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Chapter 1 Introduction 

1.1 Background and Rationale 

1.2.1 Glucose Homeostasis and its Disruption in Diabetes 

In healthy organisms, blood glucose levels are maintained within a narrow physiological range, typically 

70–100 mg/dL in the fasting state and not exceeding ~140 mg/dL postprandially (1) (Fig. 1a). This 

steady state, referred to as euglycemia, is essential to ensure adequate glucose supply to vital organs, 

particularly the brain, while avoiding the deleterious consequences of chronic hyperglycemia or hypo-

glycemia (2). Achieving euglycemia depends on the integrated action of multiple endocrine cell types 

within the pancreatic islet of Langerhans, most prominently insulin-secreting β-cells and glucagon-se-

creting α-cells (Fig. 1b). Insulin acts as the principal glucose-lowering hormone by stimulating glucose 

uptake in peripheral tissues such as muscle and adipose tissue and by inhibiting hepatic glucose pro-

duction (3) (Fig. 1a). Conversely, glucagon functions as the primary blood glucose-elevating hormone 

by promoting hepatic glycogenolysis and gluconeogenesis (4). The opposite actions of insulin and glu-

cagon form the cornerstone of glucose homeostasis, requiring dynamic and context-dependent regu-

lation in response to nutrient intake and energy demands. 

When this finely tuned balance is perturbed, pathological states arise. Diabetes mellitus represents the 

most common and clinically significant disruption of glucose homeostasis. In type 1 diabetes (T1D), 

autoimmune-mediated destruction of β-cells leads to absolute insulin deficiency (5). In type 2 diabetes 

(T2D), a combination of impaired insulin secretion, insulin resistance in peripheral tissues, and inap-

propriate glucagon secretion contributes to chronic hyperglycemia (6). Both forms of the disease are 

associated with progressive islet dysfunction and result in increased risk for microvascular and 
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macrovascular complications (7). Understanding how glucose homeostasis is normally achieved, and 

how these processes fail in diabetes, is therefore fundamental to identifying new therapeutic strategies. 
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1.2.2 Intercellular Communication Shaping Islet Hormone Secretion 

The islet operates as a multicellular micro-organ in which endocrine cell types: α-, β-, δ- (somatostatin-

secreting), PP- (pancreatic polypeptide)-secreting, and ε-cells (ghrelin-secreting), coordinate their 

Figure 1: Overview of the core concepts explored in this thesis. (a) Systemic glucose homeostasis. Glucose homeostasis (euglyce-
mia) is essential for maintaining whole-body metabolic balance. Both extremes, hypoglycemia (blue), when blood glucose falls too low, 
and hyperglycemia (orange), when it rises excessively, are conditions the body strives to avoid. The pancreas plays a central regulatory 
role by secreting the key hormones insulin (INS, green) and glucagon (GCG, pink), whose balanced action maintains euglycemia. INS 
facilitates glucose uptake into adipose tissue (yellow) and skeletal muscle (red) while simultaneously inhibiting hepatic (red) gluconeo-
genesis, thereby preventing additional glucose release into circulation. Conversely, GCG promotes hepatic gluconeogenesis and gly-
cogenolysis, particularly during hypoglycemia, to restore normoglycemia. (b) The islet microenvironment. INS and GCG are produced 
and secreted by endocrine cells within the pancreatic islets of Langerhans, which function as miniature organs coordinating local hormone 
release. In addition to INS-producing β-cells (green) and GCG-producing α-cells (pink), the islet contains somatostatin (SST)-secreting 
δ-cells (blue). For simplicity, minor endocrine cell types have been omitted. β-cells are electrically coupled via connexin 36 (Cx36) gap 
junctions, enabling synchronized insulin secretion, whereas α-cells are not electrically connected to other endocrine cell types. Conse-
quently, two major forms of intra-islet communication coexist: electrical coupling among β-cells and paracrine signaling between α-, β-, 
and δ-cells. Paracrine regulation is crucial for coordinated hormone output and glucose control: SST from δ-cells inhibits both NS and 
GCG secretion; INS inhibits GCG but stimulates SST release; and GCG promotes INS secretion. (c–e) GPCR-mediated control of islet 
hormone secretion. At the molecular level, endocrine cells express numerous G protein–coupled receptors (GPCRs) that act as molecular 
“antennas” sensing hormonal, neuronal, and metabolic cues. (c) In β-cells, activation of the glucagon-like peptide-1 receptor (GLP-1R, 
cyan) by its ligand GLP-1 increases intracellular cyclic adenosine monophosphate (cAMP, brown), promoting INS secretion. (d) In α-
cells, β-adrenergic receptor (β-AR, olive) stimulation by catecholamines (khaki) elevates cAMP, thereby enhancing glucagon release. (e) 
In δ-cells, somatostatin exerts autocrine feedback via SSTR5 (purple), which is Gαi-coupled and reduces intracellular cAMP, leading to 
inhibition of somatostatin secretion. Cartoons are intentionally simplified to highlight key signaling principles and intercellular relationships 
relevant to the regulation of glucose homeostasis. 



 4 

activities through both direct and indirect modes of communication (8). Cell–cell contact via gap junc-

tions (such as Connexin 36) and adhesion molecules allows for electrical and metabolic coupling 

among β-cells, facilitating synchronous insulin release in response to rising glucose levels (9) (Fig. 1b). 

In parallel, paracrine signaling within the islet enables one hormone-secreting cell type to modulate the 

activity of another: e.g., somatostatin released from δ-cells exerts inhibitory effects on both insulin and 

glucagon secretion, thereby acting as a local “brake” to fine-tune hormone output (10–12) (Fig. 1b and 

Fig. 2). 

Beyond intra-islet signaling, endocrine cells integrate systemic cues delivered through circulating nutri-

ents, hormones, and neural inputs. Nutrients such as glucose, fatty acids, and amino acids act as direct 

metabolic signals, modulating hormone secretion by serving as substrates for intracellular metabolism 

and signaling pathways (13,14). Neural input, mediated primarily via the autonomic nervous system, 

provides rapid communication between central nervous system (CNS) energy-sensing pathways and 

the islet: parasympathetic cholinergic stimulation promotes insulin release during feeding, whereas 

sympathetic adrenergic signals enhance glucagon secretion under conditions of stress or hypoglyce-

mia (15,16). This convergence of paracrine, endocrine, and neuronal signals positions the islet as a 

highly dynamic signaling hub, continuously sensing and responding to the metabolic state of the organ-

ism. 

1.2.3 GPCRs as Molecular Antennas: Integrating Diverse Signals to Maintain Glucose Homeo-

stasis 

The ability of pancreatic islet cells to interpret and respond to the many local and systemic signals 

depends largely on the activity of cell-surface receptors, particularly G protein–coupled receptors 

(GPCRs) (Fig. 1c-e). GPCRs constitute the largest family of membrane receptors in mammals and 

function as molecular “antennas” that detect extracellular ligands, such as neurotransmitters, 
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hormones, metabolites, and trace amines, and translate these signals into intracellular responses via 

heterotrimeric G proteins (17). 

In the islet, GPCRs are expressed across all major endocrine cell types and play essential roles in 

regulating hormone secretion. β-cell GPCRs such as the glucagon-like peptide-1 receptor (GLP-1R) 

and the glucose-dependent insulinotropic polypeptide receptor (GIPR) enhance glucose-stimulated in-

sulin secretion through cAMP- and Ca²⁺-dependent signaling cascades (18–20) (Fig. 1c). Similarly, α-

cell GPCRs, including adrenergic receptors, enable rapid mobilization of glucagon release during sym-

pathetic activation (21,22) (Fig. 1d). Other GPCRs mediate autocrine and paracrine communication 

within the islet, as seen with somatostatin receptors that mediate δ-cell–derived inhibition of β- and α-

cells (11) (Fig. 1e). 

Importantly, GPCR signaling within the islet is characterized by redundancy and crosstalk. Multiple 

GPCR subtypes converge on overlapping intracellular pathways, ensuring robustness of glucose reg-

ulation even when one signaling pathway is impaired (17,23). This redundancy underscores the resili-

ence of the system but also highlights the complexity that must be navigated when targeting GPCRs 

pharmacologically. Given their central role in regulating islet communication, GPCRs represent attrac-

tive therapeutic targets for diabetes, as suggested by the clinical success of GLP-1R agonists (24,25). 

Nonetheless, many GPCRs expressed in islets remain incompletely characterized, and identifying how 

they contribute to glucose homeostasis represents an important frontier in diabetes research. 

1.2 The pancreatic islet and its internal organization 

The pancreatic islet, also known as the islet of Langerhans, is the endocrine compartment of the pan-

creas, embedded within the surrounding exocrine tissue. Endocrine cells are the hormone-secreting 

cells (e.g., insulin and glucagon) of the pancreas, whereas exocrine cells, comprising acinar and ductal 

epithelial cells, are primarily responsible for supplying digestive enzymes (26–28). Within the endocrine 
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pancreas, the pancreatic islet cell types collectively regulate glucose homeostasis through the hor-

mones they secrete (Fig. 2). The most abundant endocrine cell type in the islet is the β-cell, which 

secretes insulin, the sole hormone in the body capable of lowering blood glucose levels (29). Insulin 

promotes glucose uptake and storage, playing a central role in maintaining euglycemia (30). Counter-

balancing insulin’s effects is glucagon, a hormone secreted by α-cells. Glucagon raises blood glucose 

levels by stimulating hepatic gluconeogenesis and glycogenolysis. The release of both insulin and glu-

cagon is modulated by δ-cells, which secrete somatostatin (Fig. 2). Somatostatin acts as a paracrine 

inhibitor of both β- and α-cell function, positioning δ-cells as critical local regulators of islet hormone 

secretion (11,31,32). 

 

Figure 2: Schematic representation of paracrine regulation among islet endocrine cells under varying glycemic states. Glucose 
homeostasis (euglycemia) is maintained through the coordinated actions of insulin (INS), secreted by β-cells (green), and glucagon 
(GCG), secreted by α-cells (red). This balance is modulated by somatostatin (SST), released from δ-cells (blue), which exerts inhibitory 
control over both INS and GCG secretion in a glucose-dependent manner. During hypoglycemia, δ-cell activity and SST release are 
diminished, permitting GCG secretion from α-cells and suppressing INS release from β-cells. Conversely, during hyperglycemia, δ-cell 
activity and SST output increase, leading to inhibition of GCG secretion and modulation of INS release to prevent excessive glucose 
lowering, thereby stabilizing glycemic homeostasis. 

Each pancreatic cell type is necessary to achieve euglycemia in the organism (Fig. 2). Insulin (INS) is 

the hormone that lowers blood glucose, glucagon (GCG) is the hormone that increases blood glucose, 

and somatostatin (SST), at least within the islet, controls the secretion of both hormones (33). The 

synergy between those three cell types has been extensively described and recognized as key to se-

creting sufficient concentration of each of the hormones, as clusters made from single cell types or 
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immortalized cell lines of each of the populations do not produce nearly enough of the respective hor-

mone compared to what is observed within the organism (34). 

In human islets, β-cells comprise approximately 60 % of the endocrine population, α-cells about 30 %, 

and δ-cells around 2 % (35–37). The remaining fraction consists of less abundant cell types such as 

pancreatic polypeptide (PP) cells and ε-cells, the latter of which secrete ghrelin (38,39). Although these 

populations are less well characterized, they are thought to contribute to broader regulatory networks 

within the islet microenvironment (38,40).  

Islet architecture varies notably between species. In rodents, endocrine cells are arranged in a core-

mantle structure, with β-cells occupying the core and α-cells forming a peripheral mantle interspersed 

with δ-cells (26). δ-cells appear to be randomly distributed but exhibit cytoplasmic extensions that allow 

them to contact multiple cell types across the islet, facilitating widespread paracrine regulation (12,41–

43). Human islet architecture is less defined by a core-mantle pattern and more frequently presents as 

a heterogeneous mix of α-, β-, and δ-cells (Fig. 4, native islet). Nonetheless, some evidence indicates 

that during early development, and within smaller islets, human islets also display a localized core–

mantle organization, with α‑cells forming a mantle around β‑cell cores, like rodent islets. This pattern 

is most evident in islets measuring 40–60 µm in diameter and tends to diminish as islet size increases 

and postnatal remodeling occurs (44). 

Human islets also display substantial heterogeneity in size and morphology. Smaller islets are enriched 

in β-cells and are believed to disproportionately contribute to the insulin-secreting capacity of the pan-

creas (45). In contrast, larger islets exhibit distinct patterns of vascularization, which may influence 

nutrient and hormone exchange. Despite their clinical relevance, detailed knowledge of human islet 

cytoarchitecture remains limited (27,46,47). This is largely due to the restricted availability of donor 

tissue and the terminal nature of human islet isolation procedures. Furthermore, the islet is a highly 
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complex micro-organ, comprising not only multiple endocrine cell types but also vascular endothelial 

cells, pericytes, and neuronal inputs, all of which contribute to its functional integrity (27,48,49). 

1.2.4 How to study the pancreatic islet – the need for reverse (bio)engineering 

The pancreatic islet can be regarded as a micro-organ whose study requires diverse experimental 

systems. Reductionist approaches employ immortalized endocrine cell lines, which are accessible and 

scalable but lack the multicellular complexity of intact islets (50–52). In vivo studies in mouse models 

enable investigation of islet physiology within the context of whole-organism homeostasis (53,54), 

whereas donor-derived human islets provide the most translationally relevant material for studying hu-

man-specific biology (55–57). Organoid systems allow reverse-engineered assembly of islet-like struc-

tures, offering a platform to dissect developmental and structural principles. In addition, stem cell–de-

rived β-like cells or islet-like clusters provide renewable sources of endocrine tissue for disease mod-

eling and therapeutic exploration (58). Computational modeling offers an in silico approach to study 

islet electrophysiology, Ca²⁺ dynamics, and insulin secretion at multiple scales (59,60). Finally, emerg-

ing microfluidic ‘islet-on-a-chip’ systems integrate controlled perfusion and environmental cues, ena-

bling detailed study of islet function under physiologically relevant conditions (61–63).  

Organoids are 3D-tissue constructs generated in vitro from a small number of progenitor cells, most 

often pluripotent stem cells, under conditions that recapitulate organ formation (62,64) (exemplary 

workflow depicted in Fig. 3). In practice, progenitor cells are embedded within an extracellular matrix 

scaffold (commonly Matrigel) and exposed to a defined sequence of growth factors, hormones, and 

signaling molecules that guide self-organization into structures resembling the native organ. Organoid 

protocols have been established for the cerebral cortex (65), gastrointestinal tract (66–68), kidney (69), 

and pancreas (62,70–73). In the pancreatic model, PDX1⁺/NKX6.1⁺ progenitor cells undergo scaffold-

supported morphogenesis in the presence of specific cues to form islet-like clusters that mirror both the 

architecture and endocrine function of the native islet of Langerhans (71,72). 
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Figure 3: Stepwise directed differentiation of human pluripotent stem cells into islet-like organoids. Human pluripotent stem cells 
are sequentially exposed to stage-specific morphogens to promote stepwise lineage commitment toward the pancreatic endocrine line-
age. For clarity, only representative additives are depicted, including Activin A, Keratinocyte Growth Factor (KGF), Smoothened Antago-
nist (Sant-1), Retinoic Acid (RA), and Betacellulin. These factors collectively guide patterning from definitive endoderm to pancreatic 
progenitor (PDX1⁺/NKX6.1⁺) and subsequent endocrine-like cell states, which express insulin (INS⁺, green; β-cells), glucagon (GCG⁺, 
pink; α-cells), or somatostatin (SST⁺, blue; δ-cells). Embedding differentiated cells in an extracellular matrix scaffold (e.g., Matrigel) sup-
ports three-dimensional self-organization and morphogenesis, yielding functional islet-like organoids that recapitulate key structural and 
endocrine features of the native islet of Langerhans. 

The inherent complexity of intercellular interactions within the islet renders 2D culture systems insuffi-

cient for studying endocrine function. Intact islets and 3D cell clusters exhibit distinct insulin-secretion 

dynamics compared to isolated endocrine cells or pancreatic cell lines, reflecting the importance of 

specialized cell–cell and cell–matrix communication. Endocrine cells use gap junctions, cadherins, in-

tegrins, and ephrin signaling to coordinate their activity with neighboring cells, while paracrine factors 

provide additional layers of regulation. Disruption of these networks profoundly impairs glucose-stimu-

lated insulin secretion, underscoring the need for models that preserve native microarchitectural cues 

(35,42,44,74,75). 



 10 

 

Figure 4: Simplified schematic comparing a native human islet (left) with a pseudo-islet (right). The native islet is composed of β-
cells (green), α-cells (pink), δ-cells (blue), and fibroblast-like stromal cells (brown), while the pseudo-islet contains the same endocrine 
cell types but is reconstituted with Mile Seven 1 (MS1) cells, which mimic fibroblast-like stromal cells. The most notable difference between 
the two structures is the presence of a vascular network in native islets (red), which is absent in pseudo-islets. Zoom-in panels highlight 
representative cell–cell interactions. In the native islet, δ-cells express glucagon receptor (GCGR) and GLP-1 receptor (GLP-1R), and 
activation by GCG or GLP-1 potentiates SST release, which in turn suppresses GCG secretion from α-cells through SST receptor 2 
(SSTR2). α- and β-cells are polarized such that their hormone release is directed toward the vasculature, with signaling flow organized 
as β-cell → α-cell → δ-cell. β-cells secrete vascular endothelial growth factor A (VEGF-A) to activate vascular endothelial growth factor 
receptor 2 (VEGFR2) on endothelial cells, thereby promoting vascular stability and tone, while endothelial cells reciprocally secrete 
hepatocyte growth factor (HGF), which binds c-MET on β-cells to enhance insulin secretion. β-cells are further electrically coupled through 
Connexin 36 (Cx36) gap junctions and interact in a paracrine fashion with δ-cells. Insulin secreted from β-cells activates the insulin 
receptor (IR) on δ-cells to boost SST release, which in turn suppresses insulin secretion via SST receptor 5 (SSTR5). In the pseudo-islet, 
both INS and GCG stimulate δ-cells to secrete SST, which inhibits further GCG and INS secretion through SSTR2 on α-cells and SSTR5 
on β-cells, respectively. In addition, β-cells sense GCG primarily through GCGR and, with lower affinity, through GLP-1R, both of which 
enhance insulin secretion, while insulin binding to IR on α-cells inhibits GCG release. 

Reverse (bio)engineering involves reconstructing functional islets by sequentially assembling defined 

cellular and extracellular components, thereby enabling systematic dissection of the factors that influ-

ence islet formation and function. Weitz, Menegaz, and Caicedo have proposed this strategy as a 
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powerful way to study islet biology (34). However, in practice, this process is time-consuming and 

costly. From start to finish, organoid formation spans roughly 19 days, or 8 days when counted from 

the pluripotent stage (when human induced pluripotent stem cells (hiPSCs) have fully differentiated into 

pancreatic progenitor cells) (71) (exemplary workflow in Fig. 3).   

Despite their promise, organoid systems have significant limitations (64,73,76). The absence of a 

perifusable vasculature restricts oxygen and nutrient diffusion to the organoid core, resulting in hypoxia-

induced necrosis that limits both size and long-term viability. Standard cultures also omit key microen-

vironmental constituents, e.g., resident immune cells, endothelial networks, neural innervation, and dy-

namically regulated extracellular matrix components. All of these are essential for accurate modeling 

of cell–cell and cell–matrix interactions in vivo. Moreover, organoids often remain at fetal or neonatal 

stages of differentiation, failing to recapitulate mature tissue physiology and thus constraining their rel-

evance for modeling adult-onset diseases. Finally, substantial batch-to-batch variability in organoid 

size, cellular composition, and architecture hampers reproducibility and scalability (64,73,76). 

1.2.5 Pseudo-islets: a modular system to study the pancreatic islet  

In the literature, the term “pseudo-islets” has been applied to a variety of constructs, sometimes to 

clusters formed from a single pancreatic cell line, and other times to mixed aggregates of different 

pancreatic cell lines. In this thesis, however, pseudo-islets are defined as three-dimensional cell clus-

ters generated from distinct populations generated by fluorescent-activated cell sorting (FACS). These 

human-donor endocrine cells were then combined with mouse Mile Sven 1 (MS1) endothelial cells at 

a 1:10 endocrine-to-endothelial ratio in suspension (Fig. 4, pseudo islet). This system follows a reverse-

engineering paradigm: complexity is built stepwise by adding defined “building blocks” (each pancreatic 

cell type) to the assembly (34). Because it remains fully modular, allowing omission or addition of spe-

cific cell types, it is both more adaptable than native islets and suited for dissecting how each “building 

block” contributes to overall islet organization and function. A direct comparison between native and 
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pseudo-islets, as well as simplified interactions between the main islet cell types, are visualized in Fig. 

4. 

Due to the complex interplay among the islets’ diverse endocrine constituents, the specific role of each 

pancreatic cell type in islet function remains incompletely understood. To date, insulin-producing β-

cells have been studied most extensively (30). Over the past two decades, however, α-cells have re-

ceived growing attention (39,77,78), whereas δ-cells (11), PP-cells (40), and ε-cells (38) remain rela-

tively understudied. To dissect individual contributions, we isolated fully mature endocrine cells from 

healthy human donors. We reassembled them into pseudo-islets, treating each cell type, α, β, and δ, 

as a discrete “building block.” This reverse-engineering strategy allowed for real-time monitoring of islet 

formation and precise control over composition. For example, by omitting α-cells and supplementing 

with exogenous glucagon, one can probe the hormones’ specific influence on cluster assembly without 

confounding paracrine or cell-cell contact effects. 
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This thesis describes the very first steps of what should be considered an ever-evolving model for the 

pancreatic islet. Here, we generate rather “primitive” pseudo-islets consisting, in full form, only of α-, β-

, δ-cells, and MS1 cells to support islet formation and structure. However, PP-cells and ε-cells could 

be added. Additionally, neuronal cells, immune cells, engineered reporter lines, or any cell type one is 

interested in studying can be applied to the system, and their effect on islet formation and functionality 

can be investigated (Fig. 5). 

  

Figure 5: The pseudo-islet platform. The pseudo-islet core represents a self-organized, mul-
ticellular construct recapitulating native endocrine organization. Surrounding modules illustrate 
possible extensions to study specific physiological interactions: immune–islet crosstalk (macro-
phages (yellow), CD8⁺ T cells (green)), neuro–islet communication and innervation (red), liver–
islet metabolic coupling (grey), and extracellular matrix composition and mechanics. These pos-
sible additions, highlight the versatility of the pseudo-islet platform to be used in answering a 
variety of research questions. 
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1.2.6 Challenges in working with human donor islets 

Human donor islets remain the most physiologically relevant model system for investigating β-cell biol-

ogy, intercellular communication, and human-specific regulatory mechanisms of hormone secretion 

(79). However, the use of donor islets is accompanied by inherent challenges that complicate experi-

mental design, data interpretation, and reproducibility. These limitations arise both from biological var-

iability among donors and technical differences in islet procurement and preparation. 

A central challenge is donor-to-donor variability (79). Unlike standardized in vitro or animal models, 

human islets are obtained from organ donors with highly diverse genetic, metabolic, and environmental 

backgrounds. Such variability can strongly influence islet yield, composition, and function. For example, 

measures of glucose-stimulated insulin secretion (GSIS) differ considerably across donors, often inde-

pendently of the quality of isolation, underscoring the heterogeneity of intrinsic β-cell responsiveness 

(79,80). 

This biological variation is further compounded by technical inconsistencies in islet isolation, which 

further limit reproducibility (79). Donor islets are typically obtained through collaborative isolation cen-

ters, each employing distinct enzymatic digestion protocols, purification gradients, and handling prac-

tices. These factors directly affect islet integrity, purity, and viability, resulting in substantial site-to-site 

differences in preparation quality (79,81,82). Consequently, even well-matched donor cohorts may yield 

preparations of unequal experimental value, emphasizing the need to carefully control for the isolation 

center as a variable in multi-donor studies. 

Donor characteristics add another layer of influence on islet quality and functional performance. Age is 

negatively associated with β-cell proliferative capacity and may impair functional reserve, as older do-

nor islets often exhibit diminished GSIS compared to younger ones (83). Body mass index (BMI) is also 

a critical determinant: while moderate excess weight may enhance islet mass due to compensatory β-
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cell expansion, obesity is frequently linked to insulin resistance, altered paracrine signaling, and im-

paired β-cell function (84). Glycemic status, as reflected in donor hemoglobin A1c (HbA1c or A1c), 

directly correlates with β-cell dysfunction. Islets from donors with elevated A1c values display blunted 

insulin secretion and increased susceptibility to glucotoxicity (85–87). 

Donor sex has emerged as another particularly relevant but historically underexplored determinant of 

islet physiology. Evidence suggests that sex hormones shape both β- and α-cell function. Estrogen 

signaling in female islets enhances insulin biosynthesis, promotes β-cell survival, and modulates glu-

cagon secretion, contributing to improved glucose homeostasis under metabolic stress (88,89). Con-

versely, male islets often exhibit lower insulin secretory capacity under equivalent glucose stimulation, 

and men appear more prone to β-cell dysfunction in the context of obesity and T2D (90,91).  

In women, fluctuations of sex hormone levels across the reproductive cycle further influence islet func-

tion. Estradiol and progesterone levels vary substantially throughout the menstrual cycle, with estradiol 

peaking in the late follicular phase and progesterone predominating in the luteal phase. These cyclical 

changes have been shown to modulate insulin sensitivity, insulin secretion, and glucagon regulation, 

resulting in dynamic alterations of glucose homeostasis across the cycle (92,93). Pregnancy represents 

a more extreme state of endocrine adaptation, where placental hormones, including human placental 

lactogen, progesterone, and estrogens, drive profound insulin resistance. To compensate, maternal β-

cells undergo expansion and functional enhancement, leading to increased insulin secretory capacity 

(94–96). Failure of these adaptive mechanisms contributes directly to the development of gestational 

diabetes mellitus, highlighting the sensitivity of islets to the hormonal environment during reproductive 

states. Later in life, menopause is associated with a marked decline in circulating estrogens, accompa-

nied by a reduction in insulin sensitivity and β-cell protective signaling. Postmenopausal women con-

sequently display increased risk of T2D, a risk that is partly mitigated by estrogen replacement therapy, 

which restores aspects of β-cell function and insulin sensitivity (89,97,98). 



 16 

These observations underscore that sex is not a neutral biological variable, but a determinant of endo-

crine function shaped by hormonal state across the lifespan. Donor islet studies that fail to account for 

female reproductive status, pregnancy history, or menopausal state risk overlooking critical contributors 

to variability in islet function and hormone secretion. In summary, while human donor islets provide 

unmatched relevance for translational diabetes research, experimental outcomes are strongly influ-

enced by inter-donor variability, technical preparation factors, and donor characteristics such as age, 

BMI, A1c, and sex. Careful cohort selection, rigorous reporting of donor metadata, and stratified anal-

yses are therefore essential to maximize reproducibility and interpretability when working with this val-

uable but complex biological material. 

1.3 Manipulation of hormone secretion by trace amines 

through trace amine-associated receptor 1 

1.3.1 Trace amine-associated receptors (TAARs)  

TAARs constitute a family of G protein–coupled receptors (GPCRs) first described in the early 2000s, 

with several subtypes (TAAR1–TAAR9) identified in mammals (99,100). Among these, TAAR1 was the 

first to be discovered and is the best-studied subtype (99,100). Early work demonstrated its presence 

in several cell types, including rat pancreatic tumor cells (ARJ42), one of the first cell lines from which 

it was isolated (100). As a GPCR, it is unique in that it is primarily intracellularly localized, in contrast to 

many other GPCRs, which act at the plasma membrane (101). TAAR1 expression has been reported 

in multiple tissues, including the CNS, gastrointestinal tract (GI), and endocrine pancreas (102). Within 

the pancreas, TAAR1 is enriched in β-cells (103), whereas other TAAR subtypes (e.g., TAAR2–TAAR9) 

are more prominently associated with the olfactory epithelium and are implicated in chemosensory 

signaling (104). 
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The distinct distribution of TAAR1 underscores its potential to act as a metabolic regulator. Functionally, 

TAAR1 couples to Gαs proteins, leading to the activation of adenylyl cyclase and subsequent elevation 

of cAMP. This cAMP signal can, in turn, activate protein kinase A (PKA) and exchange protein directly 

activated by cAMP (EPAC), pathways both known to regulate insulin granule mobilization and exocy-

tosis (105). Thus, TAAR1 links the sensing of endogenous monoamines to well-established second 

messenger systems within β-cells (simplified visualization in Fig. 6).  

In the context of diabetes, TAAR1 has attracted interest as a potential therapeutic target (106). Its 

pharmacological drugability, demonstrated by the development of highly selective ligands such as 

RO5166017, RO5256390, and RO5263397 (all by Roche), supports this concept (107). Moreover, the 

receptors’ restricted expression within the islet endocrine compartment positions it at the interface of 

neurotransmitter-like signaling and hormone regulation. Despite these promising features, current 

knowledge is largely based on rodent studies and synthetic agonists, while the role of endogenous 

ligands in human islet physiology remains incompletely understood (108). 

1.3.2 Trace Amines (TAs) 

TAs are a class of endogenous monoamines structurally related to classical neurotransmitters like do-

pamine, serotonin, and norepinephrine, but typically present at much lower concentrations (109,110). 

The most studied TAs include β-phenylethylamine (PEA), p-tyramine (TYR), tryptamine (TRYP), octo-

pamine (OCT), and synephrine (SYN). Historically dismissed as metabolic byproducts, they have since 

been recognized as physiologically relevant signaling molecules with functional roles mediated primar-

ily through TAAR1 (111). 

The link between TAs and diabetes arises from limited evidence on hormone secretion and glucose 

metabolism. In pancreatic β-cells, TAAR1 activation by TAs enhances insulin secretion by increasing 

cAMP and Ca²⁺ influx, both of which are central to exocytotic machinery (105,112) (Fig. 6, cell B). The 
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notion that amines regulate insulin secretion is well established. Beyond TAs, several other biogenic 

amines influence insulin secretion and broader aspects of diabetes pathophysiology. Serotonin (5-HT) 

regulates β-cell proliferation and insulin granule release, particularly during pregnancy, where in-

creased islet serotonin synthesis supports adaptive β-cell expansion (113). Dopamine, synthesized 

from L-3,4-dihydroxyphenylalanine (L-DOPA) within β-cells, acts in an autocrine/paracrine manner 

through D2-like receptors to inhibit glucose-stimulated insulin secretion (114). Norepinephrine and ep-

inephrine, secreted by sympathetic nerves, strongly inhibit insulin release via α2-adrenergic receptor 

signaling (15). Histamine, though less extensively studied, has been implicated in glucose tolerance 

and insulin release through histamine 3 (H3) receptor signaling (115). 

 

Figure 6: Possible mechanism of TAAR1 signaling in pancreatic β-cells. TAAR1 is known to reside on endomembranes and likely 
the plasma membrane (PM) (possible sites are marked in mauve). It is stimulated by endogenous TAs such as PEA in an autocrine 
(β-cell A) or paracrine (β-cell B) manner. Cell A highlights the biosynthetic machinery for the synthesis and degradation of TAs within 
β-cells. Aromatic amino acid decarboxylase (AADC) catalyzes the conversion of aromatic amino acids to TAs (exemplary shown is the 
conversion of phenylalanine (Phe) to PEA). PEA might activate TAAR1 of the same cell (autocrine) or on neighboring cells (paracrine). 
TAs are quickly degraded by monoamine oxidase (MAO), converting PEA to phenylacetic acid (PAA). Cell B highlights the signaling 
cascade initiated once TAs have activated TAAR1 and subsequently Gαs, leading to the generation of cAMP, which binds to and 
activates PKA (grey, regulatory subunit R). The liberated catalytic (C) subunit phosphorylates voltage-gated Ca2+ channels (VGCC, 
blue) and hence increases the influx of Ca2+ ions (cyan). Increased intracellular levels of Ca2+  trigger the fusion of insulin granules with 
the PM and insulin secretion. For simplicity, glucose as the main stimulus for insulin release, as well as the ER as an internal Ca2+ 
source, have been omitted. β-cells are electrically coupled by gap junctions (brown bars).  



 19 

Taken together, these findings highlight a complex regulatory network in which multiple biogenic 

amines converge on the endocrine pancreas to fine-tune hormone secretion. Within this network, 

TAAR1 and its TA ligands represent a relatively underexplored but mechanistically compelling compo-

nent.  

1.3.3 Challenges in studying TAAR1 and trace amine signaling  

Despite the growing evidence that TAAR1 contributes to neuroendocrine and metabolic regulation, 

experimental investigation of this receptor remains challenging. A key obstacle comes from its sus-

pected subcellular localization (116). Unlike most GPCRs, which are inserted in the plasma membrane 

(PM) and readily accessible to circulating ligands, TAAR1 predominantly resides in intracellular mem-

branes, including the endoplasmic reticulum and potentially mitochondria (100,116–118). This locali-

zation implies that ligands must cross the PM to access the receptor. Early binding studies consistently 

failed to detect ligand interactions at the cell surface, reinforcing the notion that TAAR1 activation is 

contingent on intracellular access (100). Subsequent work suggested that PM transporters may facili-

tate this process. The dopamine transporter (DAT) was proposed as one such mechanism, given ob-

servations that DAT expression enhanced cellular responsiveness to TAs, such as PEA and ampheta-

mine (118) (Fig. 6, cell B). However, this dependency complicates experimental systems, as receptor 

activation is likely influenced not only by ligand availability but also by the transporter repertoire of the 

cell type being studied. 

An additional layer of complexity stems from the properties of TAs themselves. Endogenously, TAs are 

present at low concentrations, generally in the nanomolar to low micromolar range in mammalian tis-

sues (110). Additionally, TAs are rapidly metabolized by monoamine oxidases (MAO-A and MAO-B), 

leading to short half-lives and making their detection and quantification in vivo difficult (109,116). Similar 

challenges extend to the endocrine pancreas, where TA turnover complicates assessments of their 

functional impact on insulin secretion. 
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Together, these barriers underscore the methodological hurdles in investigating TAAR1 and TA signal-

ing. The receptor’s intracellular localization necessitates consideration of transporter-mediated entry, 

while the low abundance and rapid enzymatic degradation of ligands obscure their physiological roles. 

These challenges have historically led to inconsistent experimental results and complicate efforts to 

translate TAAR1 biology into therapeutic applications. 

1.4 Methodological Framework for Studying Pancreatic 

Islets 

The experimental work in this dissertation relied on a set of complementary biological tools that together 

enabled the dissection of islet cell function and organization at multiple levels, from single-cell identity 

to integrated hormone secretion. These approaches were selected to overcome limitations inherent in 

using either highly simplified in vitro systems or fully intact human islets, and they provide both mech-

anistic insights and physiologically relevant outcomes. 

1.4.1 Pseudo-islets  

The foundation of this work was the pseudo-islet platform, which allows reaggregation of dissociated 

primary human islet cells into defined, 3D clusters. Unlike native islets, which are already structurally 

assembled, pseudo-islets form de novo from mature endocrine cells. This approach creates a system 

in which cell-type composition can be experimentally defined and the process of islet assembly can be 

directly observed. Moreover, pseudo-islets preserve the maturity of the primary cells from which they 

are derived, while offering an experimentally tractable platform for manipulations such as culture sup-

plementation or pharmacological perturbation. 
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1.4.2 Fluorescent-activated cell sorting  

To generate cell-type–specific pseudo-islets, FACS was employed. Dissociated human islet prepara-

tions were stained with validated surface markers that distinguish α-cells, β-cells, and δ-cells, thereby 

allowing purification of each population. This ensured the ability to construct pseudo-islets of defined 

composition as well as to study pure endocrine cell fractions. FACS additionally provided quantitative 

information about the relative abundance of cell types in human donor islets, enabling comparisons 

across donors and experimental conditions. 

1.4.3 EPI-fluorescence imaging of live native and pseudo-islets in culture 

To monitor pseudo-islet formation in real time, EPI-fluorescence imaging was applied. This allowed 

over-time observation of cell growth, clustering, and reorganization during the aggregation process 

under culture conditions. Imaging allowed monitoring of qualitative parameters such as cluster size, 

morphology, and stability. This method was essential for establishing time courses of pseudo-islet mat-

uration and for assessing how experimental manipulations influenced structural outcomes. 

1.4.4 Immunohistochemistry of fixed native and pseudo-islets 

For endpoint analyses, immunohistochemistry of fixed tissue was conducted on both native and 

pseudo-islets. This technique provided spatial information about the localization of specific cell types, 

as well as key hormones and receptors, within the three-dimensional architecture of the islet. Compar-

isons between native islets and engineered pseudo-islets offered insight into how well reconstituted 

aggregates recapitulate native cell organization, as well as whether experimental interventions altered 

the relative positioning or expression patterns of endocrine cell types. 

1.4.5 Glucose-stimulated insulin secretion and hormone secretion quantification by ELISA 

To assess functional outcomes, GSIS assays were performed, with subsequent quantification of se-

creted hormones (insulin and glucagon) by enzyme-linked immunosorbent assay (ELISA). This 
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combination of approaches provided a direct measure of β- and α-cell responsiveness to glucose and 

allowed evaluation of islet functionality under defined experimental conditions.  

1.4.6 Confocal imaging of Ca2+ dynamics in live cells 

Finally, to investigate intracellular signaling mechanisms, confocal imaging of calcium (Ca²⁺) dynamics 

was employed. Ca²⁺ oscillations represent a critical signal transduction step linking glucose metabolism 

to insulin secretion in β-cells and thus provide a mechanistic readout of stimulus-secretion coupling. By 

monitoring Ca²⁺ responses in real time across large numbers of cells by confocal imaging enabled 

detailed analyses of functional heterogeneity, synchronization, and the effects of pharmacological mod-

ulation. 
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Chapter 2 Trace Amines in Health and Disease  

This chapter has been formatted for inclusion in this dissertation based on the manuscript “Trace 

Amines are Essential Metabolites for the Autocrine Regulation of β-Cell Signaling and Insulin Secretion” 

by Sebastian Hauke, Kaya Keutler, Aurelien Laguerre, Mireia A. Carbo, Jona Rada, David Grandy, 

Dmytro A. Yushchenko, and Carsten Schultz available on bioRxiv (DOI: 

https://doi.org/10.1101/2024.03.21.585773), but has been further expanded. The author of this disser-

tation is the co-first author of this manuscript and used β-cell models, live mouse and human islets to 

test the influence of trace amines on hormone secretion through the activation of trace amine-associ-

ated receptor (TAAR) 1. 

2.1 Introduction 

Previously, TAAR1 has been identified as potentially involved in the regulation of insulin secretion. 

Regard et al. provided initial evidence by identifying Taar1 mRNA in mouse β-cells from pancreas 

sections, confirming expression by qRT-PCR in two mouse β-cell lines, and also detecting Taar1 mRNA 

in human islet preparations (119). Their findings supported the notion that β-cells within pancreatic 

islets are the cell type with the most abundant TAAR1 expression. These observations established that 

the receptor is expressed “in the right place,” yet expression alone does not confirm receptor function-

ality, nor whether endogenous ligands are present for receptor activation. 

Subsequent studies investigated whether TAAR1 activation influences insulin secretion. Raab et al. 

addressed the in vivo relevance of TAAR1 signaling using C57BL/6J mice subjected to intravenous (iv) 

and oral glucose tolerance tests (oGTT). When the selective TAAR1 agonist RO5166017 (Roche, struc-

ture in Fig. 7b) was administered during a GTT, an increase in plasma insulin levels compared to control 

conditions was observed, indicated by a ~ 20 % reduction in the glucose area under the curve (AUC) 
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without affecting basal blood glucose levels (105). Michael et al. extended these observations to rat 

and mouse insulinoma cells (INS-1 and MIN6), providing mechanistic insights into downstream signal-

ing. They demonstrated that the insulinotropic effects of TAAR1 agonists T₁AM (3-iodothyronamine) 

and RO5166017 were abolished by the adenylyl cyclase (AC) inhibitor MDL-12,330A, the TAAR1 an-

tagonist N-(3-ethoxyphenyl)-4-pyrrolidin-1-yl-3-trifluoromethylbenzamide (EPPTB) (structure in Fig. 7b) 

(120), and inhibitors of PKA (H89) and Epac (HJC-0350). These findings further support that TAAR1 is 

a functional Gαs-coupled receptor in β-cells, activating AC and leading to cAMP production (112) (car-

toon version as seen in Fig. 6). Although EPPTB use indicates ligand specificity, the selectivity of other 

ligands, in particular endogenous biogenic amines, remains unresolved. 

TAAR1 is also recognized as a promiscuous receptor. While trace amines (TAs) are its canonical lig-

ands, many structurally similar biogenic amines can activate it to some extent (121). Most agonists and 

antagonists, including those developed by Roche, were initially designed to study TAAR1s CNS func-

tions, such as in schizophrenia and depression (122). Revel et al. further characterized two selective 

agonists, RO5256390 (full agonist) and RO5263397 (partial agonist) (structures in Fig. 7b), across 

rodent, primate, and human TAAR1. Additionally, using the TAAR1-KO with a β-galactosidase (lacZ) 

reporter, they confirmed receptor expression only in β-cells and not α-cells, but did not directly link 

receptor activity to insulin secretion (107,123). 

Taken together, current studies address several of the key criteria required to establish TAAR1 involve-

ment in insulin secretion. Expression in the relevant cell type has been demonstrated by Regard et 

al.(119) and confirmed with β-cell specificity by Revel et al. (107). Functional causality has been sug-

gested by Raab et al. in vivo (mouse) (105) and by Michael et al. (112) in insulinoma cell lines. Phar-

macological specificity has been partially established using the selective agonist RO5166017 and the 

antagonist EPPTB. Mechanistically, Michael et al. further demonstrated that TAAR1 activation stimu-

lates AC, elevates cAMP, and increases intracellular Ca²⁺, providing downstream signaling evidence. 
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Finally, in vivo physiological relevance has been indicated by reduced glucose AUC in mice treated 

with RO5166017 (105). 

Our work was inspired by these findings. We screened TAAR1 ligands, including endogenous ones, 

such as the most prominent members of the TA family (β-phenylethylamine (PEA), p-tyramine (TYR), 

tryptamine (TRYP), synephrine (SYN), and octopamine (OCT)), for effects in β-cells using the MIN6 

cell line (see structures in Fig. 7a). MIN6 cells were chosen not only as a β-cell model but also because 

they simulate pancreatic islets through multihormonal expression (as indicated by Nakashima et al., 

2009) (124). In collaboration with colleagues from the Veteran Affairs (VA) hospital in Portland, OR, we 

utilized a TAAR1-KO mouse model (125) to perform GTTs, insulin tolerance tests (ITT), and microscopy 

on isolated islets, assessing Ca²⁺ dynamics as a proxy for insulin secretion. This allowed us to touch 

on functional causality, specificity, signaling, and in vivo relevance of TAAR1 under the lens of applying 

endogenously relevant compounds. 
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Figure 7: Representative chemical structures of (a) endogenous TA, (b) synthetic TAAR1 agonists and antagonists, and (c) 
classical monoamine neurotransmitters.  

Despite the progress that has been made in deciphering the involvement of TAAR1 in β-cell function, 

some gaps remain. So far, most evidence relies on synthetic ligands with unknown endogenous rele-

vance, and it is not investigated whether endogenous ligands would have similar effects, particularly in 

humans. Given the affinity differences in terms of antagonism that have been reported between rodent 
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and human TAAR1 (126), it is not advisable to extrapolate rodent findings to human physiology. Fur-

ther, studies have not yet employed β-cell–specific TAAR1 knockout or knockdown models, which 

would be essential to definitively attribute the observed effects to TAAR1 rather than compensatory 

pathways. Additionally, the mouse model used so far in TAAR1 research is the C57BL/6J strain, which 

is known to have intrinsic alterations in glucose homeostasis due to a loss-of-function nicotinamide 

nucleotide transhydrogenase (Nnt) gene, which may confound the interpretation of metabolic pheno-

types. Loss of function in that gene has been reported to reduce GSIS in vitro and lead to a moderately 

reduced glucose tolerance in vivo (127). This suggests that the in vitro phenotype is more pronounced 

compared to the in vivo phenotype, and hence, the latter can easily be missed. While the C57BL/6NJ 

strain resolved some of these issues, it has not been universally adopted. Several studies have ad-

dressed the differences between 6J and 6NJ mice, highlighting that the two strains differ in GSIS and 

glucose homeostasis in general and that those differences cannot be solely attributed to the loss of Nnt 

(128,129). Fergusson et al. indicate that 6J and 6NJ mice show no differences in insulin sensitivity, 

insulin clearance, β-cell mass, or CNS glucose sensing, but 6J mice have intrinsic β-cell secretory 

defects due to the Nnt mutation. Nemoto et al. extend these findings by investigating strain differences 

in terms of differential gene expression beyond Nnt. They find that insulin-degrading enzyme (Ide) is 

also among the differentially expressed genes, which potentially explains lower circulating insulin levels 

in those mice (129). It should be noted that the TAAR1-KO mouse was generated on a mixed back-

ground, out of which one is the C57Bl/6J strain, which was crossed with 129S1/Sv (125). Hence, the 

issues mentioned above for 6J mice likely extend to the TAAR1-KO mice. However, the authors men-

tion that compared to wild-type (WT) littermates, KO mice are normal on several tests and do not show 

any genotypic differences (125).  
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2.2 Materials and Methods 

2.2.1 Culture and maintenance of mouse insulinoma 6 (MIN6) and α Transformed Cell line 1 

(αTC1) clone 9 cells.  

MIN6 cells were a kind gift from Dr. Miyazakis's lab (Osaka, Japan). MIN6 cells were cultured in Dul-

becco's Modified Eagle's Medium (DMEM) with 4.5 g/L glucose (Gibco, REF# 11965-092) supple-

mented with 70 µM β-mercaptoethanol (Gibco, REF# 21985-023) before use. Cells were passaged 

once per week and used within passages 17-30.  

αTC1 clone 9 cells (RRID:CVCL_0150) were a kind gift from the lab of Dr. Grompe (Portland, OR, 

USA). αTC1 cells were cultured in DMEM with 1 g/L glucose (Gibco, REF# 11885084) that was sup-

plemented with 15 mM HEPES (5 mL, Cytivia, REF #AJ30727929), NEAA (10 mL, Gibco, REF #11140-

050), and 100 mg BSA (Sigma, REF# A7906). Cells were passaged every three days and used within 

passages 4-13. 

2.2.2 Sample preparation for TA extraction and LC-MS/MS analysis. 

MIN6 cells were grown in 60 mm diameter dishes (Nunclon Delta Surface, Thermo Scientific) to form 

clusters of 70 – 80 % confluence within 5 days after seeding. The growth medium was removed, and 

cells were washed twice with Dulbecco's Phosphate-Buffered Saline (DPBS) (1 mL) at room tempera-

ture (RT). MIN6 cells were pre-stimulated with buffer (1.5 mL) for 60 min at 37 °C, 5 % CO2. For priming 

of MIN6 cells in advance of the application of respective stimuli, identical buffer glucose concentrations 

were selected in pre-stimulation and stimulation steps. MIN6 cells were incubated in 1.5 mL buffer (+/- 

stimulus) for 60 min at 37 °C, 5 % CO2.  

Following stimulation, MIN6 cells were scraped in 150 µL of 20 mM 4-(2-hydroxyethyl)-1-pipera-

zineethanesulfonic acid (HEPES) buffer, using disposable cell lifters (Thermo Fisher) and lysed by 
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pipetting up and down. 50 µL of this were collected for BCA-based protein quantification (PierceTM BCA 

Protein assay kit, Thermo Scientific, Rockford, IL, USA). The residual 100 µL were transferred to 2 mL 

tubes for extraction. 100 µL of 80 % methanol (MeOH) (in H2O), supplemented with 2 % formic acid, 

was added, and samples were incubated for 30 min at – 80 °C. Samples were concentrated to complete 

dryness under vacuum at 4 °C, O/N. Isotope-labeled TAs were prepared as stock solutions: β-PEA (2-

phenyl-d5-ethylamine, 0.965 mg/mL, ethanol (EtOH)), tryptamine (tryptamine-α,α,β,β-d4, 6.7 mg/mL, 

EtOH), synephrine (synephrine-13C2, 15N, 100 μg/mL, DMSO), octopamine (octopamine-d3, 1 

mg/mL, EtOH), and tyramine (tyramine-d4, 1 mg/mL, EtOH). Stocks were combined to generate a 

heavy internal standard master mix (1 µg/mL in EtOH (hISDs mix)). Heavy-isotope labeled TAs within 

this master mix were spiked into samples. Stocks of non-labeled TAs were prepared (2 µg/mL in EtOH), 

which served as references and quality controls in LC-MS measurements. 

Separation of metabolites by liquid chromatography was performed on a Vanquish Ultra-High-Perfor-

mance Liquid Chromatography (UHPLC) system (Thermo Fisher), equipped with a Luna Omega Polar 

C18 column (1.6 μm, 100x2.1 mm) at a flow of 0.26 mL/min and at 40 °C. Mobile phase A consisted of 

7.5 mM ammonium acetate, supplemented with 0.02 % formic acid (pH 4). Mobile phase B consisted 

of 7.5 mM ammonium acetate in acetonitrile:H2O (95:5). The applied gradient for MeOH/HCl extracted 

samples is listed in Table 1. Extracted samples were re-suspended in 100 μL mobile phase A. Samples 

were vortexed (10 s) and centrifuged at maximum speed for 2 min at RT. 100 μL of the clear superna-

tant (SN) was injected for analysis. Mass spectrometry (MS) was performed on a Q-Exactive Plus 

(Thermo Fisher) high-resolution mass spectrometer (HRMS), equipped with an advanced hybrid quad-

rupole-Orbitrap. Ionization was achieved by electrospray ionization (ESI-MS) in positive mode (spray 

voltage: 4 kV). Spectra were acquired as full scans (60 - 900 m/z) with a resolution of 35000 (detailed 

parameters are listed in Table 2). The collected LC-MS data were evaluated using the Xcalibur software 

tool (Thermo Fisher). 
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Table 1: Applied gradient for LC-MS analysis of TA extracts. Mobile phase A consisted of 7.5 mM ammonium acetate, supplemented 
with 0.02 % formic acid (pH 4), mobile phase B of 7.5 mM ammonium acetate in acetonitrile:H2O (95:5). 

Time (min) % of mobile phase B 

0.0 5 

1.0 5 

7.0 54 

8.0 90 

11.0 90 

11.5 5 

14.0 5 

 

Table 2: MS parameters for TA detection. 

ESI mode positive 

Scan range Full scan (60-900 m/z) 

Resolution 35,000 

Spray Voltage 4 kV 

S-lens RF level 65/75 

Auxiliary gas 5 

Capillary temperature 300 °C 

Probe heater temperature 320 °C 

Injection volume 20 µL 

 

2.2.3 Hormone secretion analysis from MIN6 cells by ELISA. 

Experiments for the determination of insulin secretion were performed in triplicate / condition. Cells 

were washed 1 x with DPBS and equilibrated by incubation for 1 h at 37 °C, 5 % CO2 in KRHB + 2.8 
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mM glucose (pre-incubation). Cells were then transferred to fresh buffer (Krebs Ringers HEPES Buffer 

(KRHB) + 2.8 mM (basal) or 22.2 mM (stimulated)) glucose for 1 h at 37 °C, 5 % CO2. After incubation, 

buffers were collected and stored at 4 °C for subsequent ELISA analysis (Promega, Lumit, Insulin Kit 

REF#CS3037A05 and Glucagon Kit REF#W8020). Additionally, total human insulin content was meas-

ured from an aliquot of Radioimmunoprecipitation Assay Buffer (RIPA)-lysed (RIPA, ThermoFisher 

REF# 89900 + Protease Inhibitors, cOmpleteTM Protease Inhibitor Cocktail tablets, Sigma, REF# 

11697498001) cells by ELISA (Promega, Lumit). Statistical analyses of the results were performed 

using Graphpad Prism 10.5 (for analysis of variance tests) and Microsoft Excel (for mean and standard 

deviation). 

2.2.4 Confocal laser scanning microscopy and Ca2+ dynamics analysis in MIN6 cells. 

Live cell imaging was performed on a FluoView1200 (Olympus IX83) confocal laser-scanning micro-

scope, equipped with an environment box (custom-made at EMBL) to allow imaging at 37 °C and 5 % 

CO2. Olympus 60x Plan-APON (NA 1.4, oil) or 20x UPLS APO (NA 0.75, air) objectives and FluoView 

software (version 4.2) were applied. Images were acquired using a Hamamatsu C9100-50 EM CCD 

camera. A 488 nm laser line (120 mW/cm2, 2.5 %) in combination with a 525/50 emission mirror was 

used to image the green channel. A 559 nm laser line (120 mW/cm2, 2.0%) and a 643/50 emission 

filter were used for red channel recordings. For monitoring Ca2+ dynamics in response to external stim-

uli, cells were incubated with the acetoxymethyl ester of the Ca2+ indicator Fluo-4 (Life Technologies, 

Eugene, OR), 5 µM in DMEM (1 g/L glucose) for 20 min at 37 °C and 5 % CO2. The frame time was 

set to 3.9 s, with images acquired in 4 s intervals. For imaging, MIN6 cells were grown as clusters of ~ 

70 % confluence. Imaging experiments were performed in HEPES buffer (in mM: 115 NaCl, 1.2 CaCl2, 

1.2 MgCl2, 1.2 K2HPO4, and 20 HEPES, pH 7.4). 
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2.2.5 Reverse-Transcription PCR (RT-PCR) for TAAR1 in MIN6 and αTC1 clone 9 cells. 

Total RNA was extracted from confluent MIN6 and αTC1 clone 9 cells (culture conditions as in Section 

2.2.1) using Trizol. RNA integrity was verified by A260/280 and agarose electrophoresis. cDNA was 

synthesized from 1 µg total RNA using random primers mix and RevI (Thermo). PCR targeted mouse 

Taar1 using intron-spanning primers (forward 5′- ACTCTTCACCAAGAATGTGG-3′; reverse 5′- 

CCAACAGCGCTCAACAGTTC-3′; amplicon ~ 149 bp) with 30 cycles (95 °C 30 s, 58 °C 30 s, 72 °C 

30 s). Amplicons were resolved on 2 % agarose with SYBR Safe and visualized under UV/blue light. 

HeLa Kyoto cells served as a negative control, and TAAR1 plasmid DNA served as a positive control. 

2.2.6 Stable transfection of hTAAR1 in HEK293T cells.  

HEK293T cells stably expressing human TAAR1 were kindly provided by the lab of Dr. Janowsky. 

Briefly, the cells were generated as described by Harkness et al. (130). There, a plasmid encoding 

human TAAR1 cDNA with a C-terminal monomeric green fluorescent protein (mGFP) tag 

(RC211034L4, OriGene, Rockville, MD) was transformed into Stbl2 competent E. coli (Invitrogen, 

Grand Island, NY). Transformed E. coli were selected in 34 μg/mL chloramphenicol (Sigma, St. Louis, 

MO), and plasmid DNA was prepared using the Qiagen miniprep kit (Qiagen, Valencia, CA) after trans-

formation. The sequence was verified with the primers V2-F (5' AGCAGAGCTCGTTTAGTGAACC 3') 

and LR50 (5'CAGAGGTTGATTATCGATAAG 3'). The purified expression plasmid was transfected into 

HEK293T cells using polyethylenimine (PEI)-mediated transfection (1 μg/mL; PEI:DNA = 1:2). Cells 

stably expressing TAAR1 were selected in 2 μg/mL puromycin (Sigma). The cells were maintained 

under constant selection in DMEM (4.5 g/L glucose) + 10 % FCS + 1 % P/S + 2 µg/mL puromycin. 

2.2.7 TAAR1-KO animals.  

TAAR1 KO mice were kindly provided by the lab of Dr. Janowsky. The KO mice (C57BL/6 background) 

were obtained from the UC Davis Knockout Mouse Project (130). TAAR1 KO mice were generated by 
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complete deletion of the entire coding region of the mouse TAAR1 gene using procedures described 

by Poueymirou et al. (131). Mouse breeding and genotyping were performed as previously described  

(130). Mice (10–20 weeks old) of both sexes were used in this study, and TAAR1 KO mice and WT 

C57BL/6 littermate control mice were age- and sex-matched in all experiments. 

Mice were group housed in filtered polycarbonate cages (28 cm × 18 cm × 13 cm) on ECO-Fresh 

bedding (Absorption Corporation, Ferndale, WA) with ad libitum access to water and rodent chow 

(5LOD, 5.0 % fat content; Purina Mills, St. Louis, MO). Housing was maintained at 21±1 °C with a 12-

hour light/dark schedule. All procedures were conducted following the National Institutes of Health 

Guide for the Care and Use of Laboratory Animals, and with approval by the Veterans Affairs Portland 

Health Care System Institutional Animal Care and Use Committee. 

2.2.8 Analysis of cAMP levels in HEK293T cells transfected with hTAAR1. 

cAMP accumulation in hTAAR1 KO and knock in (KI) HEK293T cells was measured using the Cayman 

cAMP assay kit (Cayman Chemical, 581001). Cells (2 × 10⁵/well) were seeded in 48-well plates in 

triplicate/condition. After O/N attachment, cells were serum-starved in medium supplemented with char-

coal-stripped FCS O/N. 

The assay buffer consisted of 1× EBSS supplemented with 0.2 mg/mL ascorbic acid, 15 mM HEPES, 

1.3 mM CaCl₂, 1.2 mM MgSO₄, 22 mM glucose, and 0.5 mM 3-isobutyl-1-methylxanthine (IBMX) (added 

last from dimethyl sulfoxide (DMSO) stock). Buffer was adjusted to pH 7.4 and prewarmed to 37 °C. 

Cells were washed and preincubated with assay buffer for 15–20 min at 37 °C, followed by stimulation 

with drug dilutions (10⁻⁴ to 10⁻⁷ M, log scale) prepared in 1× Earle's Balanced Salt Solution (EBSS). 

Forskolin (10 µM) served as a positive control. After 1 h at 37 °C, the media was removed and 40 µL 

of 3 % trichloroacetic acid (TCA) was added for lysis. Plates were wrapped in foil and rocked for ≥ 2 h 

at RT or overnight at 4 °C. 
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ELISA standards were prepared according to the manufacturers’ instructions. TCA-treated samples 

were diluted 1:5 in Enzyme Immunoassay (EIA) buffer directly in the 48-well plate and transferred (50 

µL/well) to the ELISA plate together with standards. Tracer and antiserum (50 µL/well each) were added 

to a total volume of 150 µL/well. Plates were sealed, wrapped in foil, and incubated overnight (O/N) at 

4 °C. The following day, plates were washed five times with buffer containing 0.05 % Tween and de-

veloped with Ellman’s reagent (2.5 mg/mL in ddH₂O, freshly prepared). Plates were incubated for 2 h 

at RT in the dark and then read at 410 nm. 

2.2.9 Pancreatic islet isolation from TAAR1-KO and WT littermate mice.  

Pancreatic isolation surgery was performed by Dr. J. Huey (Janowsky lab). Mice of both genotypes 

were euthanized by cervical dislocation, and the pancreas was excised following injection of colla-

genase solution (1 mg/mL) into the pancreatic duct. Tissue was digested at 37 °C for 13 min, and islets 

were isolated by density gradient centrifugation using Histopaque (1.083 and 1.119 g/mL; 20 min, 2000 

rpm, RT). Islets were handpicked under light microscopy and recovered O/N in Roswell Park Memorial 

Institute (RPMI) medium supplemented with 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomy-

cin. Recovered islets were dissociated into single cells using 0.05 % Trypsin-ethylenediaminetet-

raacetic acid (EDTA). Once dissociation was confirmed by light microscopy, cells were pelleted, resus-

pended in ice-cold medium, and mixed with Matrigel (1:10 of medium volume). Cells were seeded onto 

poly-L-lysine–coated 8-well microscopy dishes, allowed to settle for 45 min at 37 °C, 5 % CO₂, then 

overlaid with 400 µL medium and recovered O/N under the same conditions. 

2.2.10 Confocal laser scanning microscopy and Ca2+ dynamics analysis in isolated mouse islets 

from WT and TAAR1-KO mice.  

Calcium dynamics in dispersed mouse pancreatic cells were assessed using the Ca²⁺-sensitive dye 

Fluo4-AM (Invitrogen, 5 µM). Cells were incubated in staining medium containing 5 µM Fluo4-AM and 
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1 g/L glucose for 20 min at 37 °C, 5% CO₂, followed by washing and transfer to imaging solution con-

taining 11 mM glucose. 

Imaging was performed under controlled environmental conditions (37 °C, 5% CO₂, ~ 30% humidity). 

Cells were visualized using epifluorescence at 20 × magnification and excited with a 488 nm laser. 

Acquisition parameters were: look-up table (LUT) set to Hi/Lo with range at 50 %, background offset 

adjusted to blue, pinhole opened to ~ 250 µm, and frame time 3.9 s. A total of ~ 300 frames/stimulus 

were collected. 

Stimuli were applied as 10 × stock solutions to achieve a 1:10 final dilution, and the exact frame of 

addition was recorded (relevant for data analysis). At the end of each experiment, 5 µM ionomycin was 

added to determine the maximal dye response (100 % output). To identify β-cells, dithizone (DTZ) 

solution was applied to the same field of view for 10 min. Only red cells were used for data analysis, 

which correspond to β-cells due to zinc chelation by DTZ. 

2.2.11 Confocal laser scanning microscopy and Ca2+ dynamics analysis in human-donor-de-

rived pseudo-islets. 

See section 2.2.10 

2.2.12 Ca2+ dynamics analysis software. 

Ca2+ dynamics data were processed using a customized Python script (available at DOI: 10.5281/ze-

nodo.17526692). For this, selected region(s) of interest (ROIs) were normalized to the background, 

generating F/F0 data. This data was then normalized to the baseline = to Ca²⁺ dynamics before stimulus 

addition. Once normalized, the tool proceeded with automated peak/spike detection and visualization 

for user verification to confirm capture of biologically relevant signals. Additionally, it performed outlier 

removal (e.g., exclusion of cells showing monotonic increases or decreases indicative of cell death), 

and quantitative peak counting. A Ca²⁺ peak (or spike) was defined as a maximum in fluorescence 
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intensity flanked by two minima. For each defined period (e.g., baseline, first stimulation, second stim-

ulation, etc.), the number of peaks was quantified, allowing comparisons across conditions. The ana-

lyzed ROIs were exported as .csv files and visualized using GraphPad Prism (10.5) as Oscillation 

Counts/Conditions tested. 
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2.3 Results 

2.3.1 Detection and Functional Characterization of Endogenous TAs in Pancreatic β-Cells 

As reported previously (103), and shown in Fig. 9g for our model cells (MIN6), pancreatic β-cells ex-

press TAAR1. It has further been suggested that TAAR1 may contribute to the regulation of insulin 

secretion, although the precise mechanism underlying this effect remains unresolved. Prior studies 

investigating TAAR1 function have largely employed synthetic agonists such as RO5166017, rather 

than the receptors’ endogenous ligands, the TAs. In the present study, we aimed to determine whether 

TAs can induce a response through pancreatic TAAR1 and whether such a response impacts insulin 

secretion from these cells. Additionally, we investigated the availability of TAs within the pancreatic 

microenvironment to assess their potential role as endogenous ligands. To address this, we employed 

tandem mass spectrometry (LC-MS/MS) in combination with stable isotope-labeled amino acid precur-

sors (15N-phenylalanine, tryptophan, and tyrosine) to determine whether 15N-TA would be detectable, 

indicating that the biosynthetic machinery for TA production is present within β-cells.  

The TA family encompasses a broad range of biogenic amines, including several compounds that are 

commonly referred to as the TA family: β-phenylethylamine (PEA), p-tyramine (TYR), tryptamine 

(TRYP), synephrine (SYN), and octopamine (OCT). Most of these are synthesized in a single enzymatic 

step catalyzed by aromatic amino acid decarboxylase (AADC). However, OCT and SYN require an 

additional enzymatic reaction catalyzed by dopamine β-hydroxylase (DBH), which hydroxylates TYR 

to OCT and PEA to SYN.  

To investigate whether TAs are available in the environment of pancreatic β-cells and could hence 

function as endogenous ligands for TAAR1, we cultured MIN6 cells in a medium depleted of L-tyrosine, 

L-tryptophan, and L-phenylalanine. These amino acids were substituted with their stable isotope-la-

beled versions: 15N-phenylalanine, 15N-tryptophan, and 15N-tyrosine (all in L-isoform), which serve as 
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direct substrates for AADC (Fig. 8a). Under these conditions, detection of 15N-labeled TAs would indi-

cate that the biosynthetic pathway is active in β-cells. 

 

Following MeOH-based extraction for cell SN and cell pellets, LC-MS/MS analysis revealed detectable 

levels of all investigated 15N-labeled TAs (Fig. 8b). Additionally, unlabeled TAs were present in MIN6 

Figure 8: MIN6 cells possess the necessary pathways for trace amine biosynthesis and degradation. (a) Trace amines 
(TAs) originate from precursor amino acids and are formed by decarboxylation catalyzed by the enzyme aromatic amino acid 
decarboxylase (AADC). Providing MIN6 cells with 15N-labelled versions of those precursor amino acids is expected to lead to the 
formation of 15N-labeled TAs. (b) LC-MS/MS results visualized as intensity over time (min) with the respective retention time 
highlighted for each TA peak detected. (c) 15N-PEA levels in ng/mL as detected by LC-MS/MS in control (buffer only) conditions 
or in the presence of carbidopa (biosynthesis inhibition), selegiline/deprenyl (monoamine oxidase B (MAO-B)inhibition), pargyline 
(both MAO-A and MAO-B inhibition), and clorgyline (MAO-A inhibition), each sample measured in quadruplicates. (d) mean TA 
concentration in ng/mL as detected from MIN6 cells for PEA (n = 3), TYR (n = 4), TRYP (n = 2), and SYN (n = 2) with n being the 
number of biological replicates for each TA. Two-way ANOVA was used for statistical analysis. Error bars refer to standard 
deviation (SD). Only statistically significant differences are marked (cut off for statistical significance is p = 0.05) with * = p £ 0.05, 
and ** = p £ 0.01. 
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cells, further supporting their availability in the β-cell environment and their potential role as endoge-

nous TAAR1 ligands (Fig. 8d).  

To further characterize TA metabolism, we examined changes in 15N-PEA levels under pharmacologi-

cal modulation of TA biosynthesis and degradation. Specifically, we applied the AADC inhibitor car-

bidopa as well as inhibitors of monoamine oxidase (MAO), the principal enzyme responsible for TA 

degradation. MAO exists in two isoforms with distinct substrate preferences: MAO-B preferentially de-

grades PEA and, to a lesser extent, TYR (which can also be metabolized by MAO-A), whereas MAO-

A primarily targets other TAs. Both isoforms are expressed in the pancreas; however, MAO-B is en-

riched in the endocrine pancreas, particularly in β-cells, while MAO-A is more broadly distributed within 

the exocrine pancreas (132–135). Importantly, inhibition of MAO-B by selegiline (deprenyl) has been 

reported to specifically hinder PEA degradation (132). We find that buffer levels of 15N-PEA are low (>> 

0.1 nM) and become undetectable under carbidopa addition. However, MAO inhibition resulted in a 

marked increase in 15N-PEA levels, reflecting the inhibitor selectivity. The strongest elevations were 

observed with selegiline/deprenyl and pargyline (~ 0.075 ng/mL, ~ 0.6 nM), whereas clorgyline treat-

ment (MAO-A selective) led to an approximate 60 % reduction in detectable 15N-PEA (~ 0.025 ng/mL, 

~ 0.2 nM) (Fig. 8c).  

2.3.2 Glucose- and Concentration-Dependent Effects of TAs on Insulin Secretion in Pancreatic 

β-Cells 

To test the functional impact of TAs on β-cell activity, we selected PEA and TYR as exemplary ligands, 

as these were detected as the most abundant TAs in our system (~ 0.3 ng/mL or 2.5 nM for PEA and 

~ 0.9 ng/mL or 6.6 nM for TYR; Fig. 8d).  

We performed two sets of experiments: 1) we fixed the TA concentration at 10 µM and varied the 

glucose concentration (3, 5, 11, and 22 mM glucose), and 2) fixed the glucose concentration at 11 mM 



 40 

and varied the TA concentration (0.01, 1, 10, 25, 50, and 100 µM). The first approach allowed us to 

test whether TA stimulation of TAAR1 is glucose-dependent, while the second provided dose-response 

relationships (see Fig. 9 ai and aii).  

 

Figure 9: TAs influence insulin secretion from MIN6 cells in a glucose-dependent manner. (ai and aii) experimental approaches to 
test glucose dependence of TA administration (ai) and TA dose-response (aii). (b) Secreted insulin levels expressed in µg/L for control 
(CTRL), PEA, and TYR at 3 mM (light blue), 5 mM (pink), 11 mM (dark blue), and 22 mM (purple) glucose with a constant TA concentration 
of 10 µM. (c) insulin secretion expressed as % of control (CTRL) with control being different glucose concentrations without added TA, 
plotted for PEA and TYR at 3 mM (light blue), 5 mM (pink), 11 mM (dark blue), and 22 mM (purple) glucose, with a constant TA concen-
tration of 10 µM. The dotted line indicates 100 % or the control level, and numbers above bars indicate the mean percentage/condition. 
(d) Secreted insulin levels expressed in µg/L at 11 mM glucose for a concentration range (x-axis expressed as log of concentration in 
µM) for PEA (red) and TYR (teal). (e) insulin secretion levels expressed as % of control (buffer without TA) for PEA (red). The red line 
represents the 3PL curve fit applied to the data. (f) insulin secretion levels expressed as % of control (buffer without TA) for PEA (red) 
and TYR (teal), x-axis is log of concentration in µM. (g) agarose gel results of RT-PCR for TAAR1 in MIN6 cells, αTC1 cl. 9, and HeLa 
cells (neg. CTRL) with the TAAR1 plasmid as pos. CTRL. Experiments described in ai and aii were conducted using four biological 
replicates, each assayed in quadruplicate technical replicates. Statistical analysis was performed using two-way ANOVA with the 
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Benjamini-Hochberg correction for multiple comparisons. Error bars reflect the standard error of the mean (SEM). All p-values are shown, 
but the cutoff for statistical significance is at 0.05. 

In glucose-titration experiments, administration of exogenous TAs modulated insulin secretion in a glu-

cose-dependent manner. PEA did not significantly differ from buffer controls but consistently trended 

above baseline when expressed as a percentage of control (143 % at 3 mM, 145 % at 5 mM, 119 % at 

11 mM, and 124 % at 22 mM glucose; Fig. 9b and c). TYR, in contrast, exerted a pronounced and 

biphasic effect: insulin secretion was strongly elevated at 3 and 22 mM glucose (279 % and 206 %, 

respectively), but was markedly reduced at intermediate glucose concentrations (56 % at 5 mM and 62 

% at 11 mM; Fig. 9b and c). These findings suggest that both PEA and TYR act as context-dependent 

modulators of insulin secretion, with stimulation occurring at extreme glucose concentrations and sup-

pression or attenuation at physiological mid-range levels. 

In the dose–response experiments at 11 mM glucose, the outcomes diverged from those observed 

under glucose titration. PEA elicited increased insulin release (measured in µg/L) across all concentra-

tions tested, with a plateau evident at 50–100 µM (Fig. 9d). When normalized to control (buffer without 

TA), PEA responses were close to baseline at lower concentrations and exceeded 100 % at higher 

concentrations (110 % at 0.01 µM, 137 % at 1 µM, 128 % at 10 µM, 205 % at 50 µM, and 200 % at 100 

µM) (Fig. 9e and f). Given the curve shape, a three-parameter logistic (3PL) fit was applied, constraining 

the bottom to 100 %. The resulting fit yielded an apparent EC50 of ~ 25 µM (24.73 µM), with a curve top 

of ~ 234 %, indicating that maximal PEA stimulation produced a ~ 2.3-fold increase over baseline insulin 

output. 

TYR, in contrast, behaved differently. Insulin secretion values were consistently below control across 

all tested concentrations (expressed as % of control: 47 % at 0.01 µM, 53 % at 1 µM, 39 % at 10 µM, 

51 % at 25 µM, 66 % at 50 µM, and 55 % at 100 µM), resulting in an almost flat dose–response curve 

(Fig. 9d and f). Due to the lack of dose-dependent changes, curve fitting was not performed.  
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2.3.3 Pharmacological Characterization of TAAR1 Activation and Functional Validation in Hu-

man β-Cells 

Given the number of biogenic amine receptors expressed on pancreatic β-cells, there is potential for 

off-target effects, particularly at higher TA concentrations. To address receptor specificity at the level 

of human TAAR1, and in recognition of the species-dependent differences discussed earlier, we em-

ployed HEK293T cells engineered either with TAAR1 knockout (KO) or knock-in/overexpression (KI), 

generously provided by Dr. J. Huey (Janowsky lab). 

To test for TAAR1 activation, we measured intracellular cAMP accumulation as a downstream readout 

(Fig. 10a). As expected, TAAR1-KO cells exhibited lower cAMP responses compared with TAAR1-KI 

cells, consistent with TAAR1 activation driving cAMP production. Test compounds included the endog-

enous TAs PEA, p-TYR, and OCT (Fig. 10d), as well as the synthetic full agonist RO5256390 (Roche, 

Fig. 10b and c). In addition, the precursor amino acids L-tryptophan, L-tyrosine, and L-phenylalanine 

were used as negative controls (Fig. 10e). 
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Figure 10: Trace amines show receptor specificity for human TAAR1 and maintain their effect on insulin secre-
tion in human-donor-derived β-cells. (a) Experimental overview with HEK293T cells overexpressing hTAAR1 vs. 
TAAR1-KO cells. This system was used to test TA receptor specificity with cAMP production as read out. (b-e) Dose-
response curves with % of maximal PEA response on the y-axis and log of TAAR1 agonist in µM on the x-axis. PEA 
(red) was used as the reference curve; p-TYR (teal), RO5256390 (purple), and OCT (dark blue) were also tested as 
TAAR1 agonists. L-TRYP (black), L-TYR (violet), and L-PHEN (bordeaux), TA precursor amino acids served as nega-
tive controls. (b) shows cAMP signal derived from TAAR1-KO cells, and (c-e) show signal derived from TAAR1-KI/OE 
cells. (f) estimated EC50 values for PEA (red) and RO5256390 (purple) based on 3PL fit of the dose-response curves 
in (c). Dashed lines of the respective colors correspond to the literature-reported EC50 values of ~ 193 nM (red) and 
5.3 nM (purple), both for hTAAR1. (g) schematic overview of how the human-donor-derived β-cell pseudo-islets were 
obtained. (h) Insulin concentration in µg/L measured by ELISA from SN of β-cell only pseudo-islets generated as de-
scribed in (f) for 10 µM PEA (red) vs. buffer control (black) at 5 mM and 11 mM glucose. Two-way ANOVA was used 
for statistical analysis with Benjamini-Hochberg correction for multiple comparisons. P-values are indicated on the 
graph; the cutoff for statistical significance was 0.05. Error bars reflect SEM. 
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Dose-response curves were graphed as % of maximal response to PEA (y-axis) and log of agonist 

concentration in µM (x-axis) (Fig. 10b-e). In TAAR1-KI cells, endogenous TAs and RO5256390 pro-

duced sigmoidal dose–response curves across the tested concentrations. Using PEA as the reference 

agonist, RO5256390 demonstrated a leftward and upward shift, consistent with higher potency and 

efficacy (Fig. 10c). In contrast, p-TYR and OCT exhibited rightward shifts relative to PEA, with modest 

upward shifts in maximal response at higher concentrations (Fig. 10d). Sigmoidal dose-response 

curves were fit with a three-parameter logistic (3PL) curve with x = log(agonist) and the EC50 values for 

both PEA and RO5256390 could be estimated based on the fit. The estimated EC50 for PEA was 1.77 

µM ± 3.049 x 10-7 with an Emax of ~ 98 %, whereas the estimated EC50 for RO5256390 was 0.197 µM 

± 1.110 x 10-7 with an Emax of ~ 131 % relative to PEA (Fig. 10f).  In TAAR1-KO cells, neither PEA nor 

RO5256390 produced a sigmoidal response, instead yielding flat curves consistent with loss of TAAR1 

engagement (Fig. 10b). Likewise, precursor amino acids failed to induce a sigmoidal curve in TAAR1-

KI cells, confirming their inability to activate TAAR1 (Fig. 10e).  

These findings establish a receptor-specific pharmacological profile in a simplified system (HEK293T 

cells), which contrasts with the more complex, glucose-dependent outcomes observed in β-cells, high-

lighting the influence of cellular context on TAAR1-mediated signaling. Because HEK293T cells do not 

provide a physiologically relevant context for insulin secretion, we extended these findings to human 

donor-derived β-cells, aggregated into islet-like structures (workflow shown in Fig. 10g). In this system, 

PEA significantly increased insulin secretion at 11 mM glucose relative to buffer control (~ 143 % of 

CTRL), whereas at 5 mM glucose, PEA apparently suppressed insulin secretion compared to buffer (~ 
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47 % of CTRL) (Fig. 10h). Within each condition, glucose concentration increase from 5 to 11 mM led 

to an increase of insulin secretion by ~ 22 % for CTRL and ~ 270 % for + PEA (Fig. 10h). 

  Figure 11: In vivo glucose tolerance and 
insulin sensitivity, and ex vivo Ca²⁺ dy-
namics as a proxy for insulin secretion. 
(a) Exemplary Ca²⁺ dynamics plot generated 
using a custom-written analysis script. The 
script identifies maxima (orange) and minima 
(green) of normalized fluorescence intensity 
(F/F0) and transforms these into oscillation 
counts for each stimulation period. One oscil-
lation count corresponds to a single maxi-
mum flanked by two minima. (b) Mean oscil-
lation counts in MIN6 cells exposed to 100 
nM or 10 µM PEA (red) compared with 10 µM 
EPPTB, a selective TAAR1 antagonist 
(grey), and baseline (5 mM glucose only, 
black). (c) To evaluate TAAR1s’ role in sys-
temic glucose homeostasis, glucose toler-
ance tests (GTT, yellow) and insulin toler-
ance tests (ITT, blue) were performed in 
TAAR1-KO and WT littermate C57BL/6J 
mice. For each test, a bolus of glucose or in-
sulin was administered at T0, followed by 
blood glucose measurements every 15 min 
using a handheld glucometer. Assays were 
terminated at 60 min. (d, e) GTT and ITT 
curves comparing TAAR1-KO (pink) and WT 
(green) mice, with mean blood glucose con-
centration plotted over time. (f) Workflow 
schematic depicting ex vivo Ca²⁺ imaging ex-
periments in dissociated primary islet cells 
from C57BL/6J WT and TAAR1-KO mice, un-
der TAAR1-specific stimulation. Data analy-
sis was performed with DTZ+ = β-cells only. 
(g-i) Concentration-dependent effects of 
PEA (100 nM (cyan), 1 µM (blue), and 10 µM 
(cobalt)), EPPTB (100 nM (silver), 1 µM (alu-
minum), and 25 µM (tin)) and the TAAR1 ag-
onist RO5256390 (100 nM (lavender), 1 µM 
(light pink), and 10 µM (pink)) compared to 
baseline (black). (j) Positive control experi-
ments targeting ADRA2 signaling with the 
agonist dexmedetomidine (10 µM, green) 
and antagonist idazoxan (10 µM, brown). 
Statistical analyses were performed using 
two-way ANOVA or mixed-effect models 
where applicable, with a significance thresh-
old of p < 0.05. p-values are reported on the 
graphs. Error bars indicate SEM; * denotes p 
< 0.01. 
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2.3.4 In Vitro and In Vivo Analyses of TAAR1-Dependent Ca²⁺ Signaling and Glucose Regulation 

Observing Ca²⁺ dynamics in response to exogenous stimuli is an established proxy for insulin secretion 

in the field of β-cell research (136). In this study, we employed Ca²⁺ dynamics as an additional functional 

readout, complementing hormone-specific ELISA assays, to determine whether TAs influence insulin 

release from β-cells. 

Given the large volume of data generated by this approach (≥100 cells per field of view over multiple 

frames), we implemented a standardized analysis pipeline to reduce user bias and ensure reproduci-

bility. Specifically, we developed a custom script that performed background subtraction, baseline nor-

malization (normalization to Ca²⁺ dynamics before stimulus addition, F/F0), automated peak/spike de-

tection and visualization for user verification to confirm capture of biologically relevant signals, outlier 

removal (e.g., exclusion of cells showing monotonic increases or decreases indicative of cell death), 

and quantitative peak counting. A Ca²⁺ peak (or spike), which has been shown to coincide with a burst 

of insulin release (30,137,138), was defined as a maximum in fluorescence intensity flanked by two 

minima (see example in Fig. 11a). For each defined period (e.g., baseline, first stimulation, etc.), the 

number of peaks was quantified, allowing comparisons across conditions. In MIN6 cells, we observed 

a mean of 80 (±1.035) Ca²⁺ peaks at baseline (11 mM glucose). Upon addition of PEA (red), the number 

of spikes increased to 115 (± 1.181) for 100 nM PEA, and 104 (± 1.215) for 10 µM PEA, corresponding 

to ~ 44 % and ~ 30 % increases, respectively. In contrast, addition of the TAAR1 antagonist EPPTB 

(10 µM, grey) reduced the number of peaks relative to PEA stimulation, though not compared with 

baseline (97 ± 0.6153) (Fig. 11b). 

Finally, we investigated the effect of TAs on TAAR1 in vivo using TAAR1-KO mice generated in the 

Janowsky lab (VA). With the assistance of Dr. J. Huey, Dr. T. Phillips, and Dr. D. Hegarty, we performed 

both live animal experiments and ex vivo studies on isolated primary islets from TAAR1-KO and WT 

littermates (Fig. 11c and f). Our in vivo cohort was relatively small (n = 8, 4 per genotype), whereas the 
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ex vivo analysis of Ca²⁺ dynamics included a substantially larger dataset (44 KO and 22 WT animals, 

spanning both sexes and a range of ages). 

For the in vivo approach, we studied 12-week-old male mice and subjected them to oGTT (yellow) and 

ITT (blue) following intraperitoneal insulin injection (schematic protocol in Fig. 11c). These assays were 

designed to probe whether TAAR1 influences glucose homeostasis at the organismal level by compar-

ing the ability of KO and WT mice to clear a glucose bolus and to counterbalance insulin-induced hy-

poglycemia. 

We observed that baseline blood glucose levels were comparable between genotypes (~150 mg/dL, 

compare Fig. 11d and e). Following glucose administration, however, TAAR1-KO mice displayed im-

paired clearance, failing to reduce blood glucose to WT levels during the first 30 min, with values plat-

eauing around ~ 220 mg/dL before converging with WT at 60 min (~ 160 mg/dL, Fig. 11d). In compar-

ison, the WT plateau was ~ 180 mg/dL, corresponding to ~ 20 % lower compared to the KO plateau. 

Following insulin administration, KO mice exhibited paradoxical hyperglycemia: blood glucose in-

creased rather than decreased, in contrast to the marked drop observed in WT mice (from 150 mg/dL 

to ~ 100 mg/dL, Fig. 11e). This divergence persisted throughout the assay, with KO mice never match-

ing WT values, even at 60 min when the experiment was terminated. Statistically significant genotype 

differences were observed at 15, 45, and 60 min post-insulin bolus (Fig. 11e). Despite the limited sam-

ple size, these results indicate that loss of TAAR1 exerts measurable effects on glucose regulation in 

vivo. 

To further extend these observations, we examined Ca²⁺ dynamics in primary isolated islets from KO 

and WT mice using confocal microscopy (workflow in Fig. 11f). To activate TAAR1, we applied PEA as 

a representative TA across a concentration range of 100 nM to 10 µM (Fig. 11g). To block TAAR1, we 

used the selective antagonist EPPTB at 100 nM, 1 µM, and 25 µM (Fig. 11h). Unexpectedly, PEA did 

not increase oscillation counts above baseline in either genotype at any concentration tested (100 nM: 
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µWT = 75.3 ± 1.989, µKO = 66.6 ± 2.293, 1 µM: µWT = 75.4 ± 2.262, µKO = 74.4 ± 3.108, and 10 µM: µWT 

= 76.2 ± 1.569, µKO = 76 ± 1.183). EPPTB, in contrast, reduced oscillation counts relative to baseline, 

with similar effects on both genotypes except at 25 µM (100 nM: µWT = 91.1 ± 0.735, µKO = 91.2 ± 2.005, 

1 µM: µWT = 83.3 ± 1.746, µKO = 75 ± 1.199, and 25 µM: µWT = 76.2 ± 5.199, µKO = 119 ± 1.183). 

To confirm that TAAR1 was effectively targeted, we employed the synthetic, selective agonist devel-

oped by Roche, RO5256390 in a concentration range from 100 nM – 25 µM (Fig. 11i). Compared to 

PEA, responses were broader but did not differ between genotypes except at 1 and 25 µM (100 nM: 

µWT = 130.5 ± 2.88, µKO = 130.5 ± 1.490, 1 µM: µWT = 109.1 ± 0.837, µKO = 135.5 ± 5.056, 10 µM: 

µWT = 100.3 ± 2.144, µKO = 98.3 ± 2.513, and 25 µM: µWT = 118.2 ± 5.317, µKO = 103.1 ± 1.517). 

Thus, in contrast to the in vivo findings, we observed no statistically significant differences in Ca²⁺ dy-

namics between WT and KO islets either at baseline (5 mM glucose: µWT = 111.2 ± 2.020, µKO = 

110.3 ± 0.567) or under pharmacological manipulation of TAAR1 (Fig. 11g-i).  

Since TAAR1 manipulation did not yield detectable effects, we performed a positive control to validate 

the assay. For this, we examined α₂-adrenergic receptor (ADRA2) signaling by stimulating with Dex-

medetomidine (Dex, agonist), followed by Idazoxan (Ida, antagonist) at 5 mM glucose. In β-cells, 

ADRA2 is Gi/o coupled, reducing AC activity, lowering cAMP, and thereby decreasing exocytosis (139). 

ADRA2 is also reported to activate G-protein-gated inwardly rectifying potassium (GIRK) channels, 

causing membrane hyperpolarization and reduced Ca²⁺ influx (140). Based on this, we expected Dex 

to lower oscillation counts relative to baseline, and Ida to reverse this effect. 

As expected, Dex reduced oscillation counts slightly (µWT = 104.9 ± 1.670; µKO = 105.5 ± 0.557). When 

Ida was added directly afterward, WT cells showed no response (µWT = 103.4 ± 3.739), suggesting 

possible off-target effects. For KO cells, Ida addition led to a significant drop in oscillation count (µKO = 

77.4 ± 0.464), in line with suspected off-target effects, observed in WT but more pronounced.  
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Upon further consideration, we noted that C57BL/6J mice, the background strain used for TAAR1-KO 

generation, are characterized by a loss-of-function mutation in the nicotinamide nucleotide transhydro-

genase (Nnt) gene, which has been reported to impair glucose homeostasis (127). It is therefore plau-

sible that this strain-specific defect masked or overrode genotype-dependent effects in our ex vivo 

assays. 

2.4 Discussion 

Although expressed at low abundance, TAAR1 has been consistently identified in pancreatic β-cells by 

RNA detection and antibody-based staining across multiple laboratories (103,105,107). In agreement 

with these findings, we detected TAAR1 transcripts in MIN6 cells by RT-PCR (Fig. 9g). While this ap-

proach is qualitative and cannot determine expression levels or confirm receptor protein at the site of 

action, it indicates active transcription and suggests receptor availability. This interpretation is rein-

forced by the absence of detectable TAAR1 in αTC1 clone 9 cells, consistent with Revel et al. (107), 

who reported TAAR1 exclusion from glucagon-positive α-cells. 

Using the MIN6 model, we further demonstrated that TAs are not only detectable but also likely syn-

thesized endogenously, as shown by the detection of 15N-labeled TAs following supplementation with 

15N-labeled precursor amino acids (Fig. 8a-c). This finding shifts the perspective on TAs from exoge-

nous signaling molecules, such as those delivered by neuronal input, to potential autocrine factors 

produced and regulated within the islet microenvironment. Their insulinotropic effects were also glu-

cose-dependent, though the concentrations at which they were most effective differed between individ-

ual amines. Additional work in the lab, extended these observations by examining CNS-active com-

pounds that are structurally related to TAs but have not been formally characterized as TAAR1 ligands. 

The compounds tested included tricyclic antidepressants such as dibenzepine, idazoxan, and nomifen-

sine, the benzodiazepine flurazepam, the antiparkinsonian agent diphenylhydramine, and ergoline 
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derivatives including lisuride (an antiparkinsonian agent) and methysergide (used in migraine prophy-

laxis). These compounds were assessed for their effects on insulin secretion from MIN6 cells and on 

intracellular Ca²⁺ oscillatory activity, with PEA serving as a positive control. The resulting data, currently 

available as a preprint, indicate that compounds sharing structural motifs with TAs can exert insulino-

tropic effects, likely mediated through TAAR1 activation (141). 

Dose–response analyses revealed distinct potencies among TAs. PEA exhibited the highest efficacy 

with an EC50 of ~ 25 µM (determined in MIN6 cells), compared to TYR, which was less potent. While 

this EC50 is higher than literature-reported values (~ 0.2 µM on mouse TAAR1 determined by radiolig-

and binding assay vs. ~ 0.08 -  0.4 µM on mouse TAAR1 determined by cAMP production in HEK293 

cells) (100,120,142,143), those values were generated in different overexpression systems measuring 

proximal ligand–receptor interactions. In contrast, our readouts reflect downstream insulin secretion in 

a β-cell model (MIN6). Considering the confined extracellular space of islets and the likelihood of auto-

crine signaling, an effective concentration of 25 µM appears physiologically reasonable (144). Our find-

ings further suggest that PEA functions as a weak partial agonist at β-cell TAAR1, with effects that are 

clearly glucose- and dose-dependent (Fig. 9b-f). Glucose dependency was particularly evident at the 

extreme ends of the glucose range tested (3 and 22 mM). In contrast to PEA, TYR displayed a more 

complex profile. Under glucose titration, TYR exhibited strong bidirectional effects, with stimulation at 

both low and high glucose concentrations, but suppression at intermediate concentrations (Fig. 9b and 

c). Under dose–response conditions at 11 mM glucose, TYR failed to follow a sigmoidal response and 

predominantly suppressed insulin secretion relative to control (Fig. 9d and f). 

Although our experimental results from the two experimental approaches (Fig. 9ai and aii) initially 

seemed divergent, they converged upon closer examination. For example, PEA at 10 µM yielded ~ 98 

% of baseline secretion across a glucose gradient but ~ 128 % at a fixed glucose concentration. These 

values, though not identical, are similar across two distinct experimental approaches. TYR, in contrast, 



 51 

displayed biphasic effects, enhancing secretion only at extreme glucose concentrations (3 mM and 22 

mM) while suppressing it at intermediate levels. This pattern may suggest engagement of multiple tar-

gets or lower potency at TAAR1. It has been previously reported that TYR can serve as an indirect 

sympathomimetic agent, where it may engage adrenergic signaling, autonomic feedback, or local cat-

echolamine-mediated inhibition of insulin secretion. Gilliam et al. report that low-dose TYR infusion in 

healthy subjects suppresses acute insulin release. The authors suggest that this is because TYR trig-

gers endogenous catecholamine release from sympathetic nerves, which then act on α-adrenergic re-

ceptors on β-cells (Gi-coupled) to inhibit insulin secretion (145). Thus, at intermediate glucose concen-

trations (5 and 11 mM) or moderate concentrations of TYR, the inhibitory/receptor crosstalk effects (off-

target effect on the α-adrenergic receptor) might dominate the TAAR1-mediated stimulatory pathway, 

resulting in net suppression. At low or high glucose (3 and 22 mM) (or high TYR), perhaps the positive 

TAAR1-mediated effect dominates, or the suppression is overridden by strong metabolic drive. How-

ever, considering our receptor specificity study using hTAAR1 in HEK293T cells, TYR displayed a right-

ward shift in the dose–response curves relative to PEA (Fig. 10d), which is consistent with lower po-

tency. 

Dose-response analysis in hTAAR1-expressing HEK293T cells allowed us to estimate EC50 values for 

PEA and RO5256390. The estimated values obtained from our dose-response curve (PEA: EC50 = ~ 

1.77 µM, RO5256390: EC50 = ~ 0.197 µM, Fig. 10f) are higher compared to literature-reported values 

(PEA: EC50 = ~ 80.6 nM, RO5256390: EC50 = ~ 5.3 nM, both on hTAAR1). However, consistent with 

the literature, RO5256390 is more potent than PEA, although only 9-fold compared to 15-fold (litera-

ture). This divergence likely arises from assay- and system-dependent factors. 

Calcium imaging provided mechanistic support. PEA increased Ca²⁺ spiking by ~ 30 % at 10 µM and ~ 

44 % at 100 nM (Fig. 11b). Applied in sequence to PEA, the TAAR1 antagonist EPPTB reduced spiking 

by ~ 7-16 % relative to PEA, but the activity remained above baseline (Fig. 11b). This action is 
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consistent with neutral antagonism on TAAR1 (120,146). While ELISA confirmed increased insulin se-

cretion under matched conditions, secretion rose more modestly over baseline (119 % at 10 µM PEA, 

Fig. 9c). This indicates that insulin release depends not only on Ca²⁺ oscillation number but also on 

amplification mechanisms and granule-pool dynamics downstream of Ca²⁺ entry. In β-cells, glucose 

metabolism elevates the ATP/ADP ratio, closing KATP channels, depolarizing the membrane, and gen-

erating voltage-dependent Ca²⁺ oscillations that drive insulin exocytosis (triggering pathway). Concur-

rently, glucose activates an amplifying pathway that operates distal to Ca²⁺ entry and enhances the 

efficacy of Ca²⁺ on granule recruitment and fusion. TAs further potentiate this process by engaging 

TAAR1, a Gαs-coupled receptor that elevates intracellular cAMP levels and thereby strengthens both 

PKA- and Epac-dependent components of the amplifying pathway. Because Ca²⁺ oscillations arise from 

the interplay between metabolic flux, ion-channel gating, and Ca²⁺ clearance, the combined actions of 

glucose-driven triggering events and TAAR1-mediated amplification combine to increase the efficiency 

with which each Ca²⁺ oscillation translates into insulin granule exocytosis. 

Because TAAR1 exhibits low sequence homology between rodents and primates (99,102), results from 

murine systems cannot be directly extrapolated to humans. To address this, we employed HEK293T 

cells expressing human TAAR1 (hTAAR1), which confirmed TA activity and yielded EC50 values for 

PEA closer to those reported in the literature (143). While informative, this model lacks the context of 

β-cells necessary for insulin secretion. Therefore, we turned to human donor-derived β-cells assembled 

into islet-like structures (Fig. 10g and h). In this system, PEA enhanced Ca2+ spikes above baseline at 

11 mM glucose (~143 % increase) but not at 5 mM (~ 47 % of CTRL). This result initially seemed 

inconsistent with our MIN6 data (where we see increased insulin secretion at all tested glucose con-

centrations), but can be explained by species-specific glucose sensitivity as well as the lack of paracrine 

regulation in the β-cell only aggregates, which can dampen the stimulus-responsiveness compared to 

native islets (147–149). Despite that, this result is consistent with PEA stimulating insulin release in a 
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glucose-dependent manner, which aligns with cAMP-dependent amplification seen when TAAR1 (or 

other Gs-coupled GPCRs) are engaged. 

To evaluate systemic relevance, we investigated TAAR1-KO mice and WT littermates using oral glu-

cose and insulin tolerance tests. TAAR1 deficiency impaired whole-body glucose homeostasis in vivo 

(Fig. 11d and e). However, isolated islets from WT and TAAR1-KO mice showed no differences in Ca²⁺ 

dynamics between genotypes (Fig. 11g-j). To minimize potential misinterpretations arising from the 

presence of multiple islet cell types in dissociated cultures, we employed dithizone (DTZ) staining post-

experiment to identify β-cells specifically (150). DTZ chelates Zn²⁺ co-secreted during insulin exocyto-

sis, thereby selectively labeling β-cells, which appear red under bright-field microscopy (workflow in 

Fig. 11f). Only DTZ⁺ cells were included in subsequent Ca²⁺ response analyses. 

Despite restricting analysis to β-cells, we did not observe statistically significant differences between 

WT and KO β-cells in most conditions following TAAR1 manipulation. Occasionally, significant differ-

ences emerged between WT and KO β-cells at higher concentrations of EPPTB (Fig. 11h) or 

RO5256390 (Fig. 11i). However, within each genotype, TAAR1 modulation failed to elicit the expected 

effects. 

To verify system responsiveness, we used α₂-adrenergic receptor (ADRA2) modulation as a positive 

control, applying the agonist dexmedetomidine (Dex) followed by the antagonist idazoxan (Ida) at 5 

mM glucose. Given the inhibitory Gᵢ-coupling of ADRA2 in β-cells, we anticipated Dex to reduce oscil-

lation counts relative to baseline and Ida to reverse this effect. Yet, neither genotype exhibited this 

expected response (Fig. 11j), suggesting that GPCR signaling was generally non-functional in both WT 

and KO β-cells under these conditions. 

This generalized signaling deficit likely stems from the C57BL/6J genetic background of the TAAR1-

KO strain, which carries a loss-of-function mutation in nicotinamide nucleotide transhydrogenase (Nnt), 
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a mitochondrial enzyme essential for maintaining redox balance and supporting glucose-stimulated 

insulin secretion (127). The impact of Nnt deficiency becomes most apparent around 20 weeks of age 

(127). Therefore, our in vivo cohort (12–20 weeks) was not affected, and genotype-specific differences 

could still be observed. The in vitro cohort, however, composed primarily of animals older than 20 

weeks, reflected background-driven impairments that likely masked TAAR1-specific phenomena. Al-

ternatively, or perhaps additionally, the physiological phenotype observed in vivo may depend on com-

pensatory mechanisms outside the islet microenvironment, which are absent in isolated β-cell prepa-

rations. 
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Chapter 3 Reverse-Engineered Islets: Building and Ana-

lyzing Pancreatic Pseudo-Islets 

This chapter has been formatted for inclusion in this dissertation based on the project “Islet-Lego: re-

verse-engineered pseudo-islets from human donor islets” by Kaya Keutler, Craig Dorrell, Pamela Can-

day, and Carsten Schultz. The author of this dissertation is the first author on this project and used β-

cell models and human islets to create and evaluate a model system for the investigation of islet for-

mation (herein pseudo-islets). 

3.1 Introduction 

The starting point of forming pseudo-islets is healthy human donor islets. Human donors are inherently 

heterogeneous, and therefore, each islet preparation differs slightly from the previous one. Human islet 

preparations used in this thesis were received through the Integrated Islet Distribution Program (IIDP, 

USA) and the Alberta Diabetes Institute Islet Core (ADI, Canada). Both organizations provide extensive 

donor metadata, including anthropometric, metabolic, and in some cases, genetic information, thereby 

allowing controlled experimental stratification. In this thesis, we focused on four donor characteristics 

that are always reported in a standardized manner and have been previously described as being the 

cause of donor-to-donor variability: sex, age, body mass index (BMI), and glycated hemoglobin (A1c). 

Sex is increasingly recognized as an important biological variable in islet biology (151). Human and 

rodent studies have demonstrated sex-dependent differences in β-cell mass, insulin secretory dynam-

ics, and susceptibility to metabolic stress. For instance, female donors often exhibit enhanced β-cell 

proliferation and resilience to glucolipotoxic stress compared to males, potentially linked to estrogen 

receptor signaling and differential expression of genes regulating oxidative metabolism. Moreover, clin-

ical data indicate that the onset and progression of T2D differ between sexes, with females frequently 
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maintaining a higher insulin secretory capacity in early stages of the disease (88,89,93,97,98,152,153). 

Despite these findings, sex-specific analyses remain underrepresented in islet research, underscoring 

the need for experimental stratification and balanced donor representation. Accordingly, one of our 

stratification approaches separated the donor cohort by sex to identify sex-dependent differences in 

islet function and pseudo-islet formation. 

Age exerts a substantial influence on islet composition and functional integrity (154–157). With advanc-

ing age, human β-cells exhibit diminished proliferative potential, reduced insulin granule density, and 

increased expression of senescence-associated genes. Functionally, aged islets display slower cal-

cium oscillatory dynamics and attenuated insulin release (157). Moreover, age-related shifts in α- and 

δ-cell proportions could alter paracrine regulation within the islet microenvironment (158). Although 

literature suggests that α-cells maintain their mass throughout the adult lifespan (159). Accounting for 

donor age is therefore critical when assessing islet functionality and regenerative potential, particularly 

in relation to reproductive aging and the menopausal transition. 

Donor BMI correlates strongly with islet functional characteristics (160). Islets from obese donors com-

monly display an expanded β-cell area and higher insulin content, reflecting an adaptive response to 

peripheral insulin resistance (161,162). However, this compensatory remodeling is often accompanied 

by impaired glucose-stimulated insulin secretion and increased metabolic stress. Research indicates 

further that high-fat diets (HFD) induce changes in gene expression within islets, which could be con-

tributing to the deterioration of β-cell mass and function, which is crucial for insulin production (163). 

Elevated BMI has also been associated with mitochondrial dysfunction and altered lipid metabolism 

within islet cells (164). Stratifying donors by BMI thus enables distinction between physiological adap-

tation to obesity and intrinsic β-cell dysfunction, providing insight into early mechanisms of β-cell com-

pensation and metabolic stress.  
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A1c serves as a measure of chronic glycemic exposure and an indicator of the metabolic environment 

experienced by the donor before islet isolation. Even modest elevations in A1c, within the prediabetic 

range (> 5.7 %), are linked to β-cell dedifferentiation, oxidative stress, and impaired insulin secretory 

capacity (165). Consequently, donor islets with elevated A1c may exhibit altered stimulus-secretion 

coupling and reduced responsiveness in culture. Grouping donors by A1c level helps contextualize 

functional variability and separates glycemia-induced changes from intrinsic donor-specific differences. 

To comprehensively address biological variability, the donor cohort in this study was stratified into four 

main categories, each containing two subgroups (see Table 4): sex (male, female), obesity status 

(obese, non-obese), reproductive status (reproductive age, postmenopausal), and glycemic history 

(healthy vs. elevated A1c). These groupings were selected based on literature suggestions that islet 

behavior is distinct between the sexes, largely attributed to the effect of estradiol on β-cells 

(89,93,152,153,166). Stratification by age into reproductive and postmenopausal groups further al-

lowed exploration of hormonal influences associated with menopause, alongside age-related decline 

in islet functionality and cellular plasticity. Obesity, herein defined as a BMI > 30 kg/m2, is increasingly 

recognized as a negative determinant of endocrine function, often associated with heightened endo-

plasmic reticulum and oxidative stress signaling (160,161,167,168). Separating donors into obese and 

non-obese groups was therefore essential to dissect obesity-associated changes in islet clustering and 

adaptation. Finally, A1c serves as a clinical indicator of glycemic control and a diagnostic criterion for 

diabetes. Donors were thus categorized as “normal” or “elevated” (A1c > 5.7 %). The 5.7 % threshold 

corresponds to prediabetes, a state associated with insulin resistance, impaired fasting glucose, and 

reduced glucose tolerance (169). 

Pancreatic islets from each shipment were divided into native islets and pseudo-islets. The native islets 

remained intact and were used to observe the effects of in culture hormone supplementation on fully 

formed islets. The remaining islets were dissociated into single cells by trypsin digestion. These cells 
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were then stained with antibodies that allow cell type recognition. Typically, intracellular hormone stain-

ing (insulin, glucagon, somatostatin) is employed to identify β-, α-, and δ-cells, but such methods are 

incompatible with live-cell sorting required for pseudo-islet formation. To overcome this, surface-spe-

cific antibodies were used that recognize extracellular epitopes of endocrine cell types. 

Thankfully, previous work has focused on the development of antibodies that recognize external struc-

tures on the outside of the cell types, and combination staining helped identify the distinct populations 

(170–172). First, HIC1-2B4 was used, which is a mouse IgG2b monoclonal antibody, and a marker for 

all endocrine cell types. Its antigen is the cell-surface receptor SLC3A2 that is selectively expressed by 

all pancreatic endocrine cells. This staining highlights the endocrine population and excludes exocrine 

cells or any other non-endocrine cell type that might be contaminating the preparation (170,172). HIC1-

2B4 has been patented and is commercially available through Novus Biologicals in an Alexa488 con-

jugated or unconjugated version. A second antibody, HIC1-8G12, was used to subtype pancreatic en-

docrine cells. HIC1-8G12 recognizes transmembrane 4 L6 family member 4 (TM4SF4), a cell-surface 

tetraspanin expressed at high levels on α-cells, intermediate levels on δ-cells, and low-to-absent levels 

on β-cells (170,171,173). In flow-cytometry experiments, the top fraction of TM4SF4high cells co-ex-

presses glucagon, confirming that TM4SF4 surface expression is highest on glucagon‐secreting α-cells 

(173,174). An earlier version of the HPa3-HIC1-8G12 antibody (HPa3 Antibody (HIC3-2D12), Novus 

Biologicals, REF# NBP3-18520) is commercially available, although this version is unconjugated. For 

this work, only primary-conjugated antibodies were used to keep protocols short (HIC1-2B4 A488, 

HIC1-8G12 PE, and αCD9 APC). Finally, anti-human CD9 (ThermoFisher, REF# 17-0098-42) staining 

was used to enhance the separation of δ-cells. This antibody recognizes human CD9 tetraspanin, a 

24–27 kDa glycoprotein with four transmembrane domains and two extracellular loops (175). CD9 

staining selectively identifies human pancreatic δ-cells, because δ-cells display higher surface levels 

of this tetraspanin compared to other islet endocrine cells. In a functional proteomics screen on human 
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islets, the top 10 % of CD9-expressing cells (CD9⁺) were highly enriched for intracellular somatostatin 

(which δ-cells produce), whereas CD9⁻ cells lacked δ-cell identity (176). When these three antibodies 

are combined and additional information from side scatter and brightness of staining were drawn, dis-

tinct populations of α-cells, β-cells, and δ-cells could be identified (see Table 3).   

In contrast to native islets, which are already assembled and have, depending on the age of the donor, 

undergone multiple environmental changes/adaptations, pseudo-islets are reconstituted de novo from 

dissociated mature islet cells. They do, however, contain the same, mature cells as the native islets 

they originate from. Therefore, pseudo-islets provide a unique viewpoint of how differentiated endocrine 

cells reassemble into functional islet structures and respond to environmental cues such as hormonal 

supplementation in culture media. 

Table 3: Population-specific antibodies for sorting dissociated human islet cells into distinct populations. 

Antibody Recognized cell type α-cells β-cells δ-cells 

HIC1-2B4 Endocrine cells + + + 

HIC1-8G12 Non-β endocrine cells + - + 

CD9 δ-cells - -/+ (inform on side scatter) ++ 

 

The pseudo-islet platform, described here, bridges the gap between oversimplified cell-line models and 

the complexity of native human islets, offering a versatile and expandable tool for mechanistic studies 

(see Fig. 5). 
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3.2 Materials and Methods 

3.2.1 Handling of human pancreatic islets.  

Human pancreatic islets were provided by the NIDDK-funded Integrated Islet Distribution Program 

(IIDP) (RRID:SCR _014387) at City of Hope, NIH Grant # U24DK098085, and the JDRF-funded IIDP 

Islet Award Initiative (Study # BS562P & BS562). Additionally, human islets for research were provided 

by the Alberta Diabetes Institute IsletCore at the University of Alberta in Edmonton 

(http://www.bcell.org/adi-isletcore.html) with the assistance of the Human Organ Procurement and Ex-

change (HOPE) program, Trillium Gift of Life Network (TGLN), and other Canadian organ procurement 

organizations. Islet isolation was approved by the Human Research Ethics Board at the University of 

Alberta (Pro00013094) (27). All donors' families gave informed consent for the use of pancreatic tissue 

in research. Islets from both distribution programs were shipped overnight and processed on the re-

ceiving day. If that was not possible, they were stored at 4 °C for no more than seven days in the 

transport media. Native islets, when used as controls for pseudo-islets, were cultured in 1x CMRL 1066 

media (Corning, REF# MT15110CV) supplemented with 10 % FBS, 10 mM HEPES (Cytivia, 

REF#AJ30727929), and 2 % L-glutamine (Gibco, REF#25030-081) with 1 % Pen/Strep (Gibco, REF# 

15140122) and 1 µg/mL Amphoticerin B (Sigma, A2942, CAS # 1397-89-3) added just before use in 

culture. Human donor characteristics are listed in Appendix Table S1.  

3.2.2 Tissue sources and pancreatic cell isolation.  

Human pancreatic islets from normal donors were obtained from the NIDDK-funded Integrated Islet 

Distribution Program (IIDP) at City of Hope (Study # BS562P & BS562). These were collected from 

approved, consented cadaveric organ donors from whom at least one other organ has been approved 

for transplantation, and are exempt from human studies approval. Specimens were dispersed to single-

cell suspensions by an 8–15 min digestion in 0.05 % trypsin-EDTA (Gibco, REF#25-300-054) at 37 °C 
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with dispersal by a p1000 micropipette every 3 min. The progress of the dispersion was checked by 

light microscopy. Undispersed tissue was removed with a 40-µm cell strainer (Fisherbrand, REF#22-

363-547), and dissociated cells were stored on ice in holding buffer (CMRL1066 + 2% FBS + 0.1 mg/mL 

trypsin inhibitor (Sigma, REF#T9128) and 0.1 mg/mL DNAse I (Roche, REF#10104159001) before 

antibody labeling for FACS (FACS workflow with examples for each step in Fig. 12a-f). The number of 

samples analyzed was primarily determined by material availability, but it was chosen to be sufficient 

for statistical analysis. 

3.2.3 FACS of dissociated human islets into pure α-, β-, and δ-cell populations.  

Dissociated cells were resuspended in holding buffer (CMRL1066 + 2% FBS + 0.1 mg/mL trypsin in-

hibitor (Sigma, REF#T9128) and 0.1 mg/mL DNAseI (Roche, REF#10104159001)) before the addition 

of antibodies. The antibodies used were: HIC1-2B4 A488 conjugated (Novus Biologicals, REF# NBP1-

18946AF488) at a 1:100 dilution, HIC1-8G12 PE conjugated (provided by the Grompe lab) at 1:50 

dilution, and anti-CD9 APC conjugated to APC (Thermo Fisher Invitrogen, MA1-10307) at a 1:20 dilu-

tion. Single antibody controls, A488 + PE (fluorescence minus one (FMO)), and all combined samples 

were incubated at 4°C for at least 20 min. After washing with cold CMRL1066, cells were resuspended 

in holding buffer, and 1 µg/mL propidium iodide (PI) (Sigma, REF#P4864) was added for live/dead 

distinction. Cell doublets were excluded by pulse width measurement, and PI staining was used to label 

dead cells for exclusion (Fig. 12c and i). Analysis was performed on a Cytopeia inFluxV-GS (Becton-

Dickinson, BD) or a BD Symphony S6. 

3.2.4 Generation of pseudo-islets.  

Freshly sorted pancreatic cells were used to generate pseudo-islets. Pure cell populations were spun 

down directly after sorting and resuspended in 300 µL of media (CMRL1066 + 2% FBS + 1 % Pen/strep, 

+ 1 µg/mL Amphoticerin B). Based on the obtained cell numbers, concentrations in cells/µL were 



 62 

calculated and used to mix cells in specific ratios. If not indicated otherwise, cells were combined in a 

5:1 ratio for β:α, 16:1 for β:δ, and 3:1 for α:δ. Additionally, pseudo-islet mixtures were combined with 

MS1 cells in a 1:10 ratio, with ten MS1 cells (kindly provided by the Grompe Lab, CRL-2279) for every 

one endocrine cell (unless otherwise specified). Cell mixtures were seeded in ultra-low attachment, flat-

bottom 6-well plates (Corning, REF# CLS3471) in 3 mL of media (CMRL1066 + 2% FBS + 1 % 

Pen/strep, + 1 µg/mL Amphoticerin B). Cluster formation was allowed to happen for up to 14 days with 

hormone (0.1 µg/mL GCG or GLP-1, and 100 nM SST) addition and culture media refill (100 µL/well to 

account for evaporation) every other day. Cluster formation was monitored by using a Keyence EPI-

microscope in brightfield mode and FIJI software (see Appendix Fig. 4) to analyze the generated im-

ages. 

3.2.5 Supplementation of pancreatic cell lines, native islets, and pseudo-islets.  

For media supplementation, compounds were purchased from Sigma and used at 0.1 µg/mL for GCG 

and GLP-1 and 100 nM for SST. Compounds were added every other day for the duration of the ex-

periment. To account for evaporation and to replenish nutrients, 100 µL of media was refilled every 

other day.   
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3.3 Results  

3.3.1 Assessment of population purity and viability following endocrine cell sorting 

For each sort, a subset of native islets was removed before dissociation and maintained in culture under 

the same conditions as the pseudo-islets serving as native islet controls. The remainder of the islets 

was processed through the sorting pipeline described in Fig.12a-f. Population purity was determined 

for each sort by using cells that were not associated with any of the desired populations (Fig. 12g & h). 

For this, a sample of those cells was collected and re-sorted with the same settings. In case of a clean 

and pure sort, a negligible percentage (< 0.5 %, Fig. 12h) of the sorted cells appear in the α-cell, β-cell, 

or δ-cell gates. Additionally, since a subset of β-cells can stain positive for CD9 (177), further purity 

assessment was performed using 8G12 staining as the ground truth discriminator between β-cells and 

non-β-cells. This way, β-cell “calling” is CD9 independent. Using this discrimination, β-cells are defined 

as 2B4+ 8G12−, side scatter (SSC)high among live singlets (Fig. 12i), and δ-cells are confined to the 

2B4+ 8G12+, SSClow compartment (further subdivided by CD9, Appendix Fig. 1b). Following this dis-

tinction, purity was calculated as parent percent of lineage gates among live singlets: β-cells = 2B4+ 

8G12−, SSChigh, ~ 52 %, α-cells = 2B4+ 8G12+ CD9−, SSChigh, ~ 30 %, and δ-cells = 2B4+ 8G12+ 

CD9+, SSClow ~ 9 %. To further test if there is cross-contamination between β-cells and δ-cells, we 

turned to our fluorescence minus one (FMO) control that does not include CD9 staining (AF488 + PE 

– CD9). The cell gates from our stained sample were cloned to the 8G12 FMO, showing that the δ-cell 

gate is empty (Appendix Fig. 1c and d).    



 64 

 
Figure 12: Cell sorting (FACS) workflow for isolating endocrine cell populations from human donor islets. Human native 
islets are enzymatically dissociated into single-cell suspensions and stained with a combination of endocrine-specific antibodies: 
HIC1-2B4, which labels β-cells; HIC1-8G12, which labels non-β endocrine cells, and CD9, which labels δ-cells and a minor subset 
of β-cells, and is used to exclude α-cells. This antibody panel allows for the identification and separation of β-cells, α-cells, and δ-
cells. (a) Debris is excluded based on forward scatter (FSC) and side scatter (SSC) parameters. (b) Single cells are gated by 
excluding doublets and aggregates. (c) Propidium iodide (PI) is used to exclude dead cells; only PI-negative (viable) cells are 
analyzed. (d) Cells are first separated based on HIC1-2B4 (y-axis) and HIC1-8G12 (x-axis) signal to identify pre-populations of β-
/δ-cells and α-/δ-cells. (e & f) Within these pre-populations, CD9 expression and SSC are used to further resolve δ-cells (e) and 
(f). Before sorting, 10 µm reference beads are used to identify the cell population window. Non-endocrine or undefined cells are 
collected separately for post-sort purity assessment (g). (h) exemplary post-sort analysis of purity check sample using the same 
pre-population gates as for the stained sample. (i) Excluded PI+ (dead cells) were used to identify the percentage of dead cells 
during FACS. All FACS data were analyzed using Floreada.io. 
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3.3.2 Establishment of pseudo-islets 

Multiple donors were merged based on donor characteristics (sex, age, BMI, and A1c) and stratified 

into four groups, each with two subgroups. The resulting groups, along with the number of donors per 

group, are listed in Table 4.  

Table 4: Donor stratification based on characteristics. Donors were stratified based on their sex, age, BMI, and A1c values. Respec-
tive donor numbers are listed. 

Donor Sex Donor Age Donor BMI Donor A1c 

Female Male Reproductive 
(<50 years) 

Post-Meno-
pause  

(> 50 years) 
Non-obese  

(BMI < 30 kg/m2) 

Obese  
(BMI > 30 

kg/m2) 

Normal  
(A1c < 5.7 

%) 
Elevated  

(A1c > 5.7 %) 

17 17 19 15 20 14 19 15 

 

Once sorted, α-cells, β-cells, and δ-cells were mixed in desired combinations and cultivated in a 1:10 

ratio with MS1 cells in suspension to form pseudo-islets. Pseudo-islet formation was monitored by EPI-

fluorescence microscopy every 2-3 days and up to 14 days (Fig. 13a). Identifiable clusters were already 

present at the first imaging point (2–3 days post-seeding), suggesting that initial pseudo-islet formation 

is a rapid process. In addition to testing different combinations of cells and cell-cell ratios, different 

media supplementations were also investigated (details in Table 5). 
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Figure 13: Pseudo-islet generation and comparison across donor characteristics and cell combinations. (a) Work-
flow of pseudo-islet generation, culture, and formation assessment. (b-e) exemplary brightfield images of pseudo-islets for 
different cell combinations; scale bar is 100 µm. (f-m) Pseudo-islets generated from the combination of β-cells and δ-cells 
and supplemented with 0.1 µg/mL GCG (pink) vs. CTRL (black) for male (f) and female (g) donors, obese (h) and non-
obese (i) donors, donors with elevated A1c (j) and normal A1c (k), and reproductive (l) vs. post-reproductive (m) donors. 
(n-s) Pseudo-islets generated from the combination of α-cells and δ-cells and supplemented with 0.1 µg/mL GLP-1 (teal) 
vs. CTRL (black) for male (n) vs. female (o) donors, elevated (p) vs. normal A1c (q) donors, and reproductive (r) vs. post-
reproductive (s) donors. The y-axis lists the mean islet count normalized to the number of single cells seeded for pseudo-
islet generation, and the x-axis lists islet diameters in µm ranging from 30-300 µm. (t) Pseudo-islets generated from male 
donos by. the combination of α-cells and β-cells and supplemented with 100 nM SST (orange) vs. CTRL (black). (u) Sum 
of mean cluster count normalized to the number of cluster-forming cells seeded (index of dispersion vs. compaction) for 
α+β with 0.1 µg/mL GCG (pink) vs. CTRL (black) for normal cell ratios (5:1 β:α) vs. inverse ratios. (v) Sum of mean cluster 
count normalized to the number of cluster-forming cells seeded (index of dispersion vs. compaction) for pseudo-islets from 
α+β+δ clusters at normal (5:1 β:α and 16:1 β:δ) ratios, δ-cells increased to match β-cells (β=δ, orange), or α-cells increased 
to match β-cells (α=β, pink). Unless stratified by sex, all groups include both female and male donors. Statistical compari-
sons were done using two-way ANOVA or mixed effects analysis (depending on data availability) with Benjamini-Hochberg 
correction for multiple comparisons. All p-values are listed on the respective graphs, with the cutoff for statistical significance 
being 0.05. Error bars represent SEM. 

3.3.3 Functional omission of cell types (absence model)  

To assess the contribution of individual endocrine cell types, we eliminated one cell type at a time. This 

yielded α+β, α+δ, and β+δ pseudo-islets. These conditions allowed us to monitor how the absence of 

a specific cell type influenced cluster formation (Fig. 13f-t). 

Additionally, in exploratory experiments, we supplemented the culture medium with the hormone se-

creted by the omitted cell type. For example, β+δ pseudo-islets were supplemented with GCG to ac-

count for the absence of α-cells. This strategy enabled a distinction between the role of the physical 

presence of a cell type (where cell–cell interactions can establish) versus the effect of its hormone in 

isolation (Fig. 13f-m & t). Similarly, the influence of GLP-1 was tested in a model lacking β-cells (α+δ 

clusters) (Fig. 13n-s). We applied this omission concept across all donor groups (stratified by sex (Fig. 

13f and g, n, o, and t), BMI (Fig. 13h and i), A1c (Fig. 13j and k, p and q), and age (Fig. 13l, m, r and 

s). We find that GCG supplementation in the α-cell absence model produced statistically significant 

differences compared to control conditions for obese donors (Fig. 13h) as well as donors of reproduc-

tive age (Fig. 13l). In these cases, GCG supplementation lowered the mean cluster count compared to 

control conditions, suggesting that GCG addition leads to fewer but bigger clusters compared to control 

conditions (compacted system). GLP-1 addition in the β-cell absence model does not lead to 
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statistically significant differences compared to control, independently of how the donor cohort was 

stratified. GLP-1 addition in the β-cell–absence model did not change clustering metrics, suggesting 

either no effect on this phenotype under our conditions or that any GLP-1–mediated influence is mostly 

β-cell dependent. For the δ-cell absence model (α+β), which was supplemented with 100 nM SST, 

data were available only from male donors. Therefore, comparisons across stratification groups or with 

female donors were not possible. Nonetheless, a non-significant trend was observed toward an in-

creased number of clusters within the 30–60 µm diameter range under SST supplementation (Fig. 13t). 

3.3.4 Influence of cell-cell ratios 

Within native islets, endocrine cells are distributed approximately as 60 % β-cells, 30 % α-cells, and 2 

% δ-cells (178). These ratios translate to α:β ≈ 1:5, α:δ ≈ 3:1, and β:δ ≈ 16:1. However, more recent 

studies suggest that no universal “standard” islet exists. For instance, Lehrstand et al. described small 

islets (~ 60 µm in diameter), composed predominantly of β-cells, that contribute disproportionately to 

insulin secretion (45). In an exploratory manner, we have experimented with altered cell-cell ratios. For 

example, instead of α:β being 1:5, we switched to 5:1, effectively increasing the α-cell count and de-

creasing the β-cell count. Additionally, we experimented with equal amounts (1:1), leading to islets 

having the same number of α- and β-cells (Fig. 13u and v). We find that at a physiological α:β ratio, 

GCG addition leads to an increase in cluster counts suggestive of a more dispersed system compared 

to CTRL (Fig. 13u). When switching the ratio between β-cells and α-cells, effectively increasing α-cell 

and decreasing β-cell presence in the pseudo-islet clusters, we find that already under CTRL condi-

tions, the system is more dispersed, indicated by increased counts (Fig. 13u, CTRL, black). GCG sup-

plementation in that case led to a decrease in cluster counts (close to normal + GCG values), suggest-

ing compaction (Fig. 13u, black vs. pink). This indicates that GCGs’ effect on pseudo-islet organization 

is composition dependent.  
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In contrast, α+β+δ pseudo-islets assembled at physiological ratios (5:1 β:α and 16:1 β:δ) displayed a 

more dispersed organization compared to α+β pseudo-islets (0.01846 vs. 0.00594; Fig. 13v vs. u). 

Increasing the δ-cell proportion to achieve a 1:1 β:δ ratio (0.00587 (orange) vs. 0.01846 (black), Fig. 

13v) led to a significant reduction in cluster counts, indicative of enhanced compaction. This effect is 

likely mediated by elevated SST signaling, which inhibits both INS and GCG secretion and attenuates 

paracrine crosstalk, thereby promoting cluster cohesion. In contrast, when α-cell numbers were in-

creased to match β-cell numbers, cluster counts rose again (0.0128 (pink) vs. 0.00587 (orange)), indi-

cating a shift toward a more dispersed morphology. Relative to the physiological condition, however, 

the β=α configuration remained intermediate in compaction, consistent with higher endogenous GCG 

levels from the additional α cells. 

All variations performed, but not discussed in detail in the text, including cell combinations and media 

supplementation across donor groups stratified by sex, age, BMI, and A1c, are listed in Table 5. 
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Table 5: Pseudo-islet formation across various cell type combinations and media supplementations. Pseudo-islets were formed 
by varying their composition, as well as the exogenous hormone availability. The number of repeats was stratified by donor sex, age, 
BMI, or A1c, and is also listed. 

Number of re-
peats/ 

donor sex 

Number of re-
peats/ donor 

age 

Number of repeats/ 
donor BMI 

Number of re-
peats/ donor A1c Pseudo-islet 

composition Media supplementation 

8 F/9 M 10 < 50/ 
4 > 50 

11 < 30 kg/m2/ 
3 > 30 kg/m2 

8 < 5.7 % / 
7 > 5.7 % α+β+δ:MS1 none 

4 F/1 M 9 < 50/ 
3 > 50 

4 < 30 kg/m2/ 
2 > 30 kg/m2 

6 < 5.7 % / 
3 > 5.7 % α+β+δ:MS1 + GCG 

1 F/2 M 3 < 50/ 
0 > 50 

2 < 30 kg/m2/ 
1 > 30 kg/m2 

2 < 5.7 % / 
1 > 5.7 % α+β+δ:MS1 + GLP-1 

4 F/5 M 5 < 50/ 
1 > 50 

5 < 30 kg/m2/ 
1 > 30 kg/m2 

4 < 5.7 % / 
2 > 5.7 % β+δ:MS1 none 

7 F/6 M 3 < 50/ 
2 > 50 

10 < 30 kg/m2/ 
3 > 30 kg/m2 

3 < 5.7 % / 
6 > 5.7 % β+δ:MS1 + GCG 

3 F/8 M 5 < 50/ 
2 > 50 

4 < 30 kg/m2/ 
4 > 30 kg/m2 

6 < 5.7 % / 
2 > 5.7 % α+β:MS1 none 

2 F/3 M 2 < 50/ 
1 > 50 

2 < 30 kg/m2/ 
1 > 30 kg/m2 

2 < 5.7 % / 
1 > 5.7 % α+β:MS1 + GCG 

2 F/3 M 3 < 50/ 
2 > 50 

4 < 30 kg/m2/ 
1 > 30 kg/m2 

3 < 5.7 % / 
2 > 5.7 % α+β:MS1 + GLP-1 

3 M 2 < 50/ 
1 > 50 

2 < 30 kg/m2/ 
1 > 30 kg/m2 

2 < 5.7 % / 
1 > 5.7 % α+β:MS1 + SST 

1 F/5 M 5 < 50/ 
1 > 50 

5 < 30 kg/m2/ 
1 > 30 kg/m2 

4 < 5.7 % / 
2 > 5.7 % α+δ:MS1 none 

1 M 1 < 50/ 
0 > 50 

0 < 30 kg/m2/ 
1 > 30 kg/m2 

1 < 5.7 % / 
0 > 5.7 % α+δ:MS1 + GCG 

1 F/2 M 2 < 50/ 
1 > 50 

2 < 30 kg/m2/ 
1 > 30 kg/m2 

2 < 5.7 % / 
1 > 5.7 % α+δ:MS1 + GLP-1 

1 M 0 < 50/ 
1 > 50 

1 < 30 kg/m2/ 
0 > 30 kg/m2 

0 < 5.7 % / 
1 > 5.7 % α+δ:MS1 + SST 

3 F/2 M 4 < 50/ 
0 > 50 

1 < 30 kg/m2/ 
3 > 30 kg/m2 

3 < 5.7 % / 
0 > 5.7 % α ONLY:MS1 none 

3 F/2 M 3 < 50/ 
0 > 50 

1 < 30 kg/m2/ 
2 > 30 kg/m2 

2 < 5.7 % / 
1 > 5.7 % α ONLY:MS1 + GLP-1 

2 M 2 < 50/ 
0 > 50 

1 < 30 kg/m2/ 
1 > 30 kg/m2 

2 < 5.7 % / 
0 > 5.7 % α ONLY:MS1 + SST 

4 F/3 M 5 < 50/ 
1 > 50 

4 < 30 kg/m2/ 
2 > 30 kg/m2 

5 < 5.7 % / 
2 > 5.7 % β ONLY:MS1 none 

3 F/3 M 4 < 50/ 
1 > 50 

3 < 30 kg/m2/ 
2 > 30 kg/m2 

3 < 5.7 % / 
2 > 5.7 % β ONLY:MS1 + GCG 

      
 

3.3.5 Opposing dynamics of native and pseudo-islets 

Whereas native islets fragment over time in culture as reported previously (179), pseudo-islets initiate 

from single cells and therefore progress in the opposite direction (formation). We hypothesized that 

initially, subclusters (< 30 µm in diameter) would emerge as single cells began to cluster. Over time, 
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subclusters would decrease while aggregates within larger size bins (30–60, 60–150, 150–300 µm) 

would increase, reflecting pseudo-islet assembly (see Fig. 14a). 

As visually described in Figure 14a, native islets fragment over time in culture, and this fragmentation 

is indicated by a decrease in the number of islets (normalized to the initial number seeded). Additionally, 

to complement the islet counts, we measured subclusters. By measuring the subclusters, we can fur-

ther follow fragmentation as the islets become smaller and move out of the sizes measured (30-60, 60-

150, and 150-300 µm in diameter). Fragmentation is a dynamic process. When > 150 µm in diameter 

islets fragment, the pieces will appear in the 60-150 µm sizing bin and eventually 30-60 µm. Because 

of this effect, following the smallest islet size bin (30-60 µm in diameter) over time functions as a proxy 

for the behavior of the larger sizes (Fig. 14c-f and k-n). Finally, when those smaller islets fall apart, they 

form subclusters and will then be part of the bulk counted as < 30 µm (Fig. 14 g-j and o-r).  

Native islet counts were normalized to the number of IEQ seeded per well (Fig. 14b, native). Therefore, 

a normalized value of 1 is indicative of structural stability, meaning the number of islet-sized clusters 

matches the number of IEQ seeded. Values below 1 suggest fusion of multiple IEQ into larger aggre-

gates, while values above 1 indicate fragmentation into excess smaller clusters. To refine these inter-

pretations, we also examined the percentage of subclusters (< 30 µm diameter) normalized to the con-

trol. An increase in subclusters alongside a decreased cluster count reflects disintegration into frag-

ments below the islet threshold. In contrast, a stable or reduced subcluster percentage points to fusion 

into larger aggregates. When normalized counts exceed 1, a higher subcluster percentage indicates 

active fragmentation, a stable percentage suggests breakage within the islet-size range, and a reduced 

percentage may signal degradation into single cells or debris. 

For pseudo-islets, normalized counts instead reflect the number of clusters formed per single cell 

seeded (Fig. 14b, pseudo). Here, subcluster percentages provide additional information about size dis-

tribution. Increases in both cluster count and subcluster percentage indicate fragmentation or the 
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generation of many small aggregates. An increase in count with stable subcluster percentage suggests 

growth in the mid-size range, while a decrease in subclusters with increased counts points to fusion of 

smaller units into larger structures. In contrast, a decline in counts coupled with rising subcluster per-

centage reflects fragmentation of larger clusters, whereas declining counts with stable subcluster per-

centage suggest consolidation into fewer, similarly sized aggregates. Finally, concurrent decreases in 

both measures indicate maturation or fusion into larger structures accompanied by loss of smaller clus-

ters. 
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Figure 14: In-culture behavior of native islets across donor groups and conceptual comparison to pseudo-islets.(a) Conceptual 
model of temporal behavior for pseudo-islets (top) and native islets (bottom). (b) Data normalization strategy: Native islets are normalized 
to the number of IEQs seeded, whereas pseudo-islets are normalized to the number of single cells seeded. Because of this difference, 
the interpretation of cluster counts is not interchangeable between the two preparations. To visualize behavior over time, changes in the 
smallest islet size bin (30–60 µm diameter) are shown in c–f and k–n. Increases within this bin indicate fragmentation of larger clusters 
and mirror trends observed at larger sizes. The percentage of subclusters, normalized to control, is shown in g–j and o–r. (c, d) Mean 
cluster counts for male and female donors under control (black), + 0.1 µg/mL GCG (pink), and 0.1 µg/mL GLP-1 (teal). (e, f) Mean cluster 
counts for obese and non-obese donors under the same conditions. (g, h) Percent subclusters over time for male and female donors, 
normalized to control. (i, j) Percent subclusters over time for obese and non-obese donors, normalized to control. (k, l) Mean cluster 
counts for donors with elevated vs. normal A1c under control, GCG, and GLP-1. (m, n) Mean cluster counts for donors of reproductive 
age vs. post-reproductive age under the same conditions. (o, p) Percent subclusters over time for elevated vs. normal A1c cohorts, 
normalized to control. (q, r) Percent subclusters over time for reproductive vs. post-reproductive age cohorts, normalized to control. 
Unless stratified by sex, all groups include both female and male donors. Statistical significance was assessed by two-way ANOVA. P-
values for significant comparisons (α = 0.05) are shown on the graphs. Error bars represent SEM. 

3.3.4.1 Stratification by donor sex 

Based on our 2-3 days post-seeding observations, it appears that pseudo-islet formation is quick, as 

all islet sizes were already detectable. Additionally, pseudo-islets don’t continue to form clusters indef-

initely, or until all single cells are part of a cluster (as initially expected) but can also undergo fragmen-

tation. Whether we see growth or fragmentation seems to depend on the cellular makeup, donor char-

acteristics, and the type of media supplementation. For example, female-derived β+δ pseudo-islets 

show increasing counts of 30-60 µm clusters, whereas 150-300 µm clusters completely disappear by 

day 10 for + GCG or day 14 for basal conditions (Fig. 15b). This observation would suggest that those 

islets fragment over time in culture, just like native islets would. However, when checking the % of 

subclusters, the picture is different. Here, we observe that the percentage of subclusters normalized to 

basal conditions remains under 100 %, indicating no additional subcluster formation in the + GCG 

condition (Fig. 15j and Table 6). Together, this suggests that β+δ pseudo-islets + GCG favor smaller 

clusters over time in culture (larger clusters fragment over time but the smaller ones formed seem to 

stabilize). In contrast, male β+δ pseudo-islets do not lose 150-300 µm clusters over time, suggesting 

absent or at least slower fragmentation compared to females (Fig. 15d). There is some fluctuation 

observable for the 30-60 µm clusters (Fig. 15h), but 60-150 and 150-300 µm stay stable over time. 

Additionally, the percentage of subclusters in the + GCG condition remains below that in the basal 

condition, suggesting no additional subcluster formation compared to the CTRL condition (Fig. 15l and 

Table 6).   
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However, monitoring different sizes under different conditions over time is challenging and may lead to 

misinterpretations. Therefore, we used the smallest cluster size (30-60 µm in diameter) and monitored 

its growth over time as a proxy for the behavior of the bigger clusters (as was done for native islets) 

(Fig. 15e-h). In combination with the % of subclusters (Fig. 15i-l), we can conclude about formation vs. 

fragmentation and cluster stability. Remaining with the β+δ pseudo-islet example, female-donor-de-

rived pseudo-islets show cluster increases over time, with + GCG trending towards compacted clusters 

compared to CTRL conditions (up to 120 % difference between the conditions) (Fig. 15f). The percent-

age of subclusters for + GCG remained stable under 100 % (Fig. 15j), suggesting absent fragmentation 

but also no further growth of formerly < 30 µm clusters into clusters > 30 µm. Male-donor-derived β+δ 

pseudo-islets show decreased counts (68.75 % for CTRL and 58.9 % for + GCG, compared to day 2, 

Fig. 15h), with similar compactness. On day 10 in culture, the + GCG condition was found increased 

compared to CTRL (+ 62.2 %), accompanied by a decrease in % subclusters (Fig. 15l), suggesting the 

formation of new clusters that formerly were counted as < 30 µm in diameter. Based on the combined 

analysis of mean cluster counts, percentage of subclusters, and growth within the 30–60 µm range, 

both male- and female-derived β+δ pseudo-islets showed evidence of cluster formation and subse-

quent stabilization over time (Fig. 15f and h). In female-derived pseudo-islets, cluster counts increased 

over time under both CTRL and + GCG conditions, suggesting the formation of many small aggregates. 

GCG supplementation promoted the development of more compact structures compared to CTRL, but 

prolonged culture did not indicate further fusion of small (< 30 µm) clusters into larger (> 30 µm) ones. 

Male-derived pseudo-islets, in contrast, showed a gradual reduction in cluster counts over time, con-

sistent with ongoing compaction. Under + GCG conditions (especially long term), this effect was more 

pronounced, with evidence suggesting that small clusters contributed to the formation of larger aggre-

gates. Our observations for all other conditions tested while stratifying by sex are summarized in Table 

6.  
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Figure 15: In-culture behavior of pseudo-islets from sex-stratified donors. 

In contrast to native islets, pseudo-islets self-assemble following cell seeding. The mean cluster count, normalized to the number of 
cluster-forming cells seeded, serves as an indicator of cluster morphology: higher normalized counts reflect the formation of numerous 
small clusters, whereas lower counts indicate fewer but larger aggregates. As an additional measure of cluster stability, the percentage 
of subclusters (normalized to the control condition, CTRL) was monitored. Values < 100% suggest increased stability (reduced fragmen-
tation), while values > 100% indicate fragmentation. The smallest cluster size (30–60 µm in diameter) was used as a proxy for dynamic 
cluster behavior. An increase in mean cluster count within this size bin suggests the appearance of new small clusters; if accompanied 
by increased subcluster percentage, this implies fragmentation of larger clusters. Conversely, a decrease in this bin, particularly when 
coupled with stable or reduced subcluster percentage, suggests the formation of larger, more stable clusters. (a–d) Dynamic cluster 
growth over time for α+β+δ pseudo-islets (a, female and c, male) and β+δ pseudo-islets (b, female and d, male) under CTRL (black), 
+0.1 µg/mL GCG (pink), and +0.1 µg/mL GLP-1 (teal) conditions. Symbol size represents cluster diameter (small: 30–60 µm; medium: 
60–150 µm; large: 150–300 µm). (e–h) Mean cluster counts over time (days) for the smallest size bin (30–60 µm), normalized to the 
number of seeded cluster-forming cells, for α+β+δ (e, female; g, male) and β+δ (f, female; h, male) pseudo-islets under CTRL (black), 
+GCG (pink), and +GLP-1 (teal). (i–l) Percentage of subclusters (<30 µm), normalized to CTRL, for α+β+δ (i, female; k, male) and β+δ 
(j, female; l, male) pseudo-islets with +GCG (pink) and +GLP-1 (teal). Statistical comparisons were performed using two-way ANOVA or 
mixed-effects models, depending on data availability. p-values for all comparisons are indicated, with significance defined as p < 0.05. 
Error bars represent the standard error of the mean (SEM). 
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Table 6: Pseudo-islet growth and formation across donor sex. Pseudo-islet growth dynamics and subcluster composition (% sub-
clusters) are stratified by donor sex. Data are shown for different cell type combinations, media supplementations, and observation time 
points (days post-seeding). The interpretation column guides how fluctuations in growth and subcluster proportions can be understood in 
the context of pseudo-islet formation. 

Donor 
Sex 

Cell type combi-
nation 

Media supple-
mentation 

Time post-
seeding 

Mean cluster count (dy-
namic growth) 

% sub-
clusters Interpretation 

Female 

α+β+δ:MS1 
 

None 

2-3 days 
 

0.0157 100 

Baseline 

Male 0.0108 100 
Female + GCG 0.0250 96.1 

Male 0.0113 71.9 
Female + GLP-1 - - 

Male 0.0103 89.2 
Female None 

6-7 days 

0.0107 100 - 
Male 0.0095 100 - 

Female 

+ GCG 

0.0122 42.6 
Cluster ß 

% subcluster ß 
= fusion into larger clusters 

Male 0.0122 172.9 
Cluster Ý 

% subcluster Ý 
= increased formation of 

small aggregates 
Female 

+ GLP-1 

- - - 

Male 0.0089 114.1 
Cluster ß 

% subcluster Ý 
= fragmentation 

Female None 

9-10 days 

- - - 
Male 0.0084 100 - 

Female 

+ GCG 

- - - 

Male 0.0114 108.3 
Cluster ß 

% subcluster ß 
= fusion into larger clusters 

Female 

+ GLP-1 

- - - 

Male 0.0052 85.9 
Cluster ß 

% subcluster ß 
= fusion into larger clusters 

Female 

β+δ:MS1 

None 2-3 days 
 

0.0181 100 

Baseline Male 0.0165 100 
Female + GCG 0.0114 53.2 

Male 0.0188 74.6 
Female None  

6-7 days 

0.0362 100 - 
Male 0.0051 100 - 

Female 

+ GCG 

0.0088 22.2 
Cluster ß 

% subcluster ß 
= fusion into larger clusters 

Male 0.0074 68 
Cluster ß 

% subcluster ß 
= fusion into larger clusters 

Female None 

9-10 days 

0.0615 100 - 
Male 0.0049 100 - 

Female 
+ GCG 

0.0450 54.3 
Cluster Ý 

% subcluster Ý 
= increased formation of 

small aggregates  

Male 0.0117 38.7 Cluster Ý 
% subcluster ß 



 78 

= shift toward larger clus-
ters 

Female 

α+β:MS1 

None  

2-3 days 

0.0029 100 

Baseline  

Male 0.0147 100 
Female + GCG 0.0148 334 

Male 0.0086 33.1 
Female + GLP-1 0.0023 370.5 

Male 0.0107 60.5 
Female None  

6-7 days 

0.0044 100 - 
Male 0.0050 100 - 

Female 

+ GCG 

0.0031 48 
Cluster ß 

% subcluster ß 
= fusion into larger clusters 

Male 0.0049 65 
Cluster ß 

% subcluster Ý 
= fragmentation 

Female 

+ GLP-1 

0.0203 173.8 
Cluster Ý 

% subcluster ß 
= shift toward larger clus-

ters 

Male 0.0087 193.2 
Cluster ß 

% subcluster Ý 
= fragmentation 

Female None  

9-10 days 

0.0035 100 - 
Male - - - 

Female + GCG - - - 
Male - - - 

Female + GLP-1 0.0016 686.6 
Cluster ß 

% subcluster Ý 
= fragmentation 

Male 0.0101 - - 
       

Briefly, our results indicate that both female- and male-derived pseudo-islets respond to GCG and GLP-

1 supplementation during early stages of pseudo-islet formation, with evidence of increased aggrega-

tion or maturation depending on the condition. However, over longer culture periods (9–10 days), signs 

of fragmentation emerge, particularly in female-derived pseudo-islets treated with GLP-1. Increased 

subcluster percentages and a decline in cluster counts indicate this. In male-derived pseudo-islets, 

fragmentation tends to occur earlier, often by 6–7 days and is especially pronounced in the + GLP-1 

condition, whereas + GCG can have stabilizing effects. These findings suggest that the structural tra-

jectory of pseudo-islets is both sex-dependent and hormone-specific, but particularly dependent on the 

cell combinations used to generate pseudo-islets. 
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3.3.4.2 Stratification by donor BMI 

For native islets, donor BMI strongly influenced fragmentation dynamics. In obese donors, baseline 

cluster counts were higher (30 µm, µ ~ 2.1) compared to non-obese, reflecting early fragmentation of 

larger aggregates. Over time, fragmentation increased further, with a marked surge in small islets by 

day 10 (~ 176 % increase compared to CTRL) (Fig. 14e vs. f). Glucagon enhanced fragmentation at 

baseline (30 µm, µ ~ 2.8, % subclusters day 2: µ = 90.8 ± 61.3) but subsequently attenuated late-stage 

disintegration, yielding stable fragments (~ 70 % increase by day 10 compared to CTRL, % subclusters 

day 10: µ = 88.6 ± 2.3) (Fig. 14e and i). GLP-1 provided the most consistent benefit in this group, 

reducing both fragmentation and subcluster burden across time (30 µm, µ ~ 2.1, % subclusters day 2: 

µ = 82.5 ± 53.5, day 10: + ~ 109 % compared to CTRL, % subclusters day 10: µ = 84.3 ± 0.76) (Fig. 

14e and i). In contrast, non-obese donors showed lower baseline fragmentation (30 µm: CTRL µ ~ 1.5, 

+ GCG µ ~ 1.6, + GLP-1 µ ~ 1.6) and relative stability through day 6 (30 µm: CTRL µ ~ 1.5, + GCG µ 

~ 2, + GLP-1 µ ~ 2.4), but a pronounced increase in fragmentation by day 10 (increase compared to 

CTRL: ~ 95 % CTRL, ~ 57 % + GCG, ~ 145 % + GLP-1) (Fig. 14f and j). In this group, GCG promoted 

progressive instability, while GLP-1 induced the highest degree of fragmentation and subcluster for-

mation (% subclusters day 2 vs. 10: + GCG µ = 114 ± 35.2 vs. µ = 132 ± 22.7 and + GLP-1 µ = 135 ± 

32.3 vs. µ = 130 ± 27.8), particularly at mid-stage culture (Fig. 14f and j).  

For pseudo-islets, donor BMI markedly influenced cluster formation dynamics (see Table 7 for details). 

Non-obese donors displayed pronounced remodeling capacity, characterized by robust early cluster 

formation in response to supplementation. GCG induced strong early growth associated with transient 

fragmentation but was followed by a marked decline in subclusters, indicating progressive structural 

stabilization over time (% subclusters day early vs. late: α+β+δ + GCG µ = 141 ± 33.583 vs. µ = 38 ± 

8.729, β+δ + GCG: µ = 98 ± 35.199 vs. µ = 19 ± 11.839, α+β + GCG: µ = 67 ± 17.417 vs. µ = 60 ± 

14.632). GLP-1 induced extensive cluster formation with reduced subcluster burden initially but 
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ultimately led to over-fragmentation at later stages (% subclusters day early vs. late: α+β+δ + GLP-1: 

µ = 79 ± 15.399 vs. µ = 117 ± 28.018, α+β + GLP-1: µ = 122 ± 35.538 vs. µ = 978 ± 251.876). Over 

time, non-obese pseudo-islets transitioned from expansion to consolidation, reflecting an active yet 

stage- and supplementation-dependent remodeling process. In contrast, pseudo-islets from obese do-

nors exhibited higher baseline cluster counts, suggesting dispersion and smaller initial aggregates, but 

showed limited remodeling thereafter. GCG generally suppressed further cluster formation and occa-

sionally promoted fragmentation (% subclusters day early vs. late: α+β+δ + GCG µ = 65 ± 24.261 vs. 

µ = 99 ± 0.817), whereas GLP-1 supported moderate growth without inducing notable instability, alt-

hough subcluster count data here were limited. Collectively, these findings indicate that non-obese 

donor pseudo-islets retain high plasticity and responsiveness to hormonal stimuli, while obese donor 

pseudo-islets show reduced adaptability and a tendency toward structural stabilization rather than dy-

namic reorganization. 

Table 7: Pseudo-islet growth and formation across donor BMI. Pseudo-islet growth dynamics and subcluster composition (% 
subclusters) are stratified by donor BMI, grouped with the cut-off of 30 kg/m2. Data are shown for different cell type combinations, media 
supplementations, and observation time points (days post-seeding). The interpretation column guides how fluctuations in growth and 
subcluster proportions can be understood in the context of pseudo-islet formation. 

Donor 
BMI 

Cell type com-
bination 

Media supplemen-
tation 

Time post-
seeding 

Mean cluster 
count (dy-

namic 
growth) 

% subclus-
ters Interpretation 

Non-o-
bese 

α+
β+
δ:

M
S1

 

No
ne

 

 
2-

3 
da

ys
 

 

0.0046 100 baseline 
Obese 0.0064 100 

Non-o-
bese 

+ 
G

CG
 0.0120 141 

Cluster ÝÝ 
% subcluster ÝÝ 
= strong growth 

Obese 0.0030 65 
Cluster ß 

% subcluster ß 
= impaired growth/reduced sta-

bility 

Non-o-
bese 

+ 
G

LP
-1

 0.0112 15 
Cluster ÝÝ 

% subcluster ßß 
= robust growth, fewer subclus-

ters 

Obese 0.0073 23 
Cluster Ý 

% subcluster ß 
= moderate growth, reduced 

subclusters 
Non-o-
bese N on e 6- 7 da ys

 

0.0058 100 baseline 
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Obese 0.0032 100 

Non-o-
bese 

+ 
G

CG
 

0.0120 38 

Cluster ÝÝ 
% subcluster ß 

= enhanced growth 

Cluster ß 
% subcluster ÝÝ 
= fragmentation 

Obese 0.0028 123 

Non-o-
bese 

+ 
G

LP
-1

 

0.0034 43 
Cluster ß 

% subcluster ß 
= reduced growth, fewer sub-

clusters 
Obese 0.0073 - - 
Non-o-
bese 

No
ne

 

9-
10

 d
ay

s 
0.0014 100 baseline 

Obese 0.0042 100 
Non-o-
bese 

+ 
G

CG
 

- - - 

Obese 0.0042 99 
Cluster Ý 

% subcluster Þ 
= moderate growth, unknown 

stability 

Non-o-
bese 

+ 
G

LP
-1

 

0.0019 28 
Cluster ß 

% subcluster ßß 
= reduced growth, reduced frag-

mentation 
Obese - - - 
Non-o-
bese 

β+
δ:

M
S1

 

No
ne

 

2-
3 

da
ys

 
 

0.0059 100 baseline 
Obese 0.0083 100 

Non-o-
bese 

+ 
G

CG
 0.0064 98 

Cluster Ý 
% subcluster Þ 

= moderate growth 

Obese 0.0055 42 
Cluster ß 

% subcluster ß 
= reduced growth 

Non-o-
bese 

No
ne

 

6-
7 

da
ys

 

0.0019 100 baseline 
Obese - - 

Non-o-
bese 

+ 
G

CG
 0.0011 19 

Cluster ßß 
% subcluster ß 

= impaired growth; likely frag-
mentation 

Obese 0.0043 - 
Cluster Ý 

% subcluster ? 
= modest growth; unknown sta-

bility 
Non-o-
bese 

No
ne

 

9-
10

 d
ay

s 0.0018 100 baseline 
Obese - - 
Non-o-
bese + 

G
CG

 

- - - 

Obese - - - 
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Non-o-
bese 

 
α+
β:

M
S1

 

No
ne

 

2 -
3 

da
ys

 

0.0025 100 baseline 
Obese 0.0122 100 

Non-o-
bese 

+ 
G

CG
 

0.0026 67 
Cluster ß 

% subcluster ß 
= low growth 

Obese - - - 

Non-o-
bese 

+ 
G

LP
-1

 
0.0025 123 

Cluster ß 
% subcluster ÝÝ 

= impaired growth; likely frag-
mentation 

Obese - - - 
Non-o-
bese 

No
ne

 

6-
7 

da
ys

 

0.0022 100 baseline 
Obese - - 

Non-o-
bese 

+ 
G

CG
 

0.0019 60 
Cluster ß 

% subcluster ß 
= low growth; fewer subclusters 

Obese - - - 

Non-o-
bese 

+ 
G

LP
-1

 

0.0034 178 
Cluster Ý 

% subcluster ÝÝÝ 
= strong fragmentation 

Obese - - - 
Non-o-
bese 

No
ne

 

9-
10

 d
ay

s 

- - - 

Obese - - - 
Non-o-
bese + 

G
CG

 

- - - 

Obese - - - 

Non-o-
bese 

+ 
G

LP
-1

 

0.0037 978 
Cluster Ý 

% subcluster ÝÝÝÝ = extreme 
fragmentation 

Obese - - - 
       

 

3.3.4.3 Stratification by donor hemoglobin A1c levels 

Consistent with the BMI-based analysis, stratification of donors by A1c status, using a cutoff of 5.7 % 

to define normal vs. elevated levels, revealed a fragmentation pattern indicative of increased plasticity 

in normal A1c (< 5.7 %) and decreased adaptability for donors of the elevated group (Fig. 14k and l). 

Normal A1c donors showed progressive fragmentation over time, reflecting the ongoing breakdown of 

larger aggregates. Both + GCG and + GLP-1 provided transient stabilization at mid-stage (day 6, % 

subclusters + GCG: µ = 68.1 ± 35.4, + GLP-1: µ = 71± 35.3 ), but by day 10, both hormones enhanced 
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fragmentation and instability (day 10, % subclusters + GCG: µ = 115.3 ± 27.2, + GLP-1: µ = 120.9 ± 

28.8) (Fig. 14k and o).  

In contrast, islets from donors with elevated A1c (> 5.7%) responded poorly to supplementation. Both 

GCG and GLP-1 induced fragmentation, most dramatically at day 2 and day 10, with GLP-1 driving 

particularly high instability at day 6 (Fig. 14l and p). Together, these findings indicate that while normal 

A1c islets retain dynamic remodeling capacity with temporary stabilization under supplementation, el-

evated A1c islets are intrinsically more fragile, destabilizing rapidly and severely when exposed to GCG 

or GLP-1. 

For pseudo-islets, clear differences emerged when stratified by donor A1c (see Table 8 for details). 

Donors with normal A1c (< 5.7 %) displayed dynamic remodeling capacity, with cluster counts stabiliz-

ing at mid-stage (6 days in culture) before increasing again at later time points, consistent with frag-

mentation over time in culture. GCG and GLP-1 both reduced subclusters at baseline, indicating early 

stabilization, but these effects disappeared with time, as + GCG promoted fragmentation by day 6 and 

GLP-1 showed variable effects. In contrast, donors with elevated A1c (> 5.7 %) exhibited lower cluster 

counts at baseline and a blunted trajectory over time, reflecting impaired plasticity. While GCG occa-

sionally reduced subclusters, suggesting transient stabilization, it more often destabilized clusters, par-

ticularly in β+δ:MS1 pseudo-islets at day 6. GLP-1 had minimal or inconsistent benefit in this group, 

with cluster counts largely remaining low and stable across time. Together, these findings indicate that 

normal A1c donors retain the capacity for time-dependent remodeling, while elevated A1c donors form 

fewer aggregates that are less able to remodel or stabilize under supplementation. 

Table 8: Pseudo-islet growth and formation across donor A1c. Pseudo-islet growth dynamics and subcluster composition (% sub-
clusters) are classified by donor A1c, using a cutoff of 5.7 %. Values below 5.7 % are considered normal, while those above are regarded 
as elevated or pre-diabetic. Data are presented for various cell type combinations, media supplements, and observation time points (days 
after seeding). The interpretation column offers guidance on how changes in growth and subcluster proportions can be understood in the 
context of pseudo-islet formation. 

Donor A1c Cell type com-
bination 

Media supple-
mentation 

Time post-
seeding 

Mean cluster 
count (dynamic 

growth) 
% subclusters Interpretation 
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Normal (A1c < 
5.7 %) 

α+β+δ:MS1 
 

None 

2-3 days 
 

0.0059 100 

baseline 

Elevated (A1c > 
5.7 %) 0.0042 100 

Normal (A1c < 
5.7 %) + GCG 

0.0071 64 

Elevated (A1c > 
5.7 %) 0.012 117 

Normal (A1c < 
5.7 %) + GLP-1 

0.0057 51 

Elevated (A1c > 
5.7 %) 0.018 61 

Normal (A1c < 
5.7 %) None 

6-7 days 

0.0031 100 - 

Elevated (A1c > 
5.7 %) 0.0066 100 - 

Normal (A1c < 
5.7 %) 

+ GCG 

0.0028 123 
Cluster ß 

% subclusters 
ÝÝ  

= fragmentation 

Elevated (A1c > 
5.7 %) 0.012 43 

Cluster Þ 
% subclusters 

ßß  
= stable 

Normal (A1c < 
5.7 %) 

+ GLP-1 

0.0052 81 

Cluster - 
% subclusters Ý  
= some fragmen-

tation 

Elevated (A1c > 
5.7 %) 0.017 - 

Cluster Þ 
% subclusters - 

= stable 
Normal (A1c < 

5.7 %) None 

9-10 days 

0.0031 100 - 

Elevated (A1c > 
5.7 %) 0.0013 100 - 

Normal (A1c < 
5.7 %) + GCG 

0.0042 99 
Cluster ß 

% subclusters Ý  
= some fragmen-

tation 
Elevated (A1c > 

5.7 %) - - - 

Normal (A1c < 
5.7 %) + GLP-1 

0.0019 79 
Cluster ß 

% subclusters Ý  
= some fragmen-

tation 
Elevated (A1c > 

5.7 %) - - - 

Normal (A1c < 
5.7 %) 

β+δ:MS1 

None 

2-3 days 
 

0.0074 100 

baseline 

Elevated (A1c > 
5.7 %) 0.0042 100 

Normal (A1c < 
5.7 %) + GCG 

0.0055 63 

Elevated (A1c > 
5.7 %) 0.0011 78 

Normal (A1c < 
5.7 %) None  6-7 days 0.0035 100 - 
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Elevated (A1c > 
5.7 %) 0.0002 100 - 

Normal (A1c < 
5.7 %) 

+ GCG 

0.0043 - 
Cluster ß 

% subclusters - 
= cluster merg-
ing, stability? 

Elevated (A1c > 
5.7 %) 0.0011 139 

Cluster Þ 
% subclusters Ý 

Ý 
= fragmentation 

Normal (A1c < 
5.7 %) None 

9-10 days 

0.0114 100 - 

Elevated (A1c > 
5.7 %) - 100 - 

Normal (A1c < 
5.7 %) 

+ GCG 

0.0109 - 

Cluster ÝÝ 
% subclusters - 
= many small 

clusters, stabil-
ity? 

Elevated (A1c > 
5.7 %) 0.0011 - 

Cluster Þ 
% subclusters - 

= stability? 
Normal (A1c < 

5.7 %) 

α+β:MS1 

None  

2-3 days 

0.0098 100 

baseline 

Elevated (A1c > 
5.7 %) 0.0011 100 

Normal (A1c < 
5.7 %) + GCG 

0.0057 42 

Elevated (A1c > 
5.7 %) 0.0011 - 

Normal (A1c < 
5.7 %) + GLP-1 

0.0043 76 

Elevated (A1c > 
5.7 %) 0.0007 - 

Normal (A1c < 
5.7 %) None  

6-7 days 

0.0033 100 - 

Elevated (A1c > 
5.7 %) - - - 

Normal (A1c < 
5.7 %) + GCG 

0.002 44 
Cluster ß 

% subclusters Þ  
= merging into 
larger clusters 

Elevated (A1c > 
5.7 %) - - - 

Normal (A1c < 
5.7 %) + GLP-1 

0.0034 131 
Cluster ß 

% subclusters 
ÝÝ  

= fragmentation 
Elevated (A1c > 

5.7 %) - - - 

Normal (A1c < 
5.7 %) None  

9-10 days 

- - - 

Elevated (A1c > 
5.7 %) 0.0011 - - 

Normal (A1c < 
5.7 %) + GCG - - - 
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Elevated (A1c > 
5.7 %) - - - 

Normal (A1c < 
5.7 %) 

+ GLP-1 

0.0037 - 
Cluster ß 

% subclusters -  
= merging into 
larger clusters 

Elevated (A1c > 
5.7 %) 0.0006 - 

Cluster ß 
% subclusters - 
= merging into 
larger clusters 

       
 

3.3.4.4 Stratification by donor age 

Native islets from donors < 50 years showed high baseline fragmentation at day 2, particularly in small 

islets, consistent with early breakdown of larger aggregates into smaller fragments. Over time, frag-

mentation declined by day 6, reflecting transient stabilization, but increased again by day 10 (Fig. 14m). 

However, CTRL condition fragmentation remained below the fragmentation levels observed for + GCG 

and + GLP-1. Glucagon consistently increased fragmentation, whereas GLP-1 exerted a transient sta-

bilizing effect at early and mid-time points but failed to prevent late-stage fragmentation. Subcluster 

data confirmed these observations (% subcluster at day 2: + GCG µ = 104.8 ± 41.9, + GLP-1 µ = 70.8 

± 27.6, day 6: + GCG µ = 48.3 ± 41.1, + GLP-1 µ = 61.2 ± 49, day 10: + GCG µ = 119.2 ± 65.5, + GLP-

1 µ = 132.1 ± 70.2) (Fig. 14q). 

In contrast, islets from donors > 50 years showed lower baseline fragmentation at day 2 and remained 

relatively stable through day 6, suggesting reduced plasticity compared to younger donors. By day 10, 

however, fragmentation rose sharply, indicating the breakdown of larger islets. Although not to the 

same levels as reproductive donors (Fig. 14n). Again, supplementation did not improve outcomes: GCG 

promoted fragmentation compared to control conditions. However, % subclusters remained stable, alt-

hough > 100 %, suggesting increased fragmentation compared to CTRL conditions (% subcluster at 

day 2: + GCG µ = 150.9 ± 53.2, day 6: + GCG µ = 137.7 ± 45, day 10: + GCG µ = 131.7 ± 22.7). GLP-

1 consistently promoted fragmentation over time in culture with a sharp increase at day 10. Subcluster 
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percentages were over 200 % suggesting significantly higher fragmentation rates compared to CTRL 

and + GCG conditions. However, at day 10, there is a sharp decrease to ~ 130 % (matching + GCG 

levels), indicative of some stabilization (% subcluster at day 2: + GLP-1 µ = 208.2 ± 67.4, day 6: + GLP-

1 µ = 232.8 ± 61.6, day 10: + GLP-1 µ = 131.8 ± 25.4) (Fig. 14r). 

For pseudo-islets, distinct differences in cluster formation were observed (see Table 9 for details). Do-

nors < 50 years showed robust cluster formation at baseline (day 2), with high cluster counts indicative 

of many small aggregates. Over time, the number of clusters declined, reflecting consolidation into 

fewer, larger structures. Supplementation modulated this trajectory: GCG generally promoted stabili-

zation by reducing fragmentation, whereas GLP-1 had stage-dependent effects. Initially, GLP-1 re-

duced subclusters but later induced fragmentation before ultimately supporting consolidation at later 

stages. In contrast, donors > 50 years exhibited markedly reduced cluster formation from the start, with 

few aggregates that failed to expand or stabilize over time. GCG provided partial rescue at early stages 

but often at the expense of stability, while GLP-1 had little to no benefit.  

Table 9: Pseudo-islet growth and formation across donor age. Pseudo-islet growth dynamics and subcluster composition (% 
subclusters) are stratified by donor age, grouped with the cut-off of 50 years. Data are shown for different cell type combinations, media 
supplementations, and observation time points (days post-seeding). The interpretation column guides understanding of fluctuations in 
growth and subcluster proportions within the context of pseudo-islet formation. 

Donor 
Age 

Cell type combi-
nation 

Media supple-
mentation 

Time post-
seeding 

Mean cluster count (dy-
namic growth) 

% sub-
clusters Interpretation 

< 50 
years 

α+β+δ:MS1 
 

None 

2-3 days 
 

0.0072 100 

baseline 

> 50 
years 0.0016 100 

< 50 
years + GCG 

0.0081 124 

> 50 
years 0.0076 - 

< 50 
years + GLP-1 

0.0099 59 

> 50 
years - - 

< 50 
years None 

6-7 days 

0.0078 100 - 

> 50 
years 0.0021 100 - 

< 50 
years + GCG 0.0088 105 

Cluster Ý 
% subclusters Ý  

= mild fragmentation 
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> 50 
years - - - 

< 50 
years + GLP-1 

0.0096 122 
Cluster Ý 

% subclusters Ý  
= fragmentation 

> 50 
years - - - 

< 50 
years None 

9-10 days 

0.0031 100 - 

> 50 
years - - - 

< 50 
years + GCG 

0.0042 99 
Cluster ß 

% subclusters Þ  
= promoting stability 

> 50 
years - - - 

< 50 
years + GLP-1 

0.0019 79 
Cluster ß 

% subclusters ß  
= stabilization with fewer 

larger clusters 
> 50 
years - - - 

< 50 
years 

β+δ:MS1 

None 

2-3 days 
 

0.0076 100 

baseline 

> 50 
years 0.0004 100 

< 50 
years + GCG 

0.0055 90 

> 50 
years 0.0012 54 

< 50 
years None  

6-7 days 

0.0035 100 - 

> 50 
years 0.0002 100 - 

< 50 
years 

+ GCG 

0.0043 23 
Cluster ß 

% subclusters ßß  
= formation of fewer, 

larger clusters 

> 50 
years 0.0011 204 

Cluster Ý 
% subclusters ÝÝ  
= fragmentation 

< 50 
years None 

9-10 days 

0.0018 100 - 

> 50 
years - - - 

< 50 
years + GCG 

0.0043 30 
Cluster ß 

% subclusters ßß  
= formation of fewer, 

larger clusters 
> 50 
years - - - 

< 50 
years 

α+β:MS1 
None  

2-3 days 

0.0098 100 

baseline > 50 
years 0.0012 100 

< 50 
years + GCG 0.0057 44 
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> 50 
years 0.0011 - 

< 50 
years + GLP-1 

0.0043 81 

> 50 
years 0.0008 - 

< 50 
years None  

6-7 days 

0.0033 100 - 

> 50 
years 0.0002 100 - 

< 50 
years + GCG 

0.002 56 
Cluster ß 

% subclusters ß  
= formation of fewer, 

larger clusters 
> 50 
years - - - 

< 50 
years + GLP-1 

0.0037 165 
Cluster ß 

% subclusters Ý  
= fragmentation 

> 50 
years - - - 

< 50 
years None  

9-10 days 

- - - 

> 50 
years - - - 

< 50 
years + GCG 

- - - 

> 50 
years - - - 

< 50 
years + GLP-1 

0.0037 - - 

> 50 
years - - - 

       
 

To determine whether the observed effects between the different stratification approaches might be 

driven by donor sex, we examined the sex distribution within each stratification. For BMI-stratified do-

nors, the non-obese group comprised 11 females and 9 males, whereas the obese group consisted of 

6 females and 8 males (see Table 10 and Venn (180) diagram in Fig. 16a-c). To assess whether sex 

and obesity were associated in this cohort, we applied Fisher’s exact test, which is well-suited for small 

sample sizes and evaluates whether the overlap between categorical variables (e.g., sex vs. BMI) ex-

ceeds that expected by chance. In this analysis, the observed obesity rates (~ 35 % in females and ~ 



 90 

47 % in males) yielded a p-value of 0.7283, indicating that sex and obesity are likely independent in 

this donor population. 

Table 10: Contingency table for donor sex crossed with donor BMI. To evaluate the contribution of donor sex to the effect seen when 
donors were stratified by BMI, donor sex and donor BMI groups were crossed, resulting in the following contingency table. 

Donor Sex Non-obese Obese Total 

Female 11 6 17 

Male 9 8 17 

Total 20 14 34 
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We performed the same comparison to donor sex for donor age and A1c as well (Table 11 and 12). 

The < 50 years group comprised 7 females and 11 males, whereas the > 50 years group consisted of 

10 females and 5 males (see Table 11 and Venn (62) diagram in Fig. 16d-e). Fisher’s exact test analysis 

revealed that ~ 59 % of females were > 50 years, for males this was only ~ 30 % with a p-value of 

0.1663. This indicates that although the age distribution is quite different for the sexes, sex and age are 

likely independent in this donor population. 

For the A1c groups, 7 females and 11 males had normal A1c, whereas 10 females and 5 males had 

elevated A1c values (see Table 12 and Venn (62) diagram in Fig. 16g-i). Fisher’s exact test analysis 

revealed that ~ 59 % of females had elevated A1c, for males this was only ~ 30 % with a p-value of 

0.1663. This indicates that although the A1c levels are quite different for the sexes, with more female 

donors being in the pre-diabetic range, sex and A1c are likely independent characteristics in this donor 

population. 

  

Figure 16: Human Islet Donor Cohort Overview and Cross Analysis. Four donor characteristics: sex, BMI, age, and A1c were picked 
to stratify donors. Each of these characteristics was additionally crossed with sex to identify potential cross-correlations. (a-c) Donor sex 
crossed with donor BMI. (a) Venn diagram showing the overlap between male and female donors with the obese group. (b) female/male 
donor counts, grouped by BMI (non-obese (green) vs. obese (red)). (c) donor cohort BMI values (y-axis) over gender (x-axis), with 
grouping value at 30 kg/m2. Each point corresponds to one donor. (d-f) female/male donor counts, grouped by age (< 50 years (green) 
vs. > 50 years (red)). (d) Venn diagram showing the overlap between male and female donors with the age groups. Red fields highlight 
the female overlap and blue fields the male overlap. (e) donor cohort age values (y-axis) over gender (x-axis), with grouping value at 50 
years. Each point corresponds to one donor. (g-i) female/male donor counts, grouped by A1c (< 5.7 % (green) vs. > 5.7 % (red)). (g) 
Venn diagram showing the overlap between male and female donors with the A1c groups. Red fields highlight the female overlap and 
blue fields the male overlap. (h) donor cohort A1c values (y-axis) over gender (x-axis), with grouping value at 5.7 %. Each point corre-
sponds to one donor. Group comparison was performed by Fisher’s exact test; p-values are indicated on the graph. 0.05 was chosen 
as the cutoff for statistical significance. Error bars represent SEM. 
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Table 11: Contingency table for donor sex crossed with donor age. To evaluate the contribution of donor sex to the effect seen when 
donors were stratified by age, donor sex and donor age groups were crossed, resulting in the following contingency table. 

Donor Sex < 50 years > 50 years Total 

Female 7 10 17 

Male 11 5 16 

Total 18 15 33 

 

Table 12: Contingency table for donor sex crossed with donor A1c. To evaluate the contribution of donor sex to the effect seen when 
donors were stratified by A1c, donor sex and donor A1c groups were crossed, resulting in the following contingency table. 

Donor Sex Normal Elevated Total 

Female 7 10 17 

Male 11 5 16 

Total 18 15 33 
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3.4 Discussion 

The present findings demonstrate that donor characteristics markedly modulate the structural dynamics 

of both native and pseudo-islets in response to GCG or GLP-1 supplementation. Pseudo-islets thereby 

represent a versatile experimental system to investigate how external factors and intrinsic determi-

nants, such as the specific cellular composition of the islet, shape islet organization and stability. 

Because a fraction of β-cells can show CD9+ staining, CD9 was not used for phenotype calling, and 

distinction into β-cells and non-β-cells was done based on HIC1-8G12 positivity. Further, the FMO 

(A488 + PE - CD9) control validates that the β-cell gate remains biologically well-defined and “clean” 

of δ-cells (Appendix Fig. 1b).  

Native islet behavior in culture is strongly influenced by donor characteristics (Fig. 14). For pseudo-

islets, donor characteristics play a minor role. Here, the cellular makeup of the pseudo-islets was found 

to have a stronger effect on the in-culture behavior (Fig. 15). This is particularly well demonstrated by 

the functional omission of a certain cell type (absence model) (Section 3.3.3, Fig. 13). In the α-cell 

absence model, GCG supplementation led to reduced mean cluster counts, which is consistent with 

fewer, but larger clusters (compaction) effectively promoting cluster stabilization and expansion. This 

is consistent with GCG, normally secreted by the here-absent α-cells, being a paracrine cue that en-

hances cAMP/PKA signaling and hence is associated with survival (181). The selective GCG effect in 

obese and reproductive-age donors may reflect context-dependent differences in GCGR expression or 

differences in metabolic state and age, amplifying GCG responsiveness in these groups. 

Interestingly, in the β-cell absence model, GLP-1 addition did not change clustering metrics, suggesting 

either no effect on this phenotype under these conditions or that any GLP-1–mediated influence is β-

cell dependent. It has been shown that human β-cells show the highest functional GLP-1R signaling, 

removing them likely removes the dominant effector pathway for GLP-1–driven cAMP/adhesion 
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dynamics (182,183). Besides this genetic explanation, one must consider that long-term culture in a β-

cell-depleted context may have induced changes in receptor expression or that GLP-1s effect is quick 

and transient and might therefore be missed. Further, effects that do not visualize themselves in terms 

of morphology, such as survival, proliferation, or extracellular matrix (ECM) remodeling, were not con-

sidered here. GLP-1 might influence viability, apoptosis, or cytoskeletal programs without changing 

gross cluster number. 

Further supporting the notion that cellular composition has a dominant influence over donor character-

istics in the context of pseudo-islets are the experiments modulating cell–cell ratios (Fig. 13u and v). 

When α-cell numbers were increased to match β-cell numbers in α+β+δ pseudo-islets, fewer but larger 

clusters were formed (Fig. 13v, pink), indicative of enhanced compaction. This likely reflects the higher 

levels of endogenous GCG produced by the expanded α-cell population, which modulates intercellular 

organization through paracrine signaling. Increasing δ-cell numbers to match β-cells led to even greater 

compaction, consistent with the inhibitory role of SST in dampening intra-islet signaling (Fig.13v, or-

ange). 

In α+β pseudo-islets at physiological ratios, GCG supplementation increased cluster counts, consistent 

with a more dispersed system (Fig. 13u, normal, black vs. pink). In contrast, when the α:β ratio was 

inverted, dispersion increased significantly under CTRL conditions, likely due to elevated endogenous 

GCG secretion from the increased α-cell population. Interestingly, exogenous GCG supplementation 

under these α-enriched conditions induced compaction rather than further dispersion. This suggests a 

threshold effect at which GCG signaling transitions from promoting dispersion to favoring consolidation. 

This may reflect a self-limiting property of GCG (184). Moreover, this effect appears composition-de-

pendent, as increasing α-cell count in α+β+δ pseudo-islets (Fig. 13v, β=α, pink) resulted in compaction 

relative to CTRL but dispersion relative to δ-cell enriched pseudo-islets (β=δ, orange). This observation 

implies that δ cells, and consequently SST release, likely stimulated by GCG itself, modulated pseudo-



 96 

islet organization by counterbalancing GCG-driven dispersion through inhibitory feedback mecha-

nisms.  

Donor characteristics exerted a pronounced influence on the in-culture behavior of native islets. The 

observed differences are biologically plausible and consistent with expected physiological variability, 

underscoring the importance of donor stratification in interpreting islet culture outcomes. The strong 

influence of sex is consistent with accumulating evidence that endocrine cell function is shaped by sex-

specific physiology. Female islets may require a greater degree of plasticity to adapt to frequent and 

cyclical hormonal fluctuations associated with the menstrual cycle, pregnancy, and menopause. These 

recurrent endocrine transitions may have evolved to favor dynamic regulatory programs in female islets, 

thereby conferring greater responsiveness to external cues (89,92). In contrast, male islets, which are 

exposed to relatively stable hormonal milieus, may rely on less flexible mechanisms of adaptation, 

leading to different patterns of islet fragmentation and remodeling under identical supplementation con-

ditions. The additional effect of BMI further highlights the interplay between systemic metabolic state 

and intrinsic islet behavior, as obesity and insulin resistance impose chronic stress that may accentuate 

or blunt responsiveness to exogenous signals (167,168). 

Mechanistically, the sex-specific differences likely arise from the influence of steroid hormones on β- 

and α-cell function (185,186). Estrogen signaling has been shown to enhance β-cell survival, increase 

insulin biosynthesis, and attenuate glucagon secretion, thereby contributing to improved glucose ho-

meostasis under metabolic stress (89,153,186–188). Conversely, androgen exposure may exacerbate 

β-cell vulnerability and modulate glucagon release through distinct transcriptional programs 

(88,189,190). These sex-linked pathways may explain why female islets are more dynamic in their 

structural and functional responses to GCG or GLP-1. In addition, the observed role of BMI aligns with 

studies showing that obesity alters islet transcriptomic and secretory profiles, including genes related 

to stress adaptation, incretin signaling, and paracrine hormone interactions (167,191–193).  
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In contrast to native islets, pseudo-islets displayed markedly reduced sensitivity to donor-specific char-

acteristics. While some influence of sex and BMI was observed, these effects were less pronounced 

and inconsistent across conditions. Instead, the cellular composition of pseudo-islets emerged as the 

primary determinant of their response to hormone supplementation. This observation suggests that, in 

reconstituted systems, the intercellular architecture and relative proportions of α-, β-, and δ-cells exert 

greater control over the collective outcome than do donor-specific features from which the cells were 

derived. The pseudo-islet environment may therefore override, or at least buffer, the imprint of donor 

variability, highlighting the central role of paracrine crosstalk and cellular make-up in shaping respon-

siveness to environmental perturbations (194). 

While pseudo-islets offer clear advantages in experimental control and reduced dependence on donor-

specific variability, they also have inherent limitations compared to native islets. The process of pseudo-

islet generation involves multiple preparatory steps before a stable and functional structure is reached, 

introducing opportunities for technical variability. Moreover, pseudo-islets represent a simplified and 

incomplete version of the native islet microenvironment. They lack key non-endocrine components such 

as vasculature, innervation, immune cells, and/or stromal elements, all of which play integral roles in 

nutrient exchange, paracrine signaling, and stress adaptation (195). As discussed in the introduction 

and illustrated in Fig. 5, the pseudo-islet model could be expanded to include these additional cellular 

elements, potentially increasing physiological relevance. Nonetheless, even with such enhancements, 

pseudo-islets remain an artificial and minimalistic system. As with any experimental approach, the cho-

sen model should be guided by the specific research question. In this study, the goal was to dissect 

the contribution of defined endocrine cell types and hormones to islet growth and fragmentation. Hence, 

a system of limited complexity and high manipulability was well-suited. However, investigations focus-

ing on integrated islet physiology may be better addressed using native islets, particularly when donor 

cohorts are carefully stratified. 
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Taken together, these results suggest that native islets maintain donor-specific signatures that strongly 

dictate functional and structural responses to hormonal stimuli. Pseudo-islets, however, represent a 

system in which intra-islet cell composition becomes the predominant determinant. This distinction un-

derscores the need to carefully account for biological context when interpreting outcomes from native 

vs. engineered islet systems, where donor characteristics dominate in the former and cellular compo-

sition in the latter. Such considerations are particularly critical when extrapolating findings to human 

physiology and disease modeling. 
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Chapter 4 Glucagon and GLP-1 Accelerate Pseudo-Islet 

Assembly and Unmask Sex-Specific Islet Fragmentation 

Dynamics 

Kaya Keutler1, Stella Prady1, Pamela Canaday2, Craig Dorrell3, and Carsten Schultz1 

1Oregon Health & Science University (OHSU), Department of Chemical Physiology and Biochemistry, 3181 SW Sam Jackson Park Road, 

Portland, Oregon 97239, USA, 2Oregon Health & Science University (OHSU), Flow Cytometry and Monoclonal Antibody Shared Re-

source, 3181 SW Sam Jackson Park Road, Portland, Oregon 97239, USA, 3Oregon Health & Science University (OHSU),  Department 

of Pediatrics, Papé Family Pediatric Research Institute, Stem Cell Center, Pediatric Blood & Cancer Biology Program, 3181 SW Sam 

Jackson Park Road, Portland, Oregon 97239, USA 

4.1 Abstract 

Pancreatic hormones are best known for their role in regulating blood sugar levels as well as islet cell 

function and proliferation. However, their impact on maintaining and inducing cell aggregation in culture 

remains underexplored. In this study, we investigated the effects of glucagon (GCG) and glucagon-like 

peptide 1 (GLP-1) on the formation and integrity of human islet clusters. Native human islets were 

dissociated and sorted into pure α-, β-, and δ-cell populations using antibody-based fluorescence-ac-

tivated cell sorting (FACS). The sorted cells were then co-cultured with mouse endothelial MS1 cells in 

suspension to generate pseudo-islets of varying cell composition. Hormonal supplementation with GCG 

or GLP-1 was administered versus a blank during the tissue culture phase. Hormone-treated pseudo-

islets formed faster, dependent on the cellular composition and the sex of the donor. In parallel, we 

also exposed native islets, maintained in suspension without prior dissociation or sorting, to hormone 

supplementation. These islets exhibited accelerated fragmentation under hormone treatment com-

pared to controls, again dependent on donor sex, with islets from female donors fragmenting faster 
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than from male donors. These findings suggest that GCG and GLP-1 enhance pseudo-islet formation 

and affect the structural integrity of native islets in a sex-specific manner, offering insights into islet 

biology and implications for diabetes research and therapy. 

4.2 Article Highlights 

We established a manipulatable, expandable human pseudo-islet platform to investigate islet morpho-

genesis, architecture, and intercellular signaling. We examined the contribution of individual α-, β-, and 

δ-cell populations and assessed how glucagon (GCG) and glucagon-like peptide-1 (GLP-1) modulate 

islet integrity in culture. In native islets, hormonal supplementation attenuated fragmentation in male 

donors but accelerated it in females. In pseudo-islets, cellular composition was the predominant deter-

minant of maturation versus fragmentation, with donor sex exerting a secondary influence. We present 

methodological guidelines for generating and maintaining human pseudo-islets, thereby providing a 

framework to optimize donor selection, culture conditions, and experimental design in diabetes re-

search. 

4.3 Introduction 

Islets of Langerhans and their secreted hormones are key regulators of glucose homeostasis in mam-

mals. Dysregulation of these cells is the hallmark of diabetes. Therefore, factors that influence the 

function and well-being of the islet have been the focus for developing new therapeutic strategies be-

yond insulin supplementation.  

Apart from insulin, glucagon-like-peptide 1 (GLP-1) is among the most studied and has led to the ap-

proval of diabetes and weight control drugs such as Ozempic. GLP-1 works primarily through the GLP-

1 receptor (GLP-1R, a G-protein coupled receptor), which in the islet is exclusively expressed by β-

cells (196). GLP-1 has been shown to promote β-cell replication by inducing the expression of cell cycle 
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regulators such as cyclin D1. This effect is mediated through a signaling network involving cAMP/pro-

tein kinase A (PKA), phosphoinositide 3-kinase (PI3K) (197), and mitogen-activated protein kinase 

(MAPK)/extracellular signal-regulated kinase (ERK). For instance, GLP-1 increases cyclin D1 mRNA 

and protein levels in β-cells, facilitates the G0/G1-S phase transition, and enhances proliferation (198). 

In addition to promoting β-cell proliferation, GLP-1 also exerts anti-apoptotic functions by activating 

survival signaling networks, including the PI3K/AKT pathway, which inhibits the activation of pro-apop-

totic proteins like caspase-3 and BAD (197). GLP-1 increases β-cell mass in the islet, partially through 

the induction of β-cell proliferation as detailed above, but also through inducing the conversion of α-

cells into β-cells. This process involves the expression of fibroblast growth factor 21 (FGF21), facilitat-

ing the transdifferentiation process (199,200). Additionally, GLP-1 promotes insulin secretion by β-cells 

as well as suppresses glucagon secretion by α-cells. This is a glucose-dependent action through cAMP 

and the exchange protein activated by cAMP (EPAC) (201). 

These data support the hypothesis that local production of GLP-1 from pancreatic α-cells on demand 

may be beneficial to protect and regenerate β-cells. This is also suggested by the observation that 

healthy islets secrete more GLP-1 following culture with high glucose (199), which is a known stressor. 

Similar results have been previously described in rodents, where α-cells were found to produce more 

GLP-1 following β-cell injury. This has been thought of as an adaptive mechanism as well as a way to 

boost insulin secretion from remaining β-cells (202).  

In addition to GLP-1, α-cell-secreted glucagon (GCG) modulates β-cell function by regulating microtu-

bule (MT) stability, impacting insulin secretion, and overall islet performance. In islets with a higher α/β-

cell ratio, β-cells exhibit a less stable MT network that is associated with enhanced insulin release in 

response to high glucose and depolarizing stimuli, a response that is recapitulated by direct GCG stim-

ulation (203–205). Mechanistically, GCG and GLP-1 activate cAMP production in β-cells, promoting 

both the nucleation of new MTs at the Golgi apparatus (thereby supporting insulin secretory granule 
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biosynthesis) and the destabilization of existing MTs, which increases the pool of releasable insulin 

granules by potentiating Ca²⁺ influx and elevating granule sensitivity to Ca²⁺. Furthermore, β-cells in 

closer proximity to α-cells show more pronounced MT destabilization and insulin secretion, highlighting 

a spatial aspect of paracrine signaling that underlies the functional heterogeneity of islets (204,205). 

Further, as indicated by cell line co-culture to form pseudo-islets, α-cell secreted hormones reduce 

oxidative stress and hence act protectively for β-cell mass (206). 

The importance of α-β-cell paracrine regulation is also indicated by the identification of GLP-1R 

nanodomains on the contact sites of α-cells and β-cells. At those contact sites, pre-internalization of 

GLP-1R at low glucose levels primes these β-cells for rapid and enhanced Ca²⁺ signaling and insulin 

secretion upon high-glucose stimulation. β-cells adjacent to α-cells exhibit earlier Ca²⁺ rises and nearly 

double the insulin release compared to those neighboring other β-cells (207).   

GLP-1 and GCG also regulate islet size and architecture. Studies in transgenic mouse models have 

identified transcription factors such as Elk-1 and Egr-1, downstream of Ca²⁺ signaling, as key controllers 

of islet development and mass. Dysregulation of these pathways impairs islet architecture and glucose 

homeostasis. Therefore, both incretin and GCG signaling are critical for islet assembly during develop-

ment and for preserving islet integrity in adulthood (77,208,209).  

Human islet architecture is distinct from that of rodents, although arguments have been made that 

within human islets, microdomains follow the rodent islet organization of β-cells in the core and α-cells 

in the mantle (45,210,211). However, little is known about the placement of δ-cells and the connec-

tion/placement of blood vessels. Although islets only represent 1–2 % of the pancreatic mass, they 

receive 6–20% of the direct arterial blood flow to the pancreas (212). Based on measurements in the 

perfused rodent pancreas, Samols et al. observed a β à α à δ sequence, implying that δ-cells occupy 

the final (most downstream) positions along the islet capillary network, i.e., immediately adjacent to the 

draining vessels (213). Using immunohistochemistry, Braun et al. indicated that within isolated human 
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islets (that hence lack vascularization), δ-cells reside close to cell-free areas (possibly corresponding 

to openings from blood vessels) (43). It has been suggested that the islet is extremely vascularized, 

with each β-cell connected to a blood vessel or at least no more than one cell apart from a blood vessel 

(46), which ensures that insulin is directly released into the bloodstream (46,47,214).  

Over the last two to three decades, researchers have made substantial progress in characterizing the 

islet microenvironment and its signaling networks. However, these insights remain circumstantial be-

cause no model allows real-time study of islet organoid formation with manipulatable components. 

Without such a system, it is impossible to explain why native islets diverge in behavior from immortal-

ized cell lines or to pinpoint which cell types or hormones drive those differences. Therefore, we have 

developed a pseudo-islet platform built from primary human cells that enables controlled assembly and 

manipulation of specific endocrine cell populations, providing a tool to dissect cell-type– and hormone-

specific effects on islet development and function.  

In this study, we demonstrate that immortalized pancreatic cell lines exhibit enhanced growth when the 

culture media was supplemented with glucagon or GLP-1. This effect was found to be mediated via 

their respective G protein–coupled receptors. However, when native human islets were exposed to the 

same hormones, they did not show improved viability. Instead, their previously observed (179,215,216) 

in culture fragmentation was accelerated in female but not male donor islets. To dissect these divergent 

responses, we established a controllable pseudo-islet model derived from human donor islets. These 

engineered pseudo-islets regain the growth benefit observed in cell lines upon hormone supplementa-

tion, revealing that the extent of this benefit depends on cellular composition, without sex-specific dif-

ferences. 
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4.4 Methods 

4.4.1 Tissue culture of pancreatic cell lines.  

Mouse Insulinoma 6 (MIN6) cells were a kind gift from Dr. Miyazakis's lab (Osaka, Japan). MIN6 cells 

were cultured in DMEM with 4.5 g/L glucose (Gibco, REF# 11965-092) supplemented with 70 µM β-

mercaptoethanol (Gibco, REF# 21985-023) before use. Cells were passaged once per week and used 

within passages 17-30.  

αTC1 clone 9 cells were a kind gift from the lab of Dr. Grompe (Portland, OR, USA). αTC1 cells were 

cultured in DMEM with 1 g/L glucose (Gibco, REF# 11885084) that was supplemented with 15 mM 

HEPES (Cytivia, REF #AJ30727929), NEAA (Gibco, REF #11140-050), and 100 mg BSA (Sigma, 

REF# A7906). Cells were passaged every three days and used within passages 4-13.  

4.4.2 Monitoring cell growth in response to media supplementation.  

Pancreatic hormone-secreting cell lines (MIN6 (passages 17-30), and aTC1 cl. 9 (passages 4-13)) were 

used to monitor cell growth. Cells were kept in high-glucose DMEM (4.5 g/L glucose, Gibco, REF# 

11965-092) and low-glucose DMEM (1 g/L glucose, Gibco, REF# 11885084), respectively. For supple-

mentation, hormones were purchased from Sigma Aldrich and used at the concentrations described in 

Table 13.  

To generate a growth curve, cells were seeded in 12-well plates (Falcon, LOT #353043) at a density of 

0.1 x 106 cells/mL. Cell growth was determined by manually counting the cells in each well (triplicate 

per day) on T2-T6 post-seeding with a hemocytometer. Cells were diluted with trypan blue (Sigma, 

REF #T8154). Additionally, cell counts were determined semi-automated using a Keyence EPI-micro-

scope and FIJI software to analyze the generated images. For this imaging, on the respective days, 

cells were stained with 10 µg/mL Hoechst (REF#TG2611041) for 10 min, at 5 % CO2 and 37 °C. After 
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washing, whole wells were imaged and analyzed using FIJI following the pipeline described in Supple-

mental Fig. 5.  

Manually and semi-automatically, cell-count results were correlated by calculating the number of cells 

per area. For manually counted cells, the area corresponded to the number of cells counted for each 

square of the hemocytometer (1 mm²). Cells in an entire well (380 mm2) were counted semi-automati-

cally.  Manually counted cell numbers were compared to semi-automatically counted cells by multiply-

ing by the dilution factor and then the area of the whole well. 

Table 13: Overview of compounds and hormones used 

Media Supplementation Final Concentration 

GLP-1 (human) 0.1 µg/mL 

Glucagon (GCG, human, G3265) 0.1 µg/mL 

Somatostatin (SST) 100 nM 

Exendin 9-39 (GLP-1R antagonist, E7269) 0.1 µg/mL 

GLP-1R agonist (G8038) 0.1 µg/mL 

GCGRIIα 1 µM 

 

4.4.3 Handling of human pancreatic islets.  

Human pancreatic islets were provided by the NIDDK-funded Integrated Islet Distribution Program 

(IIDP) (RRID:SCR _014387) at City of Hope, NIH Grant # U24DK098085, and the JDRF-funded IIDP 

Islet Award Initiative (Study # BS562P & BS562). Additionally, human islets for research were provided 

by the Alberta Diabetes Institute IsletCore at the University of Alberta in Edmonton 

(http://www.bcell.org/adi-isletcore.html) with the assistance of the Human Organ Procurement and Ex-

change (HOPE) program, Trillium Gift of Life Network (TGLN), and other Canadian organ procurement 

organizations. Islet isolation was approved by the Human Research Ethics Board at the University of 

Alberta (Pro00013094) (179). All donors' families gave informed consent for the use of pancreatic tissue 
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in research. Islets from both distribution programs were shipped overnight and processed on the re-

ceiving day. If that was not possible, they were stored at 4 °C for no more than seven days. Native 

islets, when used as controls for pseudo-islets, were maintained in 1x CMRL 1066 media (Corning, 

REF# MT15110CV) supplemented with 10 % FBS, 10 mM HEPES (Cytivia, REF#AJ30727929), and 2 

% L-glutamine (Gibco, REF#25030-081) with 1 % Pen/Strep (Gibco, REF# 15140122) and 1 µg/mL 

Amphoticerin B (Sigma, A2942, CAS # 1397-89-3) added just before use in culture. Human donor 

characteristics are listed in Appendix Table S1.  

4.4.4 Tissue sources and pancreatic cell isolation.  

Human pancreatic islets from normal donors were obtained from the NIDDK-funded Integrated Islet 

Distribution Program (IIDP) at City of Hope (Study # BS562P & BS562). These were collected from 

approved, consented cadaveric organ donors from whom at least one other organ has been approved 

for transplantation and are exempt from human studies approval. Specimens were dispersed to single-

cell suspensions by an 8–15 min digestion in 0.05% trypsin-EDTA (Gibco, REF#25-300-054) at 37 °C 

with dispersal by a p1000 micropipette every 3 min. The progress of the dispersion was checked by 

light microscopy. Undispersed tissue was removed with a 40-µm cell strainer (Fisherbrand, REF#22-

363-547), and dissociated cells were stored on ice in holding buffer (CMRL1066 + 2% FBS + 0.1 mg/mL 

trypsin inhibitor (Sigma, REF#T9128) and 0.1 mg/mL DNAse I (Roche, REF#10104159001) before 

antibody labelling for FACS. The number of samples analyzed was primarily determined by material 

availability, but it was chosen to be sufficient for statistical analysis. 

4.4.5 FACS of dissociated human islets into pure α-, β-, and δ-cell populations.  

Dissociated cells were resuspended in holding buffer (CMRL1066 + 2% FBS + 0.1 mg/mL trypsin in-

hibitor (Sigma, REF#T9128) and 0.1 mg/mL DNAse I (Roche, REF#10104159001)) before the addition 

of antibodies. The antibodies used were: HIC1-2B4 A488 conjugated (Novus Biologicals, REF# NBP1-
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18946AF488) at a 1:100 dilution, HIC1-8G12 PE conjugated (provided by the Grompe lab) at 1:50 

dilution, and anti-CD9 APC conjugated to APC (Thermo Fisher Invitrogen, MA1-10307) at a 1:20 dilu-

tion. Single antibody controls, FMO-APC, and all combined samples were incubated at 4°C for at least 

20 min. After washing with cold CMRL1066, cells were resuspended in holding buffer, and 1 % propid-

ium iodine (Sigma, REF#P4864) was added for live/dead distinction. Cell doublets were excluded by 

pulse width measurement, and propidium iodide staining was used to label dead cells for exclusion. 

Analysis was performed on a Cytopeia inFluxV-GS (Becton-Dickinson, BD) or a BD Symphony S6. 

4.4.6 Generation of pseudo-islets.  

Freshly sorted pancreatic cells were used to generate pseudo-islets. Pure cell populations were spun 

down directly after sorting and resuspended in 300 µL of media (CMRL1066 + 2% FBS + 1 % Pen/strep, 

+ 1 µg/mL Amphoticerin B). Based on the obtained cell numbers, concentrations in cells/µL were cal-

culated and used to mix cells in specific ratios. If not indicated otherwise, cells were combined in a 5:1 

ratio for β:α, 16:1 for β:δ, and 3:1 for α:δ. Additionally, pseudo-islet mixtures were combined with MS1 

cells in a 1:10 ratio, with ten MS1 cells (kindly provided by the Grompe Lab, CRL-2279) for every one 

endocrine cell (unless otherwise specified). Cell mixtures were seeded in ultra-low attachment, flat-

bottom 6-well plates (Corning, REF# CLS3471) in 3 mL of media (CMRL1066 + 2% FBS + 1 % 

Pen/strep, + 1 µg/mL Amphoticerin B). Cluster formation was allowed to happen for up to 14 days with 

hormone (0.1 µg/mL GCG or GLP-1) addition and culture media refill (100 µL/well to account for evap-

oration) every other day. Cluster formation was monitored by using a Keyence EPI-microscope in 

brightfield mode and FIJI software (see Appendix Fig. 4) to analyze the generated images. 

4.4.7 Supplementation of pancreatic cell lines, native islets, and pseudo-islets.  

For media supplementation, compounds listed in Table 1 were used in the concentrations described in 

column “Final Concentration”. Compounds were added every other day for the duration of the 
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experiment. In case of native and pseudo-islets, 100 µL of media were refilled every other day to ac-

count for evaporation and to replenish nutrients, Pen/strep, and Amphotericin B to prevent contamina-

tion. 

4.4.8 GSIS analysis.  

Samples (pseudo-islet mixtures and native donor islets) were removed from media and equilibrated by 

incubation for 1 h at 37°C, 5 % CO2 in KRHB + 2.8 mM glucose (pre-incubation). Cells were then 

transferred to fresh buffer (KRHB + 2.8 mM (basal) or 22.2 mM (stimulated)) glucose for 1 h at 37 °C, 

5 % CO2. After incubation, buffers were collected and stored at 4 °C for subsequent ELISA analysis 

(Promega, Lumit, Insulin Kit REF#CS3037A05 and Glucagon Kit REF#W8020). Additionally, total hu-

man insulin and glucagon content was measured from an aliquot of RIPA-lysed (RIPA, ThermoFisher 

REF # 89900 + Protease Inhibitors, cOmplete™ Protease Inhibitor Cocktail tablets, Sigma, REF # 

11697498001) clusters by human insulin/glucagon ELISA (Promega, Lumit). Statistical analyses of the 

results were performed using Graphpad Prism 10.5 (for analysis of variance tests) and Microsoft Excel 

(for mean and standard deviation). 

4.4.9 Immunofluorescent labeling of native and pseudo-islets.  

Native and pseudo-islets destined for immunohistochemistry were either fixed and stored or processed 

immediately for antibody staining. For storage, islets were fixed in 4 % paraformaldehyde (PFA) at RT 

for 15 min, then quenched with 30 mM glycine for 1 min. After centrifugation at 300 × g for 4 min, RT 

to pellet the islets, the SN was discarded, and the pellet was resuspended in 20 % (w/v) PEG 400 in 

PBS (storage solution) to fully cover the islets. These preparations were then stored at – 20 °C until 

use.  

For direct staining, islets were fixed in 4 % PFA at RT for 1 h, pelleted at 300 × g for 4 min, and blocked 

in PBS containing 10 % FBS and 0.1 % Triton X-100 for 1 h. Following another 300 × g spin to remove 
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blocking solution, islets were incubated without agitation in primary antibody mix—anti-insulin (Ther-

moFisher, REF#, 1:500), anti-GCGR (Abcam, REF#ab75240,1:250), and anti-GLP-1R (Iowa DSHB, 

REF#Mab 7F38,1:30)—in blocking buffer for 3–4 d at 4 °C. After a brief wash spin (300 × g, 4 min, RT), 

islets were incubated in secondary antibodies (Cy3-conjugated donkey anti-guinea pig (Jackson Im-

munoResearch, REF#706-165-148), Alexa 488 goat anti-rabbit (Invitrogen, REF#A11034), and Alexa 

647 goat anti-mouse (Invitrogen, REF#A21235), each at 1:1,000 in blocking buffer) at RT for 3 h or at 

4 °C for up to 24 h. Finally, islets were spun once more, resuspended in ~ 20 μL blocking buffer, and 

mounted on slides beneath a drop of DAPI-containing mounting medium (ThermoFisher, 

REF#P36966). Coverslips were applied and, once dry, slides were imaged on an Olympus F1200 con-

focal microscope using 405 nm, 488 nm, 559 nm, and 635 nm laser line excitation. Islets that were 

stored at – 20 °C were processed the same way for antibody staining, except for including additional 

washing steps beforehand to completely remove the storage solution.  

4.4.10 Software.  

For image processing, both FIJI (Appendix Fig. 4) and CellProfiler (Appendix Fig. 5) were used. To 

further streamline image analysis, FIJI macros were written for cell growth monitoring, native islet clus-

ter counts, and pseudo-islet cluster counts. These scripts were deposited on GitHub and can be found 

under https://doi.org/10.5281/zenodo.16757638. CellProfiler pipelines were generated for each chan-

nel combination and are also available on GitHub (https://doi.org/10.5281/zenodo.16757674). For basic 

calculations, such as mean and standard deviation, Microsoft Excel was used. For complex statistical 

evaluation, GraphPad Prism 10.5 was used.  

4.4.11 Statistical Analysis and Reproducibility.  

Donors were stratified by sex (female vs. male) to account for sex-specific differences; no other donor 

characteristics (e.g., BMI, age, A1C) were used for grouping. For native islets, each condition was 
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assayed in two technical replicates unless otherwise noted. Pseudo-islet experiments followed the 

same scheme with two technical replicates per condition whenever sort yields permitted. In total, ex-

perimental results from 10 female and 14 male donors served as biological replicates. All statistical 

comparisons were made by two-way ANOVA with Benjamini–Hochberg correction for multiple testing. 

4.5 Results  

4.5.1 GCG and GLP-1 promote the growth of pancreatic cell lines  
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MIN6 (β-cell) and αTC1 clone 9 (α-cell) lines were maintained in medium supplemented with 0.1 µg/mL 

GCG and/or GLP-1. Both peptides significantly increased cell growth compared with controls, as as-

sessed by increases in Trypan Blue exclusion and Hoechst-stained cell counts. For quantification, cells 

at each condition (CTRL, + GCG, + GLP-1) were seeded into a 12-well cell culture plate, and cell 

numbers were assessed on days 2, 4, and 6 post-seeding (see Fig. 17a).  The observed increase in 

cellular growth was consistent with current literature as summarized by Zheng et al. (217). However, 

the magnitude of the response depended on the cell type: GCG elicited the greatest proliferation in 

MIN6 cells, whereas GLP-1 drove the strongest increase in αTC1 clone 9 cells. To dissect receptor-

mediated mechanisms, we treated cells with selective agonists and antagonists for the GCGR and 

GLP-1R receptors. Antagonism of GCGR with the small molecule GCGRIIα (a selective, non-competi-

tive, high-affinity GCGR antagonist) abolished the proliferative effect observed with GCG, without de-

viating from control conditions when given alone. Further, inhibition of GLP-1R by Exendin 9-39 blocked 

GLP–1–induced α-cell growth, whereas Exendin 9-39 alone had no impact on basal proliferation of 

αTC1 clone 9 cells (Fig.17).  

4.5.2 Media supplementation with GCG and GLP-1 alters the fragmentation of native human 

islets in culture in a donor-sex-dependent manner 

We next repeated the cell culture experiments using native human islets. Islet cells did not proliferate 

without or in response to 0.1 µg/mL GCG or GLP-1, consistent with the reported minimal replicative 

capacity of adult β-cells ex vivo (218). However, isolated primary islets are known to fragment over time 

Figure 17: Hormone supplementation influences the Growth of pancreatic cell lines. (a) Pancreatic cell lines, MIN6 representing 
β-cells and αTC1 representing α-cells, were seeded in 12-well plates and supplemented with single pancreatic hormones or combi-
nations thereof. Growth monitoring was carried out for up to 6 days post-seeding with media exchange, hormone addition, and cell 
counts every day starting from T2 post-seeding (T3 and T5 counts are not shown for a better overview). (b-f) αTC1 cells (red panel) 
supplemented with 0.1 µg/mL of hormones (GCG (pink) or GLP-1(teal)), 0.1 µg/mL of GLP-1Ragx (GLP-1R antagonist, purple triangle), 
1 µM GCGRIIα (GCGR antagonist, brown) or combinations thereof (see legend for color associations). g & h) MIN6 cells (green panel) 
supplemented with 0.1 µg/mL of hormones (GCG (pink) or GLP-1(teal)), 1 µM GCGRIIα (GCGR antagonist, brown) or combinations 
thereof (see legend for color associations). Black represents CTRL conditions, which is the respective cell type in regular media without 
any additional supplementations. Statistical analysis was done by two-way ANOVA or mixed model (data dependent) for matched 
values in subcolumns. The Benjamini-Hochberg correction was used to adjust for multiple comparisons. P-values < 0.05 (considered 
the cutoff for statistical significance) are listed on the graphs. 



 112 

in standard culture (as exemplary indicated in Fig. 18a), with a rapid shift toward smaller islet particles 

occurring within the first 24 h (47,179,215). Fragmentation proceeded even faster when we maintained 

islets in culture for up to 10 d with cluster counts at 2-3, 6-7, and 9-10 d post-seeding (Fig. 18b (female) 

and c (male)). When we supplemented native human islets with GCG or GLP-1, this fragmentation was 

significantly accelerated compared with untreated controls. This was reflected by an increase in 30 µm 

diameter cluster counts from 2 to 10 d post-seeding, with percent increases of 87.1 % in females and 

130.9 % in males under control conditions, 68.2 % in females and 85.8 % in males with GCG, and 

137.2 % in females and 99.8 % in males with GLP-1 (Fig. 18d (male) and Fig. 18g (female)). Addition-

ally, changes in the proportion of subclusters (< 30 µm diameter; Fig. 18e (male) and Fig. 18h (female)), 

expressed as a percentage of control, further supported ongoing fragmentation. In males, subcluster 

abundance in the + GCG condition was elevated at 2 d (114.2 %) but declined by 6 and 10 d (77.5 % 

and 86.3 %, respectively). A similar pattern was observed with + GLP-1 (117.8 %, 91.2 %, and 83.6 

%). In contrast, female islets showed consistently elevated sub-cluster proportions. With + GCG, values 
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were 192 % at 2 d, 129 % at 

6 d, and 147.6 % at 10 d. 

With + GLP-1, subclusters 

remained high across all 

time points (184.7 %, 199.4 

%, and 193 %). Both cluster 

and subcluster counts were 

assessed by the analysis of 

EPI microscopy-captured 

images with a FIJI pipeline 

described in Appendix Fig.  

4. Therefore, hormone-

treated islets exhibited an 

exaggerated loss of struc-

tural integrity during long-

term culture when treated 

with α-cell-derived hor-

mones.  

Figure 18: Response to hormone supplementation of native islets is influenced by donor sex. Growth and formation of native islets 
were monitored by light microscopy, monitoring islet diameter [µm] for up to 10 days post-seeding. (a) Experimental timeline and modeling 
of expected behavior in culture. (b) Top row: 2-3 days post-seeding, middle: 6-7 days, and bottom: 9-10 days. Data pooled by donor gender 
(n = 35 replicates for female donors (b) and n = 16 replicates for male donors (c)). Hormone supplementation with 0.1 µg/mL of either GCG 
(pink) or GLP-1 (teal) compared to CTRL condition in black. (d) and g) mean cluster counts for cluster sizes of 30 µm – 150 µm normalized 
to the number of islet equivalents (IEQ) seeded, over time in culture for male (d) and female (g) donors. Spheres are colored by condition 
(black = CTRL, pink = + GCG, and teal = + GLP-1), and the size corresponds to the size in islet diameter (µm). e) and h) Subclusters, 
defined as clusters < 30 µm, expressed as % of control condition and plotted over time in culture for + GCG (pink) and + GLP-1 (teal) for 
male (e) and female (h) donors. (f) and (i) mean cluster count/IEQ seeded for islet diameter ranging from 30 – 150 µm. Filled symbols for 
CTRL (black), + GCG (pink), and + GLP-1 (teal) correspond to clusters counted 2-3 days post-seeding. Clear symbols for CTRL (black 
border), + GCG (pink border), and + GLP-1 (teal border) correspond to clusters counted 6-7 days post-seeding. Statistical analysis was 
done by two-way ANOVA with a Benjamini-Hochberg correction for multiple comparisons. All p-values are indicated on graphs, space-
permitting; otherwise, only significant p-values are shown; p < 0.05 was selected as being statistically significant. 
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The effect of hormone supplementation on islet fragmentation was donor sex–dependent. In female 

islets, supplementation with GCG and GLP-1 led to increases in 30 µm diameter cluster counts to 78.3 

% and 157.5 % of control values, respectively (Fig. 18g and i). In contrast, male islets showed more 

modest responses, with values reaching 65.6 % (+ GCG) and 76.2 % (+ GLP-1) of control (Fig. 18d 

and f). A similar trend was observed in the proportion of subclusters, where female islets exhibited 

elevated fragmentation under both treatments (μ = 158.3% with GCG and μ = 186.5% with GLP-1, 

relative to control; Fig. 18h). In comparison, male islets fragmented over time but remained at or below 

control levels, with subcluster proportions of μ = 88.8 % (+ GCG) and μ = 92.3 % (+ GLP-1) (Fig. 18e). 

All other donor-to-donor differences, such as age, ethnicity, BMI, and A1C, were ignored, and donors 

were only pooled based on their sex.  Islets from male donors maintained a fragmentation profile like 

untreated control islets or showed improvement despite the presence of GCG or GLP-1, whereas fe-

male islets exhibited markedly increased fragmentation in response to both treatments. Therefore, our 

data indicate that GCG and GLP-1 promote structural destabilization of human islet clusters in a sex-

dependent manner.  

4.5.3 Primary human islet cells form pseudo-islets and respond to pancreatic hormone supple-

mentation 

Native human islets did not exhibit growth or any other beneficial effect in response to GCG or GLP-1. 

However, they represent fully differentiated tissue and do not mimic the dynamic process of islet for-

mation. In contrast, cell lines that form clusters during proliferation are considered non-physiological. 

To address this limitation, we developed a pseudo-islet model that recapitulates the early assembly of 

islets from primary human α-, β-, and δ-cells. This model not only enables the study of cell-cell interac-

tions and hormone effects during islet reconstitution but also provides a standardized, human cell–

based platform for functional studies.  
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We generated pseudo-islets af-

ter dissociating native human is-

lets into single cells and sorting 

them into pure α-, β-, and δ-cell 

fractions by fluorescence-acti-

vated cell sorting (FACS) using 

a pre-established procedure 

from the Grompe lab (170) (Fig. 

19a, Appendix Fig. 2).  

To support three-dimensional 

re-aggregation, we mixed de-

fined combinations of endocrine 

cells with MS1 pancreatic endo-

thelial cells at a 1:10 endo-

crine:non-endocrine ratio, a 

method known to promote free-

floating pseudo-islets with en-

hanced structure and function in 

Figure 19: Human-donor-derived α-cells, β-cells, and combinations thereof form cell clusters (pseudo-islets) that are responsive 
to pancreatic hormone supplementation. (a) Workflow: Human donor islets derived from male and female donors were dissociated 
into single cells, stained with HIC1-2B4 AF488 (pan-endocrine marker), HIC1-8G12 PE (non-β-endocrine cell marker), and CD9 APC 
(predominantly δ-cell marker), and sorted into distinct α-, β-, and δ-cell populations via FACS. These populations were used to form 
pseudo-islets from single populations (b) and (d) for α-cells ONLY and (c) and (e) for β-cells ONLY) or combinations thereof (f and g). 
Pseudo-islets were formed in ultra-low attachment 6-well plates and combined in a 1:10 ratio of endocrine to Mile Sven 1 (MS1) cells 
(mouse pancreatic endothelial cells). Hormone supplementation: 0.1 µg/mL GCG (pink), 0.1 µg/mL GLP-1 (teal), and 100 nM somatostatin 
(SST, orange), compared to the control (CTRL, black), with supplements administered every other day. Growth and formation of pseudo-
islets depicted in all subpanels are from 2-3 days post-seeding via EPI-light microscopy. Donors pooled by sex; panels (b), (c), and (f) 
correspond to female donors and panels (d), (e), and (g) to male donors. Statistical analysis was done by two-way ANOVA with a Benja-
mini-Hochberg correction for multiple comparisons. P-values are indicated for each comparison; p < 0.05 was considered the cutoff for 
statistical significance. 
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ultra-low attachment 

plates (219) (Fig. 19a). 

We anticipated that 

pseudo-islets would form 

over time from clustering 

of single cells, beginning 

as small subclusters (< 

30 µm) and growing into 

larger clusters within de-

fined size bins (30–60, 

60–150, or 150–300 µm) 

(Fig. 20a). However, 

pseudo-islet behavior in 

culture was less intuitive 

to interpret compared to 

native islets due to differ-

ences in normalization. 

Native islet cluster counts 

were normalized to IEQs 

seeded per well, with val-

ues <1 indicating loss or 

fusion, >1 indicating 

fragmentation, and inter-

pretation further refined 

by subcluster percentage. In contrast, pseudo-islet cluster counts were normalized to the number of 

Figure 20: Pseudo-Islet formation is influenced by cell composition, hormone supplementa-
tion and donor sex. (a) Modeling of the changes occurring to pseudo-islets as they mature in culture 
over time. (b), (c), and (d) female “dynamic growth” curves. (e), (f), (g) Male “dynamic growth” curves. 
Both expressed as mean cluster count/seeded cluster-forming cell number. (h-j) (Female) and (k-m) 
(male)) % of subclusters normalized to control for pseudo-islet mixtures as depicted. (n-p) (Female) 
and (q-s) (male)) pseudo-islet growth at 2-3 days post-seeding expressed as % CTRL. Statistical 
analysis was done by two-way ANOVA with a Benjamini-Hochberg correction for multiple compari-
sons. P-values are indicated for each comparison; p < 0.05 was considered the cutoff for statistical 
significance. Error bars represent the SEM. 
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single cells seeded. Here, changes in cluster counts and subcluster percentages reflected fragmenta-

tion, fusion, or maturation. A summary of interpretative scenarios is provided in Chapter 3, Table 6. 

Pseudo-islets were found to form robust, compact spheroids as observed by brightfield microscopy 

(examples included in Chapter 3, Section 3.3.2, Fig. 13). Those containing β-cells displayed the most 

islet-like morphology, characterized by a spheroid structure with well-rounded edges and an amber hue 

under brightfield microscopy. However, pseudo-islets also formed from pure β- or α-cells (Fig. 19b–e) 

or their combinations (Fig. 19f–g). Supplementation with GCG or GLP-1 altered pseudo-islet formation 

and growth compared to unsupplemented controls. These effects depended on cellular composition, 

donor sex, and the type of supplementation. In female-derived β+δ pseudo-islets, cluster size shifted 

progressively toward smaller aggregates under both conditions, with complete loss of 150–300 µm clus-

ters by day 10 (+ GCG) or day 14 (control) (see Chapter 3, Fig. 15). Subcluster percentages remained 

below 100 % under + GCG (Fig. 20j), suggesting maintenance of intermediate-sized clusters. In con-

trast, male-derived β+δ pseudo-islets retained larger clusters (60–150 and 150–300 µm) over time, with 

minimal fragmentation; subcluster percentages remained lower under + GCG than control (Fig. 20m). 

To complement size bin analyses, dynamic growth curves (30–300 µm) were used. In female pseudo-

islets, + GCG suppressed growth by up to 120 % compared to control (Fig. 20d). In males, both condi-

tions showed an early decline, but + GCG later promoted recovery (62.2 % by day 10; Fig. 20g). Full 

interpretations for other combinations are summarized in Chapter 3 Table 6. 

Like native islets, pseudo-islets show sex-specific differences, although more nuanced. Our results 

indicate that both female- and male-derived pseudo-islets respond to GCG and GLP-1 supplementation 

during early stages of pseudo-islet formation, with evidence of increased aggregation or maturation 

depending on the condition. However, over longer culture periods (9–10 d), signs of fragmentation 
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emerge, particularly in female-de-

rived pseudo-islets treated with 

GLP-1 (Fig. 20i). Increased sub-

cluster percentages and a decline 

in cluster counts indicate this. In 

male-derived pseudo-islets, frag-

mentation tends to occur earlier, of-

ten by 6–7 d, and is especially pro-

nounced in the + GLP-1 condition 

(Fig. 20e and f). These findings 

suggest that the structural trajec-

tory of pseudo-islets is cell compo-

sition-dependent, sex-dependent, 

and hormone-specific, with early 

hormone-induced stabilization in 

some combinations giving way to 

later-stage fragmentation. 

  

Figure 21: Sex-specific functional responses and receptor expression in native and pseudo-islets. (a) Workflow schematic: func-
tional characterization of native and pseudo-islets for hormone secretion and receptor expression. (b and c) total hormone content for 
glucagon (pink) and insulin (blue) for native islets from female and male donors, respectively. (di and e) mean insulin concentration assayed 
from native islet supernatant (SN) in response to 2.8 mM (black), 22.2 mM glucose (purple), and 30 mM KCl (green) for female and male 
donor islets. (fi and g) mean glucagon concentration assayed from native islet SN in response to 2.8 mM (black), 22.2 mM glucose (purple), 
and 30 mM KCl (green) for female and male donor islets. (dii and fii) mean insulin and glucagon concentration, measured from SN of 
pseudo-islets formed from α+β+δ-cells (+/- GCG) at 2.8 mM glucose (black), 22.2 mM glucose (purple), and 30 mM KCl (green) for female 
donors only. For all ELISA results, values are normalized/IEQ used in the experiment and expressed as % of response to 2.8 mM glucose 
or CTRL. (h) Representative immunofluorescent images for native and pseudo-islets from female and male donors stained with DAPI 
(blue), GCGR (neon green), GLP-1R (dark red), and insulin (white). (i) Percentage of GCGR+, GLP-1R+, and insulin+ cells normalized to 
DAPI+ (=total cells) for pseudo-islets derived from female donors. (j) cell count comparison between native islets from female (red) and 
male (blue) donors. (k) cell counts from (j) expressed as % of DAPI+ cells for female (red) and male (blue) donors. Statistical analysis by 
two-way ANOVA with a Benjamini-Hochberg correction for multiple comparisons. P-values are indicated for each comparison; p < 0.05 
was considered the cutoff for statistical significance. Error bars represent the SEM. 
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4.5.4 Sex-specific analysis of islet hormone secretion and receptor expression in native and 

pseudo-islets 

Cultured native and pseudo-islets were assessed following the workflow outlined in Fig. 21a. For native 

islets, fragmentation was monitored, while for pseudo-islets, formation was observed. Brightfield im-

ages were acquired every 2–3 days using EPI light microscopy. After 7 days, intact native islets and 

formed pseudo-islets were manually harvested for functional assays of hormone secretion. Insulin and 

glucagon secretion were quantified using the Promega Lumit detection kits (Appendix Fig. 3). After 

functional assessment, remaining islets were fixed in PFA and processed for immunofluorescent stain-

ing to detect glucagon receptor (GCGR) and glucagon-like peptide-1 receptor (GLP-1R) expression. 

Antibodies were used at concentrations previously validated by the Hodson laboratory (220), and the 

staining protocol was generously provided by Dr. M. Golson (private communication). 

To identify β-cells, co-staining for insulin and GLP-1R was performed following the current understand-

ing in the literature that GLP-1R expression is restricted to insulin-producing β-cells (1). This approach 

doubled as a validation of the observed staining, as INSULIN+ cells were expected to overlap with 

GLP-1R+ cells.  

Native islets from both female (n=9, Fig. 21b) and male (n=3, Fig. 21c) donors showed no significant 

differences in total insulin or glucagon content under culture conditions supplemented with either glu-

cagon (+ GCG) or GLP-1 (+ GLP-1), suggesting that exogenous hormone supplementation does not 

alter hormone synthesis in native islets. Hormone secretion was normalized to the number of IEQ and 

measured at basal glucose (2.8 mM), high glucose (22.2 mM), and in the presence of 30 mM KCl to 

assess maximal depolarization-induced release (stimulation protocol detailed in Appendix Fig. 3). Basal 

glucose-induced secretion was used as a baseline to express % of hormone secretion in response to 

high glucose and 30 mM KCl. Islets from female donors exhibited no significant difference in insulin 

(Fig. 21di) or glucagon (Fig. 21fi) secretion across these conditions. In contrast, male donor islets 
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showed a canonical secretory pattern, with stepwise increases in insulin release in response to increas-

ing glucose concentrations, and a peak following KCl stimulation (Fig. 21e). Aside from the CTRL con-

dition, a similar canonical pattern was observed for glucagon secretion. Here, decreasing values are 

expected with increasing glucose concentration. The + KCl condition is still expected to reflect total 

hormone release. However, not enough data could be collected from male donors to generate a strong 

data foundation. For pseudo-islets, data availability was even more scarce, considering the elaborate 

path of their generation. Despite that, some female donor-derived pseudo-islets could be analyzed for 

both insulin and glucagon secretion (Fig. 21dii and fii, respectively). Here, secretion levels were normal-

ized per pseudo-IEQ used in the experiment and expressed as % secretion of the control (= 

α+β+δ:MS1). Again, a canonical pattern represents increased insulin release with increasing glucose 

concentration but decreased glucagon release under the same conditions.  

Receptor expression: To better understand the differences between islets from male and female do-

nors, we quantified receptor expression levels by immunohistochemistry (Fig. 21a). Native and pseudo-

islets were immunostained and imaged by confocal microscopy using single-plane and z-stack acqui-

sition. Representative slices from z-stack projections are shown in Fig. 21h. Image processing and 

quantitative analysis were conducted using Fiji and a custom pipeline implemented in CellProfiler (see 

Appendix Fig. 5). Nuclei were identified by DAPI staining and expanded by 15 pixels to approximate 

cytoplasmic boundaries. Fluorescent signals for GCGR, GLP-1R, and insulin were mapped onto DAPI-

positive regions, and only cells with overlapping signals in the cytoplasmic region were classified as 

positive for each marker. Cell counts were quantified for each condition and normalized to the total 

number of DAPI+ nuclei. Both native and pseudo-islets from male and female donors exhibited similar 

cellular GPCR composition, with approximately 40 % GCGR+ cells, 20 % GLP-1R+ cells, and 15 % 

INSULIN+ cells (Fig. 21j and k). Notably, pseudo-islets displayed more intense immunostaining than 

native islets, presumably due to improved antigen accessibility (Fig. 21i). 
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4.6 Summary  

Collectively, our findings reveal several novel insights into islet biology. First, in MIN6 and αTC1 cell 

line experiments, GCG selectively enhanced β-cell (MIN6) proliferation without affecting α-cell (αTC1) 

growth, underscoring the distinct responses of different islet cell types. By using selective antagonists 

for the glucagon receptor (GCGR) and GLP-1 receptor (GLP-1R), we confirmed that these effects are 

mediated directly through their respective receptors, thereby establishing a mechanistic basis for hor-

mone-driven islet cell expansion. 

When translated to human islets, hormone supplementation uncovered a sex dependence in the struc-

tural stability of native islets, while in reconstituted pseudo-islets, the growth response to GCG and 

GLP-1 was less dependent on the donor sex but varied with time and according to the cellular compo-

sition of the pseudo-islet.  

After evaluating islet preparations from multiple donors and isolation centers, we established the fol-

lowing best practices to generate healthy pseudo-islets. Native islets should have minimal culture time 

before shipment (each islet offer specifies duration) and must not be precultured before FACS. Reserve 

a subset of fresh islets as native controls before dissociation to account for heterogeneity. Process 

incoming islets on the day of receipt whenever possible; otherwise, store at 4 °C, in shipping media, 

and use within seven days. Dissociate using 0.05 % trypsin-EDTA (other digestion methods may harm 

antibody epitopes), monitoring under light microscopy to stop digestion once only single cells remain 

and no large clusters persist. After sorting, immediately resuspend cells in fresh media containing pen-

icillin/streptomycin and amphotericin B to prevent contamination. Standard cell culture plates promote 

adhesion; therefore, seed cells in ultra-low attachment plates together with MS1 endothelial cells at a 

1:10 endocrine-to-MS1 ratio. MS1 cells support 3D reaggregation but have been reported not to prolif-

erate in suspension. Clusters begin forming within 2–3 days and continue maturing up to 14 days, 
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depending on the cellular composition of the pseudo-islet. Additionally, most combinations show the 

complete spectrum of islet diameters measured (30-300 µm) at the first 2-3 days post-seeding 

timepoint, suggesting that pseudo-islet formation occurs quickly. Therefore, we would suggest including 

an earlier observation time point. Sometimes, for example, for both male and female β+δ combinations, 

longer culture yields larger pseudo-islets but may increase functional stress. 

Hormone supplementation effects were sex-dependent. Female donor–derived native islets frag-

mented in response to hormone supplementation and should not be cultured with supplements. Male 

donor–derived native islets, in contrast, benefited from supplementation, which slowed fragmentation 

relative to controls. For pseudo-islets, β+δ combinations showed the most consistent cluster formation. 

In female donor–derived pseudo-islets, β+δ clusters remained stable for up to 10 days without signifi-

cant fragmentation. Glucagon supplementation was tolerated, but unsupplemented conditions yielded 

better outcomes. In male donor–derived β+δ pseudo-islets, early time points were optimal, with robust 

cluster formation within the first 5 days. Glucagon supplementation improved stability and is preferred 

over unsupplemented conditions. 

Certain combinations were more prone to fragmentation and should be avoided or time-limited. In male 

donor–derived α+β+δ pseudo-islets, GLP-1 supplementation promoted fragmentation, whereas control 

and GCG-treated conditions remained stable up to 10 days, with GCG being preferred. Male donor–

derived α+β pseudo-islets fragmented under all conditions and should be used, if at all, within the first 

3 days of culture. In contrast, female donor–derived α+β pseudo-islets formed clusters with both GCG 

and GLP-1 supplementation, with GLP-1 yielding more mature aggregates. However, culture duration 

should not exceed 7 days, as fragmentation becomes evident by days 9–10. 
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4.7 Discussion  

We demonstrate that supplementation with GCG and GLP-1 differentially affects growth, native islet 

fragmentation in culture, and pseudo-islet formation, with the magnitude of the effect depending on the 

specific cell type(s) present. In pancreatic cell lines, GLP-1 supplementation was growth beneficial for 

both α- and β-cells, whereas GCG supplementation appeared to selectively support β-cells (Fig. 17). 

This cell type-specificity is likely explained by the endogenous secretion of GCG by α-cells, which may 

saturate GCGR signaling in these cells, rendering additional GCG ineffective. Conversely, β-cells that 

do not have endogenous GCG remain sensitive to exogenous GCG. 

Supporting this interpretation, the beneficial effects of GCG on β-cells were abolished when GCGR 

was pharmacologically inhibited using GCGRIIα. This highlights that the observed improvements in β-

cell growth following GCG supplementation are dependent on intact GCGR signaling.  

In αTC1 cells, GCG alone (at 0.1 µg/mL; ≈ 30 nM) produced only a modest proliferative effect, com-

pared to GLP-1 at the same concentration. When both hormones were combined, GCG competed for 

GLP-1R binding (EC₅₀ for GLP-1R–mediated cAMP production is ~ 36 nM (221)), thereby displacing 

GLP-1 and acting as a partial agonist. This likely suppressed the robust growth otherwise induced by 

GLP-1. When the GCGR antagonist GCGRIIα was added at 1 µM, GCGR signaling was fully blocked, 

diverting both exogenous GCG and any endogenous ligand to GLP-1R, and this diversion elicited a 

strong proliferative response even in the absence of added GLP-1. Therefore, in the presence of both 

GCG (~ 30 nM) and 1 µM GCGRIIα, GCG cannot signal through GCGR and instead engages GLP-1R. 

However, because GCGs intrinsic efficacy at GLP-1R is lower than that of GLP-1, it slightly blunts the 

maximal proliferative signal seen with GCGRIIα alone. Yet, it still drives substantially greater growth 

than GCG treatment by itself. 
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Interestingly, sex-specific differences emerged in response to both islet culture and hormone supple-

mentation. Fragmentation rates differed between male and female donors. Male native islets benefited 

from both GCG and GLP-1 supplementation, as they slowed fragmentation compared to control condi-

tions. However, female-derived native islets seemed to fragment faster under supplemented conditions, 

with + GLP-1 being the most fragmentation-prone condition. Female native islets being more sensitive 

to hormone supplementation and responding with faster fragmentation could represent a physiological 

adaptation unique to female islets. Estrogen and other sex hormones have been shown to enhance β-

cell survival, proliferation, and insulin secretion, particularly under stress conditions (89,186). Across 

their lifespan, females experience substantial hormonal fluctuations during the menstrual cycle, preg-

nancy, and menopause. The capacity for dynamic reorganization of islet architecture, including fast 

aggregation and reaggregation, may therefore serve a protective or regulatory function in response to 

these hormonal shifts. While the precise mechanistic link between hormone-driven plasticity and islet 

dynamics remains to be defined, these findings underscore the importance of considering sex as a 

biological variable in islet physiology and highlight the potential for sex-specific therapeutic strategies 

in diabetes. 

Pseudo-islet in culture behavior was less sex-specific and driven more by the cellular makeup of the 

pseudo-islets, although male-donor-derived and female-donor-derived pseudo-islets did show differ-

ences. 

Both female- and male-derived pseudo-islets respond to GCG and GLP-1 supplementation during early 

stages of pseudo-islet formation, with evidence of increased fragmentation or maturation depending on 

the condition. Pseudo-islets derived from female donors exhibited early and faster cluster formation, as 

indicated by higher cluster counts (more clusters/cluster-forming cell) at 2-3 days post-seeding com-

pared to male-donor-derived pseudo-islets. Male-donor-derived pseudo-islets showed overall lower 

mean cluster counts (fewer clusters/cluster-forming cell), which indicates that each cluster contained 
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more cells. Over longer culture periods (9–10 d), signs of fragmentation emerge, particularly in female-

derived pseudo-islets treated with GLP-1. Increased subcluster percentages and a decline in cluster 

counts indicate this. In male-derived pseudo-islets, fragmentation tends to occur earlier, often by 6–7 

days. This is also most pronounced in the + GLP-1 condition. In contrast, GCG supplementation was 

mostly beneficial for pseudo-islet formation and helped shift toward larger clusters. These findings are 

consistent with prior co-culture studies, which demonstrated that the presence of GCG- and GLP–1–

secreting cells enhances β-cell insulin secretion, proliferation, and resilience to cytotoxic insults (222). 

However, our study adds the nuance that the supplementation benefit is highly dependent on donor 

sex and, most importantly, the cellular composition of the islet being formed. 

Although hormone supplementation led to notable changes in islet morphology, we did not observe any 

corresponding differences in hormone secretion from native islets, regardless of sex. This indicates 

that the structural changes induced by GCG or GLP-1 are not functionally harmful and may in fact 

reflect a degree of functional resilience in islet hormone output. It is important to consider that islet 

structure and function are not always tightly linked; alterations such as fragmentation or changes in 

cluster size may represent adaptive responses to the culture environment rather than early signs of 

dysfunction. These morphological adaptations could support survival or remodeling without compro-

mising secretory capacity. Additionally, our current assays may not capture subtle changes in function, 

or the time frame of our culture conditions may be too short to reveal delayed functional effects. There-

fore, while morphology was affected, these changes do not appear to impair endocrine function under 

the conditions tested. 

Differences in receptor expression, as visualized in Fig. 21f, were originally hypothesized as the cause 

of seeing differences in the way cell lines, islets, and pseudo-islets respond. However, although they 

provide additional insight into the cellular composition and availability of the receptors, there does not 

seem to be a significant difference between female and male donors. Pseudo-islets exhibited more 
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intense GCGR and GLP-1R staining compared to native islets. This may be due to selection bias intro-

duced during FACS sorting, which enriches for endocrine cells and therefore increases the relative 

density of receptor-expressing cells in pseudo-islets. It is also possible that improved epitope accessi-

bility in smaller pseudo-islets enhances staining intensity, consistent with their more compact structure 

and reduced extracellular matrix components. 

Finally, when comparing our data on receptor-expressing populations with published datasets, we note 

that previous reports using mass cytometry (CyTOF) have often described higher proportions of 

GCGR+ and GLP-1R+ cells (35) (Appendix Fig. 2a). However, these differences likely stem from meth-

odological discrepancies, as our study employed FACS-based quantification, which may underrepre-

sent certain populations due to gating thresholds or epitope availability. 

Overall, our findings emphasize the importance of selecting the appropriate model system based on 

the biological process under investigation. Native islets represent the mature, final state of islet archi-

tecture and are therefore limited in their utility for studying the effects of hormone supplementation 

during islet formation. In contrast, pseudo-islets provide a dynamic and controllable model that more 

accurately captures early stages of reaggregation and cellular adaptation. Our results further under-

score the need to consider sex, cellular context, and methodological approach when evaluating islet 

function and receptor expression. 
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Chapter 5 Discussion 

5.1 Common Themes  

The work presented in this dissertation investigates mechanisms that regulate insulin secretion (Chap-

ter 2) and islet organization (Chapters 3 and 4), progressing from molecular receptor signaling to the 

influence of donor-specific factors on human islet biology. Although each chapter explores a distinct 

experimental dimension, several unifying concepts emerge that collectively emphasize the contextual 

nature of β-cell regulation, the limitations of model systems, and the importance of donor variability in 

shaping islet behavior. 

Insulin secretion from pancreatic β-cells is a tightly controlled process that requires fine-tuning to main-

tain glucose homeostasis. One mechanism contributing to this regulation is the network of GPCRs 

expressed by β-cells. Chapter 2 focused on TAAR1, a low-abundance but functionally relevant GPCR, 

and its endogenous ligands, TAs. Our findings indicate that TAs may serve as autocrine signaling mol-

ecules that modulate insulin secretion in a glucose-dependent manner. However, this regulation proved 

both amine- and context-dependent. 

We find that PEA acted as a weak partial agonist at TAAR1, producing glucose- and dose-dependent 

increases in insulin secretion. In contrast, TYR displayed a more complex, bidirectional response pat-

tern that likely reflects engagement of multiple signaling pathways, including potential cross-talk with 

adrenergic receptors. Notably, the EC₅₀ values derived from our β-cell assays were higher than those 

reported in heterologous overexpression systems, underscoring the influence of assay context and 

receptor reserve on apparent ligand potency. 

Using mice, we generated both in vivo and in vitro results. Unexpectedly, we find that they did not align 

perfectly: TAAR1-KO mice exhibited impaired glucose tolerance (Fig. 11d and e), yet isolated β-cells 
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from these animals failed to show clear differences in Ca2+ signaling (Fig. 11g-j). Upon further investi-

gation, we identified that the mouse strain used (C57BL6/J) carried a loss-of-function mutation in Nnt, 

a mitochondrial enzyme required for redox balance and insulin secretion (127–129). This background 

defect likely masked TAAR1-specific effects. Furthermore, previous reports indicate that the impact of 

this defect is age-dependent, which likely explains why TAAR1-dependent effects were detectable in 

our younger in vivo cohort but absent in the older in vitro cohort (127). These findings highlight a broader 

theme: the challenge of translating rodent data to human systems, particularly when strain-specific 

mutations confound interpretation. 

Recognizing the translational limitations of rodent models, Chapter 3 shifted focus to human islets to 

examine how donor-specific features and environmental cues (exogenous hormone supplementation) 

interact to influence islet behavior. Using native islets from multiple donors, we demonstrated that their 

structural and functional responses to GCG and GLP-1 supplementation were strongly modulated by 

donor characteristics, including sex, BMI, A1c, and age. 

These findings reveal that human islets retain a distinct donor “signature,” which dictates how they 

respond to external stimuli. Donor variability manifested in measurable differences in islet fragmenta-

tion, morphology, and cluster dynamics, reflecting intrinsic physiological adaptations shaped by meta-

bolic and hormonal background. For example, islets from donors with higher BMI displayed altered 

responsiveness consistent with a stressed metabolic phenotype, while sex differences suggested dif-

ferential hormonal priming. 

However, the inherent complexity of native islets makes it difficult to disentangle the contribution of 

individual cell populations. To address this, we developed pseudo-islets as a reductionist yet physio-

logically relevant model system. By reaggregating sorted endocrine cells from human donors, we could 

systematically vary cell-type composition while maintaining functional integrity. In contrast to native 

islets, pseudo-islets exhibited diminished influence of donor characteristics. Instead, their behavior was 
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predominantly governed by their cellular make-up, that is, by the relative presence or absence of α-, β-

, and δ-cells. The composition of pseudo-islets determined how they responded to hormone supple-

mentation (GCG or GLP-1), revealing that islet architecture and paracrine communication are central 

regulators of collective islet behavior. 

Diving in deeper, chapter 4 further dissected donor-dependent effects by examining sex as a biological 

variable in both native and pseudo-islet systems. We observed that female-derived islets exhibited 

greater structural plasticity and a higher degree of fragmentation and remodeling in response to GCG 

and GLP-1 supplementation. This behavior likely reflects an intrinsic adaptability of female β-cells to 

cyclical hormonal fluctuations associated with reproductive physiology. In contrast, male islets ap-

peared more structurally stable but less dynamically responsive. 

Interestingly, these sex-dependent differences were less pronounced in pseudo-islets, suggesting that 

the process of reaggregation and standardized cellular composition may mitigate or “reset” donor-im-

printed characteristics. Mechanistically, differences in GCGR and GLP-1R expression were initially hy-

pothesized to underlie sex-specific responses, but our data did not support this (Fig. 21). This indicates 

that other factors, such as downstream signaling divergence, receptor cross-talk, or epigenetic modu-

lation, may drive sex-dependent islet plasticity. 

Taken together, the findings across Chapters 2–4 converge on three overarching themes: 1) GPCR 

networks, exemplified by TAAR1, fine-tune β-cell function through autocrine and context-dependent 

signaling. 2) Human islet responses are strongly influenced by donor-specific characteristics, empha-

sizing the importance of proper donor stratification and careful interpretation of variability; and 3) in 

reconstituted pseudo-islet systems, cellular composition and paracrine organization emerge as the pri-

mary determinants of functional outcomes. 
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5.2 Future Directions 

Several lines of investigation emerge from these findings. First, TAAR1 research should be refined 

using animal models with intact glucose homeostasis to minimize background strain–related confound-

ers, such as Nnt mutations in our case. Ideally, a β-cell–specific TAAR1 KO should be developed to 

isolate islet-autonomous effects and distinguish them from TAAR1s’ central actions. Second, rigorous 

donor stratification remains essential in human islet research, as sex, BMI, A1c, and age strongly influ-

ence responsiveness. Translationally, GCG and GLP-1 supplementation may stabilize native islets or 

enhance pseudo-islet integrity, though such interventions must be adapted to donor-specific character-

istics and pseudo-islet composition. Finally, future work should investigate the mechanistic basis of 

sex- and hormone-dependent differences, as receptor expression alone does not appear to account 

for the distinct effects of GCG and GLP-1. Identifying downstream signaling pathways and molecular 

drivers of female islet plasticity may uncover protective mechanisms with therapeutic relevance for 

diabetes pathophysiology. 

Beyond the biological aspects, the complexity and sensitivity of pseudo-islet generation highlight a 

pressing need for predictive tools that can anticipate experimental outcomes. Given the intricate, mul-

tistep workflow and numerous points at which variability may arise, approaches capable of estimating 

success before experimentation would greatly enhance reproducibility and resource efficiency. Cur-

rently, parameters such as donor purity or the number of IEQs ordered provide limited predictive value. 

A promising future direction is to harness the extensive donor metadata routinely collected by islet 

distribution centers. While this thesis primarily considered sex, BMI, A1c, and age, additional variables, 

such as blood group, medical history, blood glucose, genetic variants, and demographic factors (among 

others), could be leveraged to generate individualized “donor signatures.” Machine learning models 

trained on these multidimensional datasets could predict endocrine cell yields or sorting outcomes, 
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thereby informing donor selection and experimental design. Ultimately, such an approach could trans-

form pseudo-islet research by reducing variability, minimizing waste of valuable human material, and 

accelerating the translation of in vitro findings toward clinically relevant applications. 

5.3 Concluding Remarks 

This dissertation highlights the multifaceted regulation of insulin secretion and islet organization across 

molecular, cellular, and physiological levels. In Chapter 2, we established that TAAR1 and its ligands 

act as autocrine modulators of insulin secretion, integrating amine-specific and glucose-dependent 

cues. However, system- and species-dependent differences underscore the importance of experi-

mental context and genetic background. 

Chapters 3 and 4 extended this perspective to human islets, revealing that donor characteristics exert 

substantial influence on islet structure and responsiveness, and that sex, in particular, shapes islet 

plasticity. By contrast, pseudo-islet models reduce donor variability and enable dissection of how cel-

lular composition governs collective behavior. These complementary systems, native and engineered, 

together illustrate that biological context fundamentally defines islet function. 

In summary, insulin secretion and islet organization cannot be fully understood through a single model 

or variable. GPCR-mediated autocrine signaling, donor-specific factors, and cell-type composition col-

lectively determine islet responses to environmental challenges. A comprehensive understanding of 

these interconnected layers will be essential for translating experimental findings into improved strate-

gies for preserving or restoring β-cell function in diabetes. 
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Appendix 

Appendix Table S 1: Donor clinical parameters. All donors are identified by donor ID, 8 digits for IIDP-derived donors and R-XXX (3 
digits) for ADI-derived donors. Donors are grouped by sex (with 17 of each gender). Additionally, donor age, BMI, and % A1C are listed. 
Percent β-cells, α-cells, and δ-cells represent the cell percentage yield post-FACS. Donors listed as N/A were not sorted, and only native 
islets were used in experiments. 

Donor ID Gender Type Age BMI % A1C % β-cells % α-cells % δ-cells 

36823227 Female No Disease (ND) 41 38.2 5.2 17.34 1.48 3.26 

37350251 Female ND 53 29.9 5.2 N/A* N/A N/A 

R525ADI Female ND 51 47.8 6.5 N/A N/A N/A 

40709610 Female ND 55 28.6 5.7 N/A N/A N/A 

39980165 Female ND 60 29.6 6.2 23.3 5.8 1.93 

40992344 Female ND 42 33.3 5.5 N/A N/A N/A 

44337332 Female ND 31 16.3 6 8.66 8.47 2.7 

43583143 Female ND 19 22.3 6 6.98 0.95 8.33 

43463703 Female ND 54 28.7 5.7    

R551ADI Female ND 57 26 4.3 5.1 0.21 10.9 

R546ADI Female ND 42 29.7 5.9 18.14 8.87 3.5 

R537ADI Female ND 18 37.3 5.5    

R532ADI Female ND 28 24.3 5.5 16.1 0.2 1.2 

R510ADI Female ND 53 21.3 5.9 7.29 0.42 0.77 

47290391 Female ND 54 30.9 4.7 N/A N/A N/A 

R552ADI Female ND 69 19.5 6.5 N/A N/A N/A 

R575ADI Female ND 59 43.9 6.1 N/A N/A N/A 

39708909 Male ND 21 38.1 5 33.6 22 1.76 

38750927 Male ND 34 24.5 5.4 12.02 27.1 3.5 

36510137 Male ND 63 32.1 6.1 N/A N/A N/A 

R549ADI Male ND 54 26.5 5.1 8.8 0.3 0.13 

28501433 Male ND 48 32.3 5.7 28 24 2 

43079887 Male ND 43 24.1 4.7 12 18 0.24 
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42355911 Male ND 64 29.5 5.7 28.7 9.2 3.8 

40380406 Male ND 47 34.2 5.5 10.4 6.6 5.8 

R495ADI Male ND 50 33.8 5.8 7.58 0.43 2.93 

43897604 Male ND 41 27.8 5.3 0.57 0.18 0.22 

42160709 Male ND 49 26 4.8 20.13 6.47 5.85 

42008301 Male ND 36 30 5 12.6 6 4.2 

41299360 Male ND 20 24 5.1 15.5 6.3 5.7 

39708909 Male ND 21 38.1 5 12.7 12.1 4.9 

37638596 Male ND 34 27 5.5 20.1 3.6 2.1 

R501ADI Male ND 28 23.9 4.7 14.81 2.21 0.15 

46795533 Male ND 58 39.2 5.9 N/A N/A N/A 
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Appendix Figure 1: FACS population purity assessment overview. FACS populations are defined by staining with three antibodies. 
To investigate potential cross-contamination between the populations, the stained sample (all three antibodies present) was compared 
to the fluorescence minus one (FMO) control (no CD9 staining). (a & b) The stained sample was separated into endocrine and non-
endocrine cells using 8G12 as the ground truth discriminator.  (a) β-cells are defined as 2B4 + 8G12 – cells, whereas non-β-cells are 2B4 
+ 8G12 +. (b) To further subdivide the non-β-cells into α-cells and δ-cells, side scatter (SSC) (y-axis) vs. CD9 (x-axis) was used. (c & d) 
2B4 + gates were cloned from the stained sample to the FMO sample, visualizing the endocrine vs. non-endocrine distribution in that 
sample (c). (d) Using the same gates and axis from (b) on the FMO shows the absence of δ-cells (CD9+).  



 151 

 

Appendix Figure 2: Comparison of this study’s FACS results with available literature.  

(a) adapted from Wang et al., visualizing % of α-cells (pink), β-cells (green), and δ-cells (blue) of total 
endocrine cells analyzed by single cell mass cytometry (cyTOF) for both male and female healthy donors. 
(b) Percentage of α-cells (pink), β-cells (green), and δ-cells (blue) of total cells analyzed by FACS in the 
present study. The mean literature value for each cell type is depicted in black. (c) Percentage of α-cells 
(pink), β-cells (green), and δ-cells (blue) for all cells analyzed by FACS vs. cyTOF (literature). Literature 
values follow the same symbol association but are labeled black. (d-f) Ratio of cells expressed as /β-
cells (d), /α-cells (e), and /δ-cells (f) for healthy male and female donors evaluated in this study, and in 
comparison to literature results (following the same shape association but colored black). (g) Pie chart 
of the number of healthy male (blue) and female (orange) donors analyzed. Literature-derived donors 
follow the same color coding but are patterned. (h-j) Distribution of age, A1c, and BMI, respectively, for 
female (red) and male (blue) donors. Statistical analysis was done by two-way ANOVA with a Benjamini-
Hochberg correction for multiple comparisons. P-values are indicated for each comparison; p < 0.05 was 
considered the cutoff for statistical significance. Error bars represent the SEM. 
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Appendix Figure 3: Overview of the glucose-stimulated hormone secretion (GSHS) assay workflow.  

To evaluate native and pseudo-islet functionality, a minimum of 15 islet equivalents (IEQ) per sample were manually picked and trans-
ferred to a V-bottom 96-well plate. The conical well shape facilitated gentle handling by allowing islets to settle at the bottom, minimizing 
loss during wash and buffer exchange steps. Each condition was assessed in 2–3 technical replicates. Following transfer, islets were 
pre-incubated for 1 hour in Krebs-Ringer HEPES buffer (KRHB) containing 2.8 mM glucose to equilibrate to the assay environment. After 
pre-incubation, plates were centrifuged (1 min, 100 × g), and the supernatant (SN) was discarded. The assay was then carried out in 
three sequential stimulation steps: 1) Low-glucose stimulation (black panel): Islets were incubated in KRHB + 2.8 mM glucose for 1 hour 
at 37 °C and 5% CO₂. After centrifugation, the SN was collected for ELISA. 2) High-glucose stimulation (purple panel): Islets were then 
incubated in KRHB + 22.2 mM glucose under the same conditions. After 1 hour, half the SN was collected for ELISA. 3) High-potassium 
depolarization (green panel): KCl was added to the remaining SN to a final concentration of 30 mM. Islets were incubated for an additional 
15–20 minutes at 37 °C, then spun down, and the SN was collected. To assess total hormone content, islets were lysed in RIPA buffer 
supplemented with protease inhibitor cocktail (PI) on ice for 10–15 minutes. Lysis was completed by pipetting up and down 20 times. The 
resulting lysate was saved for total hormone content ELISA analysis. All supernatant and lysate samples were stored at 4 °C and pro-
cessed within 7 days using PROMEGA Lumit ELISA kits for insulin and glucagon.  
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Appendix Figure 4: Step-by-step image analysis pipeline in FIJI to quantify native and pseudo-islets.  

Native and pseudo-islets were cultured in ultra-low attachment 6-well plates and imaged using a Keyence EPI fluorescence microscope. 
1) Original image: Brightfield images capturing the entire well. 2) Background subtraction: FIJIs rolling ball algorithm was applied (radius 
= 100 px for native islets; 20 px for pseudo-islets) to enhance contrast. 3) Thresholding and despeckling: The Triangle method was used 
for thresholding, followed by despeckling to reduce background noise. 4) Preprocessing for segmentation: “watershed” was used to sep-
arate adjacent native islets. For pseudo-islets, a “dilate” step preceded “watershed” to close internal gaps. 5) Denoising and particle 
analysis: Outliers were removed, and particle analysis was performed after image scale calibration to count and measure islet-like struc-
tures. 6) Validation via overlay: Detected particles were overlaid on the original image to confirm accurate segmentation. Zoomed-in views 
are shown with a 100 µm scale bar for reference. 
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Appendix Figure 5: Overview of the CellProfiler pipeline used to quantify GCGR and GLP-1R expressing cells in native and 
pseudo-islets.  

To assess GCGR and GLP-1R expression in human donor-derived native and pseudo-islets, islets were PFA-fixed and immunostained 
for insulin (559 nm), glucagon receptor (GCGR, 488 nm), and GLP-1 receptor (GLP-1R, 647 nm). Nuclei were stained with DAPI (405 
nm). Confocal z-stack images were acquired using a 60× oil objective to capture the 3D structure of each islet. Pre-processing: Images 
were pre-processed in FIJI. This included channel splitting and brightness/contrast adjustment to match the DAPI channel. For each islet, 
every 2nd or 3rd plane from the z-stack (depending on islet size) was selected. Grayscale images were saved for each z-plane and for 
each color combination: 405+488+559, 405+488+647, and 405+559+647. CellProfiler analysis steps: 1) Primary object identification: 
Nuclei were identified using the DAPI (405 nm) channel staining. 2) Cytoplasmic expansion: A cytoplasmic area was approximated by 
expanding each nucleus by 15 pixels. 3) Channel-Specific Signal detection: Receptor-specific signal (e.g., 488 nm for GCGR, 559 nm for 
insulin, and 647 nm for GLP-1R) was detected in the corresponding channels. Examples are shown for 488 nm and 647 nm. 4) Relating 
objects: Staining-positive areas were mapped to DAPI+ nuclei to assign expression to individual cells. 5) Filtering: Only cells with both a 
DAPI+ nucleus and detectable receptor signal were retained for analysis; all unmatched objects were excluded. Each color combination 
was analyzed using a dedicated CellProfiler pipeline. Cell detection was visually verified before steps 3–5 to ensure accurate segmenta-
tion and signal attribution.           


