). This indicates that the dual effects of Gq signaling on insulin secretion in β cells are 

largely mediated by changes in intracellular Ca2+ levels. 

 

Human pseudoislets allow cellular manipulation to resolve cell-type specific signals 

To manipulate individual cell types within the islet, we sought to combine our pseudoislet 

approach with advancements in techniques to purify live cell populations. We used 

fluorescence-activated cell sorting (FACS) with recently identified cell surface antibodies220,674 to 

purify human α and β cell populations and then combined these cells to form pseudoislets of 
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2000 total cells that were only β cells, only α cells, or in a 50:50 ratio (Figure 39A). All three 

types of pseudoislets formed with similar size and morphology though we noted that α cell only 

pseudoislets appeared to form more quickly than other groups (Figure 39B). Enrichment of the 

desired cell type was confirmed by evaluating the insulin or glucagon content in these 

pseudoislets. Glucagon and insulin were undetectable in β cell only and α cell only pseudoislets 

respectively (Figure 39C). Further, mixed pseudoislets contained about half the insulin or 

glucagon content of the pseudoislets with only one cell type, in line with the seeing ratios 

(Figure 39C).  

 

Combining both cellular and genetic manipulation in this system allows for cell specificity with 

viral delivery, a process that is currently inefficient or non-specific in human islet cells through 

other means. Using out microfluidic system, we resolved cell type-specific signaling, for 

example specifically isolating the β cell calcium signal from mixed pseudoislets (Figure 39D). 

This allows us to model pathogenic states (α cell only T1D-like pseudoislets) to investigate 

mechanisms of α cell dysfunction, an important feature of T1D594. We found that α cells showed 

minimal Ca2+ response despite robust glucagon secretion in response to low glucose and 

epinephrine in α cell only pseudoislets (Figure 39E), suggestive that signaling may instead be 

mediated through other second messengers such as cAMP. 

 

Real-time monitoring of pseudoislet formation reveals role for α cells in pseudoislet 

aggregation 

At birth, the cellular arrangement of many human islets resembles those of rodents – a β cell 

core surrounded by mantle of α and δ cells27,30,675. Postnatally, human islets undergo substantial 

cellular rearrangement to achieve the intermingled arrangement of adult islets22,25. How and why 

this shift occurs is largely unknown, but such dynamic changes likely impact the risk for and/or 

development of T1D and T2D. This cellular rearrangement coincides with the period when 

autoimmunity first appears. Further, as cells rearrange, they form important physical 

connections with each other including gap junctions to help synchronize β cell depolarizations 

across the islet as well as extracellular connections such as Eph-ephrin juxtracrine 

signaling287,676. As our pseudoislet approach uses clear ultra-low attachment microwells that is 

compatible with live cell imaging, this system is amenable to investigating processes by which 

islet cells arrange themselves.  

 

Pseudoislet formation takes place over ~6 days (144 hours) during which the dissociated 

endocrine cells become progressively more compact and assume the islet-like spheroid shape 

(Figure 40A). To investigate how pseudoislets form more specifically, we utilized FACS-purified 

β and α cells; β cells were then transduced with a GFP-expressing adenovirus while α cells 

were transduced with an mCherry-expressing adenovirus to allow for specific cell type 

identification and tracking during pseudoislet formation (Figure 40B). To test how the absence 

of β cells affects pseudoislet formation, we plated some wells with combined β and α cells in a 

50:50 ratio (1000 β cells and 1000 α cells) and others with all α cells (2000 α cells) and 

monitored their formation using confocal microscopy every 3 hours starting 24 hours after 

transduction to allow expression of the fluorescent protein (Figure 40B). 
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By 24 hours after plating, α cell only pseudoislets were more compact than the mixed 

pseudoislets (Figure 40C), suggesting that the α cells were able to more quickly form close cell-

cell connections. Interestingly, in the mixed pseudoislets at 24 hours, α cells appeared to form 

distinct clusters with each other while β cells were evenly spread across the cell cluster (Figure 

40D). These clusters remained throughout pseudoislet formation and appeared to help facilitate 

pseudoislet aggregation (Supplemental Video 3). Together, this data suggests there may be 

inherent signals in adult human α cells that encourage homotypic connections and may help 

explain the dynamic islet rearrangement seen in human islets as they mature. 

 

Discussion 

 

The three-dimensional multicellular human islet architecture, while essential for islet cell function 

presents experimental challenges for mechanistic studies of intracellular signaling pathways. 

Using primary human islets, we developed a pseudoislet system that resembles native human 

islets in morphology, cellular composition, cell identity, and dynamic insulin and glucagon 

secretion. This system allows for efficient cellular manipulation and virally mediated genetic 

manipulation in almost all cells in the pseudoislet. To evaluate the coordination between 

intracellular signals and islet hormone secretion, we developed an integrated system consisting 

of pseudoislets and a microfluidic device that enables studies of islet intracellular signaling using 

genetically encoded biosensors in conjunction with hormone secretion. We used this integrated 

approach to define new aspects of human islet biology by investigating GPCR signaling 

pathways using DREADDs and a calcium biosensor. Further, we combined the approach with 

FACS to manipulate the pseudoislet cellular composition. This allowed accurate cell-specific 

targeting to distinguish intracellular dynamics of islet endocrine cells to various stimuli and 

understand the pseudoislet formation process. 

 

Despite α and β cells both being excitable secretory cells and sharing many common 

developmental and signaling components, this experimental approach allowed us to 

demonstrate similar and distinct responses to activation of GPCR signaling pathways, 

highlighting the uniqueness in each cell’s molecular machinery. The activation of Gi signaling 

was inhibitory in β and α cells resulting in reduced insulin and glucagon secretion, respectively, 

and showed more substantial impact in β cells where this signaling blunted insulin response to 

both a glucose ramp and to KCl-mediated depolarization. Interestingly, direct KCl depolarization 

was not sufficient to overcome these inhibitory effects in either β or α cells, suggesting that 

reduced cAMP via the inhibition of adenylyl cyclase, in addition to cAMP-independent 

pathways677, plays a role in both insulin and glucagon secretion. These results align well with 

recent studies in β cells suggesting cAMP tone is crucial for insulin secretion and observations 

in α cells highlighting cAMP as a key mediator of glucagon secretion168,253,281,678. 

 

The activation of Gq signaling showed major differences in β cells compared to α cells. In α 

cells, the activated Gq signaling elicited a robust and sustained increase in glucagon secretion in 

the presence of a glucose ramp and potassium chloride. In contrast, Gq signaling in β cells had 

a transient stimulatory effect in low glucose and then inhibitory effects on both insulin and 

intracellular Ca2+ levels with sustained activation during glucose ramp. Interestingly, previous 
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studies of acetylcholine signaling have also reported dual effects on Ca2+ dynamics in β cells 

depending on the length of stimulation232. This signaling was thought to be mediated through the 

muscarinic acetylcholine receptor M3 (from which the hM3Dq DREADD is based). Overall, these 

results suggest a negative feedback or protective mechanism that prevents sustained insulin 

release from β cells in response to Gq signaling that is not active in α cells under similar 

circumstances.  

 

There are limitations and caveats to the current study. First, our approach expressed the 

DREADD receptors in all cell types. Although we can distinguish the effects on islet α and β 

cells through their distinct hormone secretion, it is possible that complex paracrine signaling 

contributes to the results described here. Future modifications of this system could incorporate 

cell-specific approaches to target a particular islet cell type. Second, the DREADD receptors are 

likely expressed at higher levels than endogenous GPCRs. To mitigate this, we used the 

appropriate DREADD-expressing pseudoislets as our controls and were encouraged to see 

normal secretory responses in these control pseudoislets. Third, while there is some concern 

that CNO can be reverse-metabolized in vivo into clozapine which could potentially have off-

target effects679, this is unlikely in our in vitro system. We also verified that CNO had no effect 

on mCherry-expressing pseudoislets, making it unlikely that CNO itself is competitively inhibiting 

endogenous receptors in human islets. Fourth, we used a CNO concentration of 10 µM for all of 

our experiments, a standard concentration used for in vitro assays200,680, but it is possible that 

islet cells may show dose-dependent effects. Finally, this is an in vitro study focused on acute 

functional effects of these pathways on human islets, and chronic in vivo studies of these 

pathways may show different results. For example, in mouse β cells, chronic in vivo activation of 

Gq pathways using the DREADD system lead to an increase in β cell function and mass681 while 

inhibition of Gi signaling with β cell-specific pertussis toxin expression affected only function682. 

Future work could involve transplantation of DREADD-expressing pseudoislets into 

immunodeficient mice to study the effect of activating these pathways on human islets in vivo568. 

 

Overall, these findings demonstrate the utility of the pseudoislet system for the ability to 

manipulate human islets. Other approaches include inducible pluripotent stem cells that allow 

similar genetic manipulation and cellular control. However, it is unclear if these approaches 

create entirely normal human islet cells and protocols to form non-β islet cell types are not as 

well defined683. We show in this system that α and β cells in pseudoislets maintain their fully 

differentiated state as well as their dynamic responsiveness to glucose and other stimuli. 

Additionally, this approach allows for the study of all islet cells within the context of other cell 

types and 3D assembly. While our data suggest that breaking down and rebuilding the islet 

does not impair paracrine interactions, this could be further evaluated by looking at secretion in 

response to factors that exclusively rely on paracrine interactions such as ghrelin or certain 

amino acids168,684,685. 

 

Ultimately, the integration of the pseudoislet approach with a microfluidic perifusion system and 

live cell imaging provides a powerful experimental platform to gain insight into human islet 

biology and the mechanisms controlling regulated islet hormone secretion which currently limits 

the development of novel therapeutic approaches. Here, we focus on virally mediated gene 
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expression to alter signaling pathways, but this system could be adapted to accommodate 

technologies such as CRISPR. Further, cellular manipulation in the pseudoislet system will 

allow mechanistic studies of cellular arrangement and the physical, electrical, and paracrine 

interactions of different cell types in the islet microenvironment that govern overall islet function. 
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Figure 30. Pseudoislets resemble native human islets in morphology, cell composition, 

and function.  

(A) Schematic of pseudoislet formation. (B) Bright-field images showing the morphology of 

native islets and pseudoislets. Scale bar is 200 μm and also applies to D. (C) Relative frequency 
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plot of islet diameter comparing hand-picked native islets to pseudoislets from the same donor. 

(D) Dithizone (DTZ) uptake of native islets and pseudoislets. (E) Insulin and glucagon content 

normalized to islet volume expressed in islet equivalents (IEQs); 1 IEQ corresponds to an islet 

with a diameter of 150 μm; n=5 donors; p > 0.05. (F) Confocal images of native islets and 

pseudoislets stained for insulin (INS; β cells), glucagon (GCG; α cells), and somatostatin (SOM; 

δ cells); scale bar is 50 μm. (G) Quantification of relative endocrine cell composition of native 

islets and pseudoislets; n=4 donors; p > 0.05.  Insulin (H) and glucagon (I) secretory response 

to various secretagogues measured by perifusion of native islets and pseudoislets from the 

same donor (n=5). G 5.6 – 5.6 mM glucose; G 16.7 – 16.7 mM glucose; G 16.7 + IBMX 100 – 

16.7 mM glucose with 100 μM isobutylmethylxanthine (IBMX); G1.7 + Epi 1 – 1.7 mM glucose 

and 1μM epinephrine; KCl 20 – 20 mM potassium chloride (KCl). Wilcoxon matched-pairs 

signed rank test was used to analyze statistical significance in E and G. Panels H and I were 

analyzed by 2-way ANOVA; p > 0.05. The area under the curve for each secretagogue was 

compared by one-way ANOVA with Dunn’s multiple comparison test (Figure 31E-31H and 31J-

31M). Data are represented as mean ± standard error of the mean (SEM). Figure adapted from 

Walker, Haliyur et al. 2020560. 
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Figure 31. Related to Figure 30. Evaluation of hormone secretory responses in 

pseudoislet system.  

Comparison of insulin (A) and glucagon secretion (B) by static incubation in pseudoislets made 

via modified hanging drop system (InSphero) versus ultra-low attachment microwell system 
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(Perkin Elmer); n=1 donor, 3 replicates, p > 0.05.  Insulin (C) and glucagon secretion (D) was 

measured by macroperifusion in native islets on the day of arrival to Vanderbilt (light blue trace) 

was compared in the same donor with secretory response of native islets cultured for six days in 

Vanderbilt pseudoislet media (dark blue trace, also shown in Figures 30H and 30I) and 

pseudoislets collected at the end of six day reaggregation period (red trace, also shown in 

Figures 30H and 30I); n=5 donors; G 5.6 – 5.6 mM glucose; G 16.7 – 16.7 mM glucose; G 16.7 

+ IBMX 100 – 16.7 mM glucose with 100 μM isobutylmethylxanthine (IBMX); G1.7 + Epi 1 – 1.7 

mM glucose and 1 μM epinephrine (Epi); KCl 20 – 20 mM of potassium chloride (KCl). (E-N) 

The area under the curve (AUC) of the insulin secretory responses to G 16.7 (E), G 16.7 + 

IBMX 100 (F), G 1.7 +Epi 1 (G), KCl 20 (H) and insulin content (E). The AUC of the glucagon 

secretory responses to G 16.7 (J), G 16.7 + IBMX 100 (K), G1.7 + Epi 1 (L), and KCl 20 (M), 

and glucagon content (N). One-way ANOVA with Dunn’s multiple comparison test was used to 

analyze differences in panels E-N; *, p<0.05. ). Figure adapted from Walker, Haliyur et al. 

2020560. 
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Figure 32. Pseudoislets resemble native human islets in proliferation, apoptosis, 

architecture, and express markers of α and β cell identity.  

(A) Immunofluorescence visualization of labeling for insulin (INS; β cells) and (GCG; α cells) in 

combination with detection of proliferation (Ki67), apoptosis (TUNEL), extracellular matrix 
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(collagen IV, COLIV) and endothelial cells (caveolin-1, CAV1). Scale bar is 100 µm. (B) 

Quantification of β and α cell proliferation in native islets and pseudoislets; expressed as % 

INS+ or GCG+ cells expressing Ki67; n=3 donors; p > 0.05. (C) Quantification of β and α cell 

apoptosis by TUNEL assay; n=3 donors; p > 0.05. (D) Quantification of COLIV-expressing 

extracellular matrix; expressed as % COLIV+ area to INS+ and GCG+ cell area; n=3 donors; p 

> 0.05. (E) Quantification of endothelial cell area; expressed as % CAV1+ cell area to INS+ and 

GCG+ cell area; n=3 donors; p > 0.05. (F) Expression of transcription factors (TF) important for 

β cell identity (NKX6.1 and PDX1), α cell identity (MAFB and ARX), and pan endocrine cell 

identity (PAX6 and NKX2.2). Scale bar is 50 µm. (G) Quantification β cell identity markers in β 

cells of native islets and pseudoislets (n=3 donors/marker; p > 0.05). (H) Quantification of α cell 

identity markers in α cells of native islets and pseudoislets (n=3-4 donors/marker; p > 0.05). (I-J) 

Quantification of pan endocrine markers in β (I) and α (J) cells of native islets and pseudoislets 

(n=3 donors/marker; p > 0.05). Wilcoxon matched-pairs signed rank test was used to analyze 

statistical significance in panels B-E and G-J. Data are represented as mean ± SEM. ). Figure 

adapted from Walker, Haliyur et al. 2020560. 

 

 

  



 113 

 
Figure 33. Gi activation reduces insulin and glucagon secretion.  

(A) Schematic of incorporation of efficient viral transduction into pseudoislet approach. (B) 

Schematic of the Gi-coupled GPCR signaling pathway. CNO – clozapine-N-oxide, AC – adenylyl 
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cyclase, ATP – adenosine triphosphate, cAMP – cyclic adenosine monophosphate, GIRK – G 

protein-coupled inwardly-rectifying potassium channel, K+ – potassium ion. (C) Dynamic insulin 

secretion assessed by macroperifusion in response to low glucose (G 2 – 2 mM glucose; white), 

glucose ramp (G 7 – 7 mM, G 11 – 11 mM, and G 20 – 20 mM glucose; grey) and KCl-mediated 

depolarization (KCl 20 – 20 mM potassium chloride in the presence of G 2 or G 11; yellow) in 

the absence (blue trace) or presence of CNO (red trace); n=4 donors/each. 10 µM CNO was 

added after the first period of 2 mM glucose as indicated by a vertical red arrow and then 

continuously administered for the duration of the experiment (red trace). Note the split of y-axis 

to visualize differences between traces at G 2 ± CNO. (D-F) Insulin secretion was integrated by 

calculating the area under the curve (AUC) for response to the low glucose (white), glucose 

ramp (gray), and KCl-mediated depolarization (yellow). Baseline was set to the average value of 

each trace from 0 to 21 minutes (before CNO addition). (G-J) Glucagon secretion was analyzed 

in parallel with insulin as described above. Insulin and glucagon secretory traces in panels C 

and G, respectively, were compared in the absence vs. presence of CNO by two-way ANOVA; 

****, p < 0.0001 for both insulin and glucagon secretion. Area under the curve of insulin (D-F) 

and glucagon responses (H-J) to low glucose, glucose ramp, and KCl-mediated depolarization 

were compared in the absence vs. presence of CNO by Mann-Whitney test; *, p < 0.05. Data 

are represented as mean ± SEM. ). Figure adapted from Walker, Haliyur et al. 2020560. 
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Figure 34. Related to Figure 33. Pseudoislet system allows for highly efficient 

transduction of human islet cells.  

(A) Bright-field image of transduced pseudoislets. Scale bar is 200 µm. (B) Transduction 

efficiency of β and α cells in this system; *, p < 0.05. (C) Confocal image of mCherry-transduced 

pseudoislet showing optical sections taken every 5-µm to highlight transduced cells throughout 

the entire pseudoislet. Scale bar is 100 μm. Insulin (D) and glucagon (E) secretion in response 

to a series of β and α cell secretagogues measured by macroperifusion in control pseudoislets 

and pseudoislets transduced with m-Cherry virus from the same donor (n=3 donors). Insulin (F) 

and glucagon secretion (G) in mCherry-expressing pseudoislets measured in 2 mM glucose (G 

2) with and without CNO (n=2 donors; n=3 replicates/donor; p > 0.05). Panels D and E were 

analyzed by 2-way ANOVA; p > 0.05. Panels F and G were compared by Mann-Whitney test. ). 

Figure adapted from Walker, Haliyur et al. 2020560. 
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Figure 35. Gq activation stimulates glucagon secretion but has stimulatory and inhibitory 

effects on insulin secretion.  

(A) Schematic of the Gq-coupled GPCR signaling pathway. CNO – clozapine-N-oxide, PLC – 

phospholipase C, IP3 – inositol triphosphate, ER – endoplasmic reticulum, Ca2+ – calcium ion. 

(B-E) Dynamic insulin secretion was assessed by macroperifusion and analyzed as described in 

detail in Figure 33; n=4 donors/each. (F-I) Glucagon secretion was analyzed in parallel with 

insulin as described in Figure 33. Insulin and glucagon secretory traces in panels B and F, 

respectively were compared in the absence vs. presence of CNO by two-way ANOVA; ****, p < 

0.0001 for both insulin and glucagon secretion. Area under the curve of insulin (C-E) and 

glucagon responses (G-I) to each stimulus were compared in the absence vs. presence of CNO 

by Mann-Whitney test; *, p < 0.05. Data are represented as mean ± SEM. ). Figure adapted 

from Walker, Haliyur et al. 2020560. 
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Figure 36. Related to Figure 35. Somatostatin secretion from hM3Dq-expressing 

pseudoislets by static incubation.  

(A-D) Somatostatin secretion in static incubation experiments at low (G 2; 2 mM glucose) and 

high (G 11; 11 mM glucose) with and without activation of Gq signaling (±10 µM CNO) across 4 

independent donors (3 biological replicates/condition/donor other than Donor-1, G 11 which has 

only 2 replicates). Gray dotted line represents the limit of the assay sensitivity; somatostatin 

secretion in G 2 and G 11 for Donors 2-4 were below the limit of detection. ). Figure adapted 

from Walker, Haliyur et al. 2020560. 
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Figure 37. Pseudoislet system integrated with microfluidic device allows for co-

registration of hormone secretion and intracellular signaling dynamics.  

(A) Schematic of pseudoislet system integration with a microfluidic device to allow for 

synchronous detection of intracellular signaling dynamics by the genetically encoded GCaMP6f 
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biosensor and confocal microscopy, and collection of microperifusion efflux for hormone 

analysis. Dynamic changes in GCaMP6f relative intensity (B), insulin secretion (C), and 

glucagon secretion (D) assessed during microperifusion in response to a low glucose (G 2 – 2 

mM glucose; white), glucose ramp (G 7 – 7 mM, G 11 – 11 mM, and G 20 – 20 mM glucose; 

grey) and in the absence (blue trace) or presence of CNO (red trace); n=3 donors/each. 10 µM 

CNO was added after the first period of 2 mM glucose as indicated by a vertical red arrow and 

then continuously administered for the duration of the experiment (red trace). See Supplemental 

Videos 1 and 2 for representative visualization of each experiment. Calcium signal (E, F) and 

insulin (G, H) and glucagon (I, J) secretion was integrated by calculating the area under the 

curve (AUC) for response to the low glucose (white) and glucose ramp (gray). Baseline was set 

to the average value of each trace from 0 to 8 minutes (before CNO addition). Calcium and 

hormone traces in panels B-D were compared in the absence vs. presence of CNO by two-way 

ANOVA; * p < 0.05 for calcium trace, **** p < 0.0001 for both insulin and glucagon secretion. 

Area under the curve of calcium (E, F), insulin (G, H) and glucagon responses (I, J) to low 

glucose and glucose ramp were compared in the absence vs. presence of CNO by Mann-

Whitney test; *, p < 0.05, **, p < 0.01. Data are represented as mean ± SEM. ). Figure adapted 

from Walker, Haliyur et al. 2020560. 
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Figure 38. Related to Figure 37. Microperifusion system assembly and fluid dynamic 

modeling of macro- and microperifusion.  

(A) Picture of microfluidic device showing where islets are loaded and imaged (red box). There 

are three potential chambers to load islets, but in the current experimental layout, islets are 
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loaded only into one chamber. (B) Experimental set-up of the microfluidic device on the confocal 

microscope stage within incubator including peristaltic pump, de-bubbler, and perifusion buffers. 

(C) Schematic of experimental workflow with incorporation of genetically encoded biosensor into 

hM3Dq-expressing pseudoislets. Schematic of the macroperifusion (D) and microperifusion 

chamber (E) showing the path of fluid flow. (F) Key experimental parameters of macroperifusion 

and microperifusion system. (H and I) Comparison of normalized insulin secretion acquired 

experimentally versus predicted by modeling in macroperifusion (H) and microperifusion (I). 

Experimental insulin data was normalized to average value in 2 mM glucose. The gray region 

demonstrates the SEM comparing experimental insulin secretion data and insulin flux from 

COMSOL computational modeling in the macroperifusion system (H) and microperifusion 

system (I); G 2 – 2 mM, G 7 – 7 mM, G 1 – 11 mM, G 20 – 20 mM glucose. Figure adapted from 

Walker, Haliyur et al. 2020560. 
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Figure 39. Cellular manipulation of pseudoislets allows tracking of intracellular signals 

from specific cells.  

(A) Schematic of incorporation of recombination of FACS-purified β and α cells into pseudoislets 

with varied cell composition. (B) Bright-field images showing the morphology of native islets and 

pseudoislets. Scale bar is 200 μm and applies to all three images. (C) Insulin and glucagon 

content normalized to islet volume expressed in islet equivalents. For representation, values 

that were below the limit of detection of the insulin or glucagon assay are shown as 0. Dynamic 

changes in GCaMP6f relative intensity, insulin secretion, and glucagon secretion from 50% α / 

50% β cell pseudoislets with β cells labeled with GCaMP6f (D) or α cell only pseudoislets (E) 

assessed during microperifusion in response to high glucose (G 16.7; gray) and low glucose (G 

2) and epinephrine (yellow). Green traces indicate being reflective of β cells while red trace is 

reflective of α cells. Data are represented as mean ± SEM. 
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Figure 40. Real-time monitoring of pseudoislet formation reveals α cell role in 

pseudoislet aggregation.  

(A) Bright-field images of pseudoislets forming at defined time intervals. Scale bar is 150 μm 

and applies to all images in the panel. (B) Schematic of sorted cell pseudoislets with α cells 
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labeled by mCherry and β cells labeled by GFP with subsequent imaging by confocal 

microscopy. (C) Maximum intensity projection of 50% β / 50% α cell pseudoislet and α cell only 

pseudoislet 24 hours after plating. Green is GFP from β cells and red is mCherry from α cells. 

(D) Individual channels of 50% β / 50% α cell pseudoislet image shown in C. Scale bar in 

images in C and D is 50 μm. See Supplemental Video 3 for time lapse of 50% β / 50% α cell 

pseudoislet formation. 
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CHAPTER V: 

INTEGRATED ANALYSIS OF THE DIABETIC HUMAN PANCREAS 

 

Some text and data in this chapter have been adapted from Haliyur, Walker, et al. (manuscript 

in preparation), and Walker, Saunders, Rai et al. (manuscript in preparation). 

 

Chapter Introduction 

 

The central role of the pancreatic islet in the pathogenesis of diabetes and differences between 

rodent and human islet biology highlight the need to robustly study the human pancreas. 

However, access to these organs, especially the pancreas from individuals with diabetes, is 

limited. Further, disease heterogeneity along with high genetic and environmental diversity 

highlight the complexity in interpreting findings from human donors. To address this, our group 

developed infrastructure to collect pancreatic tissue and islets from the same donor that can be 

processed and studied using numerous experimental approaches, along with the donor’s de-

identified medical record in order to place findings in the appropriate clinical context. This 

chapter describes two ways in which we have used this approach to further our understanding 

of human diabetes. First, we describe an integrative approach to robustly study the function, 

transcriptome and tissue architecture from isolated islets and pancreas from 20 donors with 

short-duration T2D to reveal early, disease-driving mechanisms in T2D. Second, we investigate 

an atypical pathobiological finding of substantial insulin secretion in a donor with presumed T1D 

and describe how we integrated studies of islets, tissue, and genetics to understand the etiology 

of their diabetes. These studies demonstrate both how integrated studies of small cohorts can 

reveal broad disease-driving mechanisms and how detailed studies of unique cases can reveal 

underappreciated disease heterogeneity. Ultimately, both types of approaches will be important 

in our quest to understand and better treat human diabetes. 

 

Human β cell dysfunction in short-duration type 2 diabetes is defined by a disrupted islet 

microenvironment and RFX6-mediated transcriptional dysregulation 

 

Introduction 

Type 2 diabetes (T2D) mellitus is a common metabolic disease defined by abnormally elevated 

blood glucose levels, affecting more than 460 million individuals worldwide686 and characterized 

by insufficient insulin secretion, insulin resistance, and increased hepatic glucose production687. 

Clinically, T2D is progressive with patients often initially able to control blood glucose levels with 

changes to diet and exercise but eventually moving to oral medications and ultimately requiring 

exogenous insulin323,688,689. Genetic and physiologic complexity result in T2D being clinically 

heterogeneous with likely multiple molecular pathways and time courses to reach 

hyperglycemia690; however, the majority of loci that have been identified through genome-wide 

association studies (GWAS) are presumed to result in perturbations to β cells, pointing to 

impaired insulin secretion as a key determinant for whether T2D develops and how quickly it 

progresses691–693.  
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Pancreatic islets, vascularized and innervated mini-organs dispersed throughout the exocrine 

pancreas, are central in the control of glucose homeostasis. Islets are composed primarily of 

endocrine cells – α cells, which secrete glucagon; β cells, which secrete insulin; δ cells, which 

secrete somatostatin; pancreatic polypeptide (PP) or γ cells, which secrete PP; and ε cells, 

which secrete ghrelin – but also contain capillaries (endothelial cells and pericytes), neuronal 

projections, resident immune cells, and fibroblasts1. These cells act in coordination to exert 

hormonal control on glucose metabolism largely through insulin, which lowers blood glucose, 

and glucagon, which raises blood glucose. While impaired insulin secretion is a hallmark of 

diabetes, the contributions of systemic environment, local signals in the islet microenvironment, 

and intrinsic β cell genomic changes, as well as how these interact, are not precisely defined.  

 

Postulated disease processes in T2D islets include β cell loss and/or dedifferentiation, 

endoplasmic reticulum (ER) stress, amyloid deposition, oxidative stress, glucotoxicity, 

lipotoxicity, and islet inflammation342–347,623, processes that have been primarily studied in rodent 

models of T2D due to difficulty in obtaining and studying human pancreatic tissue21,694. 

Importantly, human islets show several key differences from mouse islets, including in 

endocrine and non-endocrine cell composition and arrangement, basal and stimulated insulin 

secretion, response to dyslipidemia and hyperglycemia, and expression of key islet-enriched 

transcription factors21–25,569,695. Thus, to precisely target and treat type 2 diabetes, it is critical to 

define the initiating conditions and triggers for impaired insulin secretion in human tissue.  

 

We describe an integrative approach to robustly study the pancreas and isolated islets from 20 

short-duration T2D donors. Our approach analyzed islet function both in in vitro and in vivo 

using a transplant system, the islet transcriptome by bulk RNA-sequencing (RNA-seq) from 

whole islets and from fluorescence-activated cell sorting (FACS)-purified β cells and α cells, and 

pancreatic tissue via traditional and multiplexed imaging approaches for a deep understanding 

of the T2D islet microenvironment. Integration of findings across these studies reveals that β cell 

dysfunction in short-duration T2D is defined by a disrupted islet microenvironment as well as 

RFX6-mediated transcriptional dysregulation, providing key insight into the pathogenesis of 

T2D. 

 

Results 

Identification, collection and processing of short-duration T2D donor pancreata 

As T2D is a highly heterogeneous and progressive disease, an unfocused approach to study 

islets from individuals with T2D is likely to miss important biology. Further, with long-standing 

disease it becomes more difficult to decipher processes that are consequences of prolonged 

hyperglycemia versus those that are causative. Therefore, to identify early, disease-driving 

mechanisms in islets, we focused on short-duration T2D as determined by a combination of 

disease duration and treatment paradigm (Figure 41A). Organ donors were screened by a 

board-certified endocrinologist (A.C.P.) to identify donors that not only fit the short-duration 

criteria but were also 1) without significant co-morbidities that would confound data 

interpretation and 2) representative of “common” T2D in the general population in terms of age 

and BMI, to allow findings to be generalizable. Using this approach we collected 20 T2D 

pancreata from donors aged 37-66 years (mean 52 years) with an average T2D duration of 3.5 
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years (range 0-10 years) where 25% were managing with lifestyle changes only and 75% had 

begun some form of diabetes medical treatment; donors were of diverse ethnic background and 

as expected, BMI and HbA1C were elevated (Figure 41A for summary; Table 3 for detailed 

information by donor). To comprehensively understand disease mechanisms, we both isolated 

islets and processed tissue blocks from each pancreas whenever possible, allowing integration 

of islet function through hormone secretion, cellular and molecular characterization of tissue 

architecture and microenvironment, and cell type-specific transcriptomic analysis in the same 

donors (Figure 41B). Non-diabetic donors (n=17) were also collected and processed for multi-

modality study. Partnerships with the Integrated Islet Distribution Program (IIDP) and the Alberta 

Diabetes IsletCore provided additional non-diabetic isolated islets (n=20) that allowed better 

matching of donor characteristics such as age and BMI for specific comparisons and additional 

power in our analyses. 

 

Despite similar insulin content, short-duration T2D islets show substantially reduced stimulated 

insulin secretion 

To investigate β cell function in this cohort, we analyzed isolated islets from age- and BMI-

matched T2D and ND donors (Figure 42A-42B) by dynamic perifusion system570,594 using the 

standard perifusion approach of the Human Islet Phenotyping Program of the IIDP 

(https://iidp.coh.org/), which has assessed over 400 human islet preparations696,697. When 

normalized by islet volume, basal insulin secretion in T2D islets was slightly reduced (Figures 

1C and 42C) while stimulated insulin secretion was markedly reduced in response to high 

glucose, cAMP-evoked potentiation, and KCl-mediated depolarization (Figures 41C-41F). Both 

first and second phase of insulin secretion were affected but first phase showed a more 

substantial reduction (Figures 42D-42E). Inhibition of insulin secretion by low glucose and 

epinephrine was similar between ND and T2D islets (Figures 42F). Importantly, insulin content 

was not reduced in T2D islets and even trended higher than ND islets (Figures 41G). As such, 

normalization of secretion by islet insulin content showed concordant findings (Figure 42G-

42L). Together, these data suggest that while short-duration T2D islets maintain their insulin 

production, β cells have defects at multiple steps of insulin secretory pathway, including those 

distal to glucose metabolism. 

 

Our perifusion system additionally allows measurement of glucagon to investigate α cell 

function. In contrast to insulin secretion, no substantial differences in basal or stimulated 

glucagon secretion were observed in T2D islets when normalized by islet volume, though we did 

note a slightly slower return to baseline in the T2D trace after removal of stimulation (Figures 

41H-41K and 42M-42N). Glucagon content was similar between ND and T2D and as such, 

normalization by glucagon content showed consistent secretion dynamics (Figures 41L and 

42O-42T). While there is substantial evidence of dysregulated glucagon secretion in T2D, this 

data suggests such dysfunction is not a hallmark of ex vivo islets in the early stages of T2D.  

 

Correlation of donor attributes to functional metrics highlighted a significant negative correlation 

between donor HbA1C and stimulated insulin secretion (Figure 41M), demonstrating a link 

between reduced β cell function ex vivo and degree of glucose control in the pateint. To test 

how the systemic environment contributes to β cell dysfunction in T2D islets, we transplanted 

https://iidp.coh.org/
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T2D or ND islets from a subset of donors into immunodeficient NSG mice (Figure 41N). After 

six weeks in a normoglycemic, non-insulin resistant in vivo environment, T2D islets secreted 

less human insulin than ND islets, especially after stimulation with glucose/arginine (Figures 

41O-41Q, average per islet preparation; 42U-42W, individual mice), consistent with ex vivo 

findings of impaired stimulated insulin secretion. In sum, these experiments highlight β cell 

dysfunction as a hallmark of early T2D that is sustained after transplantation into a 

normoglycemic, non-insulin resistant environment and suggests intrinsic β cell dysregulation 

and/or cellular and molecular alterations within the islet microenvironment are key features 

driving reduced insulin secretion. 

 

Integrated transcriptome analysis of islets and FACS-purified α and β cells reveals broad 

transcriptional dysregulation  

To investigate islet-autonomous changes in T2D, we undertook coordinated collection of β and 

α cells purified by FACS using well-characterized cell surface antibodies220,565 as well as hand-

picked isolated islets for RNA-sequencing (Figures 43A and 44A). This approach allowed us to 

assess both the β and α cell-specific transcriptional landscape as well as global islet 

dysregulation in the short-duration T2D cohort. As this large collection of rare tissues spanned 

several years, we used a robust latent variable analysis581 to isolate biological variation and then 

analyzed the dataset by both differential gene expression580 and gene network analyses586 

(discussed beginning with Figure 50) (Figures 43A).  

 

Comparing transcriptomic profiles from ND and T2D β cells revealed 352 differently expressed 

genes based on a strict false discovery rate (FDR) 1% threshold and >1.5 fold-change cutoff 

(Figure 43B-43C). Of note, genes such as G6PC2, which is involved in regulating glucose flux 

and is a major target of autoimmunity in T1D and GLP1R, the receptor for glucagon-like peptide 

1 (GLP-1) and a key pharmacological focus for treating T2D, were expressed at lower levels in 

T2D β cells. In contrast, genes such as FAIM2, an inhibitor of apoptosis, SLC38A5, a sodium-

dependent neutral amino acid transporter, and TSPAN5, a member of the tetraspanin family 

that modulates Ca2+ handling, were expressed at higher levels.  

 

In α cells, 248 genes were significantly differentially expressed, including elevated expression of 

PCSK1, a prohormone processing enzyme that is typically not highly expressed in α cells but 

may be upregulated in states of stress and lead to alternative processing of 

preproglucagon104,698 (Figures 43D and 44B). Interestingly, T2D α cells showed reduced 

expression of KLF11, the MODY7 gene. While clearly critical for β cell function, KLF11’s role in 

α cells is less understood. Still, the KLF11 protein has been detected in α cells699 and single-cell 

RNA-seq datasets demonstrate higher KLF11 expression in α cells compared to β cells (data 

not shown), indicating that there may be an unexplored role in α cells. Notably, KLF11 gene 

targets include a number of genes involved in lipid/cholesterol metabolism700,701 and LDLR also 

has reduced expression in T2D α cells (Figure 43D).  

 

In islets, 564 genes were significantly differentially expressed; this higher number than for 

sorted β or α cells may reflect greater cell type heterogeneity within the sample, emphasizing 

the valuable specificity of our sorted cell approach in parallel with appreciation of non-α or β cell 
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components in islet samples (Figure 43E and 44C). Notably, SSTR5, the principal δ cell 

somatostatin receptor702, was elevated in T2D islets and likely reflects changes in δ cell biology. 

Reduction in ADAMTS4, a matrix metalloproteinase, and elevation in PCOLCE2, a collagen 

endopeptidase, highlight dynamic modulation of the extracellular matrix within the islet 

microenvironment in short-duration T2D. Reduced expression of CXCL8, a chemokine that 

stimulates angiogenesis through vascular endothelial growth factor (VEGF)703, further suggests 

altered signaling to non-endocrine cells within the islet. 

 

To understand the biological context with which these genes are associated, we performed 

pathway analyses on differentially expressed genes and broadly visualized these pathways 

using REVIGO, a clustering algorithm that uses semantic similarity to collapse and group similar 

gene ontology (GO) terms583. T2D β cells were enriched for numerous metabolic pathways 

including glucose, amino acid, and fatty acid processes, as well as mitochondrial regulation, but 

also showed regulation of insulin secretion-related pathways including exocytosis, ion transport 

and protein secretion (Figure 43F). In aggregate, α cells did not show enrichment for as many 

pathways but did display terms related to amino acid and steroid signaling (Figure 43G). 

Additional pathways of interest in the α cell included those relating to ion handling as well as 

regulation of blood vessels. In islets, numerous cytokine signaling and immune terms were 

enriched, as were pathways related to ER processing and unfolded proteins that were less 

prominent in α or β cells (Figure 43H). Targeted investigation revealed central carbon 

metabolism pathways as substantially dysregulated in T2D β cells while T2D α cell 

dysregulation was more concentrated in intracellular signaling pathways (Figure 43I). 

Importantly, genes related to MODY, well known to play critical roles in β cell function, were 

significantly enriched in T2D β cell samples. 

 

To understand how gene expression changes correlated across sample types, we grouped 

genes that were differentially expressed in at least one sample type based on their directional 

change in the other two cell types (Figures 43J and 44D). The most common groups were 

situations where all three samples showed consistent directional change (000 or 111 

representing reduced or elevated in T2D β, α, and islets, respectively), but interestingly, the next 

most common situation was β cells showing opposite regulation from α cells and islets (100 or 

011), highlighting the importance of studying FACS-purified β cells rather than solely 

extrapolating signals from islets (Figure 43J). Pathway analyses of the combination gene lists 

with reduced expression across all samples (000) revealed metabolic pathways consistently 

enriched (Figures 44E-44F). 

 

While only a minority of differentially expressed genes were shared across samples, a 

significant overlap in ontologies indicated that many of the same biological processes were 

dysregulated even if the exact same genes were not (Figure 43K). To appreciate these 

relationships, we applied a network visualization of enrichment across all three sample types. 

This revealed some β cell-specific clusters (vitamin metabolism) and islet-specific clusters 

(inflammatory pathways and protein misfolding), but many clusters were consistent across all 

three sample types (hormone secretion, lipid metabolism, and cilia organization) (Figure 43L). 

In sum, differential expression of sorted β and α cells and whole islets allows for detailed 
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appreciation of both cell-specific and islet-wide molecular changes in T2D, and integration of 

these analyses emphasizes how signals are enriched within various islet compartments. 

 

Short-duration T2D donors do not show significant changes in endocrine cell mass or area but 

show shifts in endothelial cell phenotype 

To understand the context in which these functional and transcriptomic changes to the β cell, α 

cell, and islet act, we comprehensively evaluated the pancreatic tissue architecture from our 

T2D cohort and compared them to ND controls. In order to achieve both breadth and depth in 

our analyses, we combined a high-throughput traditional immunohistochemistry (IHC) approach 

representing major anatomical pancreatic regions across the entire donor cohort with high-

dimensional multiplexed imaging for special analysis of cellular phenotypes at the single-cell 

and individual islet level (Figure 45A). Through traditional IHC, we analyzed multiple sections 

from pancreatic head, body, and tail regions of 20 T2D and 11 age-matched ND donors. A 

subset of this cohort was further phenotyped with a 28-marker panel using co-detection by 

indexing (CODEX), which allows fluorescence-based imaging of large tissue sections, allowing 

us to analyze >370 mm2 of pancreatic tissue and positively identify 2,983,608 cells with 

spatially-resolved specific cellular phenotypes defined by combined expression/exclusion of 

multiple markers (Figure 46A). We chose this multiplexed approach because unlike imaging 

mass cytometry or CyTOF704,705, it does not destroy tissue and permits section retrieval for a 

subsequent application of chemical stains and deeper resolution of cellular relationships with 

acellular tissue components in a given tissue microenvironment. 

 

To determine if changes in endocrine cell ratios contributed to reduced insulin secretion in T2D 

islets, we robustly evaluated β, α, and δ cell populations. Multiple analyses across the three 

pancreatic regions, including evaluation by area of stain and by cell identification within islet and 

within the entire pancreatic section, revealed that there was no loss of β cell mass or increase in 

α cell mass in short-duration T2D (Figures 45B and 46B-46F). We additionally assessed for 

apoptosis using the TUNEL assay but found such cells to be exceedingly rare in both ND and 

T2D human endocrine cells (data not shown). Donor-to-donor variability, particularly in the ratio 

of β and α cells, was notable, underscoring the challenge in working with heterogeneous human 

tissues. Further, CODEX allowed us to thoroughly evaluate the endocrine compartment for all 

islet endocrine cell types simultaneously (including γ and ε cells), as well as to identify cells 

expressing only a panendocrine marker chromogranin A (CHGA) that has sometimes been 

used to define “dedifferentiated” β cells706,707 (Figures 45C-45D).  We found that 

CHGA+/hormone– cells within our donor cohort were rare and not significantly changed in T2D 

(Figures 45D and 46H). Thus, these data suggest that changes in endocrine cell mass, 

including loss of β cell mass, is not a substantial component in short-duration T2D. Instead, it 

points to reduction in β cell function as the predominant feature of this disease stage. 

 

To define changes in the islet microenvironment that may contribute to β cell dysfunction, we 

next investigated islet non-endocrine components, of which islet capillary endothelial cells (ECs) 

were the most abundant (Figures 45E and 46I). Additionally, pathway analysis from RNA-seq 

highlighted enrichment in processes controlling blood vessel size, particularly in α cells, as well 

as processes related to VEGF production, a primary regulator of islet capillary formation and 
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maintenance562,708,709. Therefore, we performed islet capillary morphometric analysis and found 

that while islet capillary density did not change, the area per capillary was reduced in the T2D 

cohort (Figure 45G-45H). This size reduction was accompanied by a corresponding increase in 

the average distance of endocrine cells to the nearest capillary in T2D islets (Figure 45I). 

Interestingly, the closer proximity of α and δ cells to capillaries as compared to β cells, in both 

ND and T2D islets, aligned with the concentration of blood vessel-related pathway enrichment in 

T2D α cells over β cells (Figure 45I and 45F). To molecularly evaluate EC phenotypes, we 

investigated co-expression of CD34 and HLA-DR, markers which are present on subsets of 

CD31+ ECs, and found that T2D ECs appeared to show a phenotypic shift defined by fewer ECs 

expressing CD34, a cell adhesion marker that is particularly prevalent in progenitor capillary 

ECs710,711 (Figure 45J-45K). In sum, this data highlights a change in the structural and 

molecular phenotype of capillaries in the islet microenvironment that may contribute to islet 

dysfunction in T2D. 

 

Amyloid deposition is heterogenous in short-duration T2D and associated with loss of endocrine 

cells and increase in immune cells 

Although less abundant than endothelial cells, immune cells contribute to the islet 

microenvironment (Figure 45E) and are known to play important roles in islet homeostasis712,713. 

Of the islet immune cell repertoire, macrophages (IBA1+) were the largest population with T 

cells the next most prevalent, while CD45+ CD38+ (presumably B and/or NK) cells were very 

rare; there were also some CD45+ cells present that were not positive for another identifying 

immune marker in our panel (Figures 47A-47B). Intraislet macrophages were not changed but 

intraislet T cells (CD45+ CD3+) were significantly increased in T2D (Figures 47C and 48A). 

Further characterization of macrophages based on phenotypic markers indicative of a more 

proinflammatory (HLA-DR+) or anti-inflammatory (CD163 and/or CD206+) state did not show a 

shift in macrophage phenotype in T2D (Figure 48B). The increase in T cells in T2D islets was 

represented across CD4+ (helper), CD8+ (cytotoxic), and CD4– CD8– (double negative) T cells 

but there was not substantial expression of the major histocompatibility class II (MHCII) receptor 

HLA-DR in these cells (Figures 48C-48D). 

 

One hallmark of the islet microenvironment specific to T2D is amyloid deposition. In this short-

duration cohort, 75% of donors had evidence of amyloid deposits, but there was a wide range in 

how many islets within a donor it was detected (Figures 47D-47E). Amyloid deposits were 

embedded in the predominantly acellular extracellular matrix (ECM) located in the islet 

perivascular regions (Figure 48E). Interestingly, sorted T2D β cells were enriched in ECM 

remodeling pathways, potentially suggesting dynamic changes within this compartment (Figure 

47F). While aggregated amyloid deposits were clearly enriched in T2D islets, expression of 

IAPP, in contrast to INS, was strongly reduced in T2D β cells, suggesting that a post-

transcriptional component to IAPP processing and/or folding may contribute to amyloid deposits 

(Figures 47G and 48F). Interestingly, whole islets, but not sorted β cells, showed significant 

enrichment in pathways for ER stress and the unfolded protein response (Figure 47H). In 

aggregate, these data suggest that inappropriate processing of IAPP may lead to disruption of 

the perivascular ECM and activate cells responding to the improperly folded protein. 

 



 132 

It was noteworthy that islets with and without amyloid were often in the same tissue section, 

sometimes very near each other (Figure 48G). Further, we noted that the degree of amyloid 

deposition could vary widely even in cases where amyloid prevalence was similar (Figure 48H). 

Therefore, to more precisely investigate the effects of amyloid on the islet microenvironment 

and cellular phenotypes and relationships, we pursued analyses on individual annotated islets. 

Cross-sectional islet cell number was not different between ND or T2D islets or when broken 

down by islets with or without amyloid (Figure 49A-49B). To ascertain if islets with amyloid had 

features distinct from other islets, we aggregated per-islet metrics across our multiplexed 

imaging panel and applied Uniform Manifold Approximation and Projection (UMAP)714, a 

dimensionality reduction tool helpful for visualizing high-dimensional data (Figures 47I and 

49C). Interestingly, high amyloid islets (amyloidhi) were a minority of the total islets but formed a 

distinct cluster which was retained after removing the amyloid metric feature from the data 

provided for UMAP (Figures 47I-47J, 49D), suggesting that features independent of amyloid 

distinguish these islets from amyloid-negative islets. The amyloidhi cluster was comprised of 

multiple donors and showed disruptions in the prevalence of several markers compared to other 

islets (Figure 49E). 

 

Higher amyloid burden negatively correlated with total endocrine and β cells in the islet (Figures 

47K-47L) but did not alter the ratio within the endocrine compartment (Figure 49F), suggesting 

that amyloid causes nonspecific loss of all endocrine cell types to similar degrees. Among non-

endocrine components of the islet, endothelial cell and pericyte abundance did not change, nor 

did area of collagen IV, a major component of the islet ECM (Figures 47M-47N and 49G). In 

contrast, immune cell proportion was strongly positively correlated with the degree of amyloid 

deposition, which was represented by increases to both macrophages and T cells (Figures 47N 

and 49H). The correlation of macrophages was attributable to macrophages expressing at least 

one phenotypic marker (HLA-DR, CD163, CD206), but did not suggest an overt phenotypic 

switch (Figure 47O). Both CD8+ and CD4+ T cells positively correlated with degree of amyloid, 

although the correlation was more substantial with CD8+ T cells (Figure 47P). While overall 

endothelial cell abundance did not correlate with amyloid, there was a significant negative 

correlation with ECs expressing CD34, consistent with the phenotypic trends seen at the donor 

level, and significant positive correlations with HLA-DR+ ECs, indicative of immune signaling in 

capillaries Figure 49I-49J).  

 

Next, we investigated the spatial relationship of islet cells with amyloid deposits and found that 

non-endocrine cells, particularly macrophages and endothelial cells, were enriched near 

amyloid deposits, while endocrine cells did not show such enrichment (Figures 47Q-47R and 

49K). Pathway analysis of the transcriptome of these donors highlighted enrichment in 

pathways for cytokine production and signaling as well as for immune recruitment and 

migration, particularly in islet samples (Figures 47S-47T). Our tissue analyses suggest that 

these signals are likely related to amyloid-laden islets in T2D. Thus, amyloid deposits in T2D are 

associated with disruptions to the islet microenvironment leading to loss of islet endocrine cells, 

disruption of endothelial cell phenotype, and recruitment of macrophages and T cells. 
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Gene network analyses on sorted β cells identify disrupted cilia homeostasis and highlight RFX6 

as a highly connected hub gene that is reduced in T2D β cells 

To understand the key gene networks within β cells that are contributing to β cell dysfunction in 

short-duration T2D, we took transcriptomic profiles from our FACS-purified β cell samples and 

clustered genes based on expression patterns using weighted gene correlation network analysis 

(WGCNA)586. This approach took the >14,000 genes per sample that met our criteria for 

expression and identified 48 modules of highly correlated genes, providing a useful summary to 

explore the full array of transcriptomic data (Figure 50A). To identify modules most closely 

associated with T2D, we assessed enrichment in modules for genes differentially expressed 

(Figure 50B). Pathway analysis of these modules revealed three modules (modules 1, 5, and 7) 

whose genes were implicated in pathways related to different elements of carbohydrate, lipid, 

and amino acid metabolism (Figure 50C). Module 7 was additionally enriched for other 

signaling components that influence stimulated insulin secretion, including ion transport and 

cAMP signaling. 

 

Module 6, by contrast, was primarily defined by enrichment in cilia genes (Figure 50C). This 

was consistent with differential expression analysis which showed significant enrichment for cilia 

terms across samples (Figure 50D). Thus, enrichment in module 6 indicates that the 

dysregulation leading to differential expression is highly correlated across samples. Comparison 

of these differentially expressed genes to a validated list of cilia-related genes, CiliaCarta715, 

revealed a majority of high-quality cilia genes were expressed at higher levels in T2D compared 

to ND for both β and α cells. To investigate whether these changes at the transcript level 

translated to cellular alterations, we stained tissue sections from the same donors with cilia 

marker ARL13B (Figure 50F). Total cilia area within the islet was elevated in T2D tissue, 

attributable to a higher cilia density with unchanged cilia size (Figure 50H) and consistent with 

elevations in cilia transcripts.  

 

Gene co-expression modules also provide opportunity to investigate correlation of 

transcriptomic profiles with additional parameters that would not otherwise be sufficiently 

powered. In this case, having perifusion metrics from the same donors allowed us to investigate 

β cell gene networks that track with elevated or reduced insulin secretion parameters, including 

basal secretion, integrated secretion to numerous stimuli, and islet insulin content (Figure 50I). 

This analysis revealed numerous interesting correlations but in particular, module 1, defined by 

metabolic pathways (Figure 50C), was the highest correlated module to insulin area under the 

curve for 16.7 glucose.  

 

By correlating genes expression with the expression profile of the module eigengene, this 

network analysis allows the identification of “hub” genes that are disproportionately connected 

both within and across modules. This analysis on our network revealed numerous highly 

connected genes (Figure 50J). In particular, RFX6, an islet-enriched transcription factor, stood 

out as being highly connected both within its module and across modules. As a transcription 

factor, RFX6 is in a prime position to exert broad regulation of cellular processes and cell states. 

Additionally, RFX6 is a member of module 1, which was both enriched for differentially 

expressed genes and showed the strongest correlation to high glucose-stimulated insulin 
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secretion. Further, not only is RFX6 a highly connected gene, it is also one of the most reduced 

islet-enriched transcription factors at the transcript level in T2D β cells (Figure 50K). To 

determine if these changes extended to the protein, we assessed RFX6 expression by 

immunohistochemistry and found a reduction in T2D β cells (Figure 50L-50M). In sum, these 

data highlight RFX6 as a highly connected hub gene in β cells that is associated with insulin 

secretion and is significantly reduced at both the transcript and protein level in short-duration 

T2D. 

 

Discussion 

Our results highlight how integrated analyses of short-duration T2D isolated islets and 

pancreatic sections can provide molecular insight into disease-driving mechanisms of T2D. We 

highlight that in vitro these islets have defects in multiple steps of the insulin secretory pathway, 

including components distal to glucose metabolism, despite no change in insulin content. These 

defects were sustained after transplantation into a normoglycemic, non-insulin resistant 

environment. Further, β cell loss and dedifferentiation were not observed in our cohort, 

highlighting reduction in β cell function as the predominant feature of the early disease stage. In 

addition to β cell functional defects, the islet microenvironment was significantly altered; T2D 

islets had smaller islet capillaries, increased intraislet T cells, and heterogeneous amyloid 

deposition in a minority of islets. Within these amyloidhi islets, there was a loss of endocrine 

cells and disruptions in non-endocrine cell composition or phenotype. Integrated transcriptomic 

analysis of sorted β and α cells and whole islets demonstrated transcriptional dysregulation in β 

cells that was concentrated in metabolic and hormone secretory pathways, while whole islets 

showed enrichment for pathways associated with the immune system and ER stress, 

emphasizing how signals are enriched in different compartments of the islet. From sorted β 

cells, RFX6 was significantly reduced in T2D and emerged as a highly connected hub gene that 

is associated with insulin secretion, emphasizing its role in mediating β cell dysfunction in short-

duration T2D.  

 

The relative contribution of reduced β cell mass in T2D is subject to ongoing debate650,716–719. 

Numerous post-mortem studies have suggested a mild reduction in β cell mass in T2D515,720–724, 

but there is significant overlap in β cell mass among T2D and normal individuals and several 

studies noted that such defects were most prominent in donors with increased disease duration 

or who were being treated with insulin. Our study demonstrates in the early stages of T2D, there 

is no loss of β cell mass and instead this stage is defined by significant β cell dysfunction. 

Further, while β cell dedifferentiation is not consistently defined, we show that loss of insulin 

immunoreactivity with retention of the pan-endocrine marker chromogranin A is not a significant 

hallmark of disease process at this stage. Given the immense difficulty in increasing human β 

cell mass, our data emphasizes the importance of early intervention to improve the function of 

the substantial β cell mass that remains. This is consistent with reports of rapid disease 

reversibility with bariatric surgery or severe caloric restriction in early T2D725–730. Our in vivo data 

indicates that such reversibility cannot be achieved simply through correction of glycemia or 

insulin sensitivity but rather that additional signals targeting the islet and/or β cell are needed. 
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While β cells are the ultimate source of insulin, they do not act in isolation. Indeed, individual β 

cells do not show the same dynamic secretion pattern seen in intact islets144,145,168,201,276,676, 

highlighting that the larger islet microenvironment is crucial for coordinated islet function. Our 

study reveals that non-endocrine components of the islet, including the vascular system, 

immune system, and extracellular regions, show substantial alterations in short-duration T2D. 

The presence of these features prior to changes in islet endocrine composition suggests that 

non-endocrine cells play early and possibly causal roles in β cell dysfunction. These results also 

highlight a need to consider the full array of islet cells when pursuing β cell replacement as a 

therapy for diabetes. 

 

Studies of endothelial cell-β cell interactions have revealed important roles in both physiology 

and pathophysiology, though mechanistic studies have largely been conducted in mouse islets, 

which have notable differences in vascularization compared to human islets, namely an 

increased capillary density562,709,731. While we observed β cell dysfunction in isolated islets 

without active blood flow, these islets do retain endothelial cells that could signal to β cells; 

further, islet transplants are revascularized by a combination of host and graft endothelial 

cells732, thus local signals could contribute to the continued β cell dysfunction in this setting. 

Interestingly, our data also highlight that signaling between α cells and endothelial cells may be 

equally important, as α cells were positioned closer to capillaries than β cells and T2D α cells 

showed dysregulation of pathways related to blood vessel dynamics. Ultimately, newly 

developed techniques such as pancreas slice culture and transplantation into the anterior 

chamber of the eye733–735, as well as improvements to endothelial cell culture in vitro736, will 

provide an opportunity to investigate how these early phenotypic changes observed in 

endothelial cells may contribute to β cell dysfunction. 

 

The significant enrichment of inflammatory pathways specifically in the transcriptome from 

whole islets suggested differences in immune cells in T2D, which was confirmed by our tissue-

level observations of increased abundance of several types of T cells. Although autoreactive T 

cells are critical to the pathogenesis of T1D, the role of tissue resident T cells in normal islet 

physiology or in T2D is less clear and may be an interesting area for future investigation. 

Instead, most research into T2D-related islet inflammation has focused on intraislet 

macrophages623. While our results did show macrophages as the most abundant immune cell in 

the islet, they were not significantly enriched in short-duration T2D donors. Assessment of a 

select number of macrophage polarization markers did not reveal a phenotypic change though 

assessment of additional markers may help to clarify this. In contrast, at the islet level, 

increased amyloid strongly correlated with increased macrophages and these same islets 

showed loss of endocrine cells. Thus, while amyloid-laden islets were a minority of islets in this 

short-duration T2D cohort, our results add to a growing body of literature on the relationship of 

amyloid, immune, and endocrine cells347,361,737,738.  

 

One of the most consistent transcriptional findings across β cells, α cells, and islets was 

enrichment in pathways related to cilia. Primarily studied in mice, cilia contain a disproportionate 

concentration of GPCRs and through knockout studies have been shown to be critical in 

regulating glucose sensing, calcium influx, and paracrine signaling within the islet739–741. In our 
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cohort, a majority of cilia-related transcripts were elevated, differing from a previous report in 

T2D742, but consistent with what we identified at the tissue level where we observed an increase 

of intraislet cilia. To our knowledge, the effect of increased islet cilia has not been examined but 

this could represent a compensatory process by which islet cells early in the disease are 

attempting to upregulate to mitigate deficits in β cell function. 

 

Within the β cell, transcriptional dysregulation clearly plays an important role in impaired insulin 

secretion. Pathways related to metabolism of carbohydrates, lipids, and proteins, as well as 

peptide processing and vesicle exocytosis, were all enriched for differentially expressed genes 

specifically in T2D β cells, consistent with functional data showing impairments at multiple 

stages of the insulin secretory pathway. Gene network analyses revealed that RFX6 was a 

highly connected hub gene that controlled gene expression within a module that was both 

enriched for differentially expressed genes and highly correlated to insulin secretory 

parameters. Further, RFX6 was reduced specifically in β cells at both the mRNA and protein 

level in our short-duration T2D donor cohort. In mice, Rfx6 has been shown to direct formation 

of β cells and is required in the adult β cell to maintain cell identity743,744, while in an 

immortalized cell line, RFX6 has been shown to control insulin secretion by modulating calcium 

homeostasis745. Further, T2D GWAS loci are enriched in RFX6 binding motifs, linking reduced 

RFX6 action to genetic susceptibility for T2D746. Thus, future work should directly investigate the 

role of RFX6 in human β cells to link it to T2D as well as focus on how RFX6 is regulated in the 

β cell. 

 

There are limitations to this study that suggest opportunities for future work. While we have 

taken great care to focus our organ collection efforts, the natural history of T2D makes precise 

determination of disease onset difficult. Analogous studies on pancreata from long-standing 

T2D would provide additional information and help determine which processes are more causal 

and which are consequences. Further, increasing donor number will allow for better 

appreciation of and investigation into T2D disease heterogeneity. Additionally, integration of 

additional studies such as electrophysiology, proteomics, or metabolomics would provide 

complementary information that might identify specific pathways within the broadly dysregulated 

cellular and metabolic categories revealed by our transcriptomic profiling. In this vein, consortia 

efforts such as the Human Pancreas Analysis Program (HPAP), Network for Pancreatic Organ 

donors with Diabetes (nPOD), and Human BioMolecular Atlas Program (HuBMAP), will be 

critical to obtain increased numbers of pancreata and perform detailed molecular 

characterization. Finally, since it is infeasible within this study to follow up on multiple interesting 

findings, mechanistic studies, ideally performed in human islets, will be necessary to complete 

our understanding of how these newly identified or further validated processes contribute to β 

cell dysfunction. 

 

In sum, we highlight an innovative, multi-faceted approach to studying the human pancreas and 

islets in the context of disease. In this study, we generated substantial datasets encompassing 

T2D dynamic hormone secretion, islet, α and β cell transcriptome, and multiplexed imaging of 

the islet microenvironment, and we integrated these to provide a holistic view of short-duration 

T2D. Ultimately, we demonstrate that the initial defect in T2D is impaired β cell function, that 
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there are disruptions to endothelial and immune cells within the islet microenvironment, and that 

β cell transcriptional dysregulation at multiple points in the insulin secretory pathway is in part 

mediated by RFX6. Together, these data provide key insights into the molecular pathogenesis 

of T2D. 

 

 

Integrated analysis of the pancreas and islets reveals unexpected pathobiological 

characteristics in 22-year-old male with presumed type 1 diabetes 

 

Introduction 

T1D is an autoimmune disease that results from selective destruction of insulin-producing beta 

cells. Classically, T1D presents during childhood or adolescence; however, a number of patients 

do not fit these typical criteria747. For example, T1D genetic risk scores (GRS) suggest T1D can 

develop within the first six-months of life748 and that as much as 40% of T1D develops after the 

age of 30597,749. Beyond age of onset, phenotypic differences in timing to insulin dependence, 

residual C-peptide production, and seroconversion could result from variables such as 

environment, ethnicity and genetics750. Furthermore, clinical insulin deficiency can present as 

T1D but actually result from single gene variants595,596.  

 

As the pathogenic heterogeneity of T1D is increasingly being recognized304, the concept of 

numerous endotypes, representing discrete, complex biological networks, responsible for the 

clinically observable T1D phenotype is emerging751, yet precise definitions for these endotypes 

do not exist. Using infrastructure developed to study pancreatic tissue and islets from the same 

donor in conjunction with the redacted medical record, we report unexpected findings in the 

pancreatic islets and tissue of an individual with 8 years of clinical T1D and our approach to 

comprehensively assess pathobiological characteristics in this donor to determine whether 

clinical insulin deficiency resulted from type 1 diabetes.  

 

Results 

Clinical characteristics of donor and pancreas 

As part of studies of the T1D pancreas, we obtained the pancreas from a Caucasian 22-year-old 

male (BMI: 25.7 kg/m2) with an 8-year history of T1D treated with Novolog and Lantus. The 

donor’s average blood glucose was 295 mg/dL based on the HbA1C of 107 mmol/mol (11.9%). 

Low measured serum C-peptide (0.06 ng/mL) suggests relative and near absolute insulin 

deficiency but could reflect impaired insulin secretion related to critical illness at the time of 

sample collection594. The donor carried high-risk HLA haplotypes DR4 and DQ8, but all T1D-

associated autoantibodies (mIAA, IA2A, GADA and ZnT8) were negative at time of death. No 

family history of diabetes was reported in the redacted medical chart. The pancreas weighed 

59.1g, similar to other pancreata from individuals with T1D as observed by our group317,318. We 

processed the pancreas to obtain both tissue and isolated islets to allow integrated analyses. 

Islet isolation yielded 32,000 IEQs at 65% purity, with greater than 90% viability, similar to other 

type 1 donors594.  
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Isolated islets showed insulin secretion and content comparable to non-diabetic donors 

Isolated islets from this donor (Table 3) were compared to islets from individuals without 

diabetes (Table 3). Surprisingly, islets from the donor had robust, dynamic insulin secretion at 

levels similar to non-diabetic controls both when normalized by islet volume (islet equivalent: 

IEQ) and when normalized by % insulin content (Figure 51A-51D). This was unusual as 

typically recent-onset T1D islets only show similar insulin secretion when normalized by % 

insulin content594. Interestingly, glucagon secretion was similar to controls when normalized by 

IEQ although there was an elevated peak in response to cAMP-mediated potentiation, but this 

was substantially decreased when normalized by % glucagon content (Figure 51E-51H). These 

α cell findings are similar to studies of recent-onset T1D islets (<10y T1D duration) and were not 

described in the α cells from a donor with clinical insulin insufficiency due to HNF1A-associated 

monogenic diabetes594,595. Both insulin and glucagon content per IEQ were within ranges seen 

of islets from non-diabetic donors (Figure 51I-51J). Independent evaluation of isolated islet 

endocrine composition by flow cytometry (Figure 51K) was also in the range of normal, unusual 

for T1D of this duration594.  

 

Genetic analysis did not uncover monogenic causes of diabetes.  

Because of the unexpected islet insulin content and absence of T1D-associated antibodies at 

the time of death, we sequenced the donor DNA for variants in 148 diabetes-related genes596 

and identified a heterozygous variant in the intronic region of glucokinase (GCK: c.209-8G>A, 

Table 14) now known to be non-pathologic. This concurred with our clinical assessment as 

heterozygous loss of function variants in GCK result in Maturity-Onset Diabetes of the Young 2 

(MODY2) characterized by mild non-progressive hyperglycemia that does not require 

treatment752 was inconsistent with the medical history of this donor. Further analysis of single 

nucleotide polymorphisms in HLA and non-HLA loci revealed a T1D genetic risk score of >75th 

percentile, which is reported to be indicative of T1D with 95% specificity and 50% sensitivity597. 

 

To further investigate diabetes related to a single gene variant, we performed whole-exome 

sequencing. All variants associated with diabetes were evaluated by keywords and assessed for 

pathogenicity and clinical phenotype, but no clear pathogenic variants in known genes related to 

beta cell identify or function were identified (Table 15). Interestingly, we did identify a previously 

unreported variant in SLC2A4 (c.811C>T), which encodes GLUT4, the insulin-regulated glucose 

transporter expressed primarily in adipocytes and striated muscle753, that was predicted to be 

deleterious.  

 

Investigation of pancreatic tissue identified cellular and molecular features of type 1 diabetes. 

We next systematically analyzed the head, body and tail regions of the donor pancreas by 

immunofluorescence. This revealed 70.7% of islets reviewed (220 of 311 islets) contained at 

least one β cell, in contrast to tissue studied by our group from donors with less than 10 years of 

T1D (17.8±15.5%)594 (Figures 52A-52B). Despite remnant β cells in most islets, in aggregate, 

the distribution of the proportion of β cells per islet was strongly shifted downward, which was 

not seen with α cells (Figure 52B-52C). Concordantly, β cell mass in this pancreas was lower 

than α cell mass and less than that seen in donors without diabetes (Figure 52D).  
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Given the remnant β cell mass, we next investigated islet immune cell infiltration. Despite no 

humoral immunity, 21 of 311 islets (7%) evaluated from eight blocks encompassing the 

pancreas head, body and tail regions demonstrated CD45+ infiltration with 15 or more CD45+ 

cells within the islet or at the islet periphery (Figure 52E-52F)754. Notably, degree of islet 

immune cell infiltration correlated with the proportion of islet β cells but not islet α cells (Figure 

52G)304. To identify these immune cells, lymphocytes were sorted from 100 isolated pancreatic 

islets from the donor (Figure 52H-52N) with 6 CD4+ T cells, 20 CD8+ T cells, and 12 CD19+ B 

cells identified, similar to other samples with greater than 5 years duration of T1D567.  

 

With α cell dysfunction in isolated islets, we next looked for evidence of disordered gene 

expression recently described in T1D594,755. Evaluation of the pancreatic tissue showed 

misexpression of β-cell marker NKX6.1 transcription factor in a pattern similar to the T1D α cell. 

However, no appreciable change in donor α cell ARX or MAFB expression was noted (Figure 

53A-53B).  

  

Discussion  

As part of studies of T1D pancreata, we report substantial β cell numbers and detectable in vitro 

β cell function comparable to donors without diabetes in isolated islets from an individual with 

clinical T1D for 8 years. These unexpected findings prompted us to search for single gene 

variants that contribute to heterogeneity in clinical insulin deficiency, however both targeted and 

whole-exome DNA-sequencing found no clear monogenic cause for diabetes. A deleterious 

variant in SLC2A4 was identified, yet GLUT4 defects are thought to be associated with insulin 

resistance756, inconsistent with the donor’s clinical presentation. Nonetheless, defects in insulin 

signaling could have contributed to the overall clinical picture. Histological analysis of pancreatic 

tissue revealed reduced β cell mass, insulitis, and molecular changes in α cells consistent with 

prior reports of T1D. Only by integration of pancreatic islet histology, function, and molecular 

analysis with thorough vetting of genetic studies using donor clinical information could we 

conclude that this donor’s clinical insulin deficiency most likely resulted from immune-mediated 

loss of β cell mass, possibly on a background of reduced insulin action.  

 

While the majority of T1D samples have nearly undetectable β cell mass by 10 years of disease, 

similar cases of substantial remnant β cell mass (>10% of control) despite years of T1D have 

been reported304,757, however, near normal β cell numbers with preserved function in isolated 

islets was quite unusual. The discordant findings in β cell numbers from isolated islets 

compared to in situ analysis of pancreatic tissue is not fully understood. With increasing 

evidence recognizing T1D as a disease of the entire pancreas and reduced pancreas weight in 

this donor consistent with prior reports317,318, it is possible islets as described in pancreata with 

reduced β cell mass, namely smaller and dysmorphic, may have been unintentionally lost during 

islet isolation leaving islets with preserved native architecture overrepresented. Other 

possibilities include causes of clinical insulin deficiency either unknown or not identifiable by 

post-mortem analysis alone. 

 

Infrastructure for pancreatic organ donation and analysis of human T1D tissue, through 

consortia such as Human Pancreas Analysis Program (HPAP)758, Human Islet Research 
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Network (HIRN) and Network for Pancreatic Organ Donors with Diabetes (nPOD)304,759, have 

revealed marked heterogeneity in β cell mass at disease onset, insulitis, and persistence of 

insulin-producing β cells in long-standing disease. This heterogeneity may ultimately result from 

multiple, distinct biological mechanisms representing different endotypes, currently undefined, 

which act to produce the T1D clinical phenotype751. This could represent the potential for 

individually tailored therapies760, highlighting the importance of thorough study of and reporting 

on unique pathobiological characteristics in T1D such as this one. Further, the findings reported 

here demonstrate that it is crucial to integrate studies from both isolated islets and histological 

evaluation during pancreatic tissue analysis. Continued use of this integrated approach in 

conjunction with mechanistic studies of human pancreatic tissue560 will improve our 

understanding of this pathogenic heterogeneity. 
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Figure 41. Integrated analysis of islet function, gene expression, and histology on a 

cohort of donors with short-duration T2D reveals substantially reduced stimulated 

insulin secretion in vitro and in vivo despite similar islet insulin content.  

(A) Schematic of T2D progression and summary of clinical characteristics of T2D donors. (B) 

Schematic of experimental approach to integrate studies across islets and tissue. (C) Dynamic 

insulin secretory response to various secretagogues measured by perifusion in non-diabetic 
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(ND, n=24) and T2D islets (n=12) normalized to islet volume expressed by islet equivalents 

(IEQs); 1 IEQ corresponds to an islet with a diameter of 150 μm. G 5.6 – 5.6 mM glucose; G 

16.7 – 16.7 mM glucose; G 16.7 + IBMX 100 – 16.7 mM glucose with 100 μM 

isobutylmethylxanthine (IBMX); G1.7 + Epi 1 – 1.7 mM glucose and 1μM epinephrine; KCl 20 – 

20 mM potassium chloride (KCl). (D-F) Insulin secretion was integrated by calculating the area 

under the curve (AUC) for response to the secretagogues in yellow. Additional metrics from this 

trace are shown in 42C-42F and normalization by islet insulin content is shown in 42G-42L. (G) 

Total islet insulin content normalized to islet volume. (H-K) Dynamic glucagon secretory 

response (H) in the same perifusion system with integrated area under the curve analyses (I-J) 

to secretagogues in yellow. Additional metrics from this trace are shown in Figure 42M-42N and 

normalization by islet glucagon content is shown in Figure 42O-42T. (L) Total islet glucagon 

content normalized to islet volume. (M) Pearson correlation of perifusion metrics to clinical 

characteristics of donors. (N) Schematic of human islet transplantation and in vivo assessment 

of function. (O-Q) Fasted (6h) and 15’ after glucose and arginine stimulation blood glucose (O); 

human insulin levels (P) and human insulin:blood glucose ratio (Q). Data are shown as donor 

average with 4-8 mice/donor. Figure 42U-42V shows data per each individual mouse.  

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Error bars indicate SEM. Panels D-G and I-L were 

analyzed by two-tailed t-test. Panels O-Q were analyzed by two-way ANOVA.  
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Figure 42. Related to Figure 41. Short-duration T2D islets show substantially reduced 

stimulated insulin secretion in vitro and in vivo despite similar insulin content.  

(A-B) Matching of ND and T2D donor age (A) and BMI (B) for perifusion experiments. (C) Basal 

insulin secretion calculated as average of first three points of perifusion trace. (D-E) Integrated 

area under the curve breaking down the total 16.7 glucose response to the first phase (D; 

through minute 24) and 2nd phase (E; remainder of glucose stimulation). (F) Area “under” the 

curve calculated from trace baseline for inhibition with low glucose + epinephrine. (G-L) 

Dynamic insulin secretion and metrics equivalent to Figure 41 but normalized by total insulin 

content. (M) Glucagon secretion at basal glucose calculated as average of first three points of 

perifusion trace. (N) Area “under” the curve calculated from trace baseline for inhibition with high 

glucose. (O-T) Dynamic glucagon secretion and metrics equivalent to Figure 41 but normalized 
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by total glucagon content. (U-W) Fasted (6h) and 15’ after glucose and arginine stimulation 

blood glucose (U), human insulin levels (V), and human insulin:blood glucose ratio (W). Data 

shown per each individual mouse. * p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Error bars 

indicate SEM. Panels A-F, H-N, and P-T were analyzed by two-tailed t-test. Panels U-W were 

analyzed by two-way ANOVA.   
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Figure 43. Integrated transcriptome analysis reveals numerous genes and pathways 

dysregulated in T2D.  

(A) Schematic of sample collection and transcriptome analysis. (B) Heat map of most 

differentially expressed genes (by p-value) in T2D β cells. Congruent heat maps for α and islet 
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samples are shown in Figure 44. (C-E) Volcano plot illustrating differentially expressed genes 

between ND and T2D β cells (C), α cells (D), and (E) islets. Vertical lines denote fold-change 

cutoff (≥1.5) while horizontal line indicates p-value cutoff (0.01). Genes passing both thresholds 

are colored and some genes of interest are labeled. Numbers above plots indicate the number 

of genes downregulated (left) or upregulated (right).  (F-H) Gene ontology terms obtained from 

RNA Enrich (FDR<0.05) were condensed using the RelSim function of Revigo (similarity=0.5) 

and plotted in semantic space to emphasize similarity. Dot size represents odds ratio and color 

represents p-value. Select terms are labeled. (I) Heat map depicting most enriched KEGG 

pathways (by p-value) for each sample type based on differentially expressed gene lists 

(FDR<0.01). (J) Heat map showing the shared and unique trends of differential gene expression 

across sample types, with each vertical group (dendogram) representing a specific combination 

of directionality across samples (1s correspond to positive fold-change and 0s to negative fold-

change; digit order represents the direction in β, α, and islet samples, respectively). Red bars in 

bottom section highlight genes in each category that meet the FDR <0.01 threshold across 

samples. (K-L) Visualizations of overlap from all sample types at the gene and pathway levels 

for genes FC≥1.5 and FDR<0.01, analyzed by Metascape. Outer circle of Circos plot (K) 

represents the size of each sample list (β cells: 352 genes, green; α cells 248, red; islets 564, 

blue). The inner circle represents individual genes arranged along the arc. Genes in purple are 

shared between list(s) and are connected by purple curves, while genes unique to a list are 

shown in orange. Grey curves illustrate overlap between gene lists at the level of shared 

ontology terms (only those with <100 genes shown), where genes linked by a grey curve belong 

to the same enriched ontology term. (L) A heuristic algorithm was employed to select a subset 

of enriched terms (20 top-score clusters, with up to 10 best scoring/lowest p-value terms within 

each cluster), where terms with Kappa similarity >0.3 are connected by edges (thicker = higher 

similarity). Node size is proportional to p-value for term enrichment; pie slices represent the 

percentage of genes under the term that originated from the corresponding gene list. 
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Figure 44. Related to Figure 43. Transcriptional analysis of sorted α and β cells and islets 

from ND and T2D donors.  

(A) Gating strategy for sorted α and β cells identified by cell surface markers. Cell debris were 

excluded by forward scatter (FSC) and side scatter (SSC), single cells were identified by voltage 

pulse geometry (FSC-A v. FSC-H), and non-viable cells were excluded using propidium iodide 

(PI). Endocrine cell subpopulations were then isolated based on positivity for HPi1 (pan-

endocrine marker) and additional positivity for HPa3 (α cells) or NTPDase3 (β cells). (B-C) Heat 

maps of the most differentially expressed genes (by p-value) in T2D α cells (A) and islets (B). 

(D) Pairwise comparison of differentially regulated genes used to generate heat map shown in 

Figure 43J. (E-F) Pathway enrichment for sample clusters shown in Figure 43J, where α cell, β 

cell, and islet samples show regulation of genes in the same or opposite directions in T2D.  
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Figure 45. Integrated tissue analysis shows normal endocrine cell mass and endocrine 

cell composition in the short-duration T2D donor cohort but demonstrates alteration in 

intra-islet capillaries.  

(A) Complementary approaches of traditional immunohistochemistry (IHC) and high content 

multiplexed imaging were applied to ND and T2D tissues to quantify single-cell phenotypes and 

their spatial relationships. (B) Cell counts of the most abundant endocrine cell populations 

determined by IHC were combined with pancreas weight to estimate endocrine mass (β, green; 
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α, red; δ, blue). (C) Representative islets captured by CODEX imaging. Scale bar, 50 μm. Insets 

show less abundant γ cells (pancreatic polypeptide, PPY; white) and ε cells (ghrelin, GHRL; 

orange); scale bar, 25 μm. (D) Cross-sectional area of each of the five endocrine cell types as 

assayed by CODEX. CHGA+/hormone- cells, while rare, were also quantified (purple bars). (E) 

Endocrine and non-endocrine islet cells were identified simultaneously using a 28-marker 

CODEX panel that allowed for labeling of endothelial cells (CD31; magenta), pericytes (MCAM; 

light blue), endothelial and stromal cells (CD34; purple), macrophages (IBA1; teal), and other 

immune cells (CD45; yellow). Each bar represents one donor (mean 42 islets and 7,322 cells 

per donor). (F) Heatmap showing select vascular-related GO terms from RNA Enrich for each 

RNA sample type; asterisks denote terms with FDR p<0.05. (G) Islet capillaries (CD31; red) are 

closely associated with neuronal projections (TUBB3; white) and extracellular matrix (collagen-

IV, COL-IV; green). Scale bar, 50 μm. (H) The larger donor cohort was assessed by traditional 

IHC to visualize islet capillaries (caveolin-1). Capillary density (capillary count per mm2 islet 

area) and area per capillary were quantified to describe islet vasculature. (I) Nearest neighbor 

analysis of CODEX images determined the average distance of each endocrine cell type to 

nearest capillary. Top bar graph, ND vs. T2D; bottom, cell type comparison independent of 

disease. (J) Representative CODEX images depicting phenotypes of endothelial cells (CD31; 

red) defined by single or dual positivity for HLA-DR (green) and CD34 (blue). Examples of each 

combination (HLA-DR+ only, CD34+ only, HLA-DR+ CD34+, and HLA-DR- CD34-) are shown in 

bottom panel. Scale bar, 50 μm. (K) Quantification of phenotypes shown in panel J, expressed 

as proportion of total islet cells (top graph) and showing donor breakdowns (bottom graph). 
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Figure 46. Related to Figure 45. Integrated tissue analysis reveals that endocrine cell 

abundance is not changed in the short-duration T2D donor cohort.  

(A) Cell populations and phenotypes distinguished by the CODEX antibody panel. Positive and 

exclusionary marker(s) are listed for each major cell type. (B-C) Cross-sectional area of β cells 

(C-peptide; green), α cells (glucagon; red), and δ cells (somatostatin; blue) stratified by 

individual donor (B) or by pancreas region (C). In panel C, each dot represents data from one 

donor (mean >0.75 mm2 of β, α, or δ cell area analyzed/donor) and horizontal lines (solid, ND; 
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dotted, T2D) denote mean values for combined analysis (“Total”), enabling comparison of 

relative enrichment in specific pancreatic regions. (D) Pancreas weight measured during organ 

procurement; used to calculate endocrine cell mass in Figure 45B. (E-G) Cytonuclear 

quantification of endocrine cells stratified by individual donor (E), expressed as a proportion of 

total endocrine population (F), and expressed as percentage of total pancreatic cells (G). In 

panels F-G, each dot represents data from one donor (mean: >13,000 β, α, or δ cells identified 

from >575,000 pancreatic cells/donor); horizontal lines in panel G denote mean values for 

combined analysis (“Total”), enabling comparison of relative enrichment in specific pancreatic 

regions. (H) Representative images depicting rare cells positive for chromogranin A (red) but 

negative for all hormones (green) in both ND and T2D islets. Scale bars, 50 μm. Arrowheads 

denote CHGA+ hormone- cells. (I) Abundance of endocrine and non-endocrine cells in ND and 

T2D islets; each vertical bar is one islet and proportionally colored to represent cell composition. 

Islets are grouped by donor and ordered from largest (highest total cell number) to smallest. 

Corresponds to Figure 45E. 
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Figure 47. Heavy amyloid burden correlates with decreased endocrine cell abundance, 

altered endothelial cell phenotype, and increase in immune cells.  

(A-C) Immune cells phenotyped by CODEX are shown in both ND and T2D islets (A) and 

subpopulations are quantified in panels B-C (unpaired t-test, p<0.05). Scale bar, 50 μm. (D) 

Assessment of amyloid prevalence [% total islets positive for Thioflavin S (ThioS) regions] in full 

ND/T2D cohort. (E) CODEX images depicting a range of amyloid-laden regions (red 
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annotations) in islets (chromogranin A, CHGA; cyan) of tissue cross-sections. Percentage in 

label refers to amyloid prevalence for the given donor. Scale bar, 500 μm. (F) Visualization of 

select pathways enriched for β cell genes (FC≥1.5 and p<0.01, ND vs T2D) generated using 

Metascape. Terms with Kappa similarity >0.3 are connected by edges, while node size is 

proportional to enrichment p-value. (G) Islet amyloid polypeptide (IAPP) RNA transcript is 

reduced in T2D β cells. (H) Heatmap showing select GO terms from RNA Enrich related to 

protein processing and unfolded protein response; asterisks denote terms with FDR p<0.05 in 

the respective sample type. (I-J) High-dimensional component analysis of islet cell composition, 

where each dot corresponds to one T2D islet imaged by CODEX. Dot color represents degree 

of amyloid burden (purple, no amyloid; green to yellow, high amyloid), highlighting the clustering 

of heavily amyloid-laden islets on the periphery of the clusters, even when amyloid is not used 

as an input parameter. (K) Representative images showing an islet with low amyloid (left) and a 

high amyloid burden (right) from the same tissue cross-section. Scale bar, 50 μm. (L) 

Scatterplot and linear regression illustrating the relationship between ThioS content (amyloid) 

and islet endocrine cell abundance at the level of individual islets, as assayed by CODEX. 

Asterisks denote a statically significant nonlinear slope (correlation) with amyloid. (M) 

Representative CODEX images of low- and high-amyloid islets highlighting vascular endothelial 

cells (CD31; magenta), pericytes (MCAM; light blue), and immune cells (CD45, IBA1; orange). 

Scale bars, 50 μm. (N) Scatterplot and linear regression of amyloid burden with cell populations 

depicted in panel M. (O-P) Macrophages (O) and T cells (P) are further stratified by 

combinatorial expression of various markers, with unique phenotypes significantly associated 

with amyloid. (Q) CODEX image showing the same islet in left and right panels, with ThioS stain 

(not pictured) indicated by red outline. Left panel shows endocrine cells; right panel shows 

perivascular and immune cells present at interface of the amyloid region. Scale bar, 50 μm in 

main panels and 10 μm in inset. (R) Quantification of spatial distribution of macrophages (teal 

bars), T cells (yellow), endothelial cells (magenta), and pericytes (light blue) in relation to 

ThioS+ regions. Each dot represents data from one donor; cell counts are expressed as percent 

of total cells within the concentric region (<10 μm from amyloid, 10-20 μm from amyloid, etc.) 

and scaled to abundance of <10 μm region to account for variability in overall population 

abundance between donors. (S) Magnification of select clusters depicted in Figure 43L, where 

Metascape employed a heuristic algorithm to represent pathway enrichment from differentially 

expressed genes in β cell, α cell, and islet RNA samples. Node size is proportional to p-value 

for term enrichment and color represents the corresponding gene list (sample type) from which 

the term originated. (T) Heatmap showing select GO terms from RNA Enrich related to protein 

processing and immune signaling; asterisks denote terms with FDR p<0.05 in the respective 

sample type. 
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Figure 48. Related to Figure 47. Short duration T2D islets show increases in T cells and 

increased amyloid deposition.  

(A) Representative images (left) and quantification (right) from traditional immunohistochemistry 

(IHC) detecting macrophages (IBA1; red) in ND and T2D islets. (B-C) A 28-plex marker panel 

enabled immune cell phenotyping by CODEX for macrophages (B) and T cells (C). Images 

show combinatorial marker expression in islet macrophages (IBA1+) and T cells (CD3+); insets 

do not correspond to the larger field of view but are included to illustrate phenotypic variety. 

Scale bars, 50 μm. Right panels quantify each phenotype as a percentage of total cell 

population. (D) Scatter plot showing CD4 and CD8 marker expression within CD3+ cells with 
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cells colored by expression level of HLA-DR. (E) CODEX image from a donor with high amyloid 

burden (all islets in section were positive for ThioS). Left panel illustrates the relatively acellular 

region of amyloid aggregates (white, nuclei; red, amyloid). Right panel illustrates the intricate 

extracellular matrix (collagen-IV, COL-IV; blue), along with remaining endocrine cells 

(chromogranin A, CHGA; green), vasculature (CD31; magenta), and resident immune cells 

(CD45, cyan, and IBA, yellow). Scale bars, 50 μm. (F) Insulin (INS) mRNA transcript is 

unchanged in T2D β cells. Corresponds to Figure 47G. (G) Correlation matrix of donor 

attributes and histological characteristics assayed by traditional immunohistochemistry (IHC), 

including amyloid prevalence. Asterisks denote statistically significant positive (orange) or 

negative (green) correlations between to variables. (H) Representative traditional IHC image 

showing proximity of amyloid-containing islets (left two islets shown in field of view) to those 

devoid of amyloid (right two islets). Scale bar, 100 μm. (I) Amyloid prevalence, as assayed by 

traditional IHC in pancreatic sections from multiple regions, is plotted with quantification of 

severity (percent of islet area positive for ThioS) as assayed by CODEX.  
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Figure 49. Related to Figure 47. Heavy amyloid burden correlates to decreased endocrine 

cell abundance, altered endothelial cell phenotype, and increase in immune cells.  

(A-B) Distribution of islet size as assessed by cross-sectional cell number. Islets are grouped by 

disease and amyloid status (A) and by individual donor (B). “T2D” encompasses all islets from 

T2D donors and then the same islets are stratified by whether they are amyloid negative (“T2D-

A”) or amyloid positive (“T2D+A”). Islets containing amyloid are shown in red. (C-D) High-

dimensional component analysis of islet cell composition, corresponding to data shown in 

Figure 4I-4J. Dot color indicates disease status. (E) Zoom in of high amyloid cluster of and 

representation of the donor islets which represent the cluster as well as average proportion of 

cell markers in that cluster versus all other islets. (F-G) Scatterplots showing association of 

amyloid burden with islet endocrine composition (F) and vascular and ECM compartments (G). 

In panel F, individual endocrine cell populations are expressed as a percentage of total 

endocrine cells rather than percentage of total islet cells to normalize for the endocrine cell loss 

observed with increased amyloid (see Figure 47L). Asterisks denote a statically significant 
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nonlinear slope (correlation) with amyloid (ThioS). (H) Scatter plot and linear regression of all 

immune cells and then broken down into specific immune cell types showing association with 

amyloid burden. (I-J) Vascular phenotypes in low- and high-amyloid islets from the same donor, 

as assayed by CODEX. Top images panels show endocrine area (C-peptide and glucagon; 

green) co-registered with amyloid (ThioS; red). Bottom image panels are identical fields of view 

but show endothelial cells (CD31; magenta) and cell surface markers CD34 (blue) and/or HLA-

DR (green). Amyloid area seen in top panels is annotated by red outline in bottom panels to 

enable visualization of vascular cells. Arrows point to endothelial cells co-expressing CD34 and 

HLA-DR in high-amyloid islet. Scale bars, 50 μm. The phenotypic shift of endothelial cells with 

amyloid is quantified in panel I. (K) Spatial distribution of endocrine cells in relation to ThioS+ 

regions, corresponding to data in Figure 47R. Each dot represents data from one donor; cell 

counts are expressed as percent of total cells within the concentric region (<10 μm from 

amyloid, 10-20 μm from amyloid, etc.) and scaled to abundance of <10 μm region to account for 

variability in overall population abundance between donors. Asterisks denote significant 

decrease in density compared to <10 μm of ThioS+ region. 
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Figure 50. Gene network analyses on sorted β cell identify disrupted cilia homeostasis 

and highlight RFX6 as a highly connected hub gene that is reduced in T2D β cells.  

(A) Heatmap of similarity between module eigengenes by Spearman correlation. (B) Scatterplot 

of enrichment for differentially expressed genes (FDR 1%) in module gene lists with annotation 
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of major categories. (C) Module exploration by pathway enrichment to identify defining features 

of unique modules. (D) Magnification of select clusters depicted in Figure 43L, where 

Metascape employed a heuristic algorithm to represent pathway enrichment from differentially 

expressed genes in β cell, α cell, and islet RNA samples. Node size is proportional to p-value 

for term enrichment and color represents the corresponding gene list (sample type) from which 

the term originated. (E) Fold change for differentially expressed genes in a validated database 

of genes related to cilia formation and homeostasis. Genes are ordered by CiliaCarta score 

(green-orange heatmap), with fold change plotted and bars colored by adjusted p-value (red-

blue heatmap). (F) Confocal images of islet cilia in ND and T2D sections (CPEP, green; GCG, 

blue; ARL13B, red). Insets show individual cilia. Scale bars, 50 μm. (H) Quantification of cilia 

area, density, and size. (I) Heatmap of Spearman correlation of module eigengenes to insulin 

secretory functional parameters from Figure 1. (J) Module membership, total connectivity, and 

within module connectivity for each gene in WCGNA analysis with select genes called out. (K) 

Fold change of key islet-enriched transcription factors in FACS-purified β cells. Vertical line 

represents fold change of 1.5 and red color indicates meets threshold of FDR>0.01.  

(L) Confocal images of RFX6 expression in ND and T2D sections (CPEP, green; GCG, blue; 

RFX6, red). Scale bar, 50 μm. (M) Quantification of % of β and α cells with nuclear positivity for 

RFX6 stain. * p<0.05. Error bars indicate SEM. Panels H and M were analyzed by two-tailed t-

test. 
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Figure 51. Pancreatic islets isolated from pancreas of 22-year-old donor with 8 years of 

type 1 diabetes (T1D) had surprising dynamic insulin secretion and substantial insulin 

content.  

(A-B) Insulin secretion measured in islets isolated from 22yM-8y T1D (red) pancreas compared 

to controls without diabetes (blue) normalized to overall islet insulin cell volume as expressed by 
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islet equivalent (IEQ) (A) or by % insulin content (B); G 5.6 – 5.6 mM glucose; G 16.7 – 16.7 

mM glucose; G 16.7 + IBMX 100 – 16.7 mM glucose + 100 M isobutylmethylxanthine (IBMX); 

G 1.7 + Epi 1 – 1.7 mM glucose + 1 M epinephrine; KCl 20 – 20 mM potassium chloride. (C-D) 

Integrated insulin secretion was calculated as area under the curve (AUC) for the following 

secretagogues G 16.7, G 16.7 + IBMX 100, and KCl 20 calculated from the IEQ trace (C) or the 

% content trace (D). (E-H) Glucagon secretion from the perifusion described in A normalized to 

IEQ (E) or % glucagon content (F) and integrated glucagon release as area under the curve 

from basal glucagon release for secretagogues G 16.7 + IBMX, G 1.7 + Epi 1, and KCl 20 for 

the IEQ trace (G) and % content trace (H). (I-J) Islet insulin (I) and glucagon (J) content 

compared to donors without diabetes. (K) Endocrine cell populations in dispersed isolated 

pancreatic islets from this donor contained 52.7% beta cells, 44.4% alpha cells, and 2.7% delta 

cells. Normal control islets collected by this method had a range of 53.42.6% beta cells, 

38.52.7% alpha cells, and 7.50.9% delta cells566. Results of the non-diabetic samples are 

expressed as mean  standard error of the mean. 
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Figure 52. Histological evaluation of pancreatic tissue and islets reveals endocrine and 

immune characteristics of T1D.  

(A) Expression of insulin (INS) or C-peptide (CPEP), glucagon (GCG), and somatostatin (SOM) 

in the donor’s pancreatic tissue compared to a normal non-diabetic islet. Representative islets of 
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varying beta (β) cell numbers from donor are shown. Scale bar – 50 m. (B-C) Cumulative 

distribution and violin plot of % beta cells (B, green) per islet, % alpha cells (C, blue). Dashed 

line in B denotes nearly 30% of islets were devoid of all beta cells. (D) Beta, alpha (α), and delta 

(δ) cell mass (grams) in donor pancreas compared to controls. Each data point represents the 

average mass across the combined pancreatic head, body and tail regions of each donor. (E) 

Representative islet (CPEP – green, GCG – blue) from donor showing significant immune cell 

(CD45 – red) infiltration. Scale bar – 50 m in E. (F) Cumulative distribution and violin plot of 

number of CD45+ cells per islet. Intersection of dashed lines in F indicates approximately 7% of 

islets (n=311 islets evaluated) with 15 or greater CD45+ cells. (G) Correlation of % CD45+ cells 

versus % CPEP+ or % GCG+ cells in 311 islets reviewed from this donor analyzed by simple 

linear regression. (H) One hundred hand-picked whole islets from this donor were dissociated 

with enzyme and immediately stained with a viability dye and T-cell specific markers that were 

detected by flow cytometry. The lymphocyte gate was then gated for (I) single cells, (J) viable 

cells, and (K) CD45+ cells. These CD45+ cells were then interrogated for (L) CD3+ T cells, 

which were evaluated for the subpopulations of (M) CD8+ and CD4+ T cells, and for (N) CD19+ 

B cells. 
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Figure 53. Alpha cells show misexpression of NKX6.1.  

(A-B) Immunohistochemistry (A) for expression of nuclear markers MAFB, ARX, and NKX6.1 

and quantified (B) compared to the appropriate controls. Scale bars in A represent 50 m with 

corresponding inset scale bar 10 m.  
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CHAPTER VI: 

ROLE OF TRANSCRIPTION FACTORS IN α AND β CELL IDENTITY AND FUNCTION 

 

Some text and data in this chapter have been adapted from Shrestha, Saunders, Walker et 

al.561, and Walker, Saunders, Rai et al. (manuscript in preparation). 

 

Introduction 

 

Pancreatic islets are cell clusters dispersed throughout the pancreas, composed primarily of 

endocrine cells that coordinate glucose homeostasis. Islet β cells secrete insulin which acts to 

lower blood glucose and α cells secrete glucagon which acts to raise blood glucose. In addition 

to α and β cells, cooperative interaction of less prevalent endocrine cells (δ, γ, and ε) and non-

endocrine cell populations in the islet microenvironment, including endothelial cells, 

macrophages, pericytes (stellate cells), nerve fibers, and immune cells, provide additional 

signals to modulate islet function761. Islet α and β cells are characterized by the precise 

expression of transcriptional and signaling machinery that allows sensing and integration of 

glucose, nutrient, and neurohormonal signals resulting in proportional hormone secretion. 

Importantly, pancreatic islet dysfunction through impaired insulin and/or glucagon secretion is a 

hallmark of most forms of diabetes762–765. Thus, identifying key factors and molecular pathways 

governing α and β cell identity and function is crucial to understanding, treating, and preventing 

diabetes.  

 

One set of important molecules governing α and β cell identity and function are islet-enriched 

transcription factors (TFs) that have been shown to have important roles in both islet 

development as well as in the maintenance of the islet cell phenotype, particularly in mouse and 

islet-like cells derived from human stem cells766–769. Importantly, several islet-enriched TFs have 

species differences between human and mouse, highlighting the need to closely investigate 

transcription factors in human systems770,771. For example, members of the Maf transcription 

factor family show differences in cell type distribution and timing of expression772,773. Such TFs 

interact in complexes and networks to exert broad control over cellular processes, making them 

foundational regulators of cell states. In fact, in addition to their coordinated role in islet cell 

development, loss or misexpression of key TFs has been highlighted in numerous forms of 

diabetes774–777. 

 

Importantly, with advances in scientific methodologies, it has been increasingly recognized that 

islet cells are heterogeneous. This is particularly apparent in β cells, where recent work has 

shown human β cell heterogeneity in function592, cell surface protein expression778,779, and 

transcriptomic profile780,781. In contrast, heterogeneity within human α cells has been much less 

studied. Given the central role for islet-enriched TFs play in regulating cell states, potential 

heterogeneity in these TFs may represent distinct cellular states with broad implications for 

human islet biology and diabetes. 

 

To investigate how heterogeneity of islet-enriched TFs in human islets relates to islet function, 

we focused on transcription factors that play important roles in islet cell development and 
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disease as suggested by existing bulk RNA-seq datasets, namely ARX, MAFB, MAFA, and 

RFX6770,777,782,783. To study ARX, MAFB, and MAFA, we generated a scRNA-seq dataset of over 

40,000 islet cells from adult donors, which includes endocrine, immune, and endothelial cell 

populations, that is accessible through a user-friendly web portal. This dataset provided 

sufficient cell numbers to classify α and β cells into subgroups based on combinatorial 

ARX/MAFB and MAFA/MAFB expression, respectively, and allowed us to identify key correlates 

to α and β cell function. We further validated the existence of these cell populations within 

human pancreatic tissue in situ and linked MAFA/MAFB transcriptional heterogeneity of human 

β cells to their electrophysiological properties. To study RFX6, we utilized adenoviral delivery of 

shRNA to knockdown RFX6 in β cells of pseudoislets. This approach allowed us to directly 

study the effects of reduced RFX6 expression on pseudoislet cell composition and function. 

 

Results 

 

Transcriptional and immunohistochemical profiling of human α and β cells suggests a 

role for key transcription factors ARX, MAFA, and MAFB in islet cell development and 

disease 

Both in vivo and in vitro studies have helped identify TFs with cell-specific expression patterns in 

islets. In mouse α cells, Aristaless Related Homeobox (ARX) factor is essential for α cell 

differentiation and function, a finding which has been confirmed in human α cells768,784–786. 

Indeed, ARX transcripts are heavily enriched in α cells (Figures 54A-54B and 55A-

55B)772,787,788. Of note, α cells from donors with type 1 diabetes (T1D) show decreased ARX 

expression compared to α cells from nondiabetic donors (ND) (Figure 54C), indicating that this 

factor may contribute to impaired glucagon secretion observed in T1D594.  

 

MAFA is a bona fide β cell factor exerting direct control over both insulin expression as well as 

key components of glucose-stimulated insulin secretion, and it is expressed relatively late in β 

cell development, making it a commonly used marker of fully mature β cells789–791. MAFA is 

thought to play a broadly similar role in adult mouse and human β cells, and existing RNA-seq 

datasets underscore its β cell specificity (Figures 54A-54B and 55A-55B). MAFA is clearly 

present in adult β cells but its expression actually does not peak until several years after birth, 

as illustrated by previous histological studies772 and transcriptomic profiles of β cells from fetal 

versus adult donors (Figure 54D)782. This increase in MAFA levels temporally correlates with 

the acquisition of increased glucose sensitivity792–794, suggesting that MAFA plays a role in β cell 

maturation and function. 

 

In contrast to ARX and MAFA, MAFB is expressed by both α and β cells (Figures 54A-54B and 

55A-B) and shows significant species differences: it is retained in human β cells during 

adulthood, while in rodents it becomes restricted to α cells in the early postnatal period771. Of 

note, the MAF factors are thought to be capable of forming both homo- and heterodimers795, 

providing an opportunity for synergy between MAFA and MAFB in β cells. In α cells, MAFB is 

known to directly bind to the GCG promoter to regulate glucagon expression796, rendering it an 

important regulator of α cell function. Like ARX, MAFB is reduced in α cells from donors with 

T1D (Figure 54C). 
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The unique and dynamic expression patterns of ARX, MAFA, and MAFB demonstrated by bulk 

RNA-seq (Figures 54A-54D and 55A-55B) suggest that these TFs are linked to key aspects of 

α and β cell function. However, our analysis of their specific distribution in adult human 

pancreatic tissue revealed that not all α or β cells in a given islet express them (Figures 54E 

and 55C-55D). Thus, to further understand the role of these TFs, we sought to determine the 

cell-to-cell variability that cannot be discerned from a pooled cell population profiled by bulk 

RNA-seq. Given the known importance of TFs in regulating cellular processes, we hypothesized 

that TF heterogeneity at the single cell level could define α or β cell subtypes with different 

functional properties. 

 

scRNA-seq reveals heterogenous transcription factor expression in α and β cells 

One major advantage of scRNA-seq is its ability to dissect heterogeneous cell composition 

within and across cell types. However, because some subpopulations are relatively rare, robust 

datasets are required to sufficiently characterize these populations. In this study, we obtained 

44,953 high-quality single cell transcriptomes of hand-picked islets from n=5 healthy donors with 

robust dynamic insulin and glucagon secretion profiles characterized by perifusion to ensure 

healthy and functional cells were being assessed (Table 3 and Figure 56A). Graph-based 

unsupervised clustering588 reliably detected major endocrine cell types (α, β, δ) and also acinar, 

ductal, stellate, endothelial, and immune cells (Figure 57A). Clusters were annotated to identify 

cell types, including rare populations such as γ and ε, using markers listed in Table 11 and 

identified cell types were represented in each donor (Figure 56B). Cell populations were 

confirmed by the specific expression of additional known identity markers (Figure 57B). Within 

cell types, the expected clustering by individual donor (Figure 56C) is apparent. To facilitate the 

exploration of this robust single cell dataset, we created an online application that allows one to 

browse single cell gene expression by both the cell type and donor (Figure 56D). 

 

To investigate the cell-specific signatures of human α and β cells, we analyzed expression 

patterns of canonical islet-enriched TFs. PAX6, RFX6, NEUROD1, and NKX2-2 were expressed 

in all endocrine cell types, whereas PDX1, NKX6-1, and MAFA were enriched in β cells, IRX2 

was specifically expressed in α cells, and ARX was expressed in α, γ, and ε cells, consistent 

with previous single cell studies588,590,591 (Figure 57C). PAX6, NEUROD1 and MAFB were 

among the most prevalent endocrine factors, expressed in >75% of both α and β cells (Figure 

57C). Of particular interest, MAFB – known in humans to be expressed in both α and β cells – is 

also enriched in the immune cell population, which had been overlooked in previous studies due 

to low abundance of immune cells in isolated islets. Interestingly, we noticed that each of these 

key TFs had a bimodal distribution, meaning there was a clear subpopulation of cells without 

detectable expression of each factor (Figure 57D), consistent with our observations for MAFA, 

MAFB and ARX in pancreatic tissue (Figure 54E). Given the crucial role islet-enriched TFs play 

in islet cell identity and function, particularly when acting in TF regulatory networks, we thus 

hypothesized that combinations of key TFs would identify important islet cell subtypes. 
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Heterogeneity of ARX and MAFB expression in α cells by scRNA-seq predicts expression 

of key α cell functional genes 

Since both ARX and MAFB are downregulated in α cells from donors with T1D777, we tested the 

hypothesis that these factors cooperatively regulate α cell function. We first confirmed 

heterogeneous ARX and MAFB expression in α cells from all five donors (Figure 58A). Of 

24,248 total α cells, we identified populations of α cells without ARX or MAFB expression 

(“None;” 10%), populations expressing only ARX or only MAFB (4% and 48%, respectively), and 

a population co-expressing both ARX and MAFB (“Both;” 38%) that were relatively stable across 

all five donors (Figure 58B). For these four populations, we investigated expression of other 

islet-enriched TFs, α cell-enriched genes, and genes related to ion flux, glucose metabolism, 

vesicle trafficking, exocytosis and cell stress (Figures 58C and 59). Interestingly, we observed 

that numerous α cell-enriched TFs (RFX6, PAX6, NEUROD1, ISL1, IRX2) and genes related to 

nutrient sensing or glucagon secretion (ACLY, PKM, GSTA4, GPX3, G6PC2, KCTD12, 

KCNK16, KCNJ6, ABCC8) were elevated in α cells co-expressing MAFB and ARX compared to 

the other populations, while genes related to cell stress (DDIT, ATF4) were highest in the 

“None” group, suggesting that presence of both factors may support increased metabolic activity 

and glucagon secretory capacity. To confirm these findings, we analyzed three additional 

scRNA-seq datasets of human islets that utilized different single cell technologies590–592 and 

found the results to be consistent (Figure 60A). 

 

We next asked whether ARX/MAFB heterogeneity existed at the protein level given the known 

differences that exist between transcript and protein expression797. To assess this, we 

performed immunohistochemical analysis of ARX and MAFB on pancreatic tissue sections from 

nondiabetic donors (Figures 58D and 60B). Cells were classified by automated algorithm for 

“low” or “high” ARX and MAFB expression, setting an intensity threshold that remained 

consistent across all islets from a given tissue. By this measure, all four combinations of 

ARX/MAFB-expressing α cells were detected in each donor evaluated: ARXlo MAFBlo (41%), 

ARXhi MAFBlo (19%) ARXlo MAFBhi (9%) and ARXhi MAFBhi (30%) (Figure 58E). Taken 

together, our results indicate the presence of α cell subpopulations classified according to 

unique and conjunctional expression of ARX and MAFB and suggest that combined expression 

of these two markers likely identifies highly functional and mature α cells. 

 

β cells co-expressing MAFA and MAFB exhibit characteristics of enhanced secretory 

function 

Given the ability of MAFA and MAFB to heterodimerize795 and the unique expression changes 

during β cell maturation770,772,782, we hypothesized that MAFA and MAFB co-expression 

represents a unique subpopulation of human β cells. To test this, we resolved 11,034 β cells 

into subgroups that expressed only MAFA or only MAFB (4% and 52%, respectively), β cells 

that co-expressed both MAFA and MAFB (“Both;” 22%), and β cells with undetected expression 

of MAFA and MAFB (“None;” 21%) (Figure 61A-61B). We assessed these groups for the same 

set of key cellular identity and functional genes described above for α cells, and we saw a 

general trend of increased expression of key functional genes with dual MAFA and MAFB 

expression (Figures 61C and 62). Specifically, numerous genes related to cell identity (PDX1, 

PAX6, NEUROD1, ISL1, PCSK1, IAPP), glucose metabolism (ACLY, G6PC2, GPX3), ion 
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channels (ABCC8, KCNJ6), and exocytosis (VAMP2, SYT7, PCLO, TSPAN7, RGS9, FAM159B, 

BMP5) were all increased in MAFA and MAFB co-expressing cells compared to other 

subgroups. In contrast, stress genes (HSPA5, HERPUD1, DDIT3, ATF4) were either 

significantly reduced in the co-expression group or significantly elevated in the “None” group. 

These expression patterns indicate that presence of both factors may be crucial for increased 

metabolic activity and insulin secretion. Analysis of three independent single cell studies of 

human islets utilizing other platforms590–592 confirmed these results (Figure 63A). The presence 

of β cell MAFA/MAFB heterogeneity at the protein level (MAFAlo MAFBlo, 46%; MAFAhi MAFBlo, 

8%; MAFAlo MAFBhi, 29%; MAFAhi MAFBhi, 16%) was validated by immunohistology in 

pancreatic sections, where cells representative of all four populations were identified in each of 

multiple non-diabetic donors (Figures 61D-61E and 63B). 

 

To determine whether the β cell subpopulation co-expressing MAFA and MAFB, enriched for 

numerous genes related to metabolism and hormone secretion, had functionally relevant 

consequences compared to other β cells, we utilized human Patch-seq data from Camunas et 

al.592. Transcriptomes from 194 β cells within this dataset (Figure 64A) showed high similarity 

with our larger dataset of 11,034 β cells (Figures 61C). In addition to producing an mRNA 

profile, the Patch-seq approach captures an electrophysiological profile of each cell, generating 

linked data on cell size, exocytosis, and ion channel currents. In agreement with transcriptome 

data, β cells that co-expressed both MAFA and MAFB showed increased electrophysiologic 

activity across several parameters including early exocytosis, early and late Ca2+ current, and 

late Ca2+ conductance when compared to cells that expressed MAFA only, MAFB only, or 

neither factor (Figure 64B). Of note, MAFA/MAFB co-expressing β cells are comparable in size 

to those expressing only one or neither factor, suggesting that neither the transcriptomic data 

nor the elevated electrophysiologic activity can be attributed to larger cells expressing more 

genes (Figure 64B). Thus, these data provide strong support that heterogeneous populations of 

β cells on the basis of combinatorial MAFA/MAFB expression exist and that co-expression of 

both factors marks β cells with elevated function. 

 

RFX6 controls stimulated insulin secretion in human β cells  

In results described in Chapter V of this Dissertation, RFX6 was highlighted as a highly 

connected and differentially regulated gene controlling transcriptional changes in short-duration 

T2D β cells. Therefore, we hypothesized that RFX6 is required for normal function of adult 

human β cells. In addition to the single cell studies highlighted above, a complementary 

approach to assess the role of transcription factors in human islet cell identity and function is to 

use genetic modification in the pseudoislet system described in Chapter IV of this Dissertation. 

Therefore, we approached this by using shRNA knockdown of RFX6 in human pseudoislets 

(Figure 65A). 

 

Both scramble shRNA and RFX6 shRNA pseudoislets formed with similar size and morphology 

(Figure 65B). The mCherry fluorescent tag in the adenovirus was highly enriched in β cells 

(>90% of β cells transduced) compared to α cells (<50% of α cells transduced) within the 

pseudoislets of both groups (Figure 65C). The higher β cell transduction efficiency allowed for 

preferential targeting of β cells similar to T2D while leaving a majority of the α cells unaltered. 
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Indeed, β cell specific knockdown of RFX6 was approximately 60% (Figure 65D). This 

reduction in RFX6 did not lead to a reduced proportion of β cells in the pseudoislet as 

measurement by C-peptide immunolabeling (Figure 65E-65F), suggesting that at this time point 

(6 days), reduced RFX6 expression does not lead to β cell death or loss of β cell identity. In 

order to evaluate the effect of RFX6 knockdown on β cell function, we assessed dynamic insulin 

secretion in the presence of three secretagogues to which T2D islets had significantly blunted 

insulin response (high glucose, cAMP, and KCl). Similar to T2D islets, RFX6 shRNA 

pseudoislets showed reduced stimulated insulin secretion in response to all three stimuli 

compared to the scramble shRNA pseudoislets (Figure 65G-65H). These results highlight that 

RFX6 controls stimulated insulin secretion in human β cells and plays a critical role in T2D β cell 

dysfunction.  

 

Discussion 

 

Islet-enriched TFs are dysregulated in numerous important processes in islets and as such 

understanding how these transcription factors work in human α and β cells is of great value. By 

transcriptional profiling and assessment of protein expression at the single cell level, we found 

that several key islet-enriched TFs important for α and β cell maturity and function had a 

heterogenous expression pattern within normal adult human islet cells. To study this 

heterogeneity, we generated a large scRNA-seq dataset and stratified α and β cells based on 

differential or combined expression of key TFs (ARX/MAFB in α cells; MAFA/MAFB in β cells) 

that are thought to act cooperatively. We found that co-expression of these TF combinatorial 

pairs predicted greater expression of genes related to glucose metabolism, ion flux, and 

hormone secretion, including both known α and β cell functional markers and those not 

extensively studied in islets. Importantly, we identified subpopulations with TF heterogeneity at 

the protein level by spatial analysis of normal human tissue and demonstrated, using Patch-seq, 

greater electrophysiological activity in MAFA and MAFB co-expressing β cells. These results 

suggest that combinatorial expression of key islet TFs defines highly functional and mature α 

and β cells. 

 

Though it is widely appreciated that numerous TFs act in protein complexes to regulate cellular 

identity and function, the significance of their heterogenous expression for maintaining identity 

and function has not been explored. Building on the strength of scRNA-seq to resolve cell 

heterogeneity, we explored numerous islet-enriched TFs and found bimodal distribution patterns 

that suggest the presence of unique combinatorial profiles. In this chapter, we investigated 

expression patterns of three TFs with known changes in islet cell development and diabetes: α 

cell-specific ARX, β cell-specific MAFA, and MAFB, which is expressed in both α and β cells 

and has a unique expression profile compared to rodent islets. Interestingly, other islet-enriched 

TFs, including RFX6, were consistently elevated in ARX/MAFB co-expressing α cells and 

MAFA/MAFB co-expressing β cells, supporting the concept of islet-enriched TFs acting in self-

regulating networks, and making it likely that combinatorial profiles of other TFs will also reveal 

interesting populations with functional consequences. Larger datasets and network-based 

approaches considering additional TF combinations should be used to examine more complex 

expression patterns and how these patterns change in T1D and T2D islet cells. 
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Our data suggest that ARX/MAFB co-expressing α cells and MAFA/MAFB co-expressing β cells 

have elevated expression of functional genes compared to cells that express only one or neither 

factor. Nonetheless, elevated expression for certain genes in single TF-expressing populations 

(e.g., MDH2 and KCNMA1 in MAFB-expressing β cells) may provide insight on how these 

individual TFs act in each cell type. Indeed, a comparison of our data to molecular studies of 

these TFs in mice or human stem cells reveals numerous similarities. For example, our data 

demonstrate that MAFA/MAFB co-expressing β cells are distinct from populations that express 

only a single TF which suggests that although these factors are related, they have distinct 

targets and roles within the β cell. This is consistent with a recent report showing that in mice, 

MAFB does not compensate for MAFA loss772. Further, our data highlight MAFB as playing a 

key role in defining both β and α cell identity, in line with a recent report where MAFB deletion in 

human embryonic stem cells disrupted the differentiation process for both β and α cells798. Thus, 

our approach highlights how transcription factor profiles at the single cell level can be used to 

predict transcriptional and functional consequences of genetic manipulation, emphasizing an 

immense power for large scRNA-seq datasets. 

 

While there were not sufficient cells for robust statistical comparison of all subsets, it is 

interesting to note that the electrophysiological profile of the cells expressing neither MAFA nor 

MAFB was similar to those cells expressing only one of the factors, thus suggesting a specific 

benefit to having combined expression of both factors in adult human β cells that is not apparent 

with only one of the TFs. These findings have several implications given the unique timing of 

MAFA and MAFB expression in the human β cell and differ slightly from our transcriptional data 

that suggested more of a progressive increase with the double negative group showing the 

lowest expression, followed by single TF groups, and co-expressing cells having highest 

expression of genes related to hormone secretory function. Future investigation with larger 

functional datasets will be needed to further delineate these interesting findings as well as 

directly evaluate the role of MAFA, MAFB, and other enriched transcription factors in human 

islet cell hormone secretion.  

 

One contribution to bimodal distribution of low-abundance transcripts like TFs is gene dropout, 

where a gene is detected only in a subset of cells due to low mRNA quantity. However, greater 

expression of functional genes in one subpopulation (often dual positive cells) suggests that 

dropout is not simply a stochastic event and could instead reflect cell activity or a biological 

process such as transcriptional bursting799. Further, we analyzed three additional scRNA-seq 

datasets of human islets generated by various single cell technologies590–592, and all showed 

trends consistent with the current study. Finally, taking advantage of the unique Patch-seq 

approach from our previous study, we were able to validate increased cellular function reflected 

by electrophysiological parameters (Figure 64). Together, these data indicate that our 

observations are not technical in nature and instead represent important aspects of human islet 

biology.  

 

Given the potential inconsistencies between transcript and protein-level expression in human 

islets797, we pursued identification of heterogeneous TF protein expression in human pancreatic 
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tissue. Though there were discrepancies in subpopulation distribution estimated by transcript 

versus by immunodetection, the presence of all TF combinations in tissue suggests this 

heterogeneity is not limited to one experimental approach. Differences may also arise from post-

transcriptional control of protein levels that would not be apparent at the transcript level. Novel, 

single cell multi-omic techniques will be required to define the precise correlation between TF 

mRNA and protein abundance, and these techniques may also help define how the described 

heterogeneity relates to other forms of β cell heterogeneity that have been previously reported 

or hypothesized592,778–781. Heterogeneity within α cell populations has been less studied but our 

data indicate it may have an unappreciated role within the islet as well. 

 

There are limitations to the current study that suggest opportunities for future work. Importantly, 

the nature of scRNA-seq means we cannot discern whether the heterogeneity described here is 

stable or a snapshot of a dynamic cell state. How the α and β cell subpopulations defined in this 

study function in the islet context is presently unknown – while having all highly functional cells 

would seem beneficial, some data has suggested that both mature and immature cells are 

required within an islet for optimal function800. Finally, the dispersion of islet cells required for 

scRNA-seq disrupts the microenvironment, which is known to be crucial for coordinated islet 

function168,281. 

 

To directly evaluate the role of TFs in an intact islet, shRNA-mediated knockdown in 

pseudoislets is an alternative to scRNA-seq. We pursued this approach with RFX6, an islet-

enriched TF that we have shown is reduced in short-duration T2D β cells (Chapter V). While we 

did not observe differences in β cell composition with RFX6 reduction, we did observe reduced 

stimulated insulin secretion. Further, we noted a similarity in insulin secretory profiles in RFX6 

shRNA treated pseudoislets compared to scramble shRNA treated pseudoislets and T2D islets 

compared to ND islets, highlighting that RFX6 reduction contributes to the β cell dysfunction 

seen in short-duration T2D islets. Future work investigating how reduced RFX6 expression 

alters the β cell transcriptional landscape will be important to define how RFX6 controls 

stimulated insulin secretion and how it relates to broader changes described in T2D datasets. 

Further, we studied RFX6down pseudoislets in vitro after ~6 days; whether the defects described 

here are stable or would change with prolonged knockdown is particularly relevant and could be 

addressed by transplanting these pseudoislets into immune-deficient mice. 

 

In sum, we highlight the utility of a large, scRNA-seq dataset by uncovering previously 

unappreciated heterogeneity in combined key islet-enriched TF expression and demonstrate 

that it has implications for human β cell function. We also highlight how complementary 

experimental approaches in pseudoislets can be used to directly evaluate the role of TFs in 

human islet function. Ultimately, defining the key characteristics of highly functional human α 

and β cells will allow not only a greater understanding of pathways governing coordinated 

hormone secretion but also inform the engineering of cells closely resembling native α or β cell 

function for cell replacement therapy to treat diabetes. 
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Figure 54. Bulk RNA-sequencing and immunohistochemistry data highlight unique 

expression patterns of transcription factors ARX, MAFA, and MAFB in human α and β 

cells.  

(A–D) Normalized expression values (A, C-D) and fold change (B) of ARX, MAFA, and MAFB in 

previously published bulk RNA-sequencing (RNA-seq) datasets from α cells (green) and β cells 

(blue). Data in A is from Brissova et al. 2018777 and Saunders et al. 2019783 (n=5 donors); 

additional datasets Arda et al. 2016770 (n=5 donors) and Blodgett et al. 2015782 (n=7 donors) are 

included in panel B. See also Figure 55A-55B. (C) Expression of ARX and MAFB is decreased 

(ARX fold change: -2.7; MAFB: -3.4) in α cells from donors with type 1 diabetes (T1D) compared 
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to nondiabetic (ND) donors777. (D) Expression of MAFA is increased (fold change: 7.1) in adult β 

cells compared to fetal β cells, while MAFB is decreased (fold change: -2.0)782. All bar graphs 

show mean + SEM; symbols represent individual donors (panels A, C-D) or average value per 

dataset (B). Asterisks indicate significant (adjusted p-value <0.05) fold change of α vs. β in 

panels A and B, T1D vs. ND in C, and adult vs. fetal in D. (E) Immunohistochemical staining of 

pancreatic sections from a nondiabetic adult (55 years, Table S4), showing specificity of ARX, 

MAFA, and MAFB (red) in α cells (GCG; green) and β cells (CPEP; blue). Arrowheads indicate 

cells negative (white) or positive (purple) for transcription factors; scale bar, 50 μm. See also 

Figure 55C-D. Figure adapted from Shrestha, Saunders, Walker, et al.561. 
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Figure 55. Related to Figure 54. ARX is expressed specifically in human α cells and 

MAFA in β cells, while MAFB is expressed in both α and β cells.  

(A–B) Normalized expression of ARX, MAFA, and MAFB in previously published bulk RNA-

sequencing (RNA-seq) datasets Arda et al. 2016770 (A) and Blodgett et al. 2015782 (B) from α 

cells (green) and β cells (blue). Bars in both panels show mean + SEM; symbols represent 

individual donors. Asterisks indicate significantly different (adjusted p-value <0.05) fold change 

(α vs. β). See also Figure 54B. (C–D) Immunohistochemical staining of pancreatic sections 

from nondiabetic adults (Table 4), showing specificity of ARX, MAFA, and MAFB (red) in α cells 

(GCG; green) and β cells (CPEP; blue). Arrowheads indicate cells negative (white) or positive 

(purple) for transcription factors; scale bars, 50 μm. See also Figure 54C. Figure adapted from 

Shrestha, Saunders, Walker, et al.561.  
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Figure 56. Detailed characterization of endocrine cells from five nondiabetic human islet 

donors.  

(A) Insulin and glucagon secretion were assessed in islets isolated from n=5 donors (age range 

14–66 years) stimulated with 5.6 mM glucose (G 5.6), 16.7 mM glucose (G 16.7), 16.7 mM 

glucose + 100 mM isobutylmethylxanthine (IBMX) (G 16.7 + IBMX 100), 1.7 mM glucose + 1 

mM epinephrine (G 1.7 + Epi 1), and 20 mM potassium chloride (KCl 20). Insulin and glucagon 

secretion is normalized to overall islet cell volume (expressed as islet equivalents; IEQs). (B) 

Bar graph illustrating cell type distribution within each islet preparation as per cell types 

annotated in Figure 57A. (C) UMAP of only α or β cells, showing clustering by islet preparation. 

(D) User-friendly web portal application for searching and viewing pancreatic cell types and their 

gene expression. Figure adapted from Shrestha, Saunders, Walker, et al.561. 
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Figure 57. Transcription factor expression in human pancreatic islets by scRNA-seq.  

(A) UMAP visualization of 44,953 pancreatic islet cells from n=5 islet preparations, identified by 

unsupervised clustering; cell populations include β (24%), α (54%), δ (2.5%), ε (0.08%), acinar 

(3.3%), ductal (4.7%), endothelial (2.2%), stellate (7.7%), and immune cells (0.5%). Cell clusters 

were annotated using known gene markers (Table 11). γ and ε cells could not be resolved from 

the δ cell cluster; thus, these populations were manually selected using the “CellSelector” 

function to identify cells positive for PPY and GHRL, respectively. Libraries were sequenced at 

~80,000 reads/cell yielding a median of 2,365 genes per cell. (B) Dot plot showing relative 

expression of cell type markers to validate cell type annotation post-unsupervised clustering. (C) 

Dot plot showing relative expression of transcription factors across all cell types. In panels B-C, 

dot size indicates the percentage of cells with detectable transcripts; color indicates gene’s 

mean expression z-score. (D) Natural log expression level of common transcription factors 

expressed in α and β cells. Figure adapted from Shrestha, Saunders, Walker, et al.561. 
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Figure 58. Heterogeneity of ARX and MAFB expression in α cells by scRNA-seq 

correlates with expression of key functional genes.  

(A) UMAP visualization of 24,248 α cells (n=5 donors) pseudocolored to show, from left to right, 

expression of ARX (blue); MAFB (red); and both ARX and MAFB with 0.5 color threshold scale. 
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(B) Scatterplot on the left is depicting four distinct α cell populations based on ARX and MAFB 

expression: those expressing neither factor (10%), those expressing only ARX (4%) or only 

MAFB (48%), and those co-expressing ARX and MAFB (38%). Chart on the right shows cell 

populations by donor, with the outermost circle reflecting totals. (C) Dot plot showing the relative 

expression of selected genes related to α cell identity, ion flux, glucose metabolism, vesicle 

trafficking, exocytotic machinery, and cellular stress of the four α cell populations in panel B. Dot 

size indicates the percentage of α cells with detectable transcripts; color indicates the gene’s 

mean expression z-score. See Figure 60A for comparison to other single cell studies. (D) 

Immunohistochemical staining of ARX (blue) and MAFB (red) in glucagon (GCG)-expressing α 

cells (green) of a nondiabetic adult (55 years, Table 4). Numbered arrowheads indicate the 

presence of 4 α populations: 1, ARXlo MAFBlo; 2, ARXhi MAFBlo; 3, ARXlo MAFBhi; 4, ARXhi 

MAFBhi. (E) Quantification of α cell populations shown in panel D (n= 2,369 α cells). Outermost 

circle represents composite count and inner circles represent α cells from each of n=3 donors 

(see also Figure 60B). Figure adapted from Shrestha, Saunders, Walker, et al.561. 
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Figure 59. Related to Figure 58. Raw expression values for transcription factor, α cell-

enriched, ion channel, glucose metabolism, vesicle trafficking, exocytosis, and stress 

genes in ARX/MAFB populations.  
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Violin plots depict gene expression in α cell populations lacking ARX and MAFB (grey) and 

those expressing MAFB only (red), ARX only (blue), or co-expressing both MAFB and ARX 

(purple); n=24,248 total α cells. Data corresponds to dot plot in Figure 58C. Symbols 

underneath gene names indicate significance (p<0.05) from Tukey’s multiple comparisons test 

following 2-way ANOVA. Figure adapted from Shrestha, Saunders, Walker, et al.561. 
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Figure 60. Related to Figure 58. Validation of α cell populations based on ARX and MAFB 

expression, as determined by previous scRNA-seq studies.  
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(A) Dot plots showing the expression patterns of selected genes related to cell identify, ion flux, 

glucose metabolism, vesicle trafficking, and exocytotic machinery. α cell populations (rows) are 

identified by expression of neither ARX nor MAFB (None), ARX only (ARX), MAFB only (MAFB), 

and co-expression of ARX and MAFB (Both). Dot size indicates the percentage of cells with 

detectable transcripts; color indicates gene’s average scaled expression. Headers list study 

details from previously published datasets (Segerstolpe et al., 201621; Baron et al., 201620; 

Camunas-Soler et al., 202015) and final dot plot is as shown in Figure 58C for comparison. (B) 

Immunohistochemical staining of ARX (blue) and MAFB (red) in glucagon (GCG)-expressing α 

cells (green) of two nondiabetic adults (Table 4). Numbered arrowheads indicate the presence 

of α cell populations: 1, ARXlo MAFBlo; 2, ARXhi MAFBlo; 3, ARXlo MAFBhi; 4, ARXhi MAFBhi. See 

also Figure 58E. Figure adapted from Shrestha, Saunders, Walker, et al.561. 
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Figure 61. Heterogeneity of MAFA and MAFB expression in β cells by single cell RNA-seq 

correlates with expression of key genes involved in β cell function.  

(A) UMAP visualization of 11,034 β cells (n=5 donors), pseudocolored to show, from left to right, 

expression of MAFA (red); MAFB (blue); and both MAFA and MAFB with 0.5 color threshold 

scale. (B) Scatterplot on the left depicts four distinct β cell populations based on MAFA and 
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MAFB expression: those expressing neither factor (22%), those expressing only MAFA (4%) or 

only MAFB (52%), and those co-expressing MAFA and MAFB (22%). Chart on the right shows 

cell populations by donor, with the outermost circle reflecting totals. (C) Dot plot showing the 

relative expression of selected genes related to β cell identity, ion flux, glucose metabolism, 

vesicle trafficking, exocytotic machinery, and cellular stress of the four β cell populations in 

panel B. Dot size indicates the percentage of β cells with detectable transcripts; color indicates 

the gene’s mean expression z-score. See Figure 63A for comparison to other single cell 

studies. (D) Immunohistochemical staining of MAFA (red) and MAFB (blue) in C-peptide 

(CPEP)-expressing β cells (green) of a nondiabetic adult (55 years, Table 4). Numbered 

arrowheads indicate the presence of 4 populations: 1, MAFAlo MAFBlo; 2, MAFAhi MAFBlo; 3, 

MAFAlo MAFBhi; 4, MAFAhi MAFBhi. (E) Quantification of β cell populations shown in D (n= 2,566 

β cells). Outermost circle represents composite count and inner circles represent β cells from 

each of n=3 donors (see also Figure 63B). Figure adapted from Shrestha, Saunders, Walker, et 

al.561. 
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Figure 62. Related to Figure 61. Raw expression values for transcription factor, β-

enriched, ion channel, glucose metabolism, vesicle trafficking, exocytosis, and stress 

genes in MAFA/MAFB populations.  
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Violin plots depict gene expression in β cell populations (n=11,034 total β cells) lacking MAFA 

and MAFB (grey) and those expressing MAFA only (red), MAFB only (blue), or co-expressing 

both MAFA and MAFB (purple); n=11,034 total β cells. Data corresponds to dot plot in Figure 

61C. Symbols underneath gene names indicate significance (p<0.05) from Tukey’s multiple 

comparisons test following 2-way ANOVA. Figure adapted from Shrestha, Saunders, Walker, et 

al.561. 
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Figure 63. Related to Figure 61. Validation of β cell populations based on MAFA and 

MAFB expression, as determined by previous scRNA-seq studies.  
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(A) Dot plots showing the expression patterns of selected genes related to cell identify, ion flux, 

glucose metabolism, vesicle trafficking, and exocytotic machinery. β cell populations (rows) are 

identified by expression of neither MAFA nor MAFB (None), MAFA only (MAFA), MAFB only 

(MAFB), and co-expression of MAFA and MAFB (Both). Dot size indicates the percentage of 

cells with detectable transcripts; color indicates gene’s average scaled expression. Headers list 

study details from previously published datasets (Segerstolpe et al., 201621; Baron et al., 

201620; Camunas-Soler et al., 202015) and final dot plot is as shown in Figure 61C for 

comparison. (B) Immunohistochemical staining of MAFA (red) and MAFB (blue) in C-peptide 

(CPEP)-expressing β cells (green) of two nondiabetic adults (Table 4). Numbered arrowheads 

indicate the presence of β cell populations: 1, MAFAlo MAFBlo; 2, MAFAhi MAFBlo; 3, MAFAlo 

MAFBhi; 4, MAFAhi MAFBhi. See also Figure 61E. Figure adapted from Shrestha, Saunders, 

Walker, et al.561. 
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Figure 64. Beta cells co-expressing MAFA and MAFB have enhanced electrophysiolgic 

activity compared to β cells expressing one or neither factor.  

(A) Dot plot showing the relative expression of selected genes in β cells expressing neither 

MAFA nor MAFB, those expressing only MAFA or only MAFB, and those co-expressing MAFA 

and MAFB, based on data from Camunas et al. 2020592. Dot size indicates the percentage of 

cells with detectable transcripts; color indicates gene’s mean expression z-score. (B) 

Electrophysiological function in MAFA- and MAFB-expressing β cell subpopulations. 

Significantly higher Ca2+ currents and exocytosis are observed for β cells expressing both MAFA 

and MAFB with similar cell size across all subpopulations. Mann-Whitney test adjusted for 

multiple hypothesis testing with Benjamini-Hochberg (BH) procedure; *, p < 0.05; **, p < 0.01. 

Figure adapted from Shrestha, Saunders, Walker, et al.561. 

  



 191 

 
Figure 65. RFX6 controls stimulated insulin secretion in human β cells.  

(A) Schematic of adenoviral delivery of shRNA to pseudoislets. (B) Bright-field images showing 

the morphology of scramble shRNA- or RFX6 shRNA-treated pseudoislets. Scale bar is 200 μm. 

(C) Immunofluorescent images of pseudoislets embedded in type I collagen showing mCherry 

(red) marking transduced cells, CPEP (blue) marking β cells, and GCG (green) marking α cells. 

(D) Relative RFX6 mRNA expression in β cells treated with scramble or RFX6 shRNA. (E-F) 

Immunofluorescent images of pseudoislets showing β cells (CPEP, blue) and α cells (GCG, 

green) with quantification of % cells in pseudoislet expressing each marker. (G) Dynamic insulin 

secretion assessed by macroperifusion in basal glucose (G 5.6 – 5.6 mM glucose; white) with 

stimulations (yellow) of high glucose (G 16.7 – 16.7 mM glucose), cAMP-potentiation (G 16.7 + 

IBMX 100 – 16.7 mM glucose + 100 M isobutylmethylxanthine (IBMX)), and KCl-mediated 

depolarization (KCl 20 – 20 mM potassium chloride); n=6 matched donors in each trace. (H) 

Insulin secretion was integrated by calculating the area under the curve (AUC) for response to 

each of the stimuli.   
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CHAPTER VII: 

SIGNIFICANCE AND FUTURE DIRECTIONS 

 

Summary 

 

The primary goal of my research was to discover information that would advance our 

understanding of molecular mechanisms of human islet dysfunction in diabetes. To accomplish 

this, I took a multi-pronged approach that applied existing scientific tools to new scientific 

questions as well as developed new techniques to allow studies that were previously 

unachievable.  

 

First, we sought to understand how commonly used therapeutics affect human islets in an in 

vivo environment and how these effects relate to the pathophysiology of diabetes. Prolonged 

exposure to clinically relevant levels of the immunosuppressive agents tacrolimus and sirolimus 

lead to impaired insulin secretion that was not caused by β cell loss. Instead, islet dysfunction 

was characterized by disruptions to β cell granules, increased amyloid deposition, and 

transcriptional dysregulation of genes related to ion flux and peptide processing. Insulin 

secretion and molecular markers of islet dysfunction normalized after withdrawal of treatment, 

and dysfunction was prevented by co-treatment with a GLP-1 receptor agonist. In addition, we 

studied the effects of dapagliflozin, a SGLT2 inhibitor, and demonstrated that the human islet is 

not a principal target of this therapeutic and instead, islet effects are mediated through changes 

in blood glucose. These findings open exciting translational opportunities as discussed below. 

 

To facilitate investigation of new mechanistic questions in the field of human islet biology, we 

developed a culture system that involves dispersing islets into a single cell state and then 

allowing them to reaggregate to form pseudoislets. These pseudoislets resemble native human 

islets in morphology, function, composition, and cellular identity, thus enabling targeted genetic 

and cellular manipulation of primary human islet cells in an islet-like context. We used this 

system to 1) describe cell type-specific effects of GPCR signaling, 2) study calcium signaling 

and hormone secretion from α cell-only, “T1D-like” pseudoislets and 3) investigate how islet 

cells physically interact with one another to form pseudoislet clusters. The establishment of this 

system and applications explored here have the potential to develop in many different directions 

as described below. 

 

Complexities in disease processes underscore the need to perform integrated analyses on 

pancreatic tissue and isolated islets to appreciate interacting disease processes. We describe a 

large-scale analysis of islet function, microenvironment, and transcriptome from a large cohort 

of short-duration T2D donors. Integration of these studies revealed that a defect in stimulated 

insulin secretion is prominent in short-duration T2D. Moreover, this effect is not explained by 

reductions in β cell mass and is not reversed by transplantation into a normoglycemic, non-

insulin resistant environment. Assessment of the T2D islet microenvironment by traditional and 

multiplexed immunohistochemistry uncovered changes in cell abundance and phenotype, 

especially in the context of amyloid deposition. Finally, integrative transcriptional analysis 

revealed numerous molecular changes to T2D β cells, including that the transcription factor 
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RFX6 is a highly connected β cell hub gene and is reduced in T2D β cells. In parallel to our in-

depth study of short-duration T2D, we describe how such an integrative approach can be 

applied to investigate atypical pathobiological findings in a single T1D donor, expanding the 

field’s understanding of human T1D heterogeneity. Collectively, these results open up 

numerous future directions discussed below. 

 

Transcription factors play a crucial role in the islet physiology and pathophysiology of diabetes. 

To define the specific role that several transcription factors play in adult human islet cells, we 

investigated heterogeneous cell states in single cell RNA-seq data and also directly manipulated 

transcription factors in our pseudoislet system. We demonstrated how combinatorial expression 

of ARX and MAFB in α cells and MAFA and MAFB in β cells define mature and highly functional 

subpopulations of each cell type, based on expression of genes related to hormone secretion as 

well as electrophysiological features of β cells. We also assessed the transcription factor RFX6 

by using shRNA knockdown in pseudoislets, demonstrating a role for RFX6 in controlling insulin 

secretion from human β cells. These findings have important implications for how islet cells 

become dysfunctional in disease and suggest exciting experimental opportunities discussed 

below. 

 

Implications and Future Directions 

 

New treatment paradigms for PTDM 

Our findings about the mechanisms of β cell dysfunction with TAC and SIR provide an 

opportunity for developing new therapeutic approaches to reduce the incidence of PTDM. While 

immunosuppressive agents are not the sole cause of PTDM, their strong association indicates 

that alleviating this aspect of PTDM would have a significant impact on incidence607–610. While 

withdrawal of TAC or SIR is usually not clinically feasible, the fact that β cells showed strong 

capacity for recovery indicates that transitioning to a different immunosuppressive regimen with 

fewer off target effects on β cells could be considered upon signs of dysregulated glucose. For 

example, building off of our work, other groups have since shown that voclosporin, a next-

generation calcineurin inhibitor, does not have the same detrimental effects on β cells that TAC 

does801. Thus, with continued development of new agents and new generations of 

immunosuppressive therapeutics, one could envision individually selecting therapeutic agents 

and doses during the period when β cell dysfunction is still reversible, so as to find optimal 

balance of glucose homeostasis and adequate transplant tolerance for each individual. Given 

the significance and consequence of PTDM, future work should focus on establishing a β cell 

dysfunction profile for an array of these medications, both alone and in combination, to allow for 

informed selection of treatment. 

 

Of particular interest are our findings that GLP-1 receptor agonist treatment was able to fully 

prevent β cell dysfunction with TAC treatment and partially prevent it with SIR treatment. This 

data provides strong rationale for a clinical trial to evaluate whether incidence and severity of 

PTDM could be reduced with initiation of GLP-1 receptor agonist-based treatment, which has an 

excellent safety profile, soon after transplantation for patients who will be treated with TAC. 

Future preclinical work in this arena might seek to evaluate whether initiating GLP-1 receptor 
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agonist treatment after β cell dysfunction is observed is as effective as using it for primary 

prevention in order to guide clinical care most effectively. 

 

We noted that one of the pathways activated by GLP-1 in β cells is the calcineurin/NFAT 

pathway, the same pathway targeted by TAC. Thus, one possible explanation for why GLP-1R 

agonists were more beneficial in the TAC-treated group is that in the case of TAC, there was β 

cell-specific targeting and activation of the key pathway that had been inhibited, while in SIR 

there was activation of a beneficial pathway (calcineurin/NFAT), but not the one that had been 

inhibited (mTOR). Studies that genetically manipulate either the calcineurin/NFAT or mTOR 

pathways in human islets during the dysfunction induced by TAC or SIR, respectively, as well as 

the reversal with GLP-1R agonists, would be particularly enlightening and may reveal a general 

approach to countering side effects in islets from off target effects. 

 

Opportunities for in vivo study of human islets 

Collectively, our results highlight the importance of considering in vivo studies of human islets in 

addition to those conducted in vitro. Islets are complicated mini-organs whose primary role is to 

dynamically sense nutrients and hormonal signals and respond in a coordinated manner; 

however, there are numerous situations where the islet’s response in vitro is substantially 

different from its response in vivo569,631–635.  While in vitro studies have benefits, transplantation 

and subsequent evaluation of islets in vivo provide a more nuanced picture of physiology in the 

context of the entire organism. This context was particularly important for the three therapeutics 

discussed, whose primary cellular targets were not the islet but rather immune cells (TAC and 

SIR) or kidney (DAPA). Furthermore, the in vivo approach allows for longer-term study, which 

can be quite significant as highlighted by the disparity between acute versus chronic effects of 

DAPA on in vivo glucagon secretion. While such approaches are technically complex, the 

results of this chapter underscore how they bridge an important gap by providing more detailed 

molecular information than can be obtained about islets through clinical research and thus 

should be considered when working with human islets. 

 

There has been a debate as to whether the transient rise in glucagon secretion seen with 

initiation of SGLT2 inhibitor treatment, which might exacerbate hypergylcemia, occurs via direct 

effects on the α cells or whether the effects are indirect802. Our data provides strong in vivo 

evidence that this effect is indirect and likely mediated through acute changes in glucose. 

Interestingly, recent work has highlighted the hypothesis that the glycemic set point of an 

organism is set primarily by α cell input to β cells26. Our work confirmed clinical findings which 

saw acute (~1 week) changes to glucagon secretion after initiation of treatment that eventually 

normalized (~4 weeks)637,638. Taken together, these results imply that the α cell acutely 

responds in an effort to maintain a consistent glucose level, but over time it adapts to the lower 

glucose level and glucagon secretion normalizes as a result. This raises interesting questions 

about how the α cell senses acute changes in glucose and what conditions lead the cell to 

accommodate a new baseline. Whether these sensing mechanisms become disrupted in either 

type 1 or type 2 diabetes, both of which can have α cell dysfunction357,594, would be of particular 

interest. Such in vivo human α cell physiology has long been difficult to investigate in transplant 

models due to 100% sequence homology of human and mouse glucagon. However, the recent 
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development of a Gcg knockout mouse on the NSG background provides a new tool to address 

these questions803. Combining biosensor labeling of human pseudoislets with transplantation 

into the anterior chamber of the eye804,805 of Gcg KO mice would allow for specific assessment 

of both glucagon secretion and biosensor dynamics as α cells respond to short-, medium-, and 

long-term changes in glucose. 

 

Deciphering the islet microenvironment 

A common theme across all the studies in this Dissertation is the critical role of the 

microenvironment in coordinated islet function. Whether defining how the islet microenvironment 

changes in models of PTDM and human samples of T1D or T2D or recreating the islet 

microenvironment in our pseudoislet system, the context in which endocrine cells find 

themselves has proven to be paramount to understanding islet physiology and pathophysiology. 

With the aid of the pseudoislet system, we are now in a position to investigate this is with 

greater detail than was possible before. Some important questions to tackle include: 

• What are the processes and mechanisms responsible for the arrangement of islet 

endocrine and non-endocrine cells? Are these processes dependent on donor age or 

disease status? 

• What role do endothelial cells, pericytes, macrophages, and other non-endocrine cells 

within the human islet mini-organ play in nutrient sensing, hormone secretion, and the 

islet response to stressors? 

• What is the role of electrical coupling and stimuli between human islet cells? 

• What is the full array of secreted factors from endocrine and non-endocrine cells how do 

these signal to nearby cells within the human islet? Are these altered in pathophysiologic 

conditions? 

 

Disease processes in the T2D islet 

To identify early, disease-driving mechanisms of T2D, we focused on collection and analysis of 

donors with short-duration T2D. This focused collection likely explains some differences in 

findings of our study compared to others, such as the lack of reduction in β cell mass720,721 or 

confirming a reduction in MAFA but not observing changes in NKX6.1, PDX1, and MAFB806. 

While we have taken great care to focus our organ collection efforts, the natural history of T2D 

makes precise determination of disease onset difficult. Thus, ultimately relating our 

transcriptional findings to GWAS loci should help define which processes are heavily influenced 

by underlying genetic risk and presumably are more likely to be causal. Further, to add 

specificity to our findings, future work that includes analogous studies on long-duration T2D 

would allow for categorization of processes that are stable during disease progression as 

opposed to those that are unique to either early or later stages. This classification would greatly 

aid in identifying central processes to target in a complex metabolic disease. Further questions 

in this area that will be key to address: 

• What are the electrophysiologic, proteomic, or metabolomic changes in short-duration 

T2D islets and how do these relate to our findings? 

• What human islet adaptations allow some obese individuals to maintain glucose 

homeostasis while others progress to diabetes? 



 196 

• What are the epigenetic changes (intrinsic or environmentally induced) in human islets 

with age or disease and how do they impact islet cell function, survival, and adaptation? 

• How do these processes differ depending on ethnicity and age of onset of T2D? 

• How do current therapies (medication, bariatric surgery, weight loss, etc.) alter islet cell 

function and mass and the progression of T2D? 

 

Mechanistic investigation of T2D islet pathophysiology 

To translate the findings of our study on T2D into the preclinical realm, detailed mechanistic 

studies, ideally with human islets, will be essential. Our results point to many interesting targets 

that will be worthwhile to pursue; one of these, RFX6, is included in Chapter VI of this 

Dissertation. In Chapter V, we show that RFX6 is a central regulator of β gene expression and is 

specifically reduced in the T2D β cell, and in Chapter VI, we use this finding to design 

experiments ultimately demonstrating that RFX6 has a role in controlling stimulated insulin 

secretion. Additional questions that are raised from our studies include:  

• What is the contribution of other genes that are disrupted in T2D to β cell dysfunction? 

• How do the non-endocrine cells that are changed in T2D, specifically endothelial cells 

and T cells, interact in the human islet microenvironment to impact insulin secretion? 

• What are the functional consequences of increased or decreased amyloid deposition 

within an islet? 

• Are increased cilia in T2D a compensatory response to β cell dysfunction or a 

pathophysiologic mechanism? 

 

Lessons from T1D heterogeneity 

T1D is classically defined by autoimmune destruction of pancreatic β cells resulting in absolute 

insulin deficiency. However, there is increasing awareness that within this single disease, there 

is considerable heterogeneity, especially in age of disease onset, genetic susceptibility, rates of 

progression, and residual insulin secretory capacity751,807. This has led the field to propose an 

“endotype” concept where multiple, distinct biological mechanisms may produce T1D as we 

currently define it. Therefore, atypical cases of T1D, such as the one described in Chapter V of 

this Dissertation, are critical to define heterogeneity at the level of the pancreas and islet. In this 

case, we describe dynamic insulin secretion resembling that of non-diabetic donor islets, and 

we detect substantial remaining β cell mass after 8 years of T1D, though the high correlation of 

these β cells with CD45+ immune cells suggests possible autoimmunity. Despite this, the donor 

HbA1C (11.9%) insinuates severe loss of insulin, raising several interesting questions. 

• Were the β cells that were functional ex vivo able to secrete insulin in vivo, and if not, 

what component of the pancreatic environment prevented this?  

• What is the natural history of β cell loss in T1D? 

• Do remaining β cells represent a subset that is more resistant to autoimmunity, or are 

they the result of a regenerative response through progenitor differentiation, 

transdifferentiation, or β cell replication?  

• Does β cell loss contribute to the α cell dysfunction seen? What degree of β cell loss is 

required? 

Efforts from consortia such as HPAP and nPOD to obtain and study T1D pancreata, as well as 

to define the full range of phenotypic and molecular features, will be critical for us to understand 
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the different disease mechanisms at play in T1D and how we can precisely target these in 

individuals.  

 

Combinational TF expression and islet cell heterogeneity 

Studies in Chapter VI of this Dissertation utilize scRNA-seq to demonstrate that combinatorial 

expression of ARX and MAFB in α cells and MAFA and MAFB in β cells predicts highly 

functional and mature islet cell subpopulations. While we focused on these specific TFs, we 

noted that numerous islet-enriched TFs showed a similar bimodal distribution of expression. 

Further, other islet-enriched TFs were consistently elevated in ARX/MAFB co-expressing α cells 

and MAFA/MAFB co-expressing β cells, supporting the concept of islet-enriched TFs acting in 

self-regulating networks. Moving forward, systems-based analyses of these binary states across 

a broad range of islet-enriched TFs may reveal a hierarchal relationship among these TFs in the 

adult human islet β and α cells. 

 

A critical component of identifying heterogeneity in β or α cells is further demonstrating the 

implications of such heterogeneity. We show selected genes related to key steps in the 

hormone secretory pathway, but future studies should identify genes regulated by these TFs in 

an unbiased manner. Defining these genes, particularly those that are regulated by 

combinations of TFs that we have defined as important, and the transcriptional state that they 

represent is crucial to understand how α and β cell heterogeneity contribute to islet physiology 

and pathophysiology. With large scRNA-seq datasets, novel computational approaches such as 

SCENIC808,809 can be used to identify gene regulatory networks based on co-expression and TF 

binding motifs, known as regulons. Analysis of these regulons can then help reveal cellular 

programs controlled by the TF of interest. Thus, applying tools like SCENIC could provide 

complementary information defining cellular states that are indicative of highly functional α and 

β cells. Further questions to address with regard to islet cell heterogeneity include: 

• What processes are responsible for establishing islet cell heterogeneity (intrinsic or 

extrinsic)? 

• Are these cell populations stable or do they dynamically switch between cell states? 

• Do these islet cell subsets play a role in islet adaptation or in diabetes? 

 

Investigating how RFX6 controls β cell function 

Building off results shown in Chapter V, we used shRNA knockdown in our pseudoislet system 

to investigate the role of RFX6 in insulin secretion in adult human β cells, showing that it has a 

critical role in stimulated insulin secretion. Given RFX6’s role as a TF, we would hypothesize 

that this is driven through transcriptional dysregulation, likely through many of the same 

pathways identified in β cells from short-duration T2D donors in Chapter V. Thus, future work 

should focus on evaluating these processes in RFX6down pseudoislets. Combined approaches 

that assess both single nuclear RNA and Assay for Transposase-Accessible Chromatin (ATAC) 

on the same cell would be ideally positioned to evaluate changes to the transcriptional and 

chromatin landscapes. Chromatin changes would be particularly interesting to explore in 

RFX6down cells given the enrichment of T2D GWAS loci in β cell-specific chromatin regions810 

and the enrichment of RFX6 motifs in these same regions746.  Finally, it will be critical to define 
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what processes govern RFX6 expression and how these become dysregulated to lead to RFX6 

reduction. 

 

Closing Remarks 

 

This Dissertation provides new insights into the molecular mechanisms of islet dysfunction in 

human diabetes. Through a combination of molecular analyses on clinically relevant samples 

and the development of improved models to study human islets, my work provides a framework 

for integrating knowledge to deliver impactful discoveries about human islet physiology and 

pathophysiology. The results described here provide a new appreciation for nuances in β and α 

cell biology, both in their GPCR signaling pathways and in the heterogeneous expression of 

transcription factors. Further, this work provides new mechanistic insight into β cell dysfunction 

in PTDM, highlights pathobiological heterogeneity in T1D, and describes disease-driving 

mechanisms of β cell dysfunction in T2D. Overall, the improved understanding of these 

pathways paves the way to develop more effective and precise treatments for individuals with 

diabetes.  
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