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Abstract 

 Diabetes mellitus is a chronic metabolic disorder that impacts 10.5% of the US population 

and hundreds of millions of people worldwide - numbers which are projected to continue 

increasing. Diabetes is characterized by the inappropriate regulation of blood sugar homeostasis 

due to altered production of the hormone insulin by β cells, residing in the islets of Langerhans 

in the pancreas. Primary human islets or stem cell-derived islets (SC-islets) can be transplanted 

to reverse diabetes, but there are several barriers to the success of these cell therapies. When 

islets are isolated from the pancreas, damage to islet extracellular matrix (ECM) and changes in 

cell composition and arrangement affect islet survival and function. Protocols to derive SC-islets 

have improved the efficiency of differentiation and in vitro function, but continue to 

underperform compared to primary islets both in vitro and in vivo. The studies in this thesis aim 

to better define the ECM of the human pancreas, to create a matrisome database on which future 

ECM-based engineering approaches may be modeled, and to use an ECM scaffold to recreate a 

more native-like islet microenvironment in vitro for improved culture and transplantation 

outcomes. 

In Chapter 2 of this thesis, we report that the matrisome changes dramatically between 

the fetal and adult pancreas, and define those changes both by overall and islet-specific protein 

abundance as well as changes in ECM localization through the life cycle. This study also measures 

changes in non-ECM proteins, and is deposited in an accessible database, providing a resource of 

proteomic data across human pancreas development. 

Chapters 3-5 detail the derivation of a human pancreas ECM scaffold that can be used to 

study how islets and SC-islets interact with the ECM component of the microenvironment. We 
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show that when combined with pancreatic ECM during differentiation, SC-islets have improved 

gene expression profiles and higher rates of endocrine cell fate commitment. More in-depth 

studies of pancreas ECM co-culture with primary human islets in Chapter 5 reveal that ECM 

improves islet survival, reduces basal insulin secretion and improves the stimulation index of the 

cells in response to glucose, and affects the architecture of the cells after isolation. In Chapter 6, 

endothelial cells are cultured within this scaffold to form 3-D vascularized networks around the 

islets, which may help to model islet-endothelial interactions and improve vascularization of the 

cells after transplantation. 

Finally, in Chapter 7, we use our resources to explore markers of maturation that may 

help improve SC-islet differentiation protocols, sort mature cells from immature cells for 

improved SC-islet outcomes, and better understand the role of some of these maturation-

associated genes in postnatal islet development.  

Together, these studies create a model of the native islet microenvironment in vitro, add 

to the current knowledge of human islet biology, and contribute to a broader goal of generating 

and transplanting cells to treat diabetes.  
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Pancreatic Islets and Diabetes 

Diabetes and Treatment 

Diabetes mellitus is a chronic metabolic disorder that impacts 10.5% of the US population 

and 463 million people worldwide - numbers which are projected to continue increasing [4]. 

Diabetes is characterized by the inappropriate regulation of blood sugar homeostasis due to 

impaired production of the hormone insulin by β cells, residing in the islets of Langerhans (islets) 

in the pancreas. There are two major types of diabetes; Type 1 diabetes (T1D) is caused by the 

autoimmune destruction of insulin-producing β cells by the immune system. Type 2 diabetes 

(T2D), however, is characterized by insulin resistance and progressive β cell dysfunction, stress, 

and eventually β cell death [5, 6]. In addition to tremendous social and economic costs, long-term 

complications, including organ failure, contribute to the early death of those affected.   

Exogenous insulin administration is an effective short-term treatment yet is imperfect 

because, unlike the endogenous β cells, a patient is unable to continuously monitor and prevent 

hyper- and hypoglycemic episodes. β cell replacement therapies, however, can achieve 

appropriate glycemic control.  Whole pancreas transplantation or the transplantation of isolated 

islets into the liver through the portal vein are two such examples that utilize cadaveric donor 

tissues to replace a patient’s dysfunctional β cells. These therapies provide a sustainable 

allogeneic replacement for the patient’s β cells but a shortage of donor organs, invasiveness of 

the surgery, inadequate long-term function, and the need for prolonged immunosuppression 

therapy have made transplantation unavailable or unsuitable to a majority of the affected 

population [7, 8]. Islet transplantation is also considered an experimental procedure in the United 
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States. For these reasons, many have looked to novel strategies for deriving and transplanting 

insulin-producing cells for clinical application.  

Human Islet Biology and Islet Isolation 

 Animal models have been invaluable to the field of developmental biology to study how 

cells and tissues form throughout development. Rodent models have provided a means to study 

the most fundamental mechanisms of islet development and function, but we now realize that 

many key aspects of rodent islet biology have not translated to the human analogue [9]. A very 

obvious example is that the endocrine cells in the islet (glucagon-producing α cells, insulin-

producing β cells, and somatostatin-producing δ cells) are arranged dramatically differently in 

the human pancreas, where the different endocrine cells are distributed evenly throughout the 

islets, compared to the mouse, in which the α and δ cells are at the perimeter of the islets and 

the β cells localize to the core [10]. Many other islet attributes exhibit dissimilarities between 

Figure 1. Anatomical differences in human and mouse islets. The arrangement of the endocrine cells 
is evenly distributed throughout human islets, while in mice the β cells localize to the islet core while 
α and δ cells localize to the mantle. Mouse islets are also more highly innervated and vascularized 
than human islets. 
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mice and men; the degree of vascularization [11], the extent of innervation [12], the basement 

membrane structure [13],  as well as differences in the markers of differentiation and maturation 

of the endocrine cells [14, 15] (Figure 1). Furthermore, there are physiological differences in the 

resting blood glucose levels and the dynamic insulin secretion between mice and humans. 

In order to study human islet function, and because there are limitations to the scope of 

conclusions that can be made using only preserved human tissues, much that is known about 

human islet biology has been studied using isolated human islets [16]. The process of islet 

isolation utilizes enzymatic digestion of the pancreas to free islets from the surrounding tissues, 

followed by gradient separation of the endocrine clusters from acinar or ductal tissue, and 

subsequent culture to purify and support the remaining cells [17] (outlined in Figure 2).  Enzymes 

used to free the islets include a blend of collagenase and neutral protease, which are expensive 

at the concentrations and volumes required for perfusing and digesting the entire human 

pancreas, making human islet isolation a costly procedure which is not performed routinely at 

many facilities. For this reason, isolated human islets are often shipped and distributed from 

isolation labs to research labs, a process that prolongs the time between isolation and 

experimentation, adds additional transport-related stress and hypoxia that confounds 

downstream results and data. The isolation itself damages cellular and extracellular components 

of the native environment, stressing the isolated islets, which are only able to survive for a short 

period of time in culture [18, 19]. Nevertheless, isolated islets can be used to study human islet 

function [20, 21], endocrine cell-cell communication and coordination [22], to manipulate gene 

expression to study the role of various proteins in human islet biology [23], and can be 

transplanted to study survival, engraftment, and immune responses in translational studies [24]. 



 

 
 

5 
 

Unique sequences of insulin and C-peptide (C-pep), the connecting peptide that is cleaved from 

insulin during processing and co-secreted into circulation, can distinguish human insulin and C-

pep from that of rodents or non-human primates when the islets are studied in vivo. Although 

human islet distribution networks have increased the amount of work done using human islets 

in recent years [16], many functional studies are still done primarily using animal models with 

unknown translational relevance to the human islet biology. 

 

Figure 2. Islet isolation from the pancreas. Human islet isolation involves the procurement of the 
pancreas from a cadaveric donor, the digestion of the pancreas by perfusion of an enzymatic blend 
through the pancreatic duct, mechanical-assisted disruption of the tissue, and density gradient 
separation of the resulting cell clusters to isolate a pure or enriched population of islets. Damage to 
the islet extracellular matrix is indicated in the broken black borders of the islets. 
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Mimicking Nature-Made β Cells: Stem Cell-Derived Islets 

As a method of generating a regenerative source of transplantable human β cells, and to 

produce better models of human islet development and function in vitro, significant effort has 

been dedicated to the derivation pancreatic islet-like cells from human pluripotent stem cells 

(hPSCs). The source of hPSCs can be either from human embryos, called human embryonic stem 

cells (hESCs) or can be reprogrammed from somatic adult human cells, called human induced 

pluripotent stem cells (hiPSCs). Both cell types have demonstrated the ability to generate insulin-

producing and secreting cells, stem cell-derived β cells (SCβCs) or more broadly, stem cell-derived 

islets (SC-islets) [25]. hESC lines have been derived, banked, and approved by funding agencies 

for use in research, but importantly are not genetically or immunologically matched to patients 

to which the cells may be clinically useful [26]. iPSCs, however, could be derived from a patient, 

differentiated into a therapeutic cell type, and transplanted into the matched patient as a 

treatment for disease, avoiding unfavorable mismatch-related immune responses. Barriers to 

such a treatment, however, include the cost and time needed for developing custom-made cell 

lines for each patient, the variability of differentiating cell lines from different donors which may 

not respond the same way to the same differentiation media, and the need to correct inherent 

genetic traits of the patient which may contribute to disease and/or prevent successful derivation 

of the required therapeutic cell type [26]. For these reasons, both hESCs and hiPSCs are being 

explored in different approaches to differentiate of SC-islets. 

Generation of Insulin-Producing Cells 

 For decades researchers have investigated the directed differentiation of hPSCs to SC-

islets and have published protocols demonstrating progress toward this goal. These protocols 
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utilize step-wise exposure to growth factors to mimic or closely resemble the temporal and 

spatial chemical gradients that exist throughout development to stimulate gene expression 

profiles characteristic of each developmental stage (Figure 3) ([27-30] and reviewed in [3]). 

Briefly, pluripotent cells are marked by genes such as OCT4, NANOG and SOX2. The expression of 

these genes is dramatically reduced in the first few days of in vitro differentiation. 

Developmentally, the pancreas, which is comprised of endocrine, exocrine and ductal cell types, 

is derived from the endoderm layer of the blastocyst; definitive endoderm is marked by co-

expression of FOXA2, SOX17, and CXCR4 [31]. FOXA2, a key regulator in foregut development, 

continues to be expressed throughout pancreas development and is expressed in mature β cells, 

while SOX17 expression turns off as the cells approach a pancreatic fate. PDX1 is a key 

transcription factor for the pancreas, is only expressed in pancreatic and duodenal lineage, and 

is induced in the pancreatic progenitor (PP) stage marking the region of the posterior foregut that 

will become the pancreas [32]. PDX1 continues to be expressed in mature β and δ cells, but is not 

present in mature α cells. Likewise, NKX6.1 expression is induced at the second PP stage (PP2), 

and is required for pancreatic endoderm lineage [33]. After this time point a subset of pancreatic 

endoderm cells begin to transiently express NGN3 which marks the beginning of the transition of 

pancreatic endoderm toward an endocrine fate [32]. NGN3 is rapidly turned off in these cells as 

genes specific to each endocrine cell type begin to be expressed. For β cells, these genes include 

NEUROD1, NKX6.1, MAFA, INS, and many others. Developmentally, monohormonal pancreatic 

endocrine cells are present relatively early in human embryos (10 gestational weeks) [34], but 

functional maturation of these cells (secretion of hormones in response to appropriate 

physiological cues, such as blood glucose levels) happens postnatally [14, 35]. UCN3 is thought 
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to be one marker of maturation in β cells, but much of the work that has been done to identify 

such markers is based in rodent models which may not translate to human biology [36, 37]. More 

work is needed to identify human β cell maturation markers for use in assessing differentiated 

SCβCs, sorting cells, and to better understand the process of islet maturation and function.  

In 2006, D’Amour et al. first published the directed differentiation toward a β cell fate, 

which resulted in a population of cells which were enriched for Chromogranin A (CHGA)-positive 

cells but only 7% were insulin-positive. Not unexpectedly, these cells were poorly glucose 

responsive [38]. Successive protocols have since improved the yield and functionality of SC-islets. 

Figure 3. Signature gene expression throughout pancreas and SCβC development. SCβC 
differentiation protocols assess gene expression at each step of staged differentiation protocols 
modeled after known pancreas and islets developmental signals and gene expression profiles. Many 
key genes have been identified at crucial points during development, but less is known about genes 
that may be expressed or become active at the final stage of β cell maturation. This figure has been 
modified from the published figure in Sackett et al. 2020 [3]. (SC=stem cell, DE=definitive endoderm, 
PGT = primitive gut tube, PFG = posterior foregut, PE=pancreatic endoderm, PP=pancreas progenitor, 
EP=endocrine progenitor, IE=immature endocrine, IL=islet-like, MBC=mature beta cell) 
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In 2014, Pagliuca et al. established a scalable protocol, working toward large-scale production 

which will ultimately be necessary for clinical use, resulting in efficient β cell production with 

measurable static glucose stimulated insulin secretion (GSIS). These SC-islets had similar gene 

expression profiles to primary human islets for several key β cell genes [39]. In the same year, 

Rezania et al. published their protocol describing differentiation toward an enriched insulin+ cell 

population [40]. Both groups achieved approximately 50% insulin+ cells, which when transplanted 

into diabetic mice resulted in a gradual reduction of hyperglycemic blood glucose levels to 

normal, non-diabetic levels over the course of several weeks [39, 40]. However, both Rezania et 

al. and Pagliuca et al. reported phenotypes of the cells that still suggested immaturity, such as 

elevated NGN3 and low UCN3 transcript levels, blunted dynamic insulin secretory profiles, 

elevated proinsulin:C-Pep ratio, and overall significantly lower insulin secreted per cell compared 

to human islets [39, 40]. Moreover, total insulin content per islet equivalent was not reported 

[39, 40]. Thus, at this point, protocols were able to achieve improved directed β cell 

differentiation in vitro, but cells still appeared phenotypically and functionally immature 

compared to normal islets. 

Whereas many other early protocols led to the development of primarily polyhormonal 

cells, such as INS+/GCG+ cells, which are poorly functional, several important studies identified a 

key link between enriching for NKX6.1+ progenitors during differentiation and ultimately 

achieving improved generation of β-like cells. Rezania et al. were the first to identify this link, 

demonstrating improved in vivo maturation and function following NKX6.1 enrichment prior to 

transplantation of stem cell-derived pancreatic endoderm cells (PP2) [41]. Nostro et al. identified 

key signaling pathways that contribute to NKX6.1 enrichment and determine the hormonal fate 
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of progenitor cells, demonstrating that ineffective induction of NKX6.1 prior to endocrine 

hormone production restricted the fate of the progenitor cells such that they could never become 

monohormonal β-like cells [42]. Russ et al. also studied the induction of NKX6.1 prior to the 

endocrine progenitor stage and found that increased early NKX6.1 expression led to a reduced 

polyhormonal population in the final islet-like clusters, and more glucose-responsive β-like cells 

[43]. Collectively, these studies significantly advanced our understanding of the complexities of 

β cell differentiation and the importance of NKX6.1 expression in PDX1+ progenitors for 

generating monohormonal β-like cells.  

Acquisition of Mature Phenotypes and Function 

Several more recent publications have significantly pushed the boundaries of SC-islet 

maturation. In 2017, Ghazizadeh et al. published the first evidence of in vitro expression of the 

maturation-associated gene, UCN3 [44]. This was accompanied with an improvement in static 

GSIS function, however dynamic GSIS was not studied. Velazco-Cruz et al. and Nair et al. were 

the first studies to show functional dynamic GSIS, approaching levels comparable to human islet 

function. Interestingly, these changes were not accompanied by significant improvement in 

expression of the genes MAFA and UCN3, thought to be associated with β cell maturation [45, 

46]. 

In their 2017 study, Ghazizadeh et al. screened a library of 4000 chemicals and identified 

five that stimulated at least a 5-fold increase in INS+ cell production from PDX1+ progenitors. The 

chemical with the highest efficiency was the molecule H1152, an inhibitor of Rho-associated 

kinase (ROCK) which inhibits both ROCK I and II.  The addition of H1152 into their differentiation 

protocol increased the efficiency from only 12.2% INS+ cells to 29.8% INS+ cells. Although the 



 

 
 

11 
 

proportion of INS+ cells is relatively low, they found that the expression of MAFA and UCN3, which 

otherwise had been found to be poorly expressed, were upregulated following culture with 

H1152. For the first time, UCN3 mRNA expression was detectable at levels similar to primary 

islets. MAFA expression also increased with H1152 from nearly undetectable to a level 

approximately 5-fold lower than primary islets. Using their unique differentiation protocol with 

H1152 in the final stages, they were able to generate glucose-responsive cells with a 3-fold 

stimulation index (SI) in static GSIS, and total insulin content comparable to human islets [44]. 

They validated their study with several human stem cell lines and also added H1152 to the 

differentiation protocol published by Rezania et al., which resulted in SC-islets with improved 

static GSIS performance and UCN3 expression. The study did not assess whether H1152 improved 

the dynamic GSIS of the cells, which was shown to be deficient in Rezania’s initial publication. 

Furthermore, UCN3 is expressed in mature human α and β cells [47]; immunofluorescent staining 

was not used to demonstrate that the protein was present in the Ins+ cell population [44]. 

Key features of normal islet function in vitro are (i) rapid first phase insulin release in 

response to a glucose stimulus followed by a more sustained second phase release, (ii) rapid and 

complete turn off of insulin release in response to low glucose, and (iii) responses to other 

chemical secretagogues. Achieving these types of dynamic functional insulin secretory responses 

of SC-islets is a critical goal. More recently, Velazco-Cruz et al. and Nair et al. made significant 

advances toward this goal, describing strategies for improving beta-like cell function [45, 46]. 

Nair et al. implemented a unique strategy utilizing insulin-driven GFP labeling and Ins+ cell 

enrichment by fluorescence-activated cell sorting (FACS), followed by reaggregation of clusters 

from single cells and continuation of in vitro culture, thereby attempting to recapitulate the 
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developmental endocrine clustering process. After an additional 6-8 days of culture, this 

purification step resulted in highly enriched β cell clusters (eBCs) with 99% endocrine cells, 

marked by chromogranin A (CHGA), which on average had better gene expression profiles than 

the unsorted aggregates. The eBC clusters performed successfully in dynamic GSIS, with a 

stimulation of ~4 in a first phase response, but with a very weak second phase. Compared to 

human islets, with a first phase stimulation index of ~12, the cells are clearly less potent, but the 

total C-peptide secreted in response to depolarization (KCl) was similar, ~1.2 pg·min·ng-1 DNA for 

eBCs compared to ~1.8 pg·min·ng-1 DNA for islets, suggesting that the potency of the eBCs is close 

to that of islets. Total insulin content of the eBCs was not reported, although the INS mRNA 

expression level of the eBCs was reported and was nearly 10-fold lower than primary islets. This 

study is arguably the most complete metabolic study of SC-islets, with an analysis of calcium 

signaling as well as mitochondrial health and function. eBCs displayed similar levels of 

mitochondrial energization and increased oxygen consumption in response to high glucose. 

However, these parameters were only assessed comparing immature cells (day 20) to eBCs (day 

26-27), so it is difficult to know whether these mitochondrial properties are unique to eBCs, or 

are also present in other SC-islets. Finally, this protocol was developed and tested solely with one 

cell line, dependent on the genetically engineered Ins-GFP cassette [48]. It is difficult to know 

how well it would work with other non-genetically modified stem cell lines, but based on the 

unsorted ‘non-enriched clusters’ in the Nair et al. study, the success of the protocol is completely 

dependent on GFP-labeled cell sorting [45]. 

Two papers from the same group, Velazco-Cruz et al. and Hogrebe et al., have also 

demonstrated improved dynamic insulin secretion without cell selection and showed that their 
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protocol could be applied to multiple cell lines [25, 46]. Velasco-Cruz et al. convincingly 

demonstrated that the TGFβR1 inhibitor, Alk5 inhibitor II, has a detrimental effect in the final 

stage of differentiation. This is significant because Alk5i II has been included in the final stage of 

many of the leading differentiation protocols [39, 40, 45, 46, 49]. Through the use of a serum-

free media, and by removing T3 and Alk5i II in the final stage of differentiation, the protocol 

derived from Pagliuca et al. was significantly improved upon, based on gene expression profiles 

and insulin secretion patterns. In addition to removing these two components in the final stage 

of differentiation, they also included a resizing step of the cell aggregates in the final stage and 

continued the last stage of differentiation for 9-35 days. In the end, their extended culture 

protocol generated cells with approximately a 10-fold increase in INS gene expression and 2-fold 

higher insulin content, and more importantly displayed improved static and dynamic insulin 

secretion in response to high glucose compared to Pagliuca et al. The SC-islets had a static SI of 

3.0, while cadaveric islets SI averaged 3.2. The SI of the first phase of dynamic GSIS was 7.6 for 

SC-islets, which was lower than an average stimulation of 15.0 for primary islets. The second 

phase response was also lower for SC-islets. Further, in vivo data demonstrated that by 10 days 

after transplantation into diabetic mice, a glucose-tolerance test was similar to non-transplanted, 

non-diabetic controls, suggesting early function which is believed to be critical for successful 

clinical translation of this therapy [46]. 

Hogrebe et al. utilized the protocol improvements established in Velasco-Cruz et al. and 

adapted the protocol to begin in planar adherent culture rather than suspension. Hogrebe et al. 

established that a major reason that differentiation protocols were not broadly applicable to 

different cell lines was that hPSC lines performed dramatically differently when transitioned into 
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suspension culture. This is significant because many previous protocols have been developed 

with specific hESC lines, but have worked less efficiently when implemented using other hESC or 

hiPSC lines. Therefore, the protocol published by Hogrebe et al. is an important step toward 

developing a universal SC-islet protocol for any hESC line. The protocol starts all cells in planar 

adherent culture and utilizes latrunculin A treatment during endocrine induction to stimulate 

actin cytoskeleton rearrangement and facilitate better functional outcomes than had previously 

been found in planar differentiations [25]. This modified protocol was capable of generating SC-

islets from a variety of hESC and hiPSC lines that performed more consistently than if those cell 

lines were used with other protocols [25]. This is an important step toward deriving a protocol 

that will work universally on many cell lines for potential use with patient-matched iPSCs. 

These recent studies demonstrate an important step toward achieving dynamic β cell 

function, as compared to realistic and high-functioning islet controls, although SC-islets 

generated in all three protocols had negligible levels of MAFA and UCN3 mRNA expression [25, 

45, 46]. Although both groups cited a 2016 study (Arda et al.) revealing that human MAFA levels 

peak during puberty as an explanation for the low SC-islet MAFA levels, the Arda et al. study does 

not suggest that human juvenile β cells have zero MAFA expression, but rather contain about half 

that of adult β cells [14]. This suggests that better MAFA expression would be expected in β cells 

even at the juvenile stage of development. Furthermore, the Arda et al. study identified several 

other genes associated with juvenile to adult β cell maturation, such as SIX2, SIX3, and ONECUT2, 

which have not been assessed in these recent SC-islet differentiation papers [14]. 

Together, these reports confirm the ability to achieve better gene expression and 

dynamic function than previously demonstrated in the SC-islet field. The advances presented by 
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each of these studies have still not achieved a cell population which recapitulates the human islet 

in every aspect, but each contribute an important piece of this complex puzzle for future 

investigation. It is now clear that dynamic in vitro function can be achieved, even with expression 

of MAFA, UCN3 and INS at levels significantly lower than human islets. Though the reasons for, 

and implications of, these lower gene expression levels are not clear, it is evident that better 

insulin secretory function is associated with a more rapid restoration of normoglycemia in 

diabetic mouse models. A more in-depth understanding of the functional and phenotypic 

differences in cadaver islet and islet-like clusters at the single cell level will likely pave the way 

towards generating even more robust function. Increasing the insulin content, and the 

expression of other candidate maturation genes (MAFA, UCN3 and others) may lead to further 

improvements in SCβC function. There is also a need to better understand markers of mature β 

cells and how well those that have been identified in animal models translate to human cells [50]. 

Methods through which differentiation may be improved are numerous and include further fine-

tuning of the chemical components used for differentiation, but could also be expanded to 

include other signals that cells receive in vivo, such as through the extracellular matrix, direct cell-

cell contact with neighboring cells, including other endocrine, vascular or per-vascular cells, 

perfusion and interstitial flow of the nutrient-containing medium mimicking blood flow, or 

entrainment to a feeding schedule to induce circadian rhythm.  

If the dynamics of glucose sensing and insulin secretion are not as precise as native β cells, 

SCβCs may not be able to fully reverse hyperglycemia in patients, or may overproduce insulin and 

cause hypoglycemia. It is notable that most GSIS data is derived using high glucose concentrations 

that are much higher than physiologic non-diabetic levels [51, 52]. Many other signals, like 
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incretins, are also involved in regulating insulin secretion after eating and are not always included 

as a component of GSIS data. Prior to clinical use, it may be important to further investigate the 

maturation of stem cell-derived β cells through both maturation-associated gene and protein 

expression, as well as functional maturity. 

Engineering SC-Islets for Clinical Applications 

 Since the derivation of hESCs [53], the field of regenerative medicine has envisioned 

cellular and tissue transplantation therapies based on the numerous differentiated somatic cell 

types that can be generated from them (reviewed by Wu et al. [54]). However, intrinsic to 

transplantation of stem cell-based therapies, as with organ and tissue transplantation, is the fact 

that a major obstacle to a successful clinical outcome is the expression of foreign HLA antigens 

and the recipient’s immunological recognition and responses to the cells and tissues bearing 

these foreign HLA types. Thus, an in depth understanding of the innate and adaptive host 

immune responses to various cell and tissue types derived from either allogeneic hESCs/iPSCs, or 

autologous hiPSCs, including SC-islets, will be critical to successful clinical translation. Further, it 

will be equally important to understand how different routes of administration of cells (i.e. 

transplant sites) and co-transplantation with other biomaterials or encapsulation technologies 

may affect immunogenicity and engraftment. 

While this aspect of stem cell science is still nascent, strategies to reduce immune 

responses to stem cell progeny are already being tested. David Russell’s team has engineered 

normal human stem cells using AAV vectors to escape immune rejection by allogeneic CD8+ T 

cells, B cells and NK cells [55]. While several groups have made PSC lines which are deficient for 

β2M [56-60] and therefore absent of HLA class I cell surface expression, cells missing Class I 
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expression may still be vulnerable to attack and elimination by natural killer (NK) cells [61, 62]  

Hence, they knocked-in HLA-E into the β2M locus in order to overcome the “missing self” 

response. They showed that these HLA-E expressing, HLA-A, B, C absent ESCs and their progeny 

are less susceptible to NK cell and CD8+ T cell cytotoxicity. Another strategy for achieving 

immunoprotection through genetic modification was studied by Rong et al. who chose to target 

co-stimulatory (CTLA4:B7:CD28) and co-inhibitory (PD:PD-L1) pathways, thereby hoping to 

prevent T cell activation by constitutive expression of these molecules in hESCs [63]. They showed 

that constitutive dual transgene expression, but not one transgene alone permitted teratomas 

to survive in humanized allogeneic mice and reduced cellular infiltrates to hESC grafts. Despite 

efforts to add genetic kill-switch mechanisms to these cells [64, 65], serious concerns still exist 

about using a cell population that is immune-evasive in clinical applications. 

 An alternative approach to engineering hESC-based treatments for immune evasion is to 

physically isolate the cells in vivo using a device to prevent the immune system from infiltrating 

the graft. Devices proposed for this type of work could be microencapsulation devices, in which 

individual islets are coated with an immunoprotective polymer, or macroencapsulation, in which 

many islets are housed within a single immune-isolating unit [66]. Both of these strategies require 

the device to permit exchange of nutrients and hormones bidirectionally across a membrane, but 

block the movement of immune cells from infiltrating the graft within. While concerns about 

making cells immune-evasive make these devices appealing, in practice nutrient and gas 

exchange across the membrane of the device has not been efficient enough to support robust 

cell survival [67]. Furthermore, isolating the endocrine cells from direct contact with blood 

vessels and the fibrotic deposits that form around these devices in vivo may prevent effective cell 
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survival and function [66]. Supporting cell health and function within the device will therefore be 

a key concern if these approaches are to be clinically viable. Strategies for developing SC-islets as 

a clinical therapy are summarized in Figure 4. 

Figure 4: Current strategies for the development of pluripotent stem cell-based therapies for 
diabetes. Human embryonic stem cells (hESC) and human induced pluripotent stem cells (hiPSC) are 
being tested as cell sources. Genome editing to confer precise genomic modifications or encapsulation 
are promising technologies to engineer cells to prevent immune mediated destruction and control 
potential aberrant cell growth. Tissue engineering could generate insulin-producing tissues that would 
involve using hPSCs. Encapsulation strategies and the exploration of alternative transplant sites may 
open new avenues for transplanting hPSC-derived SC-islets. Abbreviations: IDDM, Insulin-dependent 
Diabetes Mellitus; iPSC, induced pluripotent stem cells; ES, embryonic stem; SQ, subcutaneous; IM, 
intramuscular; IP, intraperitoneal injection; ECM, extracellular matrix. This figure has been modified 
from the published figure in Sackett et al. 2020 [3]. 
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Rebuilding a Better Home for Islets 

The Extracellular Matrix 

The extracellular matrix (ECM) is a network of proteins and polysaccharides which 

stimulates cells through structural and biochemical interactions. ECM molecules directly bind cell 

receptors, such as integrins, activating intracellular signaling cascades. The ECM can modulate 

signaling pathways by sequestering growth factors and affecting growth factor-receptor 

dynamics [68]. Through these mechanisms, ECM plays a significant role in cell health and identity. 

The process of isolating islets from the pancreas involves collagenase digestion which destroys 

much of the native islet ECM, affecting islet health [18, 19, 69]. Since β cell replacement is used 

as a treatment for diabetic patients, understanding the role of ECM on islet and β cell survival 

and function could help optimize the treatment. In human islets, ECM has been found to affect 

β cell proliferation, differentiation, survival, and  insulin secretion dynamics [70]. The culture of 

islets with individual purified matrix components has been shown to positively affect islet-specific 

gene expression, further underscoring their importance in islet health [71-73].  

 Anoikis, meaning ‘without a home’, is an integrin-mediated form of apoptosis due to the 

absence of ECM in a tissue environment, and is a major contributor to cell death in isolated islets. 

High purity islet preps have high rates of apoptosis which can be reduced with anoikis inhibitors; 

impure preps, containing more intact ECM, have exhibited better cell survival [74, 75]. Islets 

cultured on purified ECM proteins, collagen (COL), laminins (LAM), and fibronectin (FN), have 

lower apoptosis rates and maintain better β cell function [76, 77]. Soluble integrin-binding 

ligands, such as fibrinogen, arginine-glycine-aspartate (RGD) peptides and integrin antibodies, 

also reduce apoptosis in cultured islets [78, 79]. 
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Islet ECM has been previously reported to contain COL I, III, IV, V and VI, as well as LAM 

and FN. Most studies established this compositional analysis through immunohistochemistry, 

and data originate from pancreata derived from a variety of different species [70, 80, 81]. 

Because most native islet ECM is destroyed during isolation, it is difficult to use proteomic 

methods with isolated islets to further characterize islet-specific ECM [70]. 

Decellularization 

ECM can be isolated from tissues through a process called decellularization (decell), in 

which detergent-mediated cell lysis and subsequent washing removes cellular material, yielding 

native ECM (detailed in Figure 5). In this way, ECM has been extracted from many animal and 

human organs, and has been proposed for use in regenerative medicine for a variety of 

applications [82-84]. One approach is to use perfusion decell, by delivering detergents through 

the vasculature with the goal of preserving the macro- and microstructures of the organ [82]. 

However, seeding cells or islets into a whole perfusion-decelled pancreas has proved challenging 

[85-90]. Another strategy is to solubilize the ECM with acidic pepsin digestion. The digested ECM 

can be neutralized and warmed to 37°C to form a hydrogel, or lyophilized to form a sponge [91]. 

These scaffolds require digestion and reformation of collagen fibrils [92], reorganizing the 

microstructure and potentially disrupting ECM protein functional domains. On the other hand, a 

hydrogel can be customized and easily incorporated into cell culture systems and transplantation 

strategies. The collagenous nature of native ECM hydrogel is advantageous for in vivo 

applications, where the neutralized digest can be injected as a liquid and forms a gel at 

physiologic temperatures. Due to the potential challenges of seeding intact 3-D scaffolds, a 

hydrogel’s ease of use has practical advantages in tissue culture and transplantation platforms. 
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The pancreas of many species including mouse, rat, pig and human have been decelled, 

generating pancreatic ECM (P-ECM). These studies provide clear evidence that pancreatic decell 

is achievable, resulting in a hypoimmunogenic matrix, free of DNA and cellular debris. The most 

common decell method utilized has been a perfusion approach, via vasculature or the pancreatic 

duct. Napierala et al. compared perfusion through the portal vein, aorta, or pancreatic duct of a 

porcine pancreas and found no significant difference in decell efficiency between the three 

routes [87]. Detergents used have ranged from Triton X-100, to sodium dodecyl sulfate (SDS), to 

sodium deoxycholate, with no study specifically comparing the efficacy or impact of these 

detergents on the pancreas, but with all studies having similar decell effectiveness. The length of 

Figure 5. Schematic representation of pancreas decellularization methods. The pancreas can be 
decellularized whole by perfusion of detergents through the vasculature or pancreatic duct, keeping 
the tissue ultrastructure intact (left side). An alternative approach is to disruption the tissue by cutting 
or homogenizing, followed by cell lysis, extraction of the pancreas ECM (P-ECM) and reconstitution of 
the ECM as a hydrogel (P-HG). Either of these scaffolds could be combined with isolated islets or other 
cell types. 
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detergent treatment appears to be dependent on species and organ size, with smaller organs 

(mouse, rat) requiring between 3-5 hours in detergent, and larger organs (pig, human) needing 

between 8 hours - 3 days [85-87, 89, 93-99]. The detergent used and time exposed to detergent 

may affect the microstructure and function of retained matrix molecules [83], with one study 

comparing SDS to Triton-X treatments on porcine pancreas finding that Triton-X paired with a 

protease inhibitor cocktail had the best retention of the range of ECM components present in 

the pancreas [100]. A protocol has also been developed for a detergent-free decellularization of 

the pancreas [101]. 

Retention of ECM components has been assessed through a variety of methods, however, 

few in-depth proteomic analyses of P-ECM composition have been previously published. Utilizing 

mass spectrometry-based proteomics with decellularized mouse pancreas, Goh et al. identified 

30 ECM-associated proteins in the P-ECM including 17 COL and 7 LAM proteins [95]. It may be 

important to expand these studies to identify how decell treatments affect the P-ECM 

composition compared to native tissue, and how the P-ECM proteome varies among species. 

Utilizing human tissue with these techniques could benefit the understanding of the human 

pancreatic ECM composition, and create human-specific downstream applications of P-ECM. 

The effect of P-ECM on cells and islets has been broadly investigated, but with diverse approaches 

and results. Cytocompatibility studies testing toxicity of the P-ECM on cell survival have indicated 

that the decelled matrix is not toxic to cells [85, 86, 95, 97, 99]. When the MIN6 β cell line was 

perfused into the 3D mouse P-ECM, Goh et al. found cell survival and maintenance of insulin gene 

expression after 5 days [95]. Using SC-islets, Wan et al. found that mouse SC-islets on rat P-ECM 

had a 2-fold increase in insulin gene expression compared to those without P-ECM [89]. 
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Furthermore, Chaimov et al. found that hepatocytes transdifferentiated to β cells on P-ECM had 

more than a 4-fold increase in insulin secretion [93]. When combined with islets, P-ECM has had 

variable effects. Two studies have found that islets cultured on or within P-ECM survived and 

functioned equally as well as islets in the absence of matrix over a 4-5 day period [86, 97]. 

Another group showed that islets within the 3D scaffolds could function, however this was 

without a comparison to control islets [87]. DeCarlo et al. performed a longer study in which rat 

islets cultured with rat P-ECM maintained insulin secretion up to 6 weeks, while naked islets 

began declining after 2 weeks [94]. 

  Narayanan et al. recently published interesting results with decelled RIN5F (rat 

insulinoma) β cell cultures. hESCs plated onto acellular RIN5F ECM and treated with RIN5F 

conditioned medium over 14 days were shown to differentiate into glucose-responsive insulin 

producing SC-islets, without a staged differentiation protocol or through added growth factors 

[102]. This study mirrors other work demonstrating the instructive power ECM can have on cells 

[103], and highlights the potential P-ECM may have on islets and SC-islets. 

Few groups have explored the effects that P-ECM may have on transplanted islets. De 

Carlo et al. found that rat islets and rat P-ECM transplanted subcutaneously (SQ) within a 

polyethylene glycol (PEG) hydrogel reversed hyperglycemia for up to 41 days in diabetic rats, 

while islets with P-ECM but no PEG only reversed hyperglycemia for a few days before returning 

to a diabetic state [94]. Chaimov et al. also transplanted islets and P-ECM hydrogel SQ within 

alginate capsules into diabetic mice. They observed a temporary drop in blood glucose, but not 

a long-term reversal of diabetes [93]. One of the most striking studies has utilized an “islet 

viability matrix” (IVM) composed mainly of purified collagen 1 to support SQ islet engraftment. 
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The SQ space is a potential transplant site for islets because it can be easily accessed during 

transplantation, can be monitored in a non-invasive way, and can accommodate a large volume 

of cells, but has also been a difficult site into which to transplant cells in animal models due to 

low levels of vascularization and high levels of cell death after transplant [104], requiring high 

numbers of islets (2000 IEQ or more) to reverse diabetes. Yu et al. transplanted as few as 200 

transplanted human islets, successfully lowering the blood glucose of a diabetic mouse when co-

transplanted with the IVM material, but the islets were not viable if transplanted alone [105]. 

These are promising steps toward creating a strategy for SQ islet transplantation, and P-ECM 

could play a role in enhancing the microenvironment of this space. More studies are required to 

confirm the potential benefits of P-ECM on transplanted islets or SC-islets, and to better 

understand the underlying mechanisms. 

Alternative Transplantation Approaches 

Following intrahepatic islet transplantation, a significant fraction of islet mass is lost after 

infusion due to instant blood-mediated inflammatory reaction (IBMIR) and microthrombosis, 

causing damage by a variety of postulated mechanisms [106, 107]. These high levels of islet 

attrition lead to the need to transplant islets from more than one donor to treat diabetes in a 

single patient. Even with recent advances, only 44% of patients maintain insulin independence 3 

years after infusion [108]. A better islet transplant site is needed to support islet survival and 

long-term reversal of hyperglycemia [109]. As has been discussed, many advances have been 

made in differentiating SC-islets [39, 40, 42, 43, 110], however SC-islet transplantation into the 

liver may encounter similar challenges that have beset cadaver islet transplantation unless a 

better strategy is identified.  
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Due to the imperfect islet survival and function when transplanted into the liver, and 

because the same method of delivery may not be desirable in early trials of SC-islet transplant, 

alternative approaches are being explored. Recent techniques being tested in clinical and 

experimental β cell replacement include exploration of novel transplant sites, such as the 

omentum [111], intramuscular (IM), intraperitoneal (IP) or subcutaneous (SQ) space [112-115], 

and include encapsulation strategies to protect islets from immune rejection [93, 94, 109]. Many 

of these approaches have been identified as having microenvironments that limit survival and 

engraftment of isolated cadaver islets. Recent clinical trials conducted by ViaCyte, in which stem 

cell-derived pancreas progenitor cells were transplanted into diabetic patients, did not produce 

sufficient detectable insulin, indicating a critical lack of in vivo survival and function [67]. 

Therefore, an improved microenvironment that supports robust islet survival and function is 

desirable [109, 116] and could in part be enhanced by providing a matrix substrate such as P-

ECM or a P-ECM hydrogel. As SC-islets undergo preclinical testing and enter clinical trials, the 

same challenges will need to be carefully considered about optimizing the environment of 

transplanted SC-islets to ensure long-term function and maintenance of β cell identity in vivo. 

These tissue engineering, encapsulation, and transplant site strategies for developing SC-islets as 

a clinical therapy are also summarized in Figure 4. 

Novel Vascularization Methods 

 To support islet survival during transplantation, many studies have focused on strategies 

to improve the vascularization of the islet graft following transplantation. Efforts to pre-

vascularize a transplant site, such as the SQ space, have demonstrated that rapid 

revascularization of islets can dramatically improve graft survival and function. Prevascularization 
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of the SQ space prior to islet transplantation has been shown to enable restoration of glycemic 

control with fewer transplanted islets that are required for normalization of glycemia if 

transplanted without prevasculariation [104, 114]. Other strategies have involved combining 

primary endothelial cells (ECs) or mesenchymal stem cells (MSCs) with islets before or during the 

transplant to improve vascularization [115, 117-120], co-transplanting with adipose-derived 

microvessels [121], or using vasculogenic biomaterials or soluble factors to improve 

vascularization of the graft [112, 122, 123] (Figure 6). One approach that has not yet been 

reported could conceptually involve pre-vascularizing a tissue-like composite of islets and ECs in 

a scaffold prior to transplantation, which would theoretically provide the components to rapidly 

vascularize an islet graft in culture and prior to transplantation, in order to support faster 

engraftment (Figure 6E).  

Studies using these various approaches have found that islets transplanted alone into the 

SQ space have poor survival and function and therefore require high islet equivalent (IEQ) counts 

in order to be even somewhat effective at reversing diabetes in animal models. In contrast, all of 

the listed vascularization methods have been reported to support islet survival, increase 

detectable insulin in the blood and improve recipient blood glucose levels [112, 115, 117-123]. 

These are promising steps employing animal models, but it is yet unknown if these encouraging 

results will translate to humans in clinical trials. However, it is worth mentioning that each 

treatment has associated drawbacks. The pre-vascularized SQ space model utilizes the host’s 

foreign body response to create the vascularized pocket for islet transplantation [114], but the 

fibrosis and inflammation at the site may not be beneficial to the graft. That these reactions are 

generally stronger in humans than rodent models means the methodology itself may not 
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translate to the human system. It also requires two separate surgical procedures. The co-

transplantation of isolated microvessels with islets is one of the more successful methods of graft 

vascularization to date, but requires that microvessels be isolated from a donor, which may not 

immunologically match the recipient, islet donor, or SC-islet cell source [121]. As the field moves 

toward the clinic with a desire to avoid rejection of the grafts without the use of 

immunosuppression [3], it is unclear what role microvessels or other primary cell types may be 

able to play in that future treatment strategies. 

ECs are important for connecting the graft to the host vasculature to support graft 

survival, but EC-islet interactions also play a key role in islet development and function [124]. 

Most studies establishing the role of ECs in islet development and survival have been performed 

in animal models, particularly mice and rats. While in vivo study of endothelial-islet relationships 

is ideal for understanding the interplay between cell types, the differences among species in islet 

structure and biology prevent animal studies from translating directly to human islet biology. 

Furthermore, many previous studies have incorporated endothelial cells into culture with islets 

in a physiological way that does not resemble in vivo biology. For instance, islets have been 

coated with ECs, or dissociated and re-aggregated with ECs, without permitting the ECs to form 

in vivo-like 3-D tube structures [125-127]. Recapitulating the 3-D environment in culture is as 

important as providing the appropriate chemical cues to cells, and in 2D culture cell behavior can 

be dramatically altered compared to native cells. Few studies have successfully cultured ECs in a 

3-D environment with pancreatic endocrine cells. Although several recent reports have made 

progress on this front [118, 128, 129], the scaffolding used for 3-D culture was not a pancreas-

like biomaterial and leaves room for further optimization of these methods.  
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 Overall, a better understanding of the microenvironment of the pancreas and how islets 

interact with the different constituents of that environment could be a powerful tool for 

improving islet and SC-islet research and transplantation. If the islet microenvironment could be 

reconstituted either in vitro or alongside transplanted islets in vivo, it may facilitate improved 

islet culture, better modeling of islet interactions with their environment, and improved 

transplantation outcomes. If applied to SC-islets, there is potential to improve the differentiation, 

maturation and function of the cells, as well as the possibility of combining SC-islets in vitro with 

various elements of the in vivo environment to study disease, drug toxicity and other complex 

problems that involve multiple cell types. As the foundation of every tissue, and the basis for 

most ex vivo 3-D culture systems, ECM has an important role in these studies. Thus, properly 

characterizing and recreating a pancreas ECM environment is an important step toward achieving 

these goals.  
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Figure 6. Strategies for improving the vascularization of islets transplanted into the SQ space. A) 
Islets transplanted alone into the SQ undergo harsh hypoxic conditions and limited vasculature 
leading to significant cell death. B) The SQ space can be pre-vascularized through a variety of 
strategies creating an environment for rapid islet vascularization and engraftment. C) Islets can be co-
transplanted with endothelial cells, isolated microvessels, and/or other support cells to improve 
vascularization. D) Islets can be co-transplanted with a vasculogenic scaffold or soluble factors to 
attract revascularization from the host. E) Islets could be pre-vascularized in culture and transplanted 
in combination with pre-formed endothelial tubes and a supportive ECM hydrogel. 
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Summary 

Prior to the work I present in this thesis, much of the knowledge about pancreas and islet 

ECM was derived from rodent and other animal models. Protocols to decellularize the pancreas 

have been established previously, but translating such protocols to scale from small mouse 

tissues to large human tissues is not comparable or straightforward. Although it is not yet clear 

whether differences between other species and human pancreas matrisome compositions are 

significant enough to justify the use of human-specific ECM for applications with human islets or 

SC-islets, a better understanding of the human pancreas and islet matrisome will undoubtedly 

help to make future decisions regarding ECM scaffolding to support these cells in vitro and in 

vivo. Presented herein we, for the first time, characterize the human pancreas matrisome. 

Furthermore, we assess how the ECM composition changes in the pancreas throughout 

development, from early fetal stages to late adulthood. I have developed a protocol to 

decellularize the human pancreas and generate a human pancreas ECM hydrogel (hP-HG) for use 

in tissue culture and to support cells during transplantation.  

Combining hP-HG with SC-islets, I find that co-culture with pancreatic ECM has beneficial 

effects on the gene expression profiles and endocrine yield of the differentiated clusters. To 

optimize my co-culture methodology, hP-HG was combined with primary human islets and 

yielded surprising and encouraging results. In hP-HG co-culture compared to standard suspension 

culture, the stimulation index of human islets from low (2.8 mM) to high glucose (28 mM) was 

dramatically improved. Islet survival was also improved when islets were cultured in hP-HG 

compared to suspension culture. Further, other aspects of islet biology were altered in hP-HG co-

culture. For example, islet mitochondrial maximal respiration was higher in hP-HG embedded 
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islets compared to islets in suspension. Islet architecture was dramatically altered following islet 

isolation, but was in hP-HG co-culture architecture was better preserved over 7 days of culture 

compared to those cultured in suspension, in which the localization of the endocrine cells 

continued to change over time.  

The potential of hP-HG to provide a base scaffold for 3-D modeling studies is perhaps the 

most promising aspect of this work. As just one example of the role ECM could play in future 

work, endothelial cells cultured in hP-HG can be stimulated with growth factors to form 3-D tubes 

within the gel, and can form these tubes when cultured in combination with human islets and an 

islet-supportive medium. Many current studies aim to model the islet environment in vitro as 

part of larger projects focusing on immune interactions, vascularization, and the roles of other 

supportive cell types within the context of the natural islet environment. Because so many 

aspects of islet biology differ from animal models to human islets, model systems to recapitulate 

human biology will be essential to translate findings from animal models to the clinic. 

Furthermore, as various approaches are used to evade the response of a patient’s immune 

system to transplanted SC-islets, supporting cell health throughout the process will be essential, 

especially if enclosed immune-isolating macro-encapsulation devices are a chosen way forward.  

Finally, identifying markers of human β maturation and mature function will enable better 

methods of identifying improvements in SC-islet differentiation. While function itself is a 

measurable readout, it is time consuming to assess and impractical to scale up for high-

throughput screens. If one or more maturation markers correlate strongly with functional 

maturity, then phenotypic gene markers could be used as a simple endpoint for assessing the 

impact of interventions (growth factors, matrix, media, agonists, antagonists, etc.) designed to 
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increase functional maturity. Many maturation markers in the field have been identified using 

animal models, but have not consistently been validated to reflect normal human islet 

development. Using the tissues and tools available in our lab, I have screened a list of candidate 

maturation markers and found that many of these markers are already expressed at early fetal 

developmental time points in human islets, thus making them unsuitable for predicting 

functional maturation of SC-islets. Genes that have significant upregulation in islets postnatally 

compared to their expression in fetal tissue, however, may be better markers of maturation in 

human development and may help us to better identify environmental cues that signal for 

developing islets to become functionally mature.   

 Taken together, I present a collection of data that improve our understanding of islet 

biology and may translate to the development of novel methods for engineering islet-like tissues 

ex vivo, or for improving islet engraftment, survival and function following transplantation. 
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Proteome-wide and matrisome-specific alterations during human pancreas development and 
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Abstract 

The extracellular matrix (ECM) is unique to each tissue and capable of guiding cell 

differentiation, migration, morphology, and function. The ECM proteome of different 

developmental stages has not been systematically studied in the human pancreas. In this study, 

we apply mass spectrometry-based quantitative proteomics strategies using N,N-dimethyl 

leucine isobaric tags to delineate proteome-wide and ECM-specific alterations in four age groups: 

fetal (18-20 weeks gestation), juvenile (5-16 years old), young adults (21-29 years old) and older 

adults (50-61 years old). We identify 3,523 proteins, including 185 ECM proteins, and quantify 

117 of them. We detect previously unknown proteome and matrisome features during pancreas 

development and maturation. We also visualize specific ECM proteins of interest using 

immunofluorescent staining and investigate changes in ECM localization within islet or acinar 

compartments. This comprehensive proteomics analysis contributes to an improved 

understanding of the critical roles that ECM plays throughout human pancreas development and 

maturation. 

Introduction 

The extracellular matrix (ECM) is the network of proteins and polysaccharides 

surrounding cells, forming a niche in which cells reside and function. Every tissue has a unique 

composition and arrangement of ECM components, and ECM is known to be significantly 

remodeled throughout development, with aging, and during various disease states [1-3]. During 

development, the ECM changes in both composition and organization, guiding cell migration and 

influencing cell fate [1]. In cell physiology, ECM plays a multitude of roles, from providing 

structural and mechanical support, to modifying growth factor diffusion and binding and 
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providing anchorage-dependent cell survival signals [4, 5]. Modern approaches in regenerative 

medicine and tissue engineering aim to utilize or recapitulate ECM scaffolding and signaling [6, 

7], but only recently have studies been able to extensively define the matrisome of human tissues 

[8], and studies of ECM composition throughout human development are even more limited. 

Understanding the complexity of ECM in normal tissue, throughout distinct developmental time 

points, can provide important context for understanding healthy physiology, identifying and 

characterizing disease states, improving cell and tissue isolation methods, and recapitulating 

physiological tissues or development in vitro.  

The pancreas is a glandular organ which functions in both digestive and endocrine 

systems. The exocrine cells in the acini secrete digestive enzymes into a ductal system eventually 

emptying into the duodenum. The islets of Langerhans are clusters of five endocrine cell types in 

close contact with capillary networks, which secrete hormones into the blood. Pancreatic ECM 

has been studied in many non-human species and across developmental time frames, and has 

been found to have significant compositional and structural differences among species and from 

fetal to adult tissues [9]. The ECM of the pancreas is also known to be heavily altered in states of 

fibrotic pancreatitis and with the progression of pancreatic cancers [10-12]. Islets are surrounded 

by a capsule consisting of fibroblasts and ECM [13, 14]; along the vasculature that penetrates the 

islets, there is a double basement membrane between endocrine cells and islet capillaries, which 

is unique to human islets [15]. Furthermore, islet and capillary ECM is altered in the progression 

of both Type 1 and Type 2 diabetes [16-19], and found to play important roles in the survival and 

function of insulin-secreting beta cells [9, 18, 20]. The role of the ECM in the pancreas, and 

specifically within islets, is of key interest in the fields of diabetes and beta cell replacement. 
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To better understand the usefulness of ECM for regenerative medicine and tissue 

engineering applications, it is essential to have a more complete and comprehensive 

understanding of the ECM within normal, native tissue. Previous data about the pancreatic 

matrisome is abundant, but often incomplete and inconsistent. Ample data has been derived 

from various animal species, but variation among species is well documented [14, 21] and even 

the architecture of the islets themselves differs dramatically between rodents and primates [15, 

22-27]. Until recently, most data on human pancreas and islet ECM has been obtained through 

immunohistological staining, and thus has not comprehensively identified the compositional 

profile of ECM proteins. As mass spectrometry (MS) becomes an essential tool for detecting 

biomolecules, MS-based proteomics shows great potential for the sensitive and large-scale 

analysis of complex biological systems. Characterization of ECM proteins using MS, however, still 

faces challenges due to their unique biophysical and biochemical properties. The large dynamic 

range of the analytes renders it relatively intractable to in-depth analysis, and heavy crosslinking 

between ECM and other components results in low solubility and therefore decreased 

identification rates [28]. To overcome these difficulties, various orthogonal separation 

techniques were utilized prior to liquid chromatography (LC)-MS/MS to decrease sample 

complexity, including off-gel electrophoresis [29], basic reversed-phase liquid chromatography 

[30] and strong cation exchange (SCX) [31]. Different protein extraction, ECM enrichment and 

digestion methods have also been explored to improve ECM coverage [32-38]. As most of these 

approaches require extensive sample extraction or fractionation, the higher cost of additional 

sample handling and lengthy LC-MS/MS runs should be considered and balanced against 

improved proteome coverage [39]. 
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To compare the relative abundance of ECM proteins from different samples, label-free 

quantification (LFQ), which is based on measuring precursor ion intensities or spectral counting, 

has been broadly used in related studies [8, 40]. Though easy to perform, LFQ methods demand 

longer instrument time and the quantification is less accurate due to run-to-run variation [41]. 

Label-based approaches, on the other hand, allow for accurate and multiplexing quantitative 

analysis. Among these labeling methods, commercially available isobaric tags such as tandem 

mass tag (TMT) [11, 42] or isobaric tags for relative and absolute quantitation (iTRAQ) [43-45] 

have been more widely used recently. Nevertheless, the utility of these commercial isobaric tags 

in large-scale, discovery proteomics studies is often hampered by the limited multiplexing 

capacity and the high price of the reagent kits. To address these limitations, we have developed 

a cost-effective alternative, based on a set of N,N-dimethyl leucine (DiLeu) isobaric tags that can 

be synthesized in-house at high yield, with three steps using commercially available reagents, at 

a fraction of the cost. DiLeu isobaric tags were initially demonstrated as a 4-plex set [46], and 

then expanded to an 8-plex set [47]. The multiplexing capacity was then increased three-fold 

from 4-plex to 12-plex by taking advantage of the mass-defect feature of stable isotopes to 

enable simultaneous quantification of 12 samples via 12 reporter ions spanning from 115-118 

m/z [48]. 

Utilizing the aforementioned methods, a few studies have investigated ECM proteins in 

isolated mouse islets [45], decellularized rat pancreatic tissue [49], and human pancreas with 

pancreatic ductal adenocarcinoma and pancreatitis [11]. Additionally, we recently reported a MS-

proteomic ECM analysis comparing human fetal and adult pancreas using a sample preparation 

protocol known as the surfactant and chaotropic agent assisted sequential extraction/on pellet 
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digestion (SCAD) [31, 50]. However, an in-depth quantitative study of pancreatic ECM throughout 

human development and maturation has not yet been reported. Herein, we present a relatively 

simple and effective workflow for quantitative ECM analysis with our custom developed 12-plex 

DiLeu isobaric tags and apply this pipeline to investigating matrisome alterations at various 

developmental stages of human pancreatic tissue. These results add to the knowledge base in 

understanding the significant alterations that occur in the ECM and associated extracellular 

molecules throughout the human life cycle. They also provide valuable information for future 

regenerative medicine strategies for beta cell replacement. 

Results 

In-depth proteome-wide and ECM quantification using 12-plex DiLeu isobaric tagging. 

We performed quantitative analysis on normal, non-diabetic, non-pancreatitis human 

pancreatic tissue from four developmental stages including fetal (18-20 weeks gestation), 

juvenile (5-16 years), young adults (21-29 years) and older adults (50-61 years) (Fig. 1) (Donor 

Information available in Supplemental Data 1). The SCAD method, which takes advantage of the 

solubilizing power of both surfactant (SDS) and chaotropic (urea) reagents, together with on-

pellet digestion, renders a more comprehensive protein extraction and improves digestion 

efficiency and recovery of relatively insoluble pellets [31]. We used two sets of 12-plex DiLeu tags 

to label these samples while a shared sample was involved in each set to allow for better 

normalization and quantitation. We also replaced the previously utilized SCX [31] with off-line 

high pH (HpH) fractionation prior to LC-MS/MS which reduced sample complexity, not only 

improving proteome coverage, but also strengthening detection of low-abundance proteins [51]. 

In total, we identified 3,523 proteins with high confidence and quantified 2,064 that were present 
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across all samples (Supplemental Data 2, 3). Among them, 185 proteins were categorized as ECM 

proteins based on Human Matrisome Database [29, 52, 53] and 117 were quantifiable 

(Supplemental Data 4, 5), which makes it one of the largest datasets of human pancreas 

matrisome. The identified proteins show a large dynamic range spanning over six orders of 

magnitude (Supplemental Fig. 1) that demonstrates the ability of our method to detect low-

abundance molecules.  

 

 

Figure 1. Experimental workflow of quantitative analysis using 12-plex DiLeu isobaric labeling 
strategy. Pancreas from four age groups were subjected to protein extraction with SDS buffer, 
precipitation, and digestion according to a slightly modified SCAD method. 12-plex DiLeu isobaric 
labeling was used to achieve quantitative proteomics analysis. Sample clean-up and fractionation 
steps were performed prior to LC-MS/MS analysis and data processing was done with commercially 
available software packages. SCX, strong cation exchange; HpH, high pH. 



 

 
 

48 
 

Proteome-wide alterations at different developmental stages of human pancreas. 

We performed hierarchical clustering of all quantified proteins to explore their profiles at 

different stages (Fig. 2a). This heatmap illustrates column-wise clustering of biological replicates 

in either the fetal or juvenile group, suggesting larger intergroup differences than intragroup 

variations. Samples from young adults and older adults, on the other hand, are mixed and 

Figure 2. Protein profiles in pancreatic tissue and alterations across multiple developmental stages. 
a) Hierarchical clustering of DiLeu reporter ion intensities of 2064 quantified proteins. b) Hierarchical 
clustering of DiLeu reporter ion intensities of 1570 significantly changed proteins (one-way ANOVA, 
FDR 0.05). Six clusters of these proteins are depicted based on different intensity profiles across four 
developmental stages. Color of each line in clusters is based on its distance from the center, red (close) 
to blue (far). Number of proteins and selected enriched biological processes and pathways are 
indicated for each cluster. c) Volcano plots showing pairwise comparisons of protein expression levels 
between various stages. Points above horizontal dash lines represent significantly altered proteins 
(two-sided t test, p value < 0.05, p values were adjusted by Benjamini-Hochberg correction for multiple 
comparisons). Significantly down-regulated proteins (e.g., lower abundance in J in the first plot) are 
shown in green (protein fold change < 0.5) and up-regulated ones are shown in red (protein fold 
change > 2). F, fetal; J, juvenile; Y, young adult; O, older adult.  
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grouped together, which suggests that the biological environment becomes relatively stable in 

adulthood. Our workflow shows the capability of accurate protein quantification and our samples 

are representative of a range of age groups to produce conclusive results. To examine the 

reproducibility of samples within each group more carefully, we performed pair-wise Pearson 

correlation analysis and the results were summarized as a heatmap (Supplemental Fig. 2a). 

Intragroup samples exhibit good correlation with one another, with an average coefficient over 

0.9 while shallow-color regions show that samples from different groups are more distinct. We 

did not observe obvious gender disparities according to dendrograms generated from 

hierarchical clustering, but a confirmatory conclusion might need verification with larger sample 

cohorts (Supplemental Fig. 2b). We then conducted one-way ANOVA analysis to compare protein 

abundance across multiple stages and found 1,570 proteins were significantly changed (FDR 0.05) 

(Supplemental Data 3). The profiles of these proteins are depicted by hierarchical clustering (Fig. 

2b). Six clusters can be further generated based on their changing patterns across the four 

developmental stages and selected biological processes and pathways are annotated for each 

cluster. For better pair-wise comparison between groups, we performed Student’s t test of all 

combinations and graphically displayed the results using volcano plots (Fig. 2c). Colored dots 

refer to significantly changed proteins (p value < 0.05) identified with a fold change greater than 

two. We examined more closely two pairs of samples: juvenile versus fetal, which reflects 

postnatal maturation, and young adults versus juvenile, which reflects post-pubertal maturation 

of the pancreas. Gene set variation analysis (GSVA)[54, 55] was performed to reveal expression 

changes of functionally related genes or gene sets. Heat maps show the significantly changed 

cellular components and molecular functions while the color coding indicates normalized 
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enrichment scores in each sample (Supplemental Fig. 3). Specifically, we found some terms 

related to the exocrine function of pancreas, such as lipase and exopeptidase activity, were highly 

expressed in older age groups, which is a clear sign of organ maturation. A full list of enriched 

cellular components, molecular functions, biological processes, and transcription factor targets 

in GSVA is also provided (Supplemental Data 6). Biological processes enriched from significantly 

changed proteins also indicate highly distinct molecular features between each pair 

(Supplemental Fig. 4a, 4c).  Each node refers to an enriched term and different terms are grouped 

into clusters based on their similarities while the most statistically significant term represents the 

cluster name [56]. We also generated a chord diagram [57] for each pair to further discern how 

proteins change within a few processes related to pancreas functions including response to 

glucose, response to peptide and regulated exocytosis (Supplemental Fig. 4b, 4d). Results 

indicate the complexity in the regulation of these biological processes with slightly more up-

regulated proteins involved. We also found that many previously reported pancreatic cancer 

biomarkers showed different expression levels at various developmental stages (Supplemental 

Fig. 5). These findings, along with other interesting correlations not presented, warrant further 

investigation. 
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Figure 3. ECM remodeling during fetal and postnatal stages of human pancreas development. a) 
Hierarchical clustering of DiLeu reporter ion intensities of 117 quantified ECM proteins. b) Volcano 
plots showing pairwise comparisons of ECM protein expression levels between various stages. Points 
above horizontal dash lines represent significantly altered proteins (two-sided t test, p value < 0.05, p 
values were adjusted by Benjamini-Hochberg correction for multiple comparisons). Significantly 
down-regulated proteins are shown in green (protein fold change < 0.5) and up-regulated ones are 
shown in red (protein fold change > 2). Core matrisome proteins are annotated in each figure. c) Box 
plots showing expression levels of selected proteins at different developmental stages. Red dots 
indicate replicate data points. All boxplots indicate median (center line), 25th and 75th percentiles 
(bounds of box), and minimum and maximum (whiskers). Significance level is marked with an asterisk 
(two-sided t test, p values were adjusted by Benjamini-Hochberg correction for multiple comparisons, 
*p value < 0.05, **p value < 0.01; ns, not significant). 
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ECM remodeling of the human pancreas throughout life.  

Hierarchical clustering of all quantified ECM proteins suggested matrisome features 

unique to different age groups including fetal, juvenile, and adult (Fig. 3a, previous page). 

Pairwise comparisons showed significant ECM compositional changes throughout the fetal, 

juvenile, and adult stages, although between young and older adults very few significant 

differences in ECM were found (Fig. 3b). ANOVA analysis revealed that 84 ECM proteins were 

significantly changed, accounting for 72% of the 117 quantified ECM proteins (Supplemental Data 

5, Supplemental Fig. 6a). Categorical differences of the significantly changed ECM proteins 

between age groups were also observed. While only 7 of 19 (37%) collagens that were quantified 

changed in abundance among the developmental groups, the majority of ECM glycoproteins 

(26/35, 74%), ECM regulators (25/28, 89%) and ECM-affiliated proteins (18/20, 90%) were found 

to change (Supplemental Fig. 6b, c). The expression levels across developmental stages were 

compared to select individual ECM proteins that exhibited high abundance in one or more 

developmental groups, or that showed significant expression changes (Fig. 3c and Supplemental 

Fig. 7). This analysis highlights at least four patterns of changing expression levels.  A subset of 

collagens shows similar abundance across all stages (e.g., COL1A1, COL3A1, COL5A1, COL6A1).  

In contrast, a few proteins are expressed at the highest level in the fetal samples and steadily 

decrease in the juvenile and adult developmental transitions (e.g., COL12A1, COL14A1, FBN2, 

POSTN, OGN). Others maintain an equal high expression level in the fetal and juvenile stages and 

only start to decrease at the adult stages (e.g., COL2A1, LAMA4, EMILIN1, FN1). The final group 

exhibits a lower level in fetal and higher levels in postnatal pancreata (e.g., COL4A1, COL16A1, 

LAMA5). For four collagen proteins (COL1, COL4, COL5 COL6), multiple isoforms were detected. 
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COL1, COL4, and COL6 have relatively consistent ratios of the measured isoforms throughout all 

developmental stages studied. Interestingly, the relative ratio of COL5 isoforms changed; COL5A1 

and COL5A2 slightly decreased with age, and COL5A3 became more abundant in the adult groups 

(Supplemental Fig. 7b). 

Visualizing ECM proteins throughout human pancreas development.  

To confirm the trends in core ECM protein expression from the MS study (Supplemental 

Data 7), we performed immunofluorescent staining to visualize a select group of 16 ECM 

proteins. Representative images are shown in Fig. 4, additional images are included in 

Supplemental Fig. 8, and higher magnification images in Supplemental Fig. 9 for better 

visualization of subcellular localization. Proteins found to have non-significant differences in total 

expression by MS among the four developmental groups (COL1A1, COL3A1, COL5A1, COL6A1) 

were found to also qualitatively exhibit consistent expression by immunofluorescence across 

developmental ages. Likewise, proteins expressed at higher relative levels during the fetal stage 

than postnatal stages (COL2A1, COL12A1, COL14A1, EMILIN1, FBN2, FN1, LAMA4, OGN, POSTN) 

and proteins expressed at lower relative levels in the fetal stage compared to expression at later 

stages (COL4A1, COL16A1, LAMA5) consistently displayed similar patterns by 

immunofluorescence staining as they did by MS. Qualitatively, the immunofluorescence staining 

correlates well with and validates the matrisome data. 

  

Figure 4. Visualizing ECM proteins across multiple developmental stages. Immunofluorescent 
images of selected ECM proteins (green) co-stained with insulin (red) in fetal (F), juvenile (J), young 
adult (Y) and older adult (O) pancreata. Qualitative trends in protein levels corroborate MS data.  
Representative images are shown, images were taken for N=3 donors per developmental group. 
An expanded panel of images is available in Supplementary Figure 7. Scale bar = 100 microns. (Next 
Page)  
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ECM abundance and localization changes across developmental time points. 

The visualization of these proteins within tissue sections provides an opportunity for more 

precise characterization of ECM localization among the various compartments of the pancreatic 

tissue. Of specific interest, we quantified the expression of these proteins in the acinar regions, 

which makes up the majority of the pancreas volume, and the islet regions, which constitute ~1-

2% of the pancreas. The ratio of signal in the islet and acinar compartments (islet/acinar) was 

calculated for each image. This ratio represents the enrichment of each particular ECM protein 

in islets compared to the acinar for each image, but due to the normalization does not account 

for the total abundance of the ECM protein itself (Fig. 5a, purple bars). Total abundance as 

determined by MS is included for side-by-side comparison (Fig. 5a, black bars). Heat maps are 

included (Fig. 5b) to express overall trends in the data sets.  

For many ECM proteins, both abundance and localization were found to change 

throughout development. Only two of the selected proteins (COL2A1, COL3A1) were expressed 

at similar ratios in the acinar and islet compartments at all four stages. A subset of ECM proteins 

studied is generally enriched within the acinar compartment (COL12A1, COL14A1, COL16A1, 

LAMA5, POSTN). Two proteins (COL12A1, COL14A1) are abundant in fetal acinar tissue, whereas 

COL16A1 is more strongly expressed within the postnatal acinar compartment. Other ECM 

proteins are enriched in and around the islets (EMILIN1, FBN2, LAMA4, OGN). Both OGN and 

EMILIN1 are expressed throughout fetal tissue, but become restricted to the islets in postnatal 

pancreata; EMILIN1 is concentrated intracellularly in the islets, while OGN is localized to the islet 

extracellular space and, to a lesser extent, in the nearby acini. FBN2 is intracellularly expressed 

in delta cells, but not alpha or beta cells (Fig. 4 and Supplemental Fig. 11b).  COL4A1 and LAMA4 
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are both enriched in fetal islets with an islet/acinar ratio of around 2. COL4A1 and LAMA4 

proteins are localized around the blood vessels of developing islets; however, beyond the fetal 

stage, COL4A1 is found to be expressed more evenly throughout acinar regions. LAMA4, on the 

other hand, becomes more enriched within islets in older adults, as do three other ECM proteins 

in our study (COL1A1, COL5A1, LAMA5). Although we found no significant changes in the total 

abundance of those proteins between younger and older adult pancreata, there does appear to 

be significant accumulation in and around the islets of the older donors. Three proteins 

(COL14A1, FN1 and POSTN) displayed detectable protein expression in all four groups revealed 

by MS, but quantifiable staining in islets and acinar was only detectable at the fetal stage. For 

COL14A1 and POSTN, most expression was found in the fetal mesenchyme (Supplemental Fig. 8). 

In the adult donors, positive staining for both COL14A1 and POSTN was concentrated around 

blood vessels and ducts (Supplemental Fig. 11a), with minimal extracellular expression in the islet 

or acinar compartments, although COL14A1 had faint intracellular staining in the acinar regions. 

FN1 was found extracellularly in and around the islets in the fetal tissue, but in postnatal tissues 

was only found faintly and intracellularly in the islets and acinar regions, compared to more 

robust signal around ducts and vessels, as well as sporadic extracellular staining in the 

parenchyma, particularly along the boundaries of pancreatic lobules. 
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Figure 5. ECM proteins change in abundance and localization across developmental time points. a) 
Representation of total intensity of selected ECM proteins as measured by MS in the whole pancreas 
(black bars) (F,Y,O: N=6 donors per group) (J: N=5 donors). Quantification of immunofluorescence (IF) 
staining in pancreatic acinar and islet regions, depicted as the ratio of islet/acinar (purple bars), in fetal 
(F), juvenile (J), young adult (Y) and older adult (O) pancreata, graphed as mean ± the standard 
deviation (purple bars) (N=3 donors per group). Significant difference for islet/acinar ratio was 
determined by a two-tailed t test (*p < 0.05, **p < 0.01, ***p < 0.001). An asterisk next to¬¬¬ the 
protein name indicates a significant difference in total protein abundance by ANOVA among the four 
groups (FDR 0.05). A purple ‘X’ indicates IF staining was too low in the islets and acinar to calculate 
the islet/acinar ratio. Source data are provided as a Source Data file; exact p values are included in the 
Source Data file. b) Heat maps depicting the same data as a, with emphasis on relative changes 
throughout the four groups. Blue color indicates the lower 25th percentile of values, red color 
indicates the top 75th percentile of values, with a gradient toward white at the 50th percentile. 
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Discussion 

Although dynamic proteome changes are known to occur with aging [2, 3, 58], a 

comprehensive analysis of the proteome and matrisome across early and late developmental 

stages of human pancreatic tissue has not been reported. In this study, we present a simple and 

cost-efficient protocol to achieve in-depth proteome-wide and ECM-specific quantitative analysis 

which omits labor-intensive extraction or enrichment steps. We utilized this method to 

systematically examine the dynamics of proteomic composition in human pancreata among four 

developmental age groups, including fetal, juvenile, young adults, and older adults. We 

quantified 2,064 proteins and found 1,570 of them were significantly changed across multiple 

stages which suggests a large degree of proteome remodeling through the human life cycle. The 

identified yet unquantifiable proteins are the result of differences between two batches of DiLeu 

labeling, which could reflect the distinct protein profiles between different age groups. In 

addition, the stochastic nature of data-dependent acquisition (DDA) sampling may also lead to 

some proteins being below the limit of detection and categorized as undetected across multiple 

batches [59]. To alleviate this issue, one may consider alternative highly multiplexed labeling 

strategies such as cPILOT [60] or 27-plex TMT [61].  However, these methods are associated with 

increased spectra complexity and decreased identification rates which can be emerging 

concerns. It is also worthwhile to note that we only collected four fractions and ran two technical 

replicates for each sample but still achieved a relatively deep analysis. Protein coverage can be 

further improved by simply increasing the number of fractions if instrument resources permit. 

Processes or pathways related to the functions of the pancreas are mainly activated with 

increasing age such as pancreatic secretion and metabolic pathways. On the other hand, some 



 

 
 

59 
 

cancer-related pathways are more often deactivated with age, which is likely a sign of postnatal 

maturation of the organ. We observed many significant compositional changes from fetal to 

juvenile and juvenile to young adult pancreata. Young and older adults, on the other hand, are 

more similar in composition, with very few significantly altered proteins. We examined some 

interesting targets more closely. As an example, thrombospondin 1 (THBS1) is a glycoprotein that 

mediates cell-to-cell and cell-to-matrix interactions which is therefore involved in tissue genesis 

and remodeling [62]. In our study it showed a more than two-fold increase in abundance from 

juvenile to young adult that is consistent with organ maturation. In addition, THBS1 has been 

shown to be expressed at high levels during tumor progression [62, 63] and numerous 

thrombospondin-based therapeutic approaches have been studied [64]. However, our data 

suggests that conclusions or strategies based on these studies could be further strengthened by 

taking into consideration the age of the patient. Along this direction we found that many 

previously reported pancreatic cancer biomarkers showed different expression levels at various 

developmental stages such as ANXA2 [65], PLG [65], ITGB1 [65], ACTN4 [66], LGALS1 [66] and 

LAMB1 [66]. ACTN4 and LGALS1, for instance, were reported to show fold changes of 1.85 and 

1.75, respectively, in cancerous versus normal tissue. Nevertheless, they also have more than 

1.3-fold higher expression in young adults compared to juvenile and this difference is even more 

dramatic in older adults. Though few studies mentioned an age-dependent effect on biomarker 

protein expression, our results indicate age-related alterations and the necessity of paying 

particular attention to patient age in biomarker discovery or disease treatment studies.  

In regard to pancreas and islet ECM, previous studies mainly focused on a subset of 

collagens or laminins, using techniques to quantify specific ECM proteins through gene 
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expression and immunofluorescent staining [15, 67]. In our study, we have identified 185 ECM 

proteins and quantified 117 throughout four developmental stages of the human pancreas. 84 

of those quantified ECM proteins were significantly changed in total abundance among the four 

age groups and displayed distinct expression patterns, which revealed the complexity of ECM 

remodeling during development and maturation. Very few previous studies reported on the 

changes in ECM abundance or localization among human fetal and adult pancreas tissue. 

Otonkoski et al. observed the distribution of laminins throughout the acinar and islet regions of 

fetal and adult human pancreas by immunofluorescent staining [15]. The authors found that the 

profiles were quite similar between the two age groups, with the major differences being that 

LAMA1 was expressed in fetal but not in adult islets, and LAMB2 was only expressed in adult 

islets. Likewise, we found that LAMB2 was expressed at significantly lower levels in the fetal 

tissue than in adult tissue, but not absent, while LAMA1 was only detected in fetal and juvenile 

tissues (Supplemental Data 4). Extending these findings to other laminins, our results indicate a 

general shift in the composition of laminins between fetal and adult stages, with some laminins 

increasing in abundance from fetal to adult (LAMA2, LAMA5, LAMB2, LAMC3) and only LAMA4 

decreasing. LAMB1 and LAMC1 did not significantly change throughout the developmental stages 

we measured. We further identified ECM proteins only present in some developmental groups, 

which could reflect the most drastic differences between developmental stages, and these 

proteins were not quantifiable due to only being detected in a subset of the donors. 59 ECM-

related proteins were exclusively detected in the fetal and juvenile groups and 9 were found only 

in adult samples (Supplemental Data 4). For instance, FMOD, which has critical roles in the 

extracellular matrix organization as well as the initiation and progression of several malignancies 
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[68], is present exclusively in the fetal and juvenile groups. On the other hand, MXRA5, which 

functions in an anti-inflammatory and anti-fibrotic role [69], is only detected in the adult samples. 

These observations can provide deeper insights into ECM dynamics during pancreas 

development. Overall, we have found that as a group, collagens change less dramatically 

throughout development, while glycoproteins and proteoglycans, which contain ECM proteins 

that contribute to the basement membrane (e.g. laminins, perlecan) exhibit much more dynamic 

changing patterns throughout development (Supplemental Fig. 6c).  

A primary means of studying islet function is to use islets isolated from the pancreas 

through enzymatic treatment, which destroys much of the native ECM and disrupts islet 

architecture [70, 71]. This fact has prompted many studies to supplement ECM for improved islet 

culture, and the limitations to the longevity of islet culture highlight the necessity of ECM for islet 

survival and function [9, 20, 72, 73]. Studies using human fetal isolated islets have also identified 

a role for ECM in the differentiation, proliferation, and function of islet endocrine cells during in 

utero development [67, 74-76]. As many look to use stem cell-derived islets as a future diabetes 

therapy, some question the role ECM may have in the differentiation, function, and 

transplantation of these cells [77-82]. To better understand the islet ECM environment, we 

investigated the localization of selected ECM proteins in addition to total abundance in the 

pancreatic tissue.  

Four of the ECM proteins we studied were enriched in adult islets relative to the exocrine 

tissue (COL6A1, EMILIN1, FBN2, OGN). Importantly, the relative abundance and distribution of 

these proteins was found to also change throughout development. OGN for example, is 

expressed throughout the acinar and islet regions of fetal and juvenile pancreata, whereas in 
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adult pancreata it is more concentrated in islets. One previous study has found a role for OGN in 

islet function; whole-body OGN knockout mice have impaired glucose tolerance and reduced 

beta cell mass, while OGN supplemented in vitro or at a systemic level in vivo, improves beta cell 

function and glucose tolerance [83]. While this study focused on circulating OGN produced from 

osteoblastic cells, our finding that OGN is concentrated around human pancreatic islets suggests 

that OGN may also play a localized role in islet function. Furthermore, FBN2 has been reported 

as one of 13 methylated genes silenced in human pancreatic cancers [84], but to our knowledge 

no other studies have reported on the normal function of FBN2 in the pancreas or in islets. 

Interestingly, somatostatin was another of the 13 genes identified in the study [84]; we now 

additionally show that FBN2 is exclusively expressed within somatostatin-expressing delta cells 

of the islet. In addition, a role for EMILIN1 in pancreas or islet physiology has not been reported, 

but the protein has been identified in previous pancreas and islet matrisome studies [45, 85]. 

Collagen 6 co-culture has recently been shown to improve human islet survival and function [86], 

but it is not clear if collagen 6 is more potent than other purified collagens in enhancing islet in 

vitro function.  

Our present study also revealed unexpected differences in the islet ECM between the 

younger adult (21-29 years) and older adult (50-61 years) groups. Four ECM proteins (COL1A1, 

COL5A1, LAMA4, LAMA5) were enriched within the islets in the older adults compared to younger 

adults, while the total abundance of these proteins in the pancreas was insignificantly different 

between the two groups. This suggests that the adult islet matrisome changes with age, 

consistent with recent findings that younger and older adult donors have localized differences in 
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islet ECM, which may impact the effectiveness of enzymatic digestion during islet isolation [87, 

88].  

Research in animal models has indicated that functional changes in islet maturation occur 

postnatally [89], but the possible correlation with ECM structural changes in human islets has not 

been studied. A recent study by Arda et al. comparing gene expression and function of isolated 

human islets from juvenile and adult donors indicated that there are over 500 genes differentially 

expressed between the two age groups, with distinct histone-mediated changes in regulation of 

gene expression. Furthermore, the authors observed that age was correlated with functional 

changes. Adult islets secreted more insulin than juvenile islets under both basal and glucose-

stimulated conditions, while total insulin content did not change between juvenile and adult 

islets [90]. Our study suggests that the islet ECM environment also changes between childhood 

and adulthood. Further studies into how maturing islets interact with ECM during this key 

transition are likely to be informative toward better defining the mechanisms of maturation, and 

risks of autoimmune diabetes. 

Likewise, ECM studies using animal tissues and isolated islets have previously been 

reported, but whether these findings are relevant to human tissue is uncertain. In their 2017 

study, Naba et al. identified 120 ECM proteins in isolated mouse islets, including 66 core ECM 

proteins [45]. The methodology employed in their study does not appear to translate to the larger 

and denser human pancreas, as effective efforts to isolate islets from the human pancreas 

inherently destroy the ECM [91]. In the present study, we have identified 61 core ECM proteins 

in human pancreas across the four developmental stages. Interestingly, many of the significant 

proteins highlighted in our study were also identified in the Naba study, indicating previously 
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unknown similarities of important ECM components between both species. A total of 80 core 

ECM proteins are identified between the two studies. Though there were similarities between 

species, 33 proteins, or 41% of all core ECM proteins, only appear in one of the species’ datasets. 

This difference highlights species-specific characteristics in the pancreatic and islet matrisome 

that may play relevant roles in health and disease. In our separate unpublished study, all 117 

ECM-associated genes that were identified in our proteomic study were also detected at the RNA 

level in isolated adult human islets, which may drive future efforts to quantify the human islet-

specific matrisome and investigate islet-specific changes throughout development. 

Overall, we present a quantitative proteomic analysis of human pancreas to delineate 

molecular changes, particularly ECM composition, throughout pancreas development, 

maturation, and aging. We found that many previously reported pancreas tumor biomarkers 

displayed significant changes in protein expression across multiple developmental stages and this 

age-dependent effect could be important knowledge for studies in biomarker identification and 

clinical implementation. Our study revealed dynamic changes in pancreatic ECM composition and 

localization throughout life cycle, and have identified specific ECM proteins enriched in 

pancreatic islets (e.g. COL6A1, EMILIN1, FBN2, OGN) which may provide insight for studying islet 

development, function and disease.  In addition, our protocol can be easily adapted to achieve 

large-scale and in-depth quantitative analysis of ECM-containing proteome in other biological 

systems with relatively simple operations and low cost. Our data interpretations are far from 

exhaustive but instead, we expect our results to serve as a valuable resource for broad audiences 

with various interests and will provide a foundation for more in-depth investigations.  
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Methods 

Human pancreas tissue preparation 

Human fetal pancreas tissue was obtained from secondary sources (Advanced Biosystems 

Resources, Inc.) under approved Material Transfer Agreements and with protocols approved by 

the University of Wisconsin's Institutional Animal Care and Use Committee (IACUC) and 

Institutional Review Board (IRB) (IRB Study #2013-141). ABR, Inc obtains consent in accordance 

with Uniform Anatomical Gift Act (UAGA) and National Organ Transplant Act (NOTA) guidelines. 

ABR, Inc warrants that appropriate consent for tissue donation is obtained and adequate records 

of such consents are maintained. In addition, that tissues are obtained with local, state, and 

federal laws and regulations governing the procurement of human tissue. Within 24 hours of 

recovery, the organs were received and cleaned of surrounding connective tissue. Small pieces 

of tissue were removed and fixed with 4% PFA for histology, and the majority of the pancreas 

was homogenized in sterile water for 3 seconds. The homogenized tissue was pelleted (16,100 

xg, 5 min) and the translucent supernatant was discarded. The pellet was flash frozen and stored 

at -80 °C prior to further processing for MS analysis.  

Juvenile and adult human pancreas tissue was procured by the University of Wisconsin 

Organ and Tissue Donation Services from donors with no indication of diabetes or pancreatitis, 

with consent obtained for research from next of kin and authorization by the University of 

Wisconsin-Madison Health Sciences Institutional Review Board (IRB granted an exempt from 

protocol approval for studies on post-natal tissue because research on deceased donors is not 

considered human subjects research).  IRB oversight of the project is not required because it does 

not involve human subjects as recognized by 45 CFR 46.102(f) which defines a 'human subject' as 
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"a living individual about whom an investigator (whether professional or student) conducting 

research obtains (1) data through intervention or interaction with the individual, or (2) 

identifiable private information." Following organ harvest, pancreata were allocated for research 

if deemed unfit for transplantation due to vascular damage during organ recovery, no suitable 

recipient, and non-ideal age or BMI. The organs were received within 24 hours of recovery and 

trimmed of extra-pancreatic connective tissues, including duodenum, large arteries and veins. 

The parenchyma was cut into 1 cm3 cubes and frozen at -80 °C for future use, some pieces were 

also immediately fixed with 4% PFA for histology.  One piece of frozen pancreas per donor was 

thawed and rinsed with 1x PBS followed by sterile water, and then manually chopped into small 

pieces. The pieces were immersed in sterile water and homogenized for 3 seconds, then pelleted 

(16,100 x g, 5 min). Any floating lipids were removed, and the translucent supernatant was 

discarded. The pellet was flash frozen and stored at -80 °C. Donor information can be found in 

Supplemental Data 1. 

Protein extraction and digestion 

A slightly modified SCAD method [50] was used to prepare all pancreas samples. Each 

sample was dissolved in 150 μL of extraction buffer solution (4 % SDS, 50 mM Tris buffer) and 

sonicated using a probe sonicator (Thermo Fisher Scientific). Protein extracts were reduced with 

10 mM dithiothreitol (DTT) for 30 min at room temperature and alkylated with 50 mM 

iodoacetamide for another 30 min in dark before quenching with DTT. Proteins were then 

precipitated with 80% (v/v) cold acetone (-20 ℃) overnight. Samples were centrifuged at 14,000 

g for 15 min after which supernatant containing SDS (in the extraction buffer) was discarded. 

Pellets were rinsed with cold acetone again and air-dried at room temperature. 8 M urea was 
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added to dissolve the pellets and 50 mM Tris buffer was used to dilute the samples to a urea 

concentration < 1 M. On-pellet digestion was performed with LysC/trypsin (Promega) in a 50:1 

ratio (protein:enzyme, w/w) at 37 ℃ overnight. The digestion was quenched with 1% TFA and 

samples were desalted with Sep-Pak C18 cartridges (Waters). Concentrations of peptide mixture 

were measured by peptide assay (Thermo Fisher Scientific). 100 μg peptide was aliquoted for 

each sample, dried in vacuo and reconstituted in 0.5M triethylammonium bicarbonate prior to 

DiLeu labeling. 

12-plex DiLeu labeling 

Synthesis of DiLeu tags and labeling process were performed according to protocols 

previously described [46, 48]. Briefly, L-Leucine or isotopic L-leucine and sodium 

cyanoborohydride or sodium cyanoborodeuteride (2.5 × molar excess to leucine) were 

suspended in H2O or D2O, and the mixture was cooled in an ice-water bath. Formaldehyde 

(CH2O, 37% w/w) or isotopic formaldehyde (CD2O or 13CH2O, 20% w/w) (2.5× molar excess to 

leucine) was added dropwise, and the mixture was stirred in an ice-water bath for 30 min. The 

target product was purified by flash column chromatography (MeOH/DCM) and dried in vacuo. 

Each isotopologue of reporter 115 and 116 requires 18O exchange prior to reductive 

dimethylation. Leucine or isotopic leucine was dissolved in 1 N HCl H218O solution (pH 1) and 

stirred on a hot plate at 65 °C for 4 h. Following evaporation of HCl from the solution in vacuo, 

trace amounts of acid were removed with StratoSpheres PL-HCO3 MP resin (Agilent) to obtain 

18O leucine in free base form. The identity and purity of DiLeu tags were confirmed with MS 

before all experiments. 1 mg of each DiLeu tag was dissolved in 100 μL of anhydrous N,N-

dimethylformamide and combined with 4-(4,6-dimethoxy1,3,5-triazin-2-yl)-4-
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methylmorpholinium tetrafluoroborate and N-methylmorpholine at 0.7× molar ratios. The 

activation was performed by vortexing the mixture for 45 min at room temperature and 

supernatant was added to each sample for peptide labeling. After vortexing at room temperature 

for 2 h, the labeling reaction was quenched by addition of hydroxylamine to a concentration of 

0.25%. The samples were then dried in vacuo, combined, and cleaned with SCX SpinTips (PolyLC) 

according to manufacturer’s protocols. 

HpH fractionation 

HpH fractionation was performed on a Waters Alliance e2695 HPLC using a C18 reverse 

phase column (2.1 × 150 mm, 5 µm, 100 Å, PolyLC) operating at 0.2 mL/min. Mobile phase A 

consisted of 10 mM ammonium formate at pH 10 adjusted with ammonium hydroxide and 

mobile phase B consisted of 90% ACN and 10 mM ammonium format at pH 10. Separation was 

achieved with a gradient as following: 1 % B (0-5 min), 1-40% B (5-50 min), 40-60% B (50-54 min), 

60-70% B (54-58 min), and 70-100 % B (58-59 min).  Fractions were collected every 4 min and 

non-adjacent fractions were concatenated into four samples before being dried in vacuo for LC-

MS/MS analysis. 

LC-MS/MS analysis 

Samples were analyzed on an Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo 

Fisher Scientific) coupled to a Dionex UltiMate 3000 UPLC system. Each sample was dissolved in 

3% ACN, 0.1% formic acid in water before loaded onto a 75 μm inner diameter homemade 

microcapillary column which is packed with 15 cm of Bridged Ethylene Hybrid C18 particles (1.7 

μm, 130 Å, Waters) and fabricated with an integrated emitter tip. Mobile phase A was composed 

of water and 0.1% formic acid while mobile phase B was composed of ACN and 0.1% formic acid. 
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LC separation was achieved across a 100-min gradient elution of 3% to 30% mobile phase B at a 

flow rate of 300 nL/min. Survey scans of peptide precursors from 300 to 1500 m/z were 

performed at a resolving power of 60k (at m/z 200) with an AGC target of 2 × 105 and maximum 

injection time of 100 ms. The top 20 precursors were then selected for HCD fragmentation with 

a normalized collision energy of 30, an isolation width of 1.0 Da, a resolving power of 60k, an AGC 

target of 5 × 104, a maximum injection time of 118 ms, and a lower mass limit of 110 m/z. 

Precursors were subject to dynamic exclusion for 45 s with a 10 ppm tolerance. Each sample was 

acquired in technical duplicates. 

Data analysis  

Protein identifications and quantifications were performed using Proteome Discoverer 

(version 2.1, Thermo Scientific). Raw files were searched against the Uniprot H. sapiens reviewed 

database (September 2018) using Sequest HT algorithm with trypsin selected as the enzyme and 

three missed cleavages allowed. Precursor mass tolerance of 20 ppm and a fragment mass 

tolerance of 0.02 Da were set for the searching. DiLeu labeling on peptide N-termini and lysine 

residue (+145.12801), and carbamidomethylation of cysteine residues (+57.02146 Da) were 

chosen as static modifications. Dynamic modifications included oxidation of methionine residues 

(+15.99492 Da), deamidation of asparagine and glutamine residues (+0.98402 Da) and 

hydroxylation on proline residues (+15.99492 Da). Search results were filtered to 1% false 

discovery rate (FDR) at both peptide and protein levels. Quantitation was performed in Proteome 

Discoverer with a reporter ion integration tolerance of 10 ppm for the most confident centroid. 

Protein quantitative ratios were determined using a minimum of one quantified peptide. 

Reporter ion intensities were normalized through equal total peptide amount. ECM proteins 
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were identified and classified by matching the results to Human Matrisome dataset [29].  Missing 

intensities were replaced using the “replace missing values from normal distribution” feature in 

Perseus (version 1.6.0.7)[92] prior to further processing. Two-sample Student’s t test with a two-

tailed distribution for binary comparison and one-way ANOVA analysis were conducted using 

Perseus. All p values were further adjusted by Benjamini-Hochberg correction for multiple 

testing. Bioinformatics analyses including Pearson correlation analysis, hierarchical clustering, 

protein intensity profiling, volcano plots, GSVA analysis, chord diagram [57] and box plots were 

achieved using R packages. Biological process network was generated using Metascape (version 

3.5)[56] and exported using Cytoscape (version 3.7.1). For protein intensity profiling, biological 

processes and pathways were enriched using DAVID bioinformatics resources [93] with a FDR 

cutoff of 0.05. Four selected terms with lower p values were shown for each cluster and the same 

term was only shown once where it appeared the most significant. 

To compare abundance of different proteins, iBAQ method was used embedded in 

MaxQuant (version 1.5.2.8). Raw files were searched against the Uniprot H. sapiens reviewed 

database (September 2018) with trypsin/P selected as the enzyme and three missed cleavages 

allowed. DiLeu labeling on peptide N-termini and lysine residue (+145.12801), and 

carbamidomethylation of cysteine residues (+57.02146 Da) were chosen as fixed modifications. 

Variable modifications included oxidation of methionine residues (+15.99492 Da), deamidation 

of asparagine and glutamine residues (+0.98402 Da) and hydroxylation on proline residues 

(+15.99492 Da). The iBAQ method was enabled and all other parameters were set as default. 
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Immunofluorescent staining and quantification 

All donor tissue was fixed with 4% paraformaldehyde and embedded in paraffin. 5-micron 

sections were cut and deparaffinized with xylene and ethanol. Antigen retrieval was performed 

for 2.5 hours at 80 °C in 10 mM sodium citrate buffer. Following washing with PBS-T (1x PBS/ 

0.05% Triton X-100) and blocking for 35 min (1x PBS/ 10% BSA) at room temperature, antibody-

specific staining was performed following Supplemental Data 8. Cover slips were mounted with 

Fluoromount (Sigma, #F4680). Images were taken at 20x magnification using a Zeiss Axiovert 200 

M microscope with AxioVision version 4.8.2.0, and analyzed using ImageJ software (ImageJ 

1.53c). The color channel representing the ECM protein of interest was converted to a binary 

image using an auto-threshold adjustment. Images were analyzed by tracing the islets (Ins+ 

regions, red) and a neighboring acinar section of about the same size and location as each islet 

(Ins- regions, using nuclear arrangement to define acinar clusters); the ECM protein (green) was 

quantified for each image and normalized by calculating the ratio of intensity within the islet 

divided by the acinar compartments (islet/acinar ratio). This method is visually outlined in 

Supplemental Figure 10. For every combination of antibodies, images were taken for N=3 donors 

in each developmental group. 1-6 islets were quantified per image, and 4-5 images per donor, 

for a total of 9-22 islets quantified per donor, per stain. Statistical analysis was performed with 

Prism 6 for Windows (version 6.07) (GraphPad Software, Inc.). Results were reported as mean 

values across biological replicates ± the standard deviation of the mean. For immunofluorescent 

staining, statistical comparisons between two groups were determined using two-tailed unpaired 

Student’s t tests. A p value of less than 0.05 was considered statistically significant, and Prism’s 

recommended classification for significance was followed (p < 0.0001 = extremely significant 
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(****), 0.0001 < p < 0.001 = extremely significant (***), 0.001 < p < 0.01 = very significant (**), 

and 0.01 < p < 0.05 = significant (*)). 

Data availability 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium [94] via the PRIDE [95] partner repository with the dataset identifier PXD020130 

(https://www.ebi.ac.uk/pride/archive/projects/PXD020130).  Source data are provided with this 

paper. An online web application “Matrisome and proteome database of human pancreas” is 

also available at https://nc-webapp.herokuapp.com/, which enables custom searching of all 

quantified proteins and supports download of all proteomics datasets in this study. Full IF staining 

results are available from the authors upon reasonable requests. H. sapiens database used for 

proteomics data searching was downloaded from Uniprot (https://www.uniprot.org/). Human 

matrisome dataset used for ECM protein matching was downloaded from “the Matrisome 

Project”(http://matrisomeproject.mit.edu/). 

Code availability 

All online-available software or R packages to perform data analysis or generate the 

figures are indicated throughout the manuscript. 
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Chapter 2 Supplemental Fig. 1 Dynamic intensity range of identified proteins in adult groups. 
Proteins identified in young and older adult groups are ranked and plotted from high to low based 
on iBAQ (Intensity Based Absolute Quantification) intensities. All quantified ECM proteins are 
highlighted in closed red circles. Detailed information is provided in “Source Data”. 
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Chapter 2 Supplemental Fig. 2 Correlation between samples and gender differences across 
developmental groups. a) Pearson correlation analysis of protein intensity in all samples from 
four age groups. Color coding of each box in the heatmap indicates the Pearson correlation 
coefficient between the column- and row-indexed samples. Density plots illustrate the intensity 
correlation of two representative pairs with a good correlated one from two samples in the same 
age group and a poor correlated one from two samples at different stages. b) Dendrograms 
generated from hierarchical clustering in different groups. 
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Chapter 2 Supplemental Fig. 3 GSVA analysis in juvenile compared to fetal and young adult 
compared to juvenile. GSVA analysis showing the significantly changed (two-sided t test, p value 
< 0.05, p values were adjusted by Benjamini-Hochberg correction for multiple comparisons) 
cellular components and molecular functions in juvenile versus fetal (a) and young adult versus 
juvenile (b). Color coding of the heatmaps indicates normalized enrichment score in each sample. 
A full list of enriched terms including biological processes and transcription factor targets is 
available in Supplementary Table 6.  
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Chapter 2 Supplemental Fig. 4 Profiling differences in juvenile compared to fetal and young 
adult compared to juvenile. a) Network of biological processes enriched from significantly 
changed proteins (two-sided t test, p value < 0.05, p values were adjusted by Benjamini-Hochberg 
correction for multiple comparisons) in juvenile versus fetal. Each node refers to an enriched 
term and different terms are grouped into clusters based on their similarities while the most 
statistically significant term represents the cluster name. b) Proteins to biological process 
linkages in juvenile versus fetal. Genes are linked via ribbons to their assigned terms and blue-to-
red coding next to the selected genes indicates their fold changes. c) Network of biological 
processes enriched from significantly changed proteins (two-sided t test, p value < 0.05, p values 
were adjusted by Benjamini-Hochberg correction for multiple comparisons) in young adult versus 
juvenile. d) Proteins to biological process linkages in young adult versus juvenile.  
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Chapter 2 Supplemental Fig. 5 Protein expression level changes of previously reported 
pancreatic cancer biomarkers. Box plots showing expression levels of selected proteins at 
different developmental stages. Dots within boxes indicate replicate data points. All boxplots 
indicate median (center line), 25th and 75th percentiles (bounds of box), and minimum and 
maximum (whiskers).  
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Chapter 2 Supplemental Fig. 6 ECM profile alterations across various developmental stages. a) 
Hierarchical clustering of DiLeu reporter ion intensities of 84 significantly changed ECM proteins 
(one-way ANOVA, FDR 0.05). b) Pie chart showing the number and proportion of each category 
of all quantified ECM proteins. c) Pie chart showing the number and proportion of each category 
of significantly changed ECM proteins in a. 
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Chapter 2 Supplemental Fig. 7 ECM remodeling of human pancreata across developmental 
stages. Box plots showing expression levels of selected ECM proteins (a) and different chains of 
the same collagen molecule (b) at different developmental stages. Dots within boxes indicate 
replicate data points. All boxplots indicate median (center line), 25th and 75th percentiles 
(bounds of box), and minimum and maximum (whiskers). 
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Chapter 2 Supplemental Fig. 8 Visualizing ECM proteins in human pancreata across 
developmental stages. a) Immunofluorescent images of ECM proteins (green) co-stained with 
insulin (red) in fetal (F), juvenile (J), young adult (Y) and older adult (O) pancreata. Qualitative 
trends in protein levels corroborate MS data. Representative images are shown, images were 
taken for N=3 donors per developmental group.  b) IgG isotype control images with rabbit or 
mouse IgG (green) indicate low levels of non-specific signal, N=3 donors. Scale bar = 100 microns. 
(Previous Page) 
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Chapter 2 Supplemental Fig. 9 Cellular localization of ECM proteins in pancreatic islets. Enlarged 
images of immunofluorescent staining for ECM proteins (green) within human pancreatic islets 
(insulin = red). Images represent either fetal (F) or young adult (Y) donors as indicated, selected 
based on which age had higher intensity staining for each protein. Images clearly show 
differences in subcellular localization; most ECM proteins are expressed extracellularly while 
some proteins (such as EMILIN1 and FBN2) appear to be expressed intracellularly. Scale bar = 50 
microns. Representative images shown, from N=3 donors per developmental group. 
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Chapter 2 Supplemental Fig. 10 Method for quantification of Islet/Acinar Ratios. 
Immunofluorescent images of ECM proteins (green) co-stained with insulin (red) were analyzed 
using ImageJ software by tracing islets (red stain, yellow dashed line) and acinar (not red, 
morphologically determined, blue dashed line) in the original images (a, c), and measuring the 
intensity of the ECM signal on adjusted binary images (b, d). Representative images of fetal and 
adult tissue are shown for comparison. Scale = 100 microns. Representative images shown, from 
N=3 donors per developmental group. 
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Chapter 2 Supplemental Fig. 11 Localization of ECM proteins in specific regions of the pancreas. 
a) Immunofluorescent staining for ECM proteins (FN1, COL14A1, POSTN = green) which had very 
low levels of signal in islets (Insulin = red) and acinar regions, but relatively high total protein 
content. These proteins were mainly found to be expressed in vessels and ducts. Control images 
indicate low levels of autofluorescence in the ducts (white arrows) and vessels (identified in red 
with positive CD31 staining; yellow arrows) when stained with an insulin antibody in green, or 
when stained with an IgG isotype control. b) Immunofluorescent staining of endocrine markers 
(GCG, alpha cells = red) (SST, delta cells = red) indicating that FBN2 co-localizes with delta cells, 
in both fetal and adult islets. Scale bars = 100 microns. Representative images shown, from N=3 
donors per developmental group. (Previous Page) 

 

 

 

 

 

 

 

 

 

Chapter 2 Supplemental Tables can be accessed online: 

https://www.nature.com/articles/s41467-021-21261-w#Sec18 
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Chapter 3 
 
 
 
Extracellular matrix scaffold and hydrogel derived from decellularized and delipidized human 
pancreas. 
 
 
Chapter 3 Graphical Abstract 
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Abstract 

Extracellular matrix (ECM) plays an important developmental role by regulating cell 

behaviour through structural and biochemical stimulation. Tissue-specific ECM, attained through 

decellularization, has been proposed in several strategies for tissue and organ replacement. 

Decellularization of animal pancreata has been reported, but the same methods applied to 

human pancreas are less effective due to higher lipid content. Moreover, ECM-derived hydrogels 

can be obtained from many decellularized tissues, but methods have not been reported to obtain 

human pancreas-derived hydrogel. Using novel decellularization methods with human pancreas 

we produced an acellular, 3-D biological scaffold (hP-ECM) and hydrogel (hP-HG) amenable to 

tissue culture, transplantation and proteomic applications. The inclusion of a homogenization 

step in the decellularization protocol significantly improved lipid removal and gelation capability 

of the resulting ECM, which was capable of gelation at 37˚C in vitro and in vivo, and is 

cytocompatible with a variety of cell types and islet-like tissues in vitro. Overall, this study 

demonstrates the characterisation of a novel protocol for the decellularization and delipidization 

of human pancreatic tissue for the production of acellular ECM and ECM hydrogel suitable for 

cell culture and transplantation applications. We also report a list of 120 proteins present within 

the human pancreatic matrisome. 

 

Introduction 

Biological scaffolds derived from extracellular matrix (ECM) have been widely utilised in 

regenerative medicine [1-3 and references therein]. The ECM is an essential non-cellular 

component of the tissue microenvironment, comprised of a network of macromolecules 



 

 
 

95 
 

including polysaccharide glycosaminoglycans (GAGs) and proteins such as collagens, laminins, 

and fibronectin [2, 4]. In addition to providing structural support to cells, ECM can guide cell 

migration, proliferation, differentiation and maturation throughout development as well as 

influence cell function and differentiation in vitro [5-9]. Scaffolds designed for tissue engineering 

ideally include these ECM ligands to mimic cues within the native microenvironment. To obtain 

natural ECM, various organs and tissues have been decellularized, via a number of techniques 

utilizing chemical, enzymatic, or mechanical disruption. Decellularization protocols can be 

designed to address factors such as tissue density, cellularity and lipid content [1, 10]. This is 

especially important for tissues containing fats such as bone [11], adipose [12], and brain [13], 

for which decellularization has been combined with a delipidization step, but this process has not 

been reported for the human pancreas. 

Worldwide it is estimated that 387 million people have diabetes and this number is 

expected to increase by 53% to 592 million by 2035 [14, 15]. Despite continuing advances in 

insulin delivery technology and recombinant insulins, diabetes and its complications still claim 

the lives of millions of people, largely due to imperfect long-standing glycemic control resulting 

in end-organ complications. On the other hand, beta cell replacement therapies including whole 

vascularized pancreas transplantation or the transplantation of isolated islets of Langerhans are 

able to fully restore normoglycemia, achieve insulin-independence and can delay end-organ 

complications [16-18]. However, these therapies suffer from several key limitations: the shortage 

of organs, inconsistent quality of donor organs, and the need for life-long immunosuppression to 

prevent allograft rejection [19, 20]. Many envision a tissue engineering solution, via merging a 
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beta cell source, such as stem cell-derived beta cells, with other cellular and matrix components 

including natural ECM or biomimetic scaffolds, to address this pressing clinical problem. 

The composition and organization of ECM varies from tissue to tissue [21, 22], however 

the basic function of all ECM is to provide support for the tissue and ligands for cellular 

attachment. The relationship between cells and ECM in developing organs is a complex and 

continuous interplay; cells synthesize and deposit macromolecules that influence the growth and 

remodeling of the organ, and the deposited ECM supports cell survival, function and organization 

throughout life. For example, data show that cell-matrix interactions are important for mature 

beta cells to remain functional and avoid apoptosis [23], as well as for maintaining a functional 

beta cell mass [reviewed in 24]. The ECM in the periphery of the islet has been reported to 

contain collagen I, III, IV, V and VI, as well as laminin and fibronectin [24]. Convincing data show 

that islets are often stripped of a large amount of their ECM and dense vascular networks during 

the isolation process [25-28]. Moreover, islets which retain some of their ECM following isolation 

exhibit reduced rates of apoptosis and maintain significantly better functional insulin responses 

than do more aggressively purified islets [29]. Tissue specific ECM sources would provide cellular 

environments that closely recapitulate the in vivo milieu by harnessing the distinctive properties 

and therefore provide a potential platform for tissue engineering that can specifically enhance 

the cells ability to function more similarly to that of the original tissue. 

Surprisingly, many human pancreata are discarded after recovery from cadaveric donors, 

which represents a lost precious resource. Presently in the US, only ~17% of donor pancreata are 

recovered and transplanted [30-32] and ~25% of those recovered with intent to transplant are 

discarded [32]. While there are multiple reasons for not recovering pancreata or not 
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transplanting after recovery, numerous organs are available for research through organ 

procurement organizations. We suggest that these pancreata be utilized to study the 

composition of the human pancreatic ECM, and potentially be used for bioengineering and 

regenerative medicine purposes. Donor selection is very stringent for pancreas transplant, and 

as a result many are declined based on medical history, fibrosis, fat deposition and other 

conservative practices [33] even though the pancreas is healthy and functional. These pancreata 

could be decellularized, processed to construct biomaterials, such as hydrogels, and used for 

tissue engineering applications rather than be discarded. Hydrogels are versatile materials 

possessing a number of potential applications, including 2-D and 3-D scaffolds for cell culture, in 

which cells can be plated on or embedded within the gel. However, the high lipid content of non-

transplantable human pancreata has posed a barrier to achieving adequate decellularization and 

hydrogel formation using methods that are typically sufficient for decellularizing lean organs and 

tissues.  

The objectives of this study were to develop methods for efficient decellularization and 

delipidization of human pancreata and to produce a hydrogel amenable to tissue culture and 

transplantation applications. We describe a novel method to effectively decellularize and remove 

lipids from human pancreata and have characterized the composition and structure of the 

acellular human pancreatic ECM (hP-ECM). Furthermore, we demonstrate its ability to form a 

hydrogel (hP-HG) and use as a viable cell culture platform which sustains cell growth/viability in 

in vitro and in vivo environments.  
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Results 

Human pancreas decellularization and hydrogel formation 

Discarded, non-diabetic human pancreata were decellularized by either a spin-decell or a 

homogenization-decell protocol, as outlined in Figure 1. The spin-decell protocol, in which 1 cm3 

pieces of tissue are incubated in detergent, was compared to the homogenization-decell 

protocol, in which pancreas is first homogenized and centrifuged to remove extricated insoluble 

fat, and then incubated in detergent. The resulting human pancreatic ECM (hP-ECM) from both 

protocols was analyzed for lipid removal (Fig. 2). We found that homogenization prior to 

deoxycholate treatment resulted in a much more complete lipid removal than was achieved by 

spin-decell.  Lipid content was qualitatively assessed with Oil Red O staining (Fig. 2a-c) and 

quantified with a modified Folch protocol (Fig. 2b). We found on average that native undecelled 

donor pancreata contain about 38 ±3.6% lipids by dry weight. hP-ECM derived with the spin 

protocol contained 13.6 ±3.0% lipids, whereas hP-ECM derived with the homogenization protocol 

contained 3.9 ±1.1% (Mean ±SD) (Fig. 2-D), significantly lower than without homogenization. An 

additional 5-hour lipase treatment (150 U/mL) was tested following the deoxycholate, but we 

found that lipase treatment did not significantly enhance delipidization and in some cases had a 

negative effect on hydrogel formation (data not shown), so was not pursued further.  

Following decellularization, hP-ECM was lyophilized and pepsin digested in the 

preparation of a human pancreatic hydrogel (hP-HG) (Fig. 1). In addition to the generation of 

hydrogel, the decellularized hP-ECM material can be fabricated into 3-D scaffolds with a variety 

of shapes for use in composite cell-matrix applications (Fig. S1).  
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Figure 1. Schematic representation of the preparation of a decellularized ECM hydrogel from pieces 
of human pancreas. Native tissue is frozen and thawed (a), then homogenized (b) and decellularized 
with deoxycholate (c). The resulting acellular matrix is lyophilized (d) and digested in pepsin/HCl to 
create a solubilized pancreatic matrix which is liquid at 4°C (e). Following neutralization and warming 
to 37˚C the hydrogel material self-assembles into a fibrous 3D gel (f). 
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Turbidimetric gelation kinetics 

Gelation kinetics of hP-HG were characterized through turbidimetric analysis at a 405 nm 

wavelength and compared to that of purified collagen I hydrogel. hP-HG gels derived from 

homogenization-decell (Gels 1 and 2) were compared to gels derived from spin-decell (Gels 3 and 

4). The normalized absorbance values of hP-HG alongside collagen I hydrogel are shown in Figure 

3a, along with the corresponding calculated parameters, shown in Figure 3b. Homogenization-

Figure 2. Homogenization improves delipidization. Delipidization was assessed by Oil Red O staining 
(ORO) on native, and decellularized tissues (a-c) and quantification of lipid content per mg dry weight 
utilizing the Folch method (d).  (a) Native tissue contains a high amount of fat as shown by ORO 
staining, and tissue decellularized through spin (S) retains much of the fat content (b), while tissue 
decellularized with homogenization (H) has significantly reduced fat content (c). Scale bar represents 
100µm. N=4-5 biological replicates per group. 
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decelled hP-HG exhibited a sigmoidal curve in the gelation assay, similar to that of collagen I, but 

with a lag time of about 5-6 minutes, shorter than the 10-15 minute lag time of collagen. Despite 

the shorter lag time, the gelation speed (S) is slower than collagen gel, while the t1/2 itself was 

similar between collagen I and hP-HG. This indicates that hP-HG begins to gel more rapidly than 

collagen when heated to 37˚C, but takes the same overall time to reach complete gelation. In 

Figure 3. Homogenization improves gelation. Representative turbidimetric gelation kinetics of 
collagen I and hP-HG. a) Pre-gel solutions of collagen I, homogenization-decell (hP-HG 1&2) and spin-
decell (hP-HG 3&4) were neutralized and added to the wells of a cold 96-well plate followed by 
incubation at 37˚C to induce gelation. b) The T1/2 (time to 50% maximum absorbance), the speed of 
gelation (S) at T1/2 (indicates gelation rate) and the Tlag (time to upslope) calculated from the 
turbidimetric gelation curves are indicated for each material. N=6 biological replicates for each 
protocol. 
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comparing hydrogels derived from the two described decellularization protocols, the spin-decell 

gels have a significantly slower gelation speed and a significantly longer time to t1/2. Further, 

these gels took longer to form and, in some instances, would not form gel at all.  

Spin-decell hP-ECM generally contained visible fat in the interior of the decelled cubes, 

and following treatment with pepsin the digest remained cloudy and exhibited poor gelation 

characteristics (Fig. S2). We concluded from the lipid content and hydrogel turbidimetric data 

that the homogenization-decell protocol was more effective, demonstrating significant 

reductions in lipid content with superior hydrogel forming capability; therefore, all subsequent 

analyses focused on hP-ECM derived with the homogenization protocol, as well as hydrogel 

produced from this homogenized ECM. 

Characterization of hP-ECM and hP-HG 

The ECM and hydrogel obtained by the homogenization-decell protocol were analyzed 

for retention of DNA, sGAG and common ECM proteins. hP-ECM and hP-HG are devoid of nuclei 

as shown by H&E staining (Fig. 4b and c) compared to native pancreas (Fig. 4a). The DNA content 

of the decellularized pancreas was reduced to only 3.6% of the DNA content of native tissue, 

indicating that homogenization and deoxycholate treatment was successful at removing DNA 

(Fig. 4g). The DNA content of hP-HG was further reduced compared to that of hP-ECM and 

contained only 3.1% of the native tissue amount. 

GAG content for each sample was analyzed using qualitative and quantitative methods to 

determine GAG retention following decellularization and hydrogel formation. The histochemical 

stain Alcian blue was used to visualize sGAG, molecules that participate in biochemical signalling, 

play structural roles within the ECM, and support hydration of ECM and hydrogels. Histological 
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examination of native pancreas shows positive sGAG staining throughout the parenchyma and 

more concentrated staining within islets. sGAG content appears to be retained in both hP-ECM 

and hP-HG as demonstrated by the presence of blue stain in the matrix (Fig. 4d-f). However, the 

  
Figure 4. Characterization of pancreas decellularization. Representative images of human pancreas 
decellularization efficiency assessed qualitatively by H&E before and after decellularization (a-c) and 
quantitatively by PicoGreen Assay (g) in ng of DNA / mg dry tissue weight. Histologic evaluation by 
Alcian Blue (sGAG, blue) staining (d-f) and quantitatively (h) with biological analysis of ECM sGAG 
content normalized to ECM dry weight. Scale bar represents 100µm. **** p <0.0001, ***p<0.009 
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Figure 5. Histological and morphological analysis on native tissue and on decellularized pancreatic 
hydrogels. ECM protein retention was assessed by IHC in native pancreas (left column), decellularized 
scaffold (middle column) and hydrogel (right column) for: collagen I (top 3 panels); Collagen IV (upper 
middle panels) and laminin (lower middle). Scanning electron microscopy (bottom row) of native (left) 
and hP-ECM (middle) and hP-HG (right). SEM images of scaffold and gel reveal a porous 3D structure 
composed of intermeshed fibres. Images were obtained at 10,000x magnification. Scale bar represents 
100 µm. 
 



 

 
 

105 
 

 

Figure 6. Protein content of native and decellularized pancreata. a) A representative silver stained 
SDS-PAGE comparing total protein (10 µg) content of native and decellularized pancreas demonstrates 
enrichment of large molecular weight proteins (80-250kD), and b) MS-based analysis of the percent 
total abundance represented by ECM-associated or cellular proteins in the native and decellularized 
pancreas. c) A list of the top 40 ECM-associated proteins identified in the decellularized material, 
sorted first by category (blue = collagens, purple = ECM glycoproteins, teal = proteoglycans, beige = 
ECM regulators, orange = ECM-affiliated proteins) and second by normalized abundance in the 
decelled sample, d) graphed alongside the normalized abundance in the native tissue (grey striped 
bars). N=3 biological replicates per group analysed for SDS-PAGE/silver stain analysis. 
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quantitative sGAG assessment demonstrated a significant decrease in content following 

decellularization procedure. hP-ECM was found to retain 19.6% of the native sGAG content, while 

hP-HG was found to only retain 15.2% (Fig. 4h). 

To further characterize the decellularized pancreatic ECM and the resulting hydrogel, 

immunofluorescent (IF) detection of ECM proteins was performed. We found that collagen I, 

collagen IV, and laminins are retained in decellularized materials, and the ECM microarchitecture 

appears to be preserved within the homogenized hP-ECM (Fig. 5).  

To assess matrix ultrastructural morphology, native pancreatic tissue, decellularized hP-

ECM and hP-HG were subjected to scanning electron microscopy (SEM). SEM images display 

retention of 3-D ECM architectural elements as well as preservation of fibrillar structures of the 

native ECM. These organized fibrillar bundles appear to be preserved through the 

decellularization and delipidization process which are likely to be the fibrous collagen proteins 

identified by MS as the top 22 ECM-associated proteins (see Fig. 6). The decellularized ECM 

material appears to maintain the negative space or “footprint” previously occupied with native 

cells, providing a physical space for exogenous cells to take up residence and receive direction 

from the biological components remaining in the ECM scaffold. hP-HG also displays reformed 

collagen fibrils by SEM. Additional high-magnification images are included in Supplemental Fig. 

S3. 

Having demonstrated the retention of several major ECM proteins after decellularization 

by IF, we sought to visualize the change in overall protein composition following this procedure. 

Protein samples from native pancreas and hP-ECM were run on an SDS-PAGE gel and probed with 

a silver stain to visualize total protein content. With equal total protein loaded for each sample, 
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the presence of higher molecular weight proteins in the decellularized sample compared to 

native tissue is apparent, revealing that the large molecular weight ECM proteins [34] have been 

enriched in the acellular material (Fig. 6a). These bands most likely represent the two main 

classes of macromolecules, the fibrous proteins such as collagens and the glycoproteins such as 

laminins, which due to being enriched following dellularization are now detectable, as many 

other low-abundance proteins are not detectable with this method. To more thoroughly evaluate 

the retention of the ECM proteins after decellularization, isobaric tagging for multiplexed 

quantitation using custom-developed dimethylated leucine (DiLeu) labels was employed to 

enable high-throughput quantitation of relative abundances of all proteins by high-resolution 

mass spectrometry. All identified proteins were categorized as either ‘cellular’ or ‘ECM’ based on 

the MatrixDB database [35]. Native pancreatic tissue was found to be composed of 74.5% cellular 

proteins and 25.4% ECM proteins, while decellularized ECM contained only 4.8% cellular proteins 

and 95.2% ECM proteins (Fig. 6b). The top 40 most abundant ECM-related proteins in the 

decellularized and delipidized hP-ECM are listed in Fig. 6c, and graphically represented in Fig. 6d. 

The average signal intensity of each peak is listed in the table, and the intensity of the 

corresponding protein in the native (i.e. non-decelled) sample is included next to each bar on the 

graph in grey (Fig. 6d). A complete list of all 120 ECM-related proteins identified in the samples 

is included in Supplemental Fig. S4. 

In vitro cytocompatibility 

hP-HG has potential for use as scaffolding or substrate material for in vitro cell culture, 

where the pancreatic ECM proteins may provide a microenvironmental niche to improve survival 

of islets or stem cell-derived beta-like cells. We aimed to verify the cytocompatibility of hP-ECM 
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with a variety of relevant cell types including an insulinoma cell line, stem cell-derived beta-like 

cells, and endothelial cells, which could ultimately aid in graft vascularization. 
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First, we investigated the ability of the hP-HG to support cell adhesion and survival in 2-D 

cell culture using INS-1 832/13 cells (stably transfected rat insulinoma cells engineered to express 

human insulin)[36] and human umbilical vein endothelial cells (HUVECs). Each cell line was plated 

on untreated, hP-HG-coated, and collagen I-coated plates, and interrogated with an MTS 

metabolic activity assay and live/dead staining on days 1, 2, 3 and 4 after plating. Growth curves 

were generated for each cell line grown on each substrate. Regardless of substrate, growth 

curves were indistinguishable from one another for both INS-1 832/13 cells and HUVECs (Fig. S5a-

b). In addition, the INS 832/13 cells plated as described above, were subjected to glucose 

stimulated insulin secretion assays (GSIS) to determine if the glucose responsiveness was 

maintained in all experimental groups. The stimulation index, a marker for insulin secretion 

functionality, calculated for all platforms was 2.8 ±1.3, with no group being statistically different 

from another. This indicates that the cells were functional on all platforms tested. Furthermore, 

the live/dead staining revealed an insignificant difference in the ratio of live:dead cells for all cells 

and conditions after 4 days in culture. Importantly, cells grown on hP-HG maintained their cell 

Figure 7. In vitro cytocompatibility assessment. Doxycycline inducible GFP H9 hESC clusters were 
embedded in hp-HG hydrogel.  a-c) Cells were serially imaged using epifluorescence in live cultures on 
days 0, 1, and 7 after Dox treatment (1.5 µg/ml in E8 media). Images show progressive expansion of 
green fluorescing colonies in 3D indicating survival and growth of hESCs. d-f) At day 7 of culture, 
undifferentiated expanded Dox-GFP H9 colonies were fixed, paraffin embedded, and stained with H&E 
and counterstained for either Col I, Ki67 or Caspase 3 (Casp3). The images show hESC colonies 
embedded in hP-HG matrix highly express Ki67 proliferation marker and few Casp3 expressing cells.  
g-i) hPSC- derived pancreatic progenitors embedded in hP-HG and cultured for 9 days and fixed, 
embedded in paraffin, sectioned and stained for Col I (green) and PDX1 (red nuclei). Pancreatic 
progenitors embedded in hP-HG also express Ki67 indicating expected proliferation, but minimal 
Caspase 3 positive staining. j-l) hPSC-derived ILCs were embedded in hP-HG for 4 days, fixed, 
embedded, and stained for Col I, Ins (green), Ki67 (red) or PDX1 (red nuclei).  Images show healthy cell 
clusters containing non-proliferative Ins+ cells in the clusters and numerous PDX1+Ins- progenitor cells 
and Ins+ Pdx1+ beta-like cells. Scale bar represents 200 µm in a-c and j-l, and 100 µm in d-i. 
Representative images shown, N=3 biological replicates for all groups. (Previous page) 
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fate, as evaluated through IF staining for human insulin and rat NKX6.1 expression in the INS-1 

832/13 cells and for vWF and E-Cadherin expression in HUVECs (Fig. S5c-f). Additionally, HUVECs 

maintained expected expression of CD31 (data not shown). Together, these results demonstrate 

that cells grow equally as well on hydrogel-coated surfaces as on untreated plastic or Col I in 

short-term culture, and that hP-HG does not induce significant cell death or inhibit cell growth. 

To test 3-D culture compatibility with hESCs, doxycycline-inducible (Dox) GFP-expressing 

H9 stem cells were embedded as small colonies in hP-HG and maintained in E8 growth medium 

for 7 days in the presence of Dox, which was initiated 24 hours after plating. After 24 hours of 

Dox exposure, the cells were imaged and GFP was visible. After 7 days of Dox treatment, GFP 

expression and expansion of colonies in 3 dimensions was apparent as demonstrated with live 

imaging (Fig. 7a-c). At the experimental end point the hP-HG embedded cell colonies were fixed 

and analyzed for Ki67 and Caspase 3 marker expression to assess proliferation and apoptosis, 

respectively (Fig. 7d-f). These cells were found to be on average 94.0% positive for Ki67 and 3.6% 

positive for Caspase-3, indicating that undifferentiated H9 cells can expand and grow while 

embedded in hP-HG. This demonstrates that hP-HG is cytocompatible with the human stem cell 

line H9, non-toxic and permeable to small molecules such as Dox. Additionally, the H1 hESC line 

and human iPSC lines derived from CD34+ cells have been combined successfully with hP-HG for 

short-term undifferentiated expansion (data not shown).   

To test for compatibility of hP-HG with hESC-derived cells, pancreatic progenitor cells 

(differentiated for 11 days), were embedded in hP-HG, cultured in appropriate stage-specific 

medium, and stained for the stage-specific marker PDX1, as well as Ki67 and Caspase-3 to assess 

proliferation and apoptosis, respectively, in the embedded cells (Fig. 7g-i). Further, we 
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investigated cytocompatibility with hESC-derived pancreatic endocrine cells or islet-like clusters 

(ILCs) (following a stepwise differentiation protocol for 28 days), which were embedded in hP-

HG, cultured in end stage differentiation medium for 4 days, and analyzed for insulin, PDX1, Ki67 

and Caspase 3 (Fig. 7j-l). Quantification of the differentiated cells co-cultured with hydrogel (H), 

compared with cells that remained in suspension (S), showed insignificant differences in the 

percentage of cells which were Ki67+ (H: 36.3%, S: 32.5%), Caspase-3+ (H: 2.7%, S: 2.4%), and 

PDX1+ (H: 77.5%, S: 74.7%). These studies support the notion that hP-HG supports the growth 

and maintenance of cell fate of hESC-derived pancreatic progenitors and ILCs and provide a 

suitable substrate for in vitro culture. 

In vivo immunogenicity 

In order to utilize this material for biomedical applications such as allograft tissue 

engineering, it is important to assess whether hP-HG induces an immune response upon 

transplantation. The major goal of decellularization protocols is to remove the cellular and 

antigenic material efficiently while maintaining the important ECM molecules, which are 

themselves inherently hypoimmunogenic [37]. To test the immune response to hP-HG, we 

employed immunodeficient NSG mice endowed with a humanized immune system using human 

foetal thymus and CD34+ hematopoietic stem cells. After 12 weeks, allowing for multi-lineage 

haematopoiesis to occur, the mice exhibited greater than 25% engraftment of human CD45+ 

cells. The humanized immune system is derived from foetal tissue distinct from the adult donor 

pancreas with which the hP-HG was derived. Therefore, the humanized immune system should 

recognise and attack hP-HG if it represents immunogenic material. To test the immunogenicity, 

a bolus of neutralized hP-HG pre-gel solution was injected subcutaneously into the dorsum of 
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humanized mice, allowing it to gel in vivo. As a positive control for graft rejection, human foetal 

pancreas (HFP) tissue from another individual, allogeneic to the foetal tissue used to produce the 

humanized mouse, was also implanted in the same animal subcutaneously. Grafts were removed 

after 4 weeks to assess immune response. H&E staining shows strong infiltration of inflammatory 

cells into the foetal pancreas tissue while the hP-HG shows very little immune cell infiltration. 

Further immunological evaluations for human CD3 and CD8 were performed and revealed the 

HFP tissue to be highly infiltrated with cytotoxic T lymphocytes, while hP-HG graft contained little 

to no infiltration of similar human immune cells (Fig. 8b, d, e).  

In the native pancreas, IHC staining indicates expression of HLA class I proteins, while 

staining of decellularized hP-ECM and hP-HG reveals the absence of HLA class I antigens (Fig. 8j-

l). The same trend was seen following interrogation of HLA Class II antigens (HLA-DR) (data not 

shown). Thus, the in vivo assessment of hP-HG suggests it is hypoimmunogenic in this humanized 

mouse model consistent with the notion that the cellular and antigenic components of the tissue 

have been largely removed. 
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Figure 8. Minimal immune cell responses to decellularized human pancreatic matrix in humanized 
mice. a) 500µl of hP-HG was injected subcutaneously on one flank and allogeneic human foetal 
pancreas (HFP) tissue was implanted into the opposite flank of the same humanized mouse. The grafts 
were collected after 4 weeks and analysed for histology and immune cell infiltration. b) HFP showed 
intense hCD3 immune infiltration suggesting an acute cellular rejection response. b-l) The hP-HG 
hydrogel graft was analysed by: c) H&E, and by staining for cellular phenotypes including: d) CD3+ T 
cells, e) CD8+ T cells, (f) FoxP3+ regulatory cells. The hP-HG graft was also stained for: g) mouse specific 
CD68+ macrophages, h) human specific CD68+ macrophages, and i) human specific CD20+ B cells. The 
graft appears to be non-immunogenic as the graft is largely negative for CD3+ and CD8+ T cells and 
CD20+ B cells. The majority of the infiltrating cells are mouse CD68+ cells with a few scattered human 
CD68+ cells present (h). j-l) IHC staining of native (j) and decellularized pancreas tissues hP-ECM (k) 
and hP-HG (l) for pan human HLA-ABC show that the decellularized ECM and hydrogel are negative 
for HLA Class I antigen expression. Scale bar represents 100µm. 
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Discussion 

Decellularized tissues from a variety of sources have been utilised in human clinical 

applications, primarily for soft tissue reconstruction [38]. Natural organ ECM represents an 

important substrate formed from a complex of highly ordered fibrous proteins which provides 

many biological properties known to support cell viability and growth. Whole organ 

decellularized pancreatic ECM has been derived from mice, rats, pigs and humans [39-45] as a 

potential alternative to traditional organ transplantation where relevant cell types are reseeded 

into the decellularized matrix with the hope of reconstituting a neo-organ with functional 

properties. However, recellularizing and rebuilding the vasculature of intact decellularized organ 

scaffolds can be challenging [39, 41, 43, 45-47].  An alternative approach, which is particularly 

relevant for an islet endocrine graft, would be to combine cells with ECM-derived hydrogel.  Such 

a strategy is advantageous for tissue engineering applications because of its ease of use. 

ECM hydrogels have been the focus of research for a number of years and have been 

developed from a variety of tissue sources including adipose [12, 22, 48], urinary bladder [49], 

liver [50], nervous system [51], dermis [52, 53], skeletal muscle [54] and cardiac tissues [55-57]. 

However, this has not yet been achieved with human pancreas. The human pancreas is an organ 

that has a relatively high lipid content, which is inhibitory to the production of a hydrogel, as 

similarly described by Young et al. in processing adipose tissue to hydrogel [12]. We found that 

many human donor pancreata contain a substantially high lipid content, which is due to adipose 

tissue sequestered throughout the parenchyma of the organ. Notably, we have received some 

human pancreata which contained up to 70% lipid content by dry weight. This excess lipid 

prevented successful solubilization and gelation of the hP-ECM. In applying published animal 
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pancreas decellularization methods to human pancreas, we were not successful in making 

hydrogel, indicating that further optimization of the protocol was required to remove more lipids. 

Therefore, to eliminate these lipids from the matrix more effectively, we included a unique 

homogenization step in the decellularization protocol. This method significantly aided in fat 

removal from the homogenized matrix, thereby allowing for the efficient generation of hP-ECM 

scaffolding and hydrogel, with preserved ECM proteins in an arrangement similar in architecture 

to native pancreas. Following effective delipidization, we demonstrated that a hydrogel can be 

formed which has similar gelation kinetics to collagen I, as demonstrated by a turbidimetric 

gelation assay. We also showed that the hP-HG is cytocompatible with a number of cell types in 

in vitro culture applications and does not elicit an immune response in vivo in humanized mice, 

supporting its potential in pancreatic endocrine tissue engineering applications. 

ECM is comprised of many protein and polysaccharide macromolecules including 

collagens, laminins, proteoglycans and more. Retention of native ECM proteins is essential in 

order to reproduce the pancreatic ECM niche and facilitate cell attachment and ECM signaling 

[58].  We showed through IF staining that collagen I, collagen IV and laminins were retained in 

the decellularized matrix and that the microstructural organization of these proteins was 

maintained throughout the decell process, even following homogenization (Fig. 4). Collagen I and 

collagen IV were retained in the digested hydrogel, while laminin appeared as fragments within 

the gel. This may be due to the fact that laminins are susceptible to pepsin digestion, and 

potentially reduced due to the cleaving antibody binding sites. However, results from several 

studies suggest that following pepsin digestion, laminin fragments still retain growth factor and 

integrin binding capabilities and therefore may maintain function [59-61]. 
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It is well established that sulphated GAGs are an important component of the ECM, 

through their involvement in growth factor sequestration and presentation [62-64]. 

Development of a decellularization/delipidization protocol that maintains these macromolecules 

is ideal in the production of a material that presents an in vivo-like niche. ECM components were 

expected to be retained in the matrix and hydrogel to varying degrees of efficiency; we found 

that GAGs were partially retained in the decellularized matrix, and to a lesser extent in the 

digested hydrogel. It has been established that pancreatic beta cells contain a significant level of 

intracellular sGAG, which is consistent with our findings that in situ islets are enriched for cellular 

sGAG [65]. This may contribute to the large reduction in sGAG content, as these molecules would 

be removed along with the cellular material during decellularization. Furthermore, while pepsin 

digestion in the process of hydrogel formation may result in an additional, unavoidable, reduction 

in GAG content, it may be possible to infuse or crosslink the gel with additional GAGs or GAG 

mimetics to enhance cell signalling and attachment [66]. Further investigation toward delineating 

the specific roles individual GAGs play within the islet ECM niche will be necessary to fully 

understand and elucidate the importance of GAGs within this material. 

DiLeu isobaric tandem mass tags coupled with high resolution mass spectrometry was 

employed for high throughput proteomic analysis of the human pancreatic matrisome. This 

approach has a broad dynamic range, offering accurate and highly sensitive quantitative analysis 

of protein content. Pooling of labelled native and decelled samples enriches the mixture for ECM 

proteins and permits detection of low-abundance proteins that may not otherwise been 

distinguished. 120 ECM and ECM-associated proteins were identified in the hP-ECM, which is four 

times the number of ECM proteins described in the mouse decelled pancreas [40] and tenfold 
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greater than what has been identified in the porcine pancreas [67].  Moreover, this is the first 

reported list of ECM proteins quantitatively measured in the human pancreas by mass 

spectrometry, enabling assessment of the relative abundance of the various ECM components.  

Generally, collagens were observed to have the best retention following the 

decellularization treatment, with the intensity most closely matching that found in the native 

tissue. While proteoglycans and glycoproteins have reduced total abundance in the decelled 

material as compared to the native tissue, many of them increase in rank abundance, meaning 

that relative to other ECM proteins, they are more enriched following decellularization. We 

identified proteoglycans of several different families, including those which localize to the 

pericellular/basement membrane or extracellular space and also including proteins belonging to 

the heparan sulphate, keratan sulphate, chondroitin sulphate and dermatan sulphate-binding 

families [68]. The identification of these pancreas-specific ECM proteins and proteoglycans will 

allow for future testing of their presence and properties within hP-HG scaffold constructs, and 

their contribution to pancreatic cell fate determination. 

To assess the biocompatibility of the hP-HG in vivo, immunogenicity studies were 

conducted by utilizing humanized mice. When injected subcutaneously, hP-HG did not elicit an 

immune response, while allogeneic HFP tissue transplanted into the same animals was acutely 

rejected, as expected. Immune reactions occur with incompatibility between ABO and HLA 

systems, mainly triggered by the recipient in response to the donor [69]. The IHC performed for 

HLA class I and II (HLA-ABC/-DR) in native pancreas, hP-ECM and hP-HG clearly demonstrates the 

removal of these antigens from the decellularized materials, further corroborating the absence 

of an immune response to the acellular material in the humanized mice. The results suggest this 
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hypoimmunogenic pancreatic hydrogel, when transplanted with cells or islets, may not illicit 

immune rejection in an in vivo environment. 

hP-HG is a versatile product that can be utilized in a variety of tissue culture and 

transplantation applications. The pancreatic hydrogel proved to be cytocompatible with a variety 

of cell types indicating that it permits normal growth of cells and appears to be non-toxic. We 

observed that INS-1 832/13 cells and HUVECs both grew equally well in 2-D culture on untreated, 

collagen I-coated, and hP-HG-coated tissue culture plates. These results translated nicely into the 

use of hP-HG in 3-D culture where we challenged undifferentiated H9 cells, as well as stem cells 

differentiated toward a beta cell fate, to survive and grow in these matrix modules. When 

undifferentiated human stem cells were embedded in hP-HG, they expanded in a 3-D spherical 

pattern. These cells could be induced to express GFP with media containing doxycycline, 

indicating that the hydrogel is permeable to small molecules and other media components. 

Likewise, cells differentiated toward a pancreatic endocrine fate survived and retained their 

identity when embedded in hydrogel, as demonstrated through continued expression of known 

endocrine markers such as PDX1. Future work will consist of investigating the effect hP-HG may 

have on differentiating stem cell-derived islet-like cells cultured within the gel, compared to cells 

differentiated without exposure to hP-HG. We aim to test whether hP-HG has the capacity to 

improve the differentiation, maturation and function of these cells in vitro. 

The results from this study illustrate that discarded human pancreata can be successfully 

decellularized, delipidized and processed for development of 3-D scaffold casts and hydrogels 

which maintain their macromolecules, are not toxic to the growth and differentiation of several 

types of cells and therefore may have value in regenerative medicine applications. In vivo, cells 
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are in contact with the unique ECM of the tissue they reside within, providing tissue-specific 

signals which aid in cell fate determination. Therefore, including these tissue-specific cues in an 

in vitro cell culture system will likely enhance the culture environment in ways that synthetic or 

purified individual ECM components cannot achieve alone.  Studies are ongoing to determine the 

specific components and properties of the pancreatic ECM in order to establish a useful scaffold 

for the growth and maintenance of stem cell-derived beta cells and cadaveric islets for 

transplantation. 

Materials and Methods 

All experiments were performed using protocols approved by the Animal Care and Use 

Committee of the University of Wisconsin School of Medicine and Public Health and the Health 

Sciences Institutional Review Board, and complied with federal and state law. 

Pancreas Procurement 

Human cadaver pancreata were procured for either research or transplantation. If 

recovered for transplantation but ultimately deemed unusable, they were earmarked for 

research. No organs were procured from prisoners. Human pancreata (n = 11, age 13-58 years) 

were obtained and used in this study through the University of Wisconsin Organ and Tissue 

Donation with consent obtained for research from next of kin and authorization by the University 

of Wisconsin-Madison Health Sciences Institutional Review Board and was performed in 

accordance with federal and state law. A list of donors used in this study and their demographic 

data are shown in Supplemental Table 1. (More details can be found in Supplementary Methods). 
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Spin-Decellularization (Spin-decell) 

Human pancreata were trimmed of surrounding fat, and the remaining parenchyma was 

sectioned into approximately 1cm3 pieces, flash frozen and stored at -80˚C. For decellularization, 

tissue was thawed at 37˚C until soft, rinsed with 1X PBS for 30 minutes, and placed in 2.5 mM 

sodium deoxycholate/PBS, shaking at RT for 24 hours. The tissue was then rinsed with water and 

the 24-hour deoxycholate shake was repeated. After a total of 48 hours of agitation in 

deoxycholate, the tissue was rinsed with water and washed in 1X PBS supplemented with 1X 

Pen/Strep for 72 hours, with water rinses every 24 hours, and fresh PBS + Pen/Strep replaced 

each day. The resulting decellularized pancreatic ECM was lyophilized and stored at -80˚C for 

future use. 

Homogenized-Decellularization (Homogenization-decell) 

Human pancreata were processed as above until thawed. The tissue was rinsed with 1X 

PBS for 30 minutes, washed with water and homogenized in water until broken up. The 

homogenate was centrifuged (4300 rpm, 5 min), floating fat was removed from the surface, and 

the cloudy supernatant was discarded. The pellet was resuspended in water and centrifuged 

again (4300 rpm, 5 min). The pellet was then resuspended into 2.5 mM sodium deoxycholate/PBS 

and incubated for 3 hours (RT, shaker).  After this time, the homogenate was strained over a sieve 

(Sigma, S1145); all collected material was placed back into 2.5 mM sodium deoxycholate/PBS and 

incubated for an additional 15 hours (RT, shaker). The ECM was strained again, rinsed with water 

and washed in 1X PBS supplemented with Pen/Strep for 72 hours, with water rinses every 24 

hours, and fresh PBS + Pen/Strep replaced each day (RT, shaker). The resulting decellularized 

pancreatic ECM was lyophilized and stored at -80˚C for future use. 
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Hydrogel Formation 

Lyophilized ECM was digested with an HCl/pepsin solution and then neutralized, as 

previously described[49]. Controls were made by neutralizing rat-tail collagen type I (Corning, 

354249). (More details can be found in Supplementary Methods). 

Hydrogel coated plate 

Acidic ECM digest was diluted with cold 1X PBS to a concentration of 0.08 mg/ml (a 1:120 

dilution) and filtered through a 40 µm filter to remove undigested ECM pieces. 300 µl of diluted 

digest (pre-gel solution) was added to each well of a chilled 24-well culture plate (Corning, 3527). 

Plates were incubated at 37˚C for one hour and rinsed with PBS before use. 

Matrix characterization 

 DNA Content. Quantification of DNA was assessed using the Quant-iT™ PicoGreen® 

dsDNA Assay (Life Technologies, P7589), following manufacturer’s protocol. Weighed and 

lyophilized ECM materials were digested with papain for 3-18 hours at 65˚C prior to the assay.  

Sulphated Glycosaminoglycan (sGAG) Content  

The sulphated glycosaminoglycan (sGAG) content of native and decellularized pancreata 

was quantified using the Blyscan GAG Assay Kit (Biocolor, UK), following manufacturer’s protocol. 

Weighed and lyophilized ECM materials were digested with papain for 3-18 hours at 65˚C prior 

to the assay. The absorbance at 595 nm was measured using a microplate reader (FlexStation 3, 

Molecular Devices) and compared to standards. Absorbance values were normalized to sample 

dry weight. 
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SDS-PAGE analysis  

Protein lysates were prepared from native pancreas tissue, decellularized/lyophilized hP-

ECM and hP-HG digest solution. Samples were solubilized in 1X RIPA buffer + Halt protease 

inhibitor cocktail (ThermoFisher, 78430) and total protein content was measured with a DC 

Protein Assay (BioRad, 5000112). To compare protein distribution, 10 µg of protein from each 

sample was resolved on a 10% SDS-PAGE gel (Biorad, 3450111) and silver-stained for 

visualization. 

Lipid Content  

Samples were embedded in OCT and cut into 5 µm sections. Sections were fixed with 10% 

neutral buffered formalin for 5 minutes, rinsed with water and then 70% ethanol. Slides were 

incubated for 10 minutes in Oil Red O (ORO) stain, washed with 70% ethanol and counterstained 

with haematoxylin. Images were generated with a Zeiss Axiovert 200M microscope for a 

qualitative evaluation of lipid retention. Quantitative lipid content was assessed using a modified 

Folch lipid extraction (See Supplementary Methods). The resulting lipid material was weighed to 

determine lipid content of the original sample. 

Histology and Immunofluorescence (IF) Microscopy: 

Basic Histology 

Native and decellularized samples were fixed in 4% paraformaldehyde (PFA), paraffin 

embedded, and sectioned (5 µm) for histological examination. Sections were stained with 

haematoxylin and eosin (H&E). Additional sections were stained with Alcian Blue (AB), following 

standard protocols. 
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Immunohistochemistry 

 Slides were deparaffinized using xylene and rehydrated. Antigen retrieval was performed 

by treatment with 10mM Citrate Buffer, pH6.0 for 2 hours in an 80˚C water bath. Slides were 

blocked with 10% BSA/PBS for 1 hour at RT, incubated with primary antibodies overnight at 4˚C, 

washed, incubated with secondary antibody incubation for 1 hour at RT and cover slipped.  

The antibodies and dilutions are listed in Supplementary Table 2. Immunofluorescent 

secondary antibodies were Alexa Fluor 488 and 568 of anti-goat, anti-mouse, anti-rabbit. Nuclei 

were counterstained with 40-6-diamidino-2-phenylindole (DAPI). Images were generated with a 

Zeiss Axiovert 200M microscope. Images were analysed and counted using Image J software. 

Total Ki67-positive cells were divided by total nuclei to calculate percentage of proliferative cells. 

Total Casp3-positive cells were divided by total nuclei to calculate the percentage of apoptotic 

cells. Total Pdx1-positive cells were divided by total DAPI-positive nuclei to calculate the 

percentage of Pdx1+ cells. At least 3000 total nuclei were counted across images in each group. 

Turbidimetric-Kinetic Gelation Assay 

Turbidimetric gelation kinetics were determined as previously described [49]. 100 µL of 

cold, neutralized hydrogel (pre-gel) was loaded per well into a flat-bottom 96-well plate, placed 

in a pre-heated (37˚C) FlexStation 3 (Molecular Devices) plate reader and the OD at 405 nm was 

recorded in 30-second intervals over the course of 80 minutes. Data was collected using 

SoftMaxPro software. Two biological replicates were performed in triplicate and averaged. Data 

was normalized using Equation 1, where A is the absorbance at a given time, A0 is the lowest 

absorbance (time zero) and Amax is the maximum absorbance.  

Equation 1:  𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (𝑁𝑁𝑁𝑁) =
A − A0

𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐴𝐴0
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The time needed to reach 50% of the maximum turbidity absorbance value was defined 

as T1/2; the lag phase (Tlag) was calculated by extrapolating the x-intercept of the linear portion of 

the curve. The speed of gelation (S) was determined by calculating the slope of the curve at T1/2 

as described in [54]. 

Scanning Electron Microscopy 

Samples were fixed overnight in 4% PFA, washed and stored in 1X PBS. Samples were 

progressively dehydrated through a series of ethanol washes starting at a 30% solution and 

ending with 100% ethanol. Samples were dried on a critical point drier and coated with a 40:60 

mixture of gold:palladium. Images were taken with a LEO 1530 scanning electron microscope at 

1000x, 2500x, 10000x and 40000x.  

In Vitro Cytocompatibility 

Live/Dead Imaging. HUVECs (1.6x104 cells/cm2) (Sigma, 200P-05N) and INS-1 832/13 cells 

(2.6x104 cells/cm2) [36] were plated on 24-well plates with either no coating, collagen I coating 

(Corning, 354249) or hP-HG coating, and cultured for 1-3 days. Cells were stained with Calcein-

AM (ThermoFisher, C3100MP) and ethidium homodimer (Sigma, 46043-1MG-F) in a live/dead 

assay: Samples were imaged with a Zeiss Axiovert microscope; 10x images were used to count 

live cells (green) and dead cells (red) using Image J software. Each cell type was tested with 2 

biological replicates of 4 technical replicates each.  

MTS Assay 

HUVECs (8.0x103 cells/cm2) and INS-1 832/13 cells (25x103 cells/cm2) were plated onto 

flat-bottom 96-well tissue culture plates with either no coating, collagen I coating (Corning, 

354249) or hP-HG coating, and grown in their respective medium. On days 1, 2, 3 and 4 after 
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plating, CellTiter-96 (Promega, G3582) reagent was added to the cultures for 3 hours, media 

absorbance at 490 nm was measured (FlexStation 3, Molecular Devices). Culture media were 

tested in triplicate for each condition and time point. A growth curve was generated for each cell 

line and condition tested.  

GSIS Assay  

INS-1 832/13 cells were plated at a density of 0.5x106 cells per well in a 24-well plate (N=4) 

(Corning 3527), with either no coating, Col1 coating or hP-HG coating. Cells were expanded for 

48 hours in standard medium, and grown until 95% confluent. On the day of the assay each well 

of cells was washed with Krebs buffer (25 mM HEPES, 115 mM NaCl, 24 mM NaHCO3, 5 mM KCl, 

1 mM MgCl2, 2.5 mM CaCl2, 1% BSA) and pre-incubated in a very low glucose Krebs solution 

(0.5mM) for 2 hours at 37˚C and 5% CO2. A GSIS was performed using serial low glucose (2.8 mM) 

and high glucose (28 mM) Krebs solutions with one hour incubations (37˚C, 5% CO2) for each 

treatment. At the end of each incubation, supernatant was collected for human C-Peptide 

content measurement using the Mercodia Ultrasensitive C-Peptide ELISA kit (10-1141-01). 

Doxycycline Induction Assay 

 Undifferentiated H9 cells with a Doxycycline-inducible GFP cassette were passaged with 

Versene (Life Technologies, 15040066) into small cell clusters, pelleted and mixed into 250 µl of 

cold 6.0 mg/ml hydrogel. Gel and cells were pipetted into a 12-well Transwell® (Corning 3460), 

covering the membrane, and incubated at 37˚C for 30 minutes. After 30 minutes, 0.5 mL E8 

medium was added over the gels, and 1.0 ml of medium was added to the bottom of the 

Transwell® compartment. Media was replaced daily for 7 days with E8 media + doxycycline (1.5 

µg/ml). GFP was imaged in live cells each day with a Zeiss Axiovert 200M microscope, and gels 
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were marked with a nick to identify the same spot in each gel every day. On day 7, gels were fixed 

in 4% PFA for 30 minutes, processed for paraffin embedding, sectioning and staining.  

Stem cell differentiation 

 H1 cells were differentiated toward a pancreatic endocrine fate using a protocol based 

on Xu et al. (2011) [70], Rezania et al. (2014) [71], and Pagliuca et al. (2014) [72]. After 11 days of 

differentiation, pancreatic progenitor cells were embedded in hP-HG and cultured for an 

additional 9 days to test for survival, apoptosis and retention of pancreatic progenitor fate. After 

28 days of differentiation, islet-like clusters (ILCs) were embedded in hP-HG for an additional 4 

days in end-stage medium, to test for survival, apoptosis and retention of mature beta cell marker 

proteins. Constructs were fixed in 4% PFA and processed for paraffin embedding and analysis.  

Transplantation of ECM into Humanized Mice 

Research involving mice was performed in accordance with a protocol that was approved 

by the University of Wisconsin School of Medicine and Public Health Animal Care and Use 

Committee, and in accordance with a protocol approved by the University of Wisconsin 

Institutional Review Board. For immunogenicity studies, 500 µL of hP-HG was injected into the 

dorsal subcutaneous space of humanized mice (n=2) (See Supplementary Methods). Additionally, 

human fetal pancreas (HFP) fragments from a donor allogeneic to the donor of the mouse’s 

human immune system was also transplanted subcutaneously into the same animal. The three 

grafts remained in vivo for a period of four weeks before the animals were sacrificed, and grafts 

collected for processing and immunohistochemistry.  
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ECM digestion and proteomics analysis 

Protein extraction and DiLeu labelling were performed as previously described [73, 74]. 

Briefly, same amount of protein was digested with trypsin, labelled with 12plex DiLeu reagents 

and fractionated by off-line strong cation exchange (SCX) chromatography. Ten fractions were 

collected to reduce the sample complexity. Peptides were online separated by Dionex UltiMate 

3000 LC system before entering the Orbitrap Fusion Lumos tribrid mass spectrometer (San Jose, 

CA). The descriptions of MS settings have been previously described [73]. (More details can be 

found in Supplementary Methods). 

Quantification was performed using an in-house software called DiLeu tool. For each 

protein in the native (non-decelled) pancreas, the intensity (I) was normalized using the ratio of 

Col1A1 intensities of the native and decelled samples, using Equation 2. The normalized native 

intensity can then be compared to the corresponding experimental intensity for the same protein 

in the decelled sample. The average intensity for each protein in each group (decelled and native) 

was calculated using 5 donor pancreata.  

Equation 2:  

Statistical analysis 

Statistical analyses were calculated with Prism 6 for Windows (GraphPad Software, Inc.) 

and SAS version 9.2 (SAS Institute Inc., Cary, NC). All results are reported as mean values across 

biological replicates ± the standard deviation of the mean. Statistical comparisons for all samples 

were made using repeated measures ANOVA testing followed by Tukey’s multiple comparison 

test to determine significance between individual means. A p-value of less than 0.05 was 

I𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛(𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑋𝑋) = I𝑒𝑒𝑒𝑒𝑒𝑒(𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑋𝑋) ∗
I𝑒𝑒𝑒𝑒𝑒𝑒(𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶1𝐴𝐴1)
I𝑒𝑒𝑒𝑒𝑒𝑒(𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝐶𝐶𝐶𝐶𝐶𝐶1𝐴𝐴1)
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considered significant, and Prism’s recommended classification for significance was followed 

(p<0.0001 = extremely significant (****), 0.0001<p<0.001 = extremely significant (***), 

0.001<p<0.01 = very significant (**), and 0.01<p<0.05 = significant (*)). 
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Chapter 3 Supplemental Information 

 

 
 
Chapter 3 Table S1: Characteristics of human cadaver donors providing pancreata for 
decellularization. 
Abbreviations: donor after cardiac death (DCD); donor after brain death (DBD); cold ischemic 
time (CIT); hemoglobin a1C (HbA1c); Body mass index (BMI). 
 
 
 
 
 

 
 
Chapter 3 Table S2: Antibodies for immunocytochemistry and immunohistochemistry. 
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Chapter 3 Fig. S1: Applications for decellularized pancreas ECM. hP-ECM and hP-HG are able to 
be manipulated to produce several types of acellular natural matrix constructs, including intact 
3D matrix (a), cut in thin slices (b), placed in tissue culture vessels such as chamber slides (c) 
Transwells (d) and applied in thin coatings to tissue culture plate show in e and f stained with 
collagen I and IV. 
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Chapter 3 Fig. S2: High fat content inhibits solubilization and gelation. a) Cube of spin-
decellularized pancreas, b) bisected to reveal a yellow interior with higher fat content. c) Several 
cut up pieces with yellow interiors. Following pepsin digestion, the pre-gel solution is cloudier 
following spin-decell (d, right) compared to homogenized decell (d, left). When neutralized and 
gelled in a mold (e) the homogenized-decell consistently yields a sturdy gel (f) while the spin-
decell results in no gelation (g) or incomplete gelation (h) - depending on the initial fat content 
of the donor organ. 
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Chapter 3 Fig S3: Organization of native pancreas and decellularized hP-ECM and hP-HG by 
SEM. Native pancreas demonstrating cells organized in dense clusters and covered by connective 
tissues of high and low densities. Long white arrows indicate empty space within the ECM, 
potentially suitable for cell occupation. Long red arrows indicate collagen fibril bundle structures, 
retained within the hP-ECM. Short yellow arrows indicate collagen fibrils, present in the native 
tissue, the hP-ECM as well as the hP-HG. 
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Chapter 3 Fig. S4: Full list of all 120 matrisome and matrisome-associated proteins identified in 
the decellularized hP-ECM. Proteins were classified using the MatrixDB database.  
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Chapter 3 Fig. S5: In vitro cytocompatibility evaluation of hP-HG using HUVECs and INS-1 
832/13 cells. Cells were cultured for 4 days on either tissue culture plastic (NT, not treated), 
collagen I (Col 1), or human pancreatic ECM hydrogel (hP-HG). Cells were analysed daily using the 
MTS assay, at the end of the culture period by live:dead staining protocol and by specific marker 
staining. a) HUVEC MTS growth curve. b) INS-1 832/13 cells MTS growth curve. c and d) % dead 
cells quantified at day 4 of culture for HUVECs and INS-1 832/13 cells, respectively. e) Insulin 
(green) and Nkx6.1 (red) staining of INS-1 832/13  cells cultured under the 3 different conditions 
at day 4 of culture. f) E-cadherin (green) and von Willebrand Factor (vWF, red) staining of HUVECS 
cultured under the 3 different conditions at day 4 of culture. 
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Chapter 3 Fig. S6: Full length image of the SDS-PAGE gel shown in Figure 6. Lane 1 is loaded with 
the Precision Plus Protein Dual Color Standard. Lane 2 is loaded with 10 µg of the native pancreas 
from the same donor as Lane 3, loaded with 10 µg of decellularized pancreatic ECM. The 
remaining lanes of the gel contained samples unrelated to this project. The image shown in Figure 
6a was cropped slightly to remove the edges of the gel, and rotated slightly to straighten the 
lanes. 
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Chapter 3 Supplementary Methods 
 
Pancreata Procurement 

Pancreata are deemed unsuitable for transplantation for some of the following reasons: 

vascular damage or anomaly, high BMI, or duodenal injury or anomaly after visual inspection. 

Organs were selected from donors with no history or evidence of pancreatitis, diabetes, 

pancreatic cancer, hepatitis or HIV infection and were from donation after circulatory death 

(DCD) or donation after brain death (DBD). Organs were recovered after in situ flush with UW 

Solution [ViaSpan® (TEVA Pharmaceuticals USA, Inc., North Wales, Pennsylvania), SPS-1, (Organ 

Recovery Systems, Inc. Itasca, Illinois), or UW Belzer® Cold Storage Solution (Bridge to Life, Ltd. 

Columbia, South Carolina)], and stored in the same solution at 4˚C until tissues were processed 

within 24 hours of recovery. No organs/tissue were procured from prisoners. 

Modified Folch Method 

30 mg of lyophilized ECM was weighed; 2 ml of 1:3 (v:v) chloroform:methanol solution 

was added to each sample. Samples were incubated for 30 minutes shaking at RT, centrifuged 

(4300 rpm, 5 min), and the supernatant was decanted into a new tube. 800 µl of water and 2.5 

ml of chloroform was added to the supernatant, and tubes were vigorously shaken. Samples were 

centrifuged (2200 rpm, 5 min) and the upper phase was removed. The lower phase was allowed 

to air dry in a fume hood for 4-7 days until dry; the resulting lipid material was weighed to 

determine lipid content of the original sample. 

Hydrogel Formation 

Pepsin was used at a ratio of 0.1 mg pepsin per 1 mg ECM and solubilized in 0.01 M HCl 

prior to being added to the ECM. The digestion was prepared such that the final gel would have 
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a density of 8 mg ECM/ml gel. This required a volume of 818 µl of 0.01 M HCl per 1 mg of 

lyophilized ECM. ECM was digested for 72-96 hours at RT until the solution was transparent and 

free of undigested pieces. If a significant amount of undigested matrix was still present after 48 

hours of digestion, the solution was homogenized and digested for another 48 hours at RT. 

Neutralization of the acidic digest solution was achieved by mixing ice cold 0.1 M NaOH (equal to 

1/10 the volume of acidic digest) and 10X PBS (equal to 1/9 the total volume of digest + NaOH 

used) and adding this mixed solution to the digested ECM at 4˚C. Mixed pre-gel solution is then 

placed at 37˚C for 30 minutes for gelation to occur. If not used immediately, the gel was 

lyophilized and stored at -80˚C. 

Generation of Humanized Mice. 

Research involving mice was performed in accordance with a protocol that was approved 

by the University of Wisconsin School of Medicine and Public Health Animal Care and Use 

Committee, and in accordance with a protocol approved by the University of Wisconsin 

Institutional Review Board. Humanized mice were generated similarly to previously published 

reports 65-67. Briefly, NOD-SCID IL2rγnull (NSG) mice aged 7–8 weeks, obtained from Jackson 

Laboratories (stock #005557), were conditioned with sub-lethal total body irradiation with 250 

RAD via an X-RAD 320ix irradiator (Precision X-Ray, North Branford, CT) and within 4 hours 

transplanted with 1mm3 human foetal thymus fragments (14-20 weeks gestation and obtained 

from Advanced Bioscience Resource (Alameda, CA)) into the kidney subcapsular space. 

Immediately following surgery, mice were intravenously injected with 40,000 purified CD34+ 

cells, which were isolated from autologous liver tissue. The CD34+ cells were isolated via 

magnetically activated cell sorter (MACS) separation system (Militenyi Biotec, Auburn, CA). Mice 
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were monitored for engraftment of human white blood cells (hCD45+) at 8 and 12 weeks and are 

considered successfully humanized with presence of greater than 25% hCD45+ cells. Further 

details are available in supplementary materials. 

Proteomics analysis. 

The OMSSA proteomic Analysis Software Suite (COMPASS) was used for peptide 

identification and searched against Homo sapiens Uniprot database. Trypsin was selected as the 

enzyme and maximum of two missed cleavages were allowed. Precursor and fragment ion 

tolerance was set to 25 ppm and 0.02 Da. DiLeu labelling on N-termini, lysine residue 

(+145.1267748 Da), and carbamidomethylation of cysteine residues (+57.02146 Da) were chosen 

as static modifications. Variable modifications included methionine oxidation (+15.99492 Da) and 

DiLeu labelling on tyrosine residue (+145.1267748). Results were filtered at 1% false discovery 

rate (FDR) for both peptide and protein. 
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Chapter 4 

 

Human pancreas ECM hydrogel improves yield and expression profiles of stem cell-derived β 
cells. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This study was designed by Daniel Tremmel, Sara Dutton Sacket and Jon Odorico. Daniel 
Tremmel, Austin Feeney, Andrew Curran, and Sam Mitchell performed the experiments. Sara 
Dutton Sacket and Jon Odorico provided guidance and expertise. Daniel Tremmel prepared the 
figures and wrote the paper. 
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Abstract 

 Stem cell-derived β cells (SCβCs) do not fully recapitulate the functional and phenotypic 

profiles of primary, mature β cells. While many approaches are being used to improve the 

differentiation of these cells, the majority of the effort lies in deriving a better chemically-induced 

protocol for differentiating the cells. We recently developed a human pancreas extracellular 

matrix (ECM) hydrogel (hP-HG) that recapitulates the ECM environment of the adult human 

pancreas. Because the ECM is known to play an important role in primary islet health and 

function, we hypothesize the hP-HG may have a beneficial role in SCβC differentiation.  By 

culturing SCβCs with hP-HG, we show that in the later stages of differentiation, hP-HG may 

stimulate better endocrine commitment and gene expression, but in its current composition in 

the context of the protocols tested may not be able to rescue deficiencies in SCβC function. 

Introduction 

Despite consistent research in diabetes treatment technology, millions of people die 

every year from diabetes-related complications. Non-invasive treatment options, like insulin 

injections or pumps, manage symptoms but do not result in consistently stable blood glucose 

levels, leading to potential long-term complications due to periods of hyper- and hypoglycemia. 

Surgical β cell-replacement treatment, such as pancreas or islet transplantation, supply 

functional β cells to effectively regulate blood glucose, but are limited by donor tissue availability 

and require a lifetime of immunosuppressive treatments for the patient, which adds additional 

complications and restrictions to a patient’s standard of living [1, 2]. 

Significant research effort has focused on deriving functional SCβCs as an alternate and 

more sustainable treatment for diabetes. Conceptually, patient-specific induced pluripotent 
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stem cells (iPSCs) could be derived and re-differentiated into functional insulin-producing cells 

that immunologically match the patient thereby eliminating or drastically reducing the immuno-

suppression therapy requirement [3]. While advances have been made in β cell differentiation 

from stem cells, a fundamental barrier to this treatment includes a deficit in the ability to produce 

mature, functional β cells from stem cells in vitro [4-6]. The most recent and impressive protocols 

generate β-like cells capable of dynamic insulin secretion assessed by perifusion glucose 

stimulated insulin secretion (GSIS), but with significantly lower total insulin content and lower 

stimulation indices than those of native islets [7, 8]. Glucose stimulated insulin secretion (GSIS) 

assays test insulin secretion in response to glucose or other secretagogues. Cells are exposed to 

low (2.8 mM) and high (28 mM) glucose, and results are reported as a stimulation index (SI), 

defined as the ratio of insulin secreted under high glucose conditions over low glucose conditions, 

which is a readout for glucose-responsive functionality. An improved dynamic GSIS response is 

the key next step in SCβC generation. 

The development of in vitro SCβC differentiation protocols relies on recapitulating step-

wise gene expression patterns that have been established from rodent and human islet and 

pancreas studies. SCβCs express key β cell genes such as insulin (Ins), Pdx1, Nkx6.1 and Nkx2.2, 

but to varying degrees of similarity to human islets. Gene expression profiling is preformed 

throughout the step-wise protocols to confirm proper differentiation; for example PDX1 is 

expressed in pancreas progenitor 1 (PP1) cells during Stage 3, and continues to be expressed 

throughout the remainder of the differentiation, following the expression pattern of this gene 

during development. The endocrine progenitor gene Neurogenin 3 (NGN3), a transiently 

expressed TF during development, is expressed during Stage 5 of differentiation, but continues 
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to have detectable expression beyond Stage 5. In the pancreas, NGN3 is not expressed in adult 

mature β cells [5], and therefore this is indicative of incomplete maturation in vitro, in at least a 

subset of cells. On the other hand, two markers of β cell maturation, the peptide hormone 

urocortin-3 (UCN3), and the critical transcription factor MAFA, have been absent, or detected at 

very low expression levels in SCβCs in most published protocols [5-9]. These gene expression 

profiles suggest that β-like cells derived in vitro are not fully mature. 

  A hypothesis concerning the barriers to in vitro β cell differentiation is that the lack of 

ECM throughout the differentiation process provides a microenvironment which is insufficient to 

support the generation of bona fide β cells. The ECM is a network of proteins and polysaccharides 

that regulate cell signaling in a variety of ways: by directly binding cell receptors such as integrins; 

by sequestering growth factors, affecting diffusion and growth factor-receptor interaction 

dynamics; and by providing mechanical support to cells [10]. ECM composition is unique to each 

tissue, and changes dynamically during development [11, 12]. In adult human islets, ECM has 

been associated with β cell survival and improved insulin secretion dynamics, and in fetal islets, 

ECM has also been associated with proliferation and differentiation [13]. Furthermore, the 

process of isolating islets from the pancreas involves collagenase digestion, which destroys much 

of the native ECM, resulting in reduced islet survival and function post-isolation [14]. Co-culture 

of islets with individual purified ECM proteins has been shown to affect islet-specific gene 

expression [15-17]. Islet ECM composition has also been shown to change with the progression 

of both T1d and T2D [18]. Importantly, ECM expression in SCβCs appears dysregulated and 

blunted compared to native in situ islets (Figure 1). Together these data suggest that pancreatic 

ECM plays an important role in β cell development, maturation, and survival. 
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Natural ECM can be isolated from tissues through a process called decellularization, in 

which cellular material is removed from the native ECM following cell lysis and subsequent 

washing. In this way, ECM has been extracted from many animal and human organs, and has 

been proposed for use in regenerative medicine for a variety of applications [19, 20]. Decelled 

ECM has been successfully used to induce differentiation of stem cells toward liver, kidney and 

lung lineages [21], providing evidence that ECM can enhance and direct stem cell differentiation.  

Figure 1. ECM expression in islets and SCβCs. Expression of ECM proteins Collagen 1, Collagen 4 and 
laminins (detected by a pan-laminin antibody) is dramatically different between islets in situ, islets 
shortly after isolation, and SCβCs at the end point of differentiation.  
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Decelled ECM can be implemented as a scaffold for cell culture in different ways. Some studies 

aim to decell an intact organ, generally through perfusion of vasculature, to preserve the macro- 

and microstructures of the organ [19], however seeding cells into these matrices has proven to 

be a challenge [22, 23]. Others aim to reconstitute the ECM in a new form, as a hydrogel or 

sponge [24, 25]. The acellular and purified ECM is digested with acidic pepsin to solubilize the 

ECM proteins in order to “reform” the ECM. The digested ECM solution can then be neutralized 

and warmed to form a hydrogel, or lyophilized to form a sponge. This requires digestion and re-

formation of collagen fibrils [26], and therefore reorganizes the ECM microstructure.  

Our group recently published the first protocol for generating a hydrogel from human 

pancreatic ECM (hP-ECM) [27]. We demonstrate delipidization, decellularization and digestion of 

the tissue to generate a hydrogel that retains many of the ECM components of the native tissue. 

Additionally, we utilized the purified hP-ECM to report the first quantitative mass spectrometry-

based characterization of the human pancreatic matrisome. Using the enriched ECM and our 

highly sensitive DiLeu labeling method, we identified 120 ECM-associated proteins in the 

decellularized adult pancreas, 4-fold higher than the previously published mouse pancreatic 

matrisome [28]. In this study, we demonstrated the ability to generate hP-ECM and hP-HG from 

human tissue as well as the power to characterize the matrisome of these tissues with high 

sensitivity and consistency, despite complex sample composition. Additionally, we demonstrated 

that hP-HG is compatible with stem cells and stem cell-derived pancreatic progenitors, indicating 

that this material is a suitable scaffold for differentiation studies [27]. 

Several groups have tested the use of ECM products in culture with islets and stem cells. 

Many early studies utilizing purified ECM proteins in islet culture demonstrated that adding 
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individual ECM proteins back to islets following isolation has beneficial effects on survival and 

function [13, 15, 16, 29, 30]; the exact pathways through which ECM enhances these phenotypes 

is not fully understood. Despite work on islet encapsulation with ECM proteins or synthetic 

polymers, the application of these materials in β cell differentiation has been very limited. It has 

been shown that basement membrane-like material containing laminin 511 was able to enhance 

differentiation of mouse embryonic stem cells (ESCs) toward a pancreatic fate [31]. Another 

study combined decelled rat pancreas with mouse ESCs and found that the differentiating cells 

were compatible with the ECM and expressed insulin earlier in differentiation than without the 

ECM. However the group encountered difficulty with effectively distributing the ESCs into their 

intact pancreas ECM platform [23]. A recent study using ECM extracted from a rat β cell line was 

able to induce human ESCs to express β cell markers (Pdx1, Glut2 and Ins) in vitro, and restore 

normoglycemia following transplantation into diabetic mice. However, this study did not assess 

the maturation and function of the cells and appears to have produced cells of similar quality to 

other differentiation protocols [32].  

While these studies suggest that ECM plays a role in both β cell differentiation and 

function, none have yet demonstrated sufficient improvements to in vitro β cell differentiation, 

i.e. improved maturation. The ease of incorporating hP-HG into cell culture, and the pancreas-

specific composition of the material give promise to the success of our approach and warrant 

further investigation. This study will assess the effect that hP-HG has on each stage of β cell 

differentiation to determine the optimal timing and method of hP-HG co-culture. Following 

optimization of culture conditions, the effect that hP-HG has on SCβC gene expression and 

function will be assessed. 
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Results 

Our group generates SCβC clusters containing all of the major endocrine cell types of a 

native islet using a protocol based on our previously published endoderm enrichment and 

improved upon based on recently published protocols in the field and our own empirically tested 

modifications [4-6, 33, 34]. The result is a 7-stage, 28-day protocol (Figure 2A) that generates 

mono-hormonal Ins-positive, glucagon (Gcg)-positive and somatostatin (Sst)-positive cells and 

can secrete insulin in response to glucose with a low to moderate SI in static GSIS. The protocol 

has two phases: hESCs are plated on a Matrigel (MG)-coated surface and the first four stages are 

maintained in adherent culture; at the end of Stage 4, the cells are removed from the plate, gently 

pipetted to form small masses of cells, and then cultured in suspension where the cell masses 

form rounded clusters, similar in shape and size to human islets.  

hP-HG treatment in adherent SCβC culture 

To incorporate hP-HG into this differentiation protocol, we first assessed whether there 

was a beneficial effect of culturing on an hP-HG-coated surface in place of MG at each of the first 

four stages (Figure 2B). The standard protocol for these four stages would be to start the hESCs 

on MG and not remove them from the plate until the end of Stage 4; this treatment was used as 

a control (S0→MG).  

Bright field microscopy images from cells cultured under each condition reveal similar 

morphologic patterns at the end of Stage 4 for all cells except for those moved onto hP-HG at the 

end of Stage 1 (S1hP-HG) (Figure 2C). Cells moved onto hP-HG at the end of Stage 1 adhered 

to the plate, but over the next few days the sheet of cells peeled and aggregated into a large 

mass, which did not generate enough material to quantify gene expression by the end of Stage 
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4. Furthermore, although there were morphologic similarities in the differentiated cells at the 

end of Stage 4, none of the cells that were moved onto MG or hP-HG at any stage had higher 

expression of the desired genes by the end of Stage 4 (Figure 2D). This indicates that in the first 

4 stages of culture, dispersing and moving the cells onto a new plate is disruptive to the 

differentiation, and hP-HG does not have a benefit that overcomes that disruption. 

Figure 2. hP-HG treatment in adherent SCβC culture.  

A) Schematic diagram of the 7-stage differentiation protocol to generate insulin-producing SCβCs from 
hESCs.   

B) To test hP-HG in adherent culture (Stages 1-4) hESCs were plated onto MG on Day 0 of the protocol, 
and then either kept on MG through Stage 4, or at each stage a subset of wells were dispersed and re-
plated onto either a MG or hP-HG-coated surface.  

C) Bright field microscopy images of cells at the end of Stage 4, cultured under each condition. Cells 
moved at the end of Stage 1 onto MG are indicated S1→MG, and so on. The scale bar in the bottom 
right corner of each picture is 200 microns.   

D) Gene expression data from cells collected at the end of Stage 4, after culturing under each 
condition. All gene expression is normalized to undifferentiated H1 hESCs. N=2 replicates per 
treatment.     

 (Next page) 
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hP-HG treatment in 3-D SCβC suspension culture 

 To test the effect that hP-HG co-culture may have on the differentiating cells at the later 

stages in the protocol, cells were embedded into hP-HG in liquid form (neutralized, cold), 

pipetted to form 10 μL hemi-spherical droplets, and warmed to 37˚C to induce gelation. Cells 

were embedded in the gel at the end of Stage 4 (“S4-HG”), immediately following removal of cells 

from adherent culture, or embedded later, at the end of Stage 6 (“S6-HG”). In parallel, cells were 

cultured in suspension culture for the entire second half of the protocol as a control 

(“Suspension”, “Susp”) (Figure 3A). Fragmented sheets of cells at the end of Stage 4 form rounded 

clusters over the next few days in suspension culture. When embedded in hP-HG, the cells follow 

a similar pattern and become larger and rounder clusters as the gel contracts over the final stages 

of differentiation (Figure 3B). At the end of Stage 7, suspension clusters or gels were either fixed 

and sectioned for immunofluorescent (IF) staining or lysed in TRIzol and used for RNA extraction 

and QPCR analysis. IF staining was performed to assess the percentage of each cell cluster that 

was Ins-positive; the amount of insulin detected in the SCβC clusters was increased in both S4-

HG and S6-HG conditions compared to suspension culture. The cells were co-stained for Collagen 

1 (Col1) to indicate the hydrogel, and this stain also revealed that the SCβC clusters in suspension 

expressed high levels of Col1 within the central region of the cell clusters, while this was not seen 

to as high of an extent in the hydrogel-embedded clusters. Nuclear staining was also performed 

and quantified for Pdx1 and Nkx6.1, which are co-expressed in β cells (Figure 3C). Co-localization 

of these markers in the nuclei was increased in SCβC clusters that were cultured with hP-HG as 

endocrine progenitors, from Stage 6 onward (S6-HG) but there was no difference seen with the 

earlier S4-HG pancreatic progenitor cells. 
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 To further determine the impacts of the hP-HG, bulk RNA preps were analyzed with QPCR 

for each treatment. To improve the power of the analysis, all hP-HG co-culture treatments (S4-

HG and S6-HG) were averaged together as one hP-HG treated group.  The analysis revealed that 

several pancreatic endocrine genes (Ins, Gcg, Sst, Ucn3, Glut2, IAPP) had a trend of increased 

expression in the hP-HG treated group (hP-HG) compared to suspension culture (Susp). As an 

additional control, the relative amount of each gene compared to primary human islet (Islets) 

was calculated (Figure 3D). Primary human islets have significant donor-to-donor differences in 

gene expression, insulin content and function; to consider these variations, the islet data 

represented an average of 10 different islet donor preparations. This reveals that although there 

are minor increases in gene expression of some important genes, there remains a major deficit 

in the relative expression compared to the primary tissue. The preparations of SCβC that were 

used for these experiments were assessed for function in static GSIS, but none of the cells derived 

at this time had an average stimulation index (insulin secreted in high glucose over insulin 

secreted in low glucose) above 1.0, indicating that the functional response in these  batches of 

differentiated cells was poor. The hP-HG treatment therefore did not have a beneficial effect on 

GSIS function in this study, but this could have been due to overall poor differentiation. 

Figure 3. hP-HG treatment in 3-D SCβC suspension culture.  

A) Schematic diagram of incorporation of hP-HG into the suspension culture phase of the 
differentiation protocol. At the end of Stage 4, the adherent sheets of cells are broken up to form 
small clusters. These clusters were embedded into droplets of hP-HG at the end of Stage 4, or the end 
of Stage 6 to test the effect of hP-HG on the end stages of the differentiation. B) Bright field microscopy 
images of cells embedded in the gel at the end of Stage 4, showing how the cells change morphology 
over time in 3-D co-culture. The scale bar indicates 500 microns. C) Immunofluorescent staining of 
cells collected at the end of the protocol (end Stage 7) cultured with our without hP-HG. Images were 
quantified for each of the conditions. Scale = 100 microns. D) Gene expression data from cells collected 
at the end of Stage 7, after culture with or without hP-HG. Data from cells combined with hP-HG at 
Stages 4 or 6 were pooled in these graphs (“hP-HG”). All gene expression is normalized to 
differentiated H1 cells in normal suspension culture for the second half of the protocol (“Susp”) and 
compared to the fold-change in primary human islets (“Islets”). N=4 differentiations. (Next page) 
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Discussion 

SCβCs hold the potential to be a major life-changing treatment for all people with 

diabetes rather than the few fortunate enough to receive transplantation [35]. Before the cells 

can be clinically useful, however, the protocols used to generate SCβCs need to be fine-tuned 

until the cells consistently phenotypically and functionally resemble native islets. It is important 

for these protocols to achieve similarity to primary islets for several reasons. If the cells are not 

fully or terminally differentiated prior to transplantation, there is risk that they may become off-

target cell types in vivo which would be undesirable or even dangerous to the recipient. If the 

SCβCs maintain their fate but do not properly function, they may simply not be useful for 

reducing the patient’s blood glucose, or worse, could dysregulate the body’s response to glucose 

if SCβC hormone secretion is not properly controlled. 

In order to improve the outcomes of our differentiation, we assessed whether adding hP-

HG to the differentiation protocol at various time points had a beneficial effect on SCβC gene 

expression, protein expression, or function. Perhaps not surprisingly, we found that the 

introduction of hP-HG in the early stages of the protocol did not have a beneficial effect. This 

could have a logical basis, because hP-HG is derived from adult human pancreas, which may not 

resemble the matrisome of the early embryo enough to be supportive at these stages. Indeed, 

our study of the human pancreatic matrisome across development reveals dramatic differences 

in the ECM composition of the fetal tissue compared to the adult [36], and presumably the fetal 

pancreas itself is different from earlier stages in development prior to the formation of distinct 

organs [37]. Despite limitations in perfectly replicating the developmental process, the beginning 

of the differentiation protocol is modeled after very early stages of development, with the first 
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stage being the formation of endoderm; an adult pancreas-specific ECM is out of place both 

spatially and temporally with regard to the environment of definitive endoderm cells. This may 

be part of the reason that the cells did not respond well to being plated on hP-HG at the end of 

Stage 1. Even the transfer of the cells onto fresh Matrigel-coated surfaces after any of the first 

three stages was detrimental, rather than beneficial, to the differentiation outcomes at the end 

of Stage 4. This may indicate that the cells are responding to more than just exogenous chemical 

cues during the differentiation, and the arrangement and cell-cell contacts in the well are 

important to maintaining their trajectory towards the desired fate. 

The addition of hP-HG at later stages in the protocol had more of a beneficial effect on 

the outcomes. After Stage 4, the cells are lifted out of adherent culture and placed into 

suspension. Pancreatic progenitor 2 (PP2) differentiated cells were directly combined with hP-

HG following detachment from adherent culture or at the endocrine progenitor stage (Stage 6), 

and cultured through the remainder of the protocol while embedded in the ECM gel. Compared 

to cells that had been differentiated directly in suspension, the cells in hP-HG co-culture 

increased the number of cells that were insulin-positive, and decreased the number of cells that 

were collagen 1-positive. This indicates that more cells were able to take on an endocrine identity 

(insulin-producing) in the hP-HG co-culture, and fewer cells took an alternative fate (collagen 1-

producing). The presence of ECM, through integrin signaling or other ECM-responsive pathways, 

could be providing ECM-mediated cues that the cells require, relieving a burden for the clusters 

to make their own ECM and permitting a higher fraction of the cells to take on an endocrine 

identity. In the standard suspension culture, however, it appears that a high number of cells are 

making collagen 1, which is not known to be made by any of the endocrine cells of the pancreas 
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and is probably deposited by endothelial and other support cells in vivo [38]. Therefore, a shift 

toward fewer cells producing collagen in the SCβCs is a desirable outcome. Furthermore, the 

number of cells co-expressing Pdx1 and Nkx6.1 was significantly increased in SCβCs cultured with 

hP-HG from Stage 6 onward. Pdx1 and Nkx6.1 are co-expressed in early pancreas progenitor cells, 

but in islets are only co-expressed in the β cells. An increase in Pdx1+/Nkx6.1+ paired with higher 

levels of insulin+ area is indicative of a higher number of cells committing to a β cell fate. 

Gene expression profiles are routinely used to assess outcomes of hPSC differentiation. 

Bulk RNA can be extracted from the clusters of cells and compared to primary human islets to 

assess whether the expression of individual genes is similar to primary islets, or to what 

magnitude a gene may be deficient in SCβCs, as readouts for proper differentiation. Expression 

of genes such as GCG, INS, and SST which are essential and unique to α, β, and δ delta cells 

respectively, help to understand the relative ratio of the different cells in the differentiation end 

product [37, 39]. Other genes, such as UCN3, GLUT2, or IAPP, may be useful as markers of 

maturation in the SCβCs Analysis of many of these genes showed trends toward increased 

expression in the hP-HG-treated SCβCs, but there remains a major gap in gene expression 

between the hP-HG cultured SCβCs and primary islets. Therefore, hP-HG may have some benefit 

toward improving the differentiation protocol, but other changes, such as modifications to the 

chemical cues to stimulate differentiation, or changes to the platforms in which we culture the 

cells, may need to accompany the inclusion of ECM in order to achieve gene expression levels 

that are more consistent with human islets.  

In this study, the SCβCs did not have significant levels of insulin secretion when exposed 

to either low glucose (2.8 mM) or high glucose (28 mM) conditions. The hP-HG embedded cells 
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did not perform differently, and therefore there was no observed glucose-sensitive insulin-

secretion function in SCβCs under any of the conditions. Importantly, these protocols were 

developed prior to robust function being common in the newer and more promising 

differentiation protocols, which have now demonstrated dynamic insulin secretion in response 

to glucose [7, 8, 40]. The use of these updated protocols in similar future studies will have more 

potential for functional improvement in response to the hP-HG environment. 

While the hP-HG used in this study was sturdy enough to endure 17 days in culture with 

embedded cells, one barrier to this project was that the protocol for deriving hP-HG has some 

inconsistent results based on the condition of the donated pancreas from which the material is 

derived. In our hands, ECM from only a small number of pancreata that we have decelled could 

form stable enough gels to perform this type of experiment with. Further, if these hydrogel-SCβC 

constructs were to be tested in a transplantation setting, the gels would need to be handled 

without breaking. An improvement in the gelation properties of this material would be desirable 

to perform larger studies in this field.  

Conclusion 

 ECM is ubiquitously present throughout the body, albeit with unique composition and 

structure in each tissue, and is essential for the health and function of each organ’s resident cells. 

For this reason, incorporating ECM into the culture of cells in vitro is vital to support cell behavior 

that is reflective of normal, healthy cells in vivo. In this study we found that the addition of a 

pancreas-specific ECM to the differentiation of SCβCs had beneficial effects, but the temporal 

timing of the introduction of ECM was more advantageous at the later stages of the protocol, 

once the cells have taken on a pancreatic identity. Gene expression profiles along with protein 
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expression and localization of Insulin, Pdx1, Nkx6.1 and Col1 showed improvements when SCβCs 

were embedded in hP-HG. However, major deficiencies in gene expression compared to primary 

islets and a general lack of glucose-responsive function in these cells was not able to be rescued 

by the ECM environment, highlighting the limitations of the hP-HG treatment, as well as 

deficiencies in the differentiation protocol employed in this study. Further improvements to the 

chemical stimulation provided during differentiation in combination with ECM and possibly other 

components of the in vivo niche should be explored in future studies.  

Materials and Methods 

SCβC Differentiation 

 H1 cells were differentiated toward a pancreatic endocrine fate using a protocol based 

on Xu et al. (2011) [34], Rezania et al. (2014) [5], and Pagliuca et al. (2014) [4]. Media components 

for each stage of differentiation are included in detail in Table 1. To initiate the differentiation on 

“Day 0”, H1 colonies were treated with ROCK Inhibitor for 4 h (Y-27632) and plated as single cells 

onto Matrigel-coated 12-well or 6-well transwell plates (Corning, 3460 and 3450) at a density of 

1.5x105 cells per cm2 surface area. Standard E8 medium (ThermoFisher, A1517001) was added 

to both sides of the transwell to expand the cells before differentiation was initiated. When the 

cells covered the transwell membranes at near 100% confluence, Stage 1 was initiated, this was 

considered “Day 1”. Medium was changed every day thereafter in accordance with Table 1. On 

the first day of Stage 5 (end of Stage 4), Rock Inhibitor (Y-27632) was added to the Stage 4 

medium at a concentration of 10 μM and the cells were incubated for 4 h at 37˚C. Following the 

4 h incubation, the cells were treated with Versene for 5 min at room temperature to gently 

break up the sheet of cells that formed on the transwell membrane; the sheet of cells was then 
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triturated gently in stage 5 medium to recover all cells from the well. The sheet of cells was 

broken into fragments of about 100 to 200 microns in diameter and diluted into Stage 5 medium 

for plating in 10 cm ultra low attachment (ULA) plates (Corning, 3261). Clusters from 

approximately one entire plate of cells were placed into 12 mL of Stage 5 medium and plated 

into one 10 cm ULA plate. Cells were not fully dissociated or counted at this stage. During Stage 

5, media was changed 50% (6 mL per 10 cm plate) each day. For Stages 6 and 7, media was fully 

changed every other day as detailed in Table 1. At the end of the 28th day of the protocol, cells 

were collected for downstream analysis. Cluseters were fixed in 4% PFA for 1 h at room 

temperature and embedded in paraffin for immunostaining. Clusters were lysed in TRIzol 

(ThermoFisher, 15596026) and RNA was extracted using the QIAprep Spin Miniprep kit (QIAGEN, 

27104). Images were taken at various point during the differentiation using a Zeiss Axiovert 

200M. 

Preparation of hP-HG Scaffolds 

 hP-HG was prepared as previously described [27]. To coat plates with hP-HG, Acidic ECM 

digest was diluted with cold 1X PBS to a concentration of 0.08 mg/ml (a 1:120 dilution) and 

filtered through a 40 µm filter to remove undigested ECM pieces. 600 µl of diluted digest (pre-

gel solution) was added to each well of a chilled 12-well transwell culture plate (Corning, 3460). 

Plates were incubated at 37˚C for one hour and rinsed with PBS before use. To embed clusters of 

cells into droplets of gel, cells were mixed into the cold neutralized ECM digest solution, pipetted 

into 10 uL droplets and warmed to 37˚C for 30 minutes. Following gelation, media was added to 

cover the droplets and gently nudged until the droplets floated in suspension.  
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Quantitative Real-Time PCR (QPCR) 

 cDNA was prepared from extracted RNA using the Omniscript RT kit (QIAGEN, 205113). 

Quantitative Real-Time Polymerase Chain Reaction (QPCR) was performed using the TaqMan 

Real-Time PCR Master Mix (ThermoFisher, 4304437) and Taqman Gene Expression Assay Primers 

(ThermoFisher) listed in Table 2.  

Immunostaining 

 5 micron paraffin sections were deparaffinized using xylene and rehydrated. Antigen 

retrieval was performed by treatment with 10mM Citrate Buffer, pH6.0 for 2 hours in an 80˚C 

water bath. Slides were blocked with 10% BSA/1x PBS for 1 h at room temperature, incubated 

with primary antibodies overnight at 4˚C, washed, incubated with secondary antibody for 1 h at 

room temperature and cover slipped.  

The antibodies and dilutions are listed in Table 3. Immunofluorescent (IF) secondary antibodies 

were Alexa Fluor 488 and 568 of anti-mouse or anti-rabbit reactivity. Nuclei were counterstained 

with 40-6-diamidino-2-phenylindole (DAPI). Images were generated with a Zeiss Axiovert 200M 

microscope. 

Image Analysis 

 Images were analyzed and counted using Image J software. Cell area was traced on 

synchronized windows to permit quantification of signal-positive area in only the cell clusters. 

Pdx1/Nkx6.1 co-expression was assessed by counting total nuclei on the DAPI channel, and 

generating an overlapping image of the Pdx1 (red) and Nkx6.1 (green) channels and counting only 

the double-positive (yellow) nuclei. 
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Table 1: 

 

 

 

 

 

 

 

 

MCDB131 -- MCDB131 -- MCDB131 -- MCDB131 --
Y-27632 10.0 uM BSA 0.5% BSA 2.0% BSA 2.0%

GlutaMAX 1 x GlutaMAX 1 x GlutaMAX 1 x
45% Glucose 4.7 mM 45% Glucose 4.7 mM 45% Glucose 14.7 mM

NaHCO3 1.50 g/L NaHCO3 2.50 g/L NaHCO3 1.50 g/L
MCDB131 -- Ascorbic Acid 0.25 mM Ascorbic Acid 0.25 mM ITS-X 0.5 x

BSA 0.5% FGF7 0.05 ug/mL ITS-X 0.5 x Heparin 10 ug/mL
GlutaMAX 1 x Retinoic Acid 0.5 uM Retinoic Acid 0.1 uM LDN 0.1 uM

45% Glucose 4.7 mM SB-431542 2.5 uM LDN 0.1 uM DAPT 1.0 uM
NaHCO3 1.50 g/L LDN 0.1 uM FGF7 0.002 ug/mL Exendin-4 0.01 uM

Activin A 0.10 ug/mL SANT-1 0.25 uM Forskolin 10. uM
CHIR99 2.0 uM Forskolin 10.0 uM Nicotinamide 10 mM

BMP4 0.01 ug/mL MCDB131 -- T3 1 uM
bFGF 0.10 ug/mL BSA 0.5% Alk5i II 0.01 mM

GlutaMAX 1 x MCDB131 -- Pen/Strep 1.0 x
45% Glucose 4.7 mM BSA 2.0%

MCDB131 -- NaHCO3 1.50 g/L GlutaMAX 1 x
BSA 0.5% Ascorbic Acid 0.25 mM 45% Glucose 14.7 mM MCDB131 --

GlutaMAX 1 x FGF7 0.05 ug/mL NaHCO3 1.50 g/L BSA 2.0%
45% Glucose 4.7 mM Retinoic Acid 0.5 uM ITS-X 0.5 x GlutaMAX 1 x

NaHCO3 1.50 g/L LDN 0.1 uM Heparin 10 ug/mL 45% Glucose 14.7 mM
Activin A 0.10 ug/mL LDN 0.1 uM NaHCO3 1.50 g/L

CHIR99 0.2 uM Exendin-4 0.01 uM ITS-X 0.5 x
BMP4 0.01 ug/mL MCDB131 -- Forskolin 10. uM Heparin 10 ug/mL
bFGF 0.10 ug/mL BSA 2.0% Nicotinamide 10 mM Nicotinamide 10 mM

GlutaMAX 1 x T3 1 uM T3 1 uM
45% Glucose 4.7 mM Retinoic Acid 0.025 uM Alk5i II 0.01 mM

MCDB131 -- NaHCO3 2.50 g/L Alk5i II 0.01 mM R428 2.0 uM
BSA 0.5% Ascorbic Acid 0.25 mM Pen/Strep 1.0 x Trolox 10.0 uM

GlutaMAX 1 x ITS-X 0.5 x N-Acetyl Cys 1 mM
45% Glucose 4.7 mM Retinoic Acid 1 uM BMP4 0.01 ug/mL

NaHCO3 1.50 g/L LDN 0.2 uM Pen/Strep 1.0 x
Activin A 0.10 ug/mL SANT-1 0.25 uM

BMP4 0.01 ug/mL FGF7 0.05 ug/mL
bFGF 0.10 ug/mL TPB 0.2 uM
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Table 2:  
Primers used for QPCR 

Gene 
Product 
Number 

FOXA2 Hs00232764_m1 
PDX1 Hs00236830_m1 

NKX6.1 Hs00232355_m1 
NXK2.2 Hs00159616_m1 

INS Hs02741908_m1 
GCG Hs01031536_m1 
SST Hs00356144_m1 

UCN3 Hs00846499_s1 
GLUT2 Hs01096908_m1 
IAPP Hs00169095_m1 

 

 

Table 3:    
Antibodies used for IF 

Target Species Dilution Product  
Ins Mouse 1:5000 I2018 (Sigma) 

Col1 Rabbit 1:500 ab34710 (Abcam) 
Col4 Rabbit 1:1000 ab6586 (Abcam) 

Laminin Mouse 1:200 ab49726 (Abcam) 
Pdx1 Rabbit 1:1000 ab134150 (Abcam) 

Nkx6.1 Mouse 1:100 F55A12-s (DSHB) 
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Abstract 

Extracellular matrix (ECM) plays a multitude of roles, including supporting cells through 

structural and biochemical interactions. ECM is damaged in the process of isolating human islets 

for clinical transplantation and basic research. A platform in which islets can be cultured in 

contact with natural pancreatic ECM is desirable to better understand and support islet health, 

and to recapitulate the native islet environment. Our study demonstrates the derivation of a 

practical and durable hydrogel from decellularized human pancreas that supports human islet 

survival and function. Islets embedded in this hydrogel show increased glucose- and KCl-

stimulated insulin secretion, and improved mitochondrial function compared to islets cultured 

without pancreatic matrix. In extended culture, hydrogel co-culture significantly reduced levels 

of apoptosis compared to suspension culture and preserved controlled glucose-responsive 

function. Isolated islets displayed altered endocrine and non-endocrine cell arrangement 

compared to in situ islets, hydrogel preserved an islet architecture more similar to that observed 

in situ. RNA sequencing confirmed that gene expression differences between islets cultured in 

suspension and hydrogel largely fell within gene ontology terms related to extracellular signaling 

and adhesion. Natural pancreatic ECM improves the survival and physiology of isolated human 

islets.  

Introduction 

The extracellular matrix (ECM) is an intricate network of proteins and polysaccharides 

that provides structure and biological signaling to the cells residing in each tissue of the body. In 

2-D cell culture, generic ECM is sometimes supplemented to support cell growth, but in 3-D 

cultures and engineered tissues, ECM is often tailored to the cell or tissue type [1]. Isolated 
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human pancreatic islets are used in vitro to study the characteristic physiology and function of 

islet endocrine cells, for diabetes drug discovery research, and for testing new drugs for potential 

β cell toxicity [2, 3]. Isolated islets are also used clinically as a β cell-replacement therapy for 

diabetes [4, 5]. Significant cell death throughout the process of isolation, culture, transplantation 

and engraftment prevent the therapy from achieving long-term euglycemia in many patients. 

Non-ECM platforms that recapitulate physiological conditions in 3-D culture have recently been 

reported to enhance islet health and function in vitro [6, 7].  

It is well established that the process of isolating islets from the pancreas, which requires 

the use of collagenase and neutral protease, significantly damages the islet ECM [8-10]. The lack 

of ECM in islets is known to induce anoikis-mediated apoptosis, and has been shown to negatively 

affect islet function [11, 12]. Several studies have supplemented isolated islets with purified ECM 

molecules in culture in a variety of ways, demonstrating improved islet health and function with 

restored ECM contact (reviewed in Stendahl et al., 2009)[13]. Due to the complexity of the native 

matrisome [14], it has been postulated that decellularized tissue may be a superior scaffold 

compared to artificial and incomplete ECM environments [15-17], and that pancreas-specific 

ECM may have a beneficial effect on islets[18]. Furthermore, co-transplanted ECM may have a 

beneficial effect on the engraftment and survival of transplanted islets [19]. 

Murine, porcine, and human pancreata have been decellularized in previous studies with 

the intention of incorporating pancreatic ECM into 3-D cell culture models, or the 

recellularization of an intact decellularized organ [18, 20-27]. While relatively short protocols 

efficiently decellularize mouse and rat pancreata, much longer treatments are necessary for 

larger pig and human organs. Due to species-specific differences in pancreas and islet biology 
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[28], potential variance in ECM composition by species [13, 29, 30], and structural differences in 

the basement membrane architecture surrounding the islets [31], a human pancreas ECM 

scaffold may be more desirable for use with human cells. In previous work, we produced a 

hydrogel from human pancreas ECM [26], but high lipid content of the human pancreas 

prevented this protocol from being applied universally to all pancreata, and the hydrogel 

generated required molding into tissue culture wells and were not stable enough to maintain 

their shape and structure independently. For practical in vitro applications and for ease of 

transplantation studies, a durable and pliable gel which doesn’t lose its shape in the absence of 

a mold is desirable.  

In this study, we have optimized the decellularization (decell) of human pancreas for 

improved lipid removal, which resulted in the formation of a durable human pancreas ECM 

hydrogel (hP-HG). The resulting gel can easily be combined with β cells or islets for in vitro culture. 

Human islets cultured in hP-HG exhibit a significant improvement in stimulation index as well as 

improved survival compared to islets maintained in suspension culture. This natural matrix 

provides for improved islet health, architecture and physiology and may help overcome some of 

the long-term culture challenges that befall isolated islets due to the loss of native ECM. 

Results 

Protocol for the decellularization and gelation of human pancreas ECM 

Retained lipid content following decell is a barrier to robust gelation of solubilized ECM. 

We designed an optimized decell protocol to isolate ECM from the human pancreas with minimal 

lipid and DNA retention, while retaining native ECM proteins and sulfated glycosaminoglycans 

(sGAG). We revised our previously published protocol by adding an organic solvent wash step to 



 

 
 

173 
 

enhance lipid removal, and Benzonase treatment to improve nucleic acid removal. The optimized 

human pancreas decell protocol resulted in isolated ECM that was capable of forming a stable 

hydrogel following pepsin digestion, neutralization and warming to 37 ⁰C (Fig. 1). 

Optimized decell protocol removes lipids and DNA, resulting in an improved hydrogel 

The optimized protocol (“Optimized”) was compared to the previously published 

homogenization decell protocol (“Homog”) through the quantification of retained DNA and lipid 

in the isolated human pancreas ECM (hP-ECM). The lipid content derived from the optimized 

protocol (0.63% lipid by dry weight) was significantly lower than that of the Homog protocol 

(9.83% lipid by dry weight) (Fig. 2A). On an individual donor basis, the Homog protocol was less 

effective at removing lipids from pancreata with higher initial lipid content, while the Optimized 

protocol removed lipids equally well from any donor pancreas (Fig. 2B). Delipidization of lipid-

laden pancreata correlated with successful stable hydrogel formation. The DNA content following 

implementation of the Optimized protocol (0.16±0.06) was significantly lower than the Homog 

protocol (0.43±0.07) (Fig. 2C). The addition of hexane, acetone and Benzonase treatment did not 

reduce the sGAG content of the hP-ECM compared to the Homog protocol (Supplemental Fig. 

1A). Furthermore, the decelled material retained many of the structural ECM proteins found in 

the human pancreas (Supplemental Fig. 1B).  

When hP-ECM was pepsin-digested to form a hydrogel, the Optimized protocol resulted 

in gels with more consistent rheologic properties compared to the Homog protocol. This was 

evident through more uniform clustering of the sigmoidal storage and loss moduli curves (G’ and 

G”) in the Optimized hydrogel (Fig. 2D), compared to the broader range of these curves from the 

Homog protocol (Fig. 2E). Purified collagen 1 (Col1) hydrogel and temperature plots are included 
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for reference (Fig. 2F). Additionally, the curve of complex viscosity vs. angular frequency was 

shifted higher for the Optimized compared to the Homog protocol (Fig. 2G), with an increased 

Young’s Modulus (Supplemental Fig. 2C), indicating that the Optimized protocol produced a 

firmer gel with more consistent and reproducible rheological results than the previous protocol. 

These rheological properties corresponded with rigid gels that held shape better when pipetted 

into droplets (Supplemental Fig. 2A-B), similar to Col1 gels. The resulting gels can easily be picked 

up with forceps (Supplemental Video 1), enabling use in cell culture, functional assays, and 

transplantation (Supplemental Fig. 2D-E). Similar to other ECM hydrogels, the acellular hP-HG 

scaffold is capable of gelation in vivo and was found to be highly compatible with minimal 

immune infiltration when tested in a humanized mouse model (Supplemental Fig. 3). 

Figure 1: Protocol for the decellularization and gelation of human pancreas ECM. A schematic 
representation for the protocol to decell, digest and form a hydrogel from human pancreas ECM (left 
side). Images of the native tissue (A), homogenized tissue (B), decellularized and delipidized ECM (C) 
and multiple 5 μL hydrogel droplets in a 6 cm dish (D). Human islets can be embedded in the hydrogel 
prior to gelation to form stable droplets for in vitro culture (E); the droplets are durable enough to 
maintain shape and consistency throughout the transplantation process (F). 
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hP-HG co-culture improves islet function after 2 days of culture 

The generation of a stable hydrogel using the Optimized decell protocol enabled 3-D 

studies combining hydrogel and human islets which were not possible with the more fragile 

Homog protocol. The Optimized protocol was also employed for use in kidney decellularization 

to generate a human kidney ECM hydrogel (hK-HG) as a control for initial experiments. Isolated 

islets were cultured in suspension (“S”) (Fig. 3A-a), embedded in hP-HG (“P”) (Fig. 3A-b), alginate 

Figure 2: Optimized decell protocol removes lipids and DNA, resulting in an improved hydrogel. 

(A-B) Total lipid content by dry weight of the native and decellularized hP-ECM from the Homog and 
Optimized protocols, determined using a modified Folch method (A), also displayed on a donor-by-
donor basis, in which donors with higher lipid content retain significantly more lipids in the Homog 
protocol (B).  

(C) Total DNA content of the native and decellularized hP-ECM from the Homog and Optimized 
protocols.  

(D-F) The storage (G’) and loss (G’’) moduli of the optimized hydrogels were less variable than the 
Homog hP-HG hydrogels, and compared to Col1 controls; temperature is plotted in green (F). (G) The 
complex viscosity curves of the Optimized protocol are less variable than the Homog protocol, and all 
hP-HG gels were less firm than Col1 hydrogel of the same concentration.  

(* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001) 

 



 

 
 

176 
 

(“A”) (Fig. 3A-c), purified Col1 (”C”) (Fig. 3A-d) and in hK-HG (“K”) (Fig. 3A-e) for 2 days. Alginate 

was included as a control because this material is commonly used to embed and transplant islets 

as a micro-encapsulation strategy [32-34]; it also provides a non-ECM-based control hydrogel 

environment for our study. Purified Col1 was used as a non-pancreas specific, simple ECM 

control, and hK-HG was included as a non-pancreas specific, complex ECM control. 

After two days of culture in each condition, a static glucose stimulated insulin secretion 

(GSIS) assay was performed to assess islet function. Islets in each treatment group were 

sequentially exposed to low glucose (2.8 mM), high glucose (28 mM), low glucose, and high KCl 

(30 mM); secreted C-peptide is plotted as a percentage of the total C-Pep content. Alginate 

encapsulation did not affect islet secretion under any of the four conditions compared to 

suspension culture (S). All ECM-treated groups (P,C,K) displayed a reduced basal insulin secretion 

compared to suspension. Furthermore, islets embedded in hK-HG, and Col1 had significantly 

reduced stimulated C-peptide secretion in high glucose compared to S,P, or A. Islets in hP-HG, 

however did not have significantly lower stimulated secretion in either high glucose or KCl 

compared to suspension. Therefore, islets in hP-HG culture had a significantly higher stimulation 

index (mean SI=9.34) in static GSIS compared to islets in suspension (SI=2.12) and alginate 

(SI=2.40), and improved compared to Col1 (SI=6.28) and hK-HG (SI=7.78) (Fig. 3D). The 

stimulation from low glucose to KCl followed the same trend among the treatment groups (Fig. 

3E). Total C-peptide content was not significantly different among the five treatments (Fig. 3C). 

All groups reverted to a lower C-peptide secretion in the second low glucose step, indicating that 

hydrogel does not impair the return to basal secretion following stimulation (Fig. 3B). Because 

Col1 and hK-HG had significantly reduced basal and stimulated insulin secretion compared to 
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suspension and hP-HG cultures, these treatments were considered less desirable for islet 

function, despite having good stimulation. An alternative representation of these data relative to 

the basal C-Pep secretion in suspension culture normalized to each individual islet donor are 

included in Supp. Fig 4G. 

hP-HG culture enables proper dynamic function and enhances maximum respiration 

To further characterize the effect hP-HG had on islet health and function, additional 

studies were performed comparing only suspension (S) and hP-HG (P). To assess the dynamic 

insulin secretion profile of the islets in the hydrogel, perifusion GSIS was performed on human 

islets after 2 days of culture either in suspension or in hP-HG (Fig. 4A) (Supplemental Fig. 4E-F). 

The perifusion assay revealed that islets in hP-HG had only a minor delay (1-2 minutes) in 

response to increased glucose concentration and properly suppressed insulin secretion upon 

return to low glucose. As with the static GSIS, the stimulation index was higher in hP-HG cultured 

islets (Fig. 4B). Among the islet donors assayed in static or perifusion GSIS, all but one islet prep 

had an increased SI when cultured in hP-HG compared to suspension (Supplemental Fig. 4H). 

As further confirmation of the protective role of hP-HG culture on β cell function, INS1 

832/13 rat insulinoma cells were aggregated as pseudoislets and embedded in hP-HG droplets 

for 2 days of culture. INS1 cells showed a significantly improved static GSIS stimulation index from 

low to high glucose, (Supplemental Fig. 4A), an increased SI with KCl (Supplemental Fig. 4B), as 

well as an increased total C-peptide content compared to suspension clusters (Supplemental Fig. 

4C). Like human islets, the increase in SI in hP-HG co-culture was due to significantly lower insulin 

secretion under low glucose conditions, while the insulin secreted in high glucose was not 

significantly different (Supplemental Fig. 4D).   
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Figure 3: hP-HG co-culture improves islet function after 2 days of culture 

(A) Representative phase contrast images of islets cultured in suspension (S) (a), hP-HG (P) (b), alginate 
(A) (c), Col1 (C) (d), or hK-HG (K) (e) were assessed for function on Day 2 of culture (scale = 200 
microns).  

(B) A static glucose stimulated insulin secretion (GSIS) assay was performed using sequential low 
glucose (2.8 mM, “Low”), high glucose (28 mM, “High”), a return to low glucose, followed by low 
glucose + KCl (30 mM KCl, “KCl”); basal and stimulated C-peptide (C-Pep) secreted during the static 
GSIS with human islets are shown as a percentage of total C-pep content. Statistics indicated above 
each bar are relative to the “S” control for the same treatment. 

(C) Total C-Pep content of islets undergoing the indicated treatments. S 

(D and E) Stimulation index (D, high/low glucose) (E, KCl/low glucose) of human islets cultured in all 
five conditions, determined by static GSIS. Statistical comparisons indicated in black are relative to 
“S”, and indicated in blue are relative to “P”. 

(S,P: n=9; A,C,K: n=5 islet donors) (ns = not significant, * p<0.05, ** p<0.01, *** p<0.001, **** 
p<0.0001) 
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Figure 4: hP-HG culture enables proper dynamic function and enhances maximum respiration 

(A) Perifusion GSIS was performed on human islets after 2 days of culture in either suspension (S) or 
embedded in hP-HG (P), from low glucose (1.7 mM) to high glucose (16.7 mM) and back to low glucose; 
representative plots shown were generated from 2 technical replicates per treatment, from one islet 
donor. Insulin secretion is normalized to first low glucose response (unitless). One representative 
donor is shown, data from additional donors can be found in Supplemental Fig. 4D-E. (B) Average 
stimulation index (SI, high/low glucose) is reported, N=3 islet donors. 

 (C) Islets were assessed for mitochondrial respiration after 2 days of culture in either suspension (S) 
or hP-HG (P); Routine (normal media), Leak (Complex V inhibition), and Maximal (uncoupled) 
respiration were measured. (D) β cell mitochondrial pathology in suspension (a) and hP-HG (b) culture 
was assessed with transmission electron microscopy. N=3 islet donors. Scale = 500 nm.  

(ns = not significant, * p<0.05, *** p<0.001) 
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To assess whether differences in mitochondrial function may underlie glucose-responsive 

insulin secretion between islets cultured in hP-HG and suspension, high resolution respirometry 

was performed. We tested the physiological function of mitochondria by measuring the 

mitochondrial oxidative phosphorylation (OXPHOS) by detecting oxygen consumption and 

calculating the rate of oxygen consumption at different respiratory stages in intact cells. Human 

islets cultured in hP-HG had 27.7% higher, but not significantly different, levels of basal 

mitochondrial respiration compared to suspension culture (Fig. 4C, Routine), and similarly a 

36.5% increase following inhibition of ATP synthase (Complex V) to stop ATP generation (Fig. 4C, 

Leak). However, after uncoupling the phosphorylation system with FCCP, mimicking a 

physiological energy demand, islets cultured in hP-HG had a 44.1% significantly increased 

maximal respiratory capacity of the mitochondria compared to those cultured in suspension (Fig. 

4C, Maximal). The change in maximal mitochondrial respiration was not found to be 

accompanied by a measurable change in mitochondria size or shape, as visualized through TEM 

(Fig. 4D, Supp Fig. 5). 

hP-HG co-culture improves islet survival and function in extended culture 

To assess the effect of hP-HG on islet survival in extended culture, islets were kept in 

suspension or hP-HG for 7 days. Islets were counted and plated on “day 0” and measured on days 

1, 3, 5, and 7 using an MTS assay to assess survival. The same number of starting islets were used 

at all time points, so islet attrition is reflected in a reduction in MTS response as time progresses. 

As expected, islets in suspension displayed a steady decline in MTS activity over the 7-day period, 

suggesting cell death. Islets cultured in hP-HG, however, had stable metabolic activity in the first 

few days, and somewhat greater than 100% metabolic activity by day 7 (Fig. 5A). The MTS 
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measurements on days 3 and 5 were not significantly different, however by day 7 there was 

significantly higher MTS response in the hydrogel-cultured compared to suspension-cultured 

islets (Fig. 5B). Islets cultured in hP-HG had noticeable outgrowth into the gel by day 7 

(Supplemental Fig. 6), a potential reason for the increased metabolic activity. Islet function was 

also assessed on days 2 and 7 through static GSIS. hP-HG co-cultured islets maintained a 

significantly higher stimulation index from low to high glucose at day 7 (Fig. 5C), and displayed 

stable secretion levels after one week of culture in both low and high glucose (Fig. 5D). Islets 

cultured in suspension, however, secreted a significantly higher amount of their stored C-peptide 

on day 7 compared to day 2, with significant increases in percent secretion under both low and 

high glucose. Of note, under suspension conditions, the percentage of C-peptide secreted in low 

glucose (basal) at day 7 (average=3.2% of total C-pep) was consistently equal to or higher than 

that in high glucose (stimulated) at day 2 (average=2.5% of total C-pep). This level of leaky insulin 

secretion after a week of culture is indicative of islet dysfunction, and was not observed in hP-HG 

islet cultures. Total C-pep per IEQ was not significantly different among the two treatments at 

the two time points (Fig. 5E). 
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Figure 5: hP-HG co-culture improves islet survival and function in extended culture 

(A-B) Metabolic activity of islets cultured in suspension (S) or hP-HG (P) over a 7 day period was 
assessed by MTS assay, reflecting islet survival over time (presented as a percentage of the Day 1 
value). No significant difference in survival was apparent on day 3 or 5 (A), but a significant difference 
was found on day 7 (B). N=4 islet donors per treatment.  

(C-E) Islet function changed over the 7 day period, as assessed through static GSIS. Islets maintained 
a significantly higher stimulation index (ratio of C-peptide secreted under high/low glucose) at day 7 
(C). The percentage of total C-pep content secreted under low and high glucose is plotted for day 2 
and day 7 under both suspension and hP-HG culture conditions (D). Total C-pep content was not 
significantly different among the two treatments at the two time points (E). N=7 islet donors. 

(ns = not significant, * p<0.05, ** p<0.01) 
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Apoptosis rates and islet architecture are altered in suspension culture and partially preserved in 

hP-HG 

Immunofluorescent (IF) staining was performed to investigate cell health in suspension 

and hP-HG culture. TUNEL staining was used to assess apoptosis in the islets over time (Fig. 6A, 

a-c). Consistent with the MTS survival curves, there were significantly higher rates of apoptosis 

in islets in suspension compared to islets embedded in hP-HG after 7 days of culture (Fig. 6B, red 

bars). Ki67 staining was assessed to determine relative levels of cell proliferation under the two 

conditions (Fig. 6A, d-f). Rates of proliferation were low in all samples, but significantly higher in 

hydrogel-embedded islets after 7 days of culture (Fig. 6B, blue bars). Ki67+ staining, although only 

quantified within islets, does not appear to co-localize with insulin+ cells. 

Markers for each major endocrine cell type were visualized with IF staining, revealing a 

change in endocrine architecture following isolation (Fig. 6A, g-I; Supplemental Fig. 7F). Islet 

sections were quantified for numbers of each endocrine cell type (α, β, δ), interactions of each 

cell with neighboring cells (α-α, α-β, etc.) and localization of each cell at the mantle or core of the 

islets. Total cell type composition (Supplemental Fig. 7A), cell-cell interactions (Supplemental Fig. 

7B-C), and the ratio of non-endocrine cells (Supplemental Fig. 7G) were not found to be 

significantly different over 7 days in culture, or in suspension versus hP-HG treatment. In 

contrast, the mantle-core arrangement of endocrine cells was significantly altered in isolated 

islets compared to native islets (Fig. 6C). After isolation, islet β cells were more likely to localize 

to the mantle than the core, while the native islets consistently have about equal distribution of 

the three endocrine cell types throughout the entire islet, as previously described [35]. By day 7, 

the distribution of endocrine cell populations in the mantle and core was partially preserved in 



 

 
 

184 
 

hP-HG, with a significantly higher fraction of β cells remaining in the center of the islets (47%), 

compared to suspension (31%) (Supplemental Fig. 7D). Despite a significant difference in β cell 

localization between suspension and hydrogel-embedded islets, α cells localized in the core at a 

very high rate (75%) on day 0 of culture, and did not significantly change over the course of the 

experiment regardless of treatment (Supplemental Fig. 7E, representative images in 

Supplemental Fig.7F, Fig. 6A). 

 Interestingly, the localization of resident non-endocrine cells in the isolated islets also 

changed dramatically following isolation (Fig. 6A, j-l; Supplemental Fig. 7H), with the majority of 

TEK tyrosine kinase (Tie2)-positive cells and alpha smooth muscle actin (αSMA)-positive cells 

localizing toward the center of the islets post-isolation, and throughout culture in suspension. 

After 7 days in hP-HG, the majority of the Tie2+ and αSMA+ cells localized at the islet mantle and 

expanded into the gel. The arrangement of these cells in hP-HG culture was significantly more 

similar to that of the native in situ islets than in suspension culture (Fig. 6D). 

Extracellular signaling-related pathways are significantly influenced by hP-HG culture 

To identify whether the biological mechanisms through which hP-HG co-culture improves 

islet survival and function are related to ECM signaling, we performed bulk RNA sequencing. 

Following 2 days of culture in either suspension or hP-HG, islets were lysed to collect RNA, and 

assessed for differentially expressed genes (DEGs). Out of 17,975 total transcripts identified, 

1,633 were found to be significantly different between the suspension and hP-HG cultures.  Of 

these, 1,078 genes were expressed at higher levels in hP-HG culture and 555 genes were 

expressed at higher levels in suspension culture. Gene Ontology (GO) analysis of the DEGs 

resulted in the identification of 30 GO terms in the Molecular Function (MF) aspect, 191 GO terms 
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in the in the Biological Processes (BP) aspect, and 27 GO terms in the Cellular Component (CC) 

aspect (Supplement Fig. 8A). The most significant terms in each aspect related to the extracellular 

space, cell adhesion, receptor signaling, vesicles/exocytosis, and cytokines/inflammation 

(Supplement Fig. 8B). Gene expression for key endocrine markers, including insulin, were not 

significantly different between the two groups (Supplemental Table 3). 

 

 

 

 

 

Figure 6: Apoptosis rates and islet architecture are altered in suspension culture and partially 
preserved in hP-HG 

(A) Immunofluorescent staining images for native (in situ) islets, and islets cultured in suspension or 
hP-HG for 7 days. Islets are stained for TUNEL/Insulin (a-c), Ki67/Insulin (d-f), 
Insulin/Glucagon/Somatostatin (g-i), and Insulin/Tie2/αSMA (j-l). White arrowheads indicate 
projections of Tie2+ and αSMA+ cells into the hydrogel. All scale bars = 50 microns. 

(B) Quantification of cells positive for Ki67 (blue bars, significance indicated by blue stars) and TUNEL 
(red bars, significance indicated by red stars) in native islets, and on day (d) 0, 2 and 7 in suspension 
(S) and hP-HG (P) culture. N=4 islet donors. 

(C) Assessment of islet architecture by counting α (Gcg+), β (Ins+), and δ (Sst+) cells in the islet mantle 
(checkered) and core (solid). Data is represented as a percentage of total endocrine cells. N=5 islet 
donors. (Statistical analyses presented in Supplemental Fig. 7D-E.) 

(D) Localization of positive staining for Tie2 (light gray) and αSMA (dark gray) in the islet mantle 
(checkered) and core (solid). N=5 islet donors. p-values depicted in italics and with the † symbol are 
relative to the native tissue. 

(ns = not significant, */† p<0.05, **/††  p<0.01, ****/††††   p<0.0001)  

(Next page) 
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Discussion 

  Our study aimed to rebuild the 3-D ECM microenvironment of the human pancreas as a 

hydrogel that can easily be integrated into in vitro culture and is compatible with transplantation. 

Due to differences in cell behavior between 2-D and 3-D environments, a 3-D islet 

microenvironment model could be useful for creating better microphysiological islet systems 

[36]; such may be useful for drug discovery and toxicity testing [37]. We have demonstrated a 

new protocol for decellularization that removes lipids and DNA from human pancreatic tissue 

and forms a more stable gel derived from pancreata with substantial lipid content. The decell and 

gelation process retains collagens well, but there is some reduction in glycoproteins and other 

ECM components, including a reduction in sGAG content, consistent with previous publications 

[23, 26, 27]. This enrichment for collagens and reduction of other ECM components has also been 
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shown in several other pancreas decell studies [18, 21, 22, 26, 27, 38, 39]. Recent work 

characterizing the human pancreatic matrisome indicates that collagens are the most abundant 

ECM proteins in the pancreas, and are relatively evenly distributed between the acinar and islet 

compartments [14], therefore a whole-pancreas hydrogel consisting of mainly pancreatic 

collagens may be a representative of the native islet ECM environment. This is also an efficient 

method of constructing a hydrogel made up of these basic ECM components, which individually 

in purified form are very expensive. 

Islets undergo significant injury throughout the process of isolation from the pancreas, 

and in particular the ECM is heavily damaged leading to anoikis-mediated apoptosis. We 

hypothesized that replacing the ECM component of the islet microenvironment would help 

improve islet survival and function in vitro. We found that INS1 cells and primary human islets 

exhibited positive changes in GSIS when embedded in hP-HG. Consistently, the insulin secreted 

under basal (low glucose) conditions was significantly reduced compared to suspension cultures, 

while stimulated insulin secretion was unchanged, resulting in an increased stimulation index. 

Interestingly, a similar trend of increased stimulation index, due to reduced basal insulin 

secretion, was recently reported with human islets entrained to daily feeding/fasting rhythms 

using various stimuli (glucose, arginine, forskolin, and insulin) in culture [6]. Together, this 

suggests that an improved stimulation index and reduced basal insulin secretion may better 

reflect the function of in situ islets compared to isolated islets in suspension. Similarly, Singh et 

al. recently found that the culture of stem cell-derived beta cells with various ECM molecules 

reduced the basal insulin secretion, and improved GSIS[40]. Several other studies have presented 

an improved stimulation index in islets cultured with ECM without reporting the raw insulin 
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secretion values under low and high glucose treatment [41-43], which makes comparison of our 

study to others unclear. However, other studies have demonstrated that ECM treatment 

promotes an increase in the stimulated insulin secretion without affecting the basal level [18, 

44]. These disparities in response to glucose may be due to differences in ECM composition, co-

culture method, or GSIS assays performed using different concentrations of low and high glucose 

solutions, and warrant further investigation. 

After 7 days of culture, islets in suspension secreted more insulin under basal conditions 

compared to day 2, so much so that the basal insulin secretion on day 7 was higher than the 

stimulated insulin secretion on day 2 of culture. This trend was not observed in islets cultured in 

hP-HG, suggesting better maintenance of controlled function throughout the culture period. 

Islets in hP-HG also had significantly improved survival over 7 days of culture compared to 

suspension, as assessed through an MTS assay. Immunofluorescent staining corroborated these 

findings, indicating that islets in suspension have greater levels of apoptosis (TUNEL+ cells) and 

reduced levels of proliferation (Ki67+ cells) compared to islets cultured in hP-HG. Furthermore, 

on day 2 of culture, islets in hP-HG had higher maximal mitochondrial function compared to 

suspension-cultured islets. Mitochondria are crucial in the generation of ATP in response to 

glucose, affecting both the closure of ATP-sensitive K+ channels and Ca2+ influx [45-47], which 

are necessary for insulin secretion. The mitochondria of islets cultured in hP-HG are better 

equipped to respond to a metabolic challenge, possibly due to maintenance of healthier 

mitochondrial dynamics compared to islets cultured without hP-HG. 

ECM scaffolds have both mechanical and biochemical roles in the cell environment.  After 

two days of culture, islet function was assessed in five different environments: suspension (S), 



 

 
 

189 
 

hP-HG (P), alginate (A), Col1 (C) and hK-HG (K), with a trend in stimulation from low to high 

glucose: SIS< SIA< SIC< SIK< SIP. This suggests that the mechanical environment of a hydrogel (P, 

A, C, K) compared to suspension culture may contribute to better islet function. It is also possible 

that ECM-signaling (P, C, K) may contribute more to islet function than the mechanical 

environment alone (A), and potentially reveals the importance of a complex mixture of natural 

ECM proteins (P, K), compared to a singular ECM component like Col1 (C). Finally, the pancreas-

specific ECM (P) outperformed the kidney-specific ECM (K) in regard stimulated C-peptide 

secretion levels, suggesting that the ECM composition of the pancreas itself may have a beneficial 

effect on islet health and function. Importantly, the generation of these scaffolds for our study 

was focused on controlling for ECM protein content, and not matching the gel stiffness which has 

previously been shown itself to have an effect on β cell function [34, 48]. However, a recent study 

by Enck et al. has also elucidated that ECM has a profound effect on islet function independent 

of gel stiffness [34]. The RNA-seq GO analyses do indicate that hP-HG co-culture activates 

significant enrichment in ECM-signaling and adherence-related ontologies, suggesting that islet-

ECM signaling helps maintain endocrine cell health. 

Our study identified that islet architecture is altered in culture compared to in situ. As has 

previously been observed [49, 50], a higher fraction of β cells are found at the periphery of the 

islet in suspension culture compared to in the native pancreas. In hP-HG co-culture, β cell mantle-

core arrangement is more similar to native islets, although the α cells are significantly more 

enriched in the core than in situ. We find that islets in situ have a roughly equal distribution of α, 

β, and δ cells between the core and mantle; this is consistent with recent conclusions that human 

islets do not have a mantle-core arrangement, or subunit domains similar to rodents [35]. Islets 
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embedded in hP-HG on day 0 preserve endocrine architecture on days 2 and 7 that is 

insignificantly different than freshly isolated (day 0) islets; this indicates that in hP-HG, islet 

architecture is preserved over time relative to the day islets were embedded. Islets in suspension, 

however, continue to change endocrine architecture over the 7 day period. This observation is 

of consequence, because islet architecture is thought to affect cross-talk within the endocrine 

cell populations, and influence islet function [51, 52]. Interestingly, resident non-endocrine cells, 

such as endothelial cells (Tie2+), vascular mural cells (pericytes, smooth muscle cells; αSMA+) or 

fibroblasts (αSMA+), display an even more dramatic rearrangement following isolation. Some 

human islets are surrounded by a capsule of αSMA+ cells in situ (Fig. 6A-j) and the arrangement 

of these cells in islets cultured in hP-HG significantly resembles this “capsule” morphology (Fig. 

6A-l), while the αSMA+ and Tie2+ cells in suspension-cultured islets appear to form abnormal 

internal nodules (Fig. 6A-i). The mechanism through which the cells rearrange could reflect 

migration of the different cell types in a balance between cell-cell adhesion and cell-ECM 

adhesion, as has been described in other culture systems [53], but the cellular complexity of 

isolated islets and affinities for each cell type with one another has not been well established. 

Importantly, in the present study, only the outer perimeter of the islets is in contact with the 

ECM hydrogel. Further studies are necessary to explore the potential mechanisms of islet cell 

arrangement.  

Islet transplantation into the liver through the portal vein has been associated with 

significant islet death following transplantation [54]. Alternative strategies have been suggested 

for islet and stem cell-derived islet like cluster (SC-ILC) transplantation, including transplantation 

into the omentum, a vascularized subcutaneous space, or within a device that can protect the 



 

 
 

191 
 

cells from immune rejection [55]. A re-evaluation of transplant site and strategy invites the 

opportunity for the inclusion of ECM into islet culture and transplantation, particularly to support 

islet health during the period prior to vascularization and ECM remodeling. A recent study 

utilizing a collagen-based “islet viability matrix” has demonstrated that indeed, subcutaneous co-

transplantation of islets with the matrix improves engraftment, function and provides immune 

protection [19]. Due to the conserved nature of ECM proteins, decelled ECM is hypoimmunogenic 

[16, 26, 56] and is therefore compatible with transplantation. A first-in-human clinical trial using 

decelled ECM hydrogel to treat myocardial infarction has already been completed without 

serious adverse effects related to the hydrogel [57]. Combined, these results strongly suggest 

that the inclusion of ECM into islet culture and transplantation could improve the engraftment, 

survival, and function of the islets; future studies utilizing these materials in transplantation are 

underway. 

Human pancreatic hydrogel may also be useful for accelerating, enhancing, or stabilizing 

the maturation of SC-ILCs. Due to limited availability of primary donor islets for clinical treatment, 

efforts have been made to differentiate SC-ILCs with the intention of transplanting functional 

cells to cure diabetes. Despite significant strides in the field of β cell differentiation, deficits in 

the maturation and function of the SC-ILCs still exist, including efficiency of β cell yield, total 

insulin content and secretion, and gene expression for markers of islet maturation [58]. It is 

thought that ECM signaling may play beneficial roles toward the determination of cell fate, and 

therefore may be valuable in SC-ILC differentiation [40, 59, 60]. Overall, hP-HG could provide a 

substrate for improved in vitro islet and SC-ILC culture, a material to support transplanted islets 

and SC-ILCs, and a scaffold for in vitro 3-D modeling of human pancreas and islet development. 
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The combination of islets with hP-HG as a liquid prior to gelation allows for alteration of 

the platform, in which many other components could be added. This could include supplemented 

ECM components, such as GAGs or glycoproteins that are reduced in abundance through the 

decellularization and digestion process. Decelled hP-ECM is composed of structural ECM proteins 

from the whole pancreas, which is mainly exocrine tissue; hP-HG could therefore serve as a base 

scaffold to which more islet-enriched ECM components could be added for future studies. It 

would also facilitate the inclusion of other cell types in islet cultures, such as endothelial cells, 

neurons or immune cells, all of which have important roles in islet health and function. In current 

culture systems, non-endocrine cells have been combined with islet endocrine cells following 

single cell dispersion which does not recapitulate the in situ arrangement and sub-structures of 

the various cell types [61-63]. Finally, future studies using hP-HG could incorporate oxygen 

generating materials, drug carriers, or immune-modulatory particles, which could all be used to 

support and protect islets in culture or in vivo. An added feature is that the droplets of gel can be 

picked up, transferred and transplanted more easily than individual islets.  

 Conclusion 

We have generated a hydrogel from human pancreas ECM that is easy to combine with 

human islets in culture and which takes advantage of material from discarded organs. The 

hydrogel co-culture system improves the survival and function of human islets after extended 

culture, and reduces the level of apoptosis. As early as 2 days in hydrogel co-culture, islets display 

an improved GSIS stimulation index, through a reduction in basal insulin secretion, as well as 

improved maximal mitochondrial function. The scaffold appears to better preserve islet 

architecture during culture, and stimulates gene expression changes through ECM- and adhesion-
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mediated pathways. This islet culture platform mimics the native pancreatic niche and may 

provide a mechanism for better modeling islet biology and physiology in vitro. 

Methods 

Tissue Procurement and Ethics 

Adult human pancreata (n = 10, age 21–61 years) and kidneys were obtained through the 

University of Wisconsin Organ and Tissue Donation with informed consent obtained for research 

from next of kin and authorization by the University of Wisconsin-Madison Health Sciences 

Institutional Review Board (IRB granted an exempt from protocol approval for studies on 

postnatal tissue because research on deceased donors is not considered human subjects 

research). IRB oversight of the project is not required because it does not involve human subjects 

as recognized by 45 CFR 46.102(f), which defines a “human subject” as “a living individual about 

whom an investigator (whether professional or student) conducting research obtains (1) data 

through intervention or interaction with the individual, or (2) identifiable private information.” 

Research was performed in accordance with federal and state law and the relevant institutional 

ethical committee guidelines and regulations. No organs or tissues were procured from 

prisoners. A list of donors used in this study and demographic data are included in Supplemental 

Table 1. 

Decellularization and Hydrogel Formation 

Pancreata were trimmed of extraparenchymal fat, sectioned into 1 cm3 pieces, flash 

frozen and stored at -80 °C. For decellularization, pieces were thawed, rinsed with 1x PBS, rinsed 

with water and homogenized in water until broken up. The homogenate was centrifuged (4300 
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rpm, 5 min), floating fat removed, and supernatant discarded; the pellet was washed and 

centrifuged again (4300 rpm, 5 min). The pellet was resuspended into 2.5 mM sodium 

deoxycholate/PBS and incubated, with shaking, for 3 hours at room temperature (RT). After this 

time, the homogenate was strained over a sieve (MilliporeSigma, St. Louis, MO); all collected 

material was placed into fresh 2.5 mM sodium deoxycholate/PBS and incubated for an additional 

15 hours (RT, shaker). The ECM was strained, rinsed with water and washed in 1x PBS 

supplemented with Pen/Strep for 24 hours. Further lipid removal was achieved with additional 

steps modified from Soffer-Tsur et al. [64]. The ECM from above was strained and dehydrated 

with 70% ethanol for 30 minutes, followed by 3 washes with 100% ethanol for 30 minutes each. 

The matrix was washed with acetone 3 times, for 30 minutes each. The dehydrated ECM was 

washed with 40:60 (v:v) acetone:hexane for 24 hours, with changes into fresh solution 

approximately every 8 hours. The matrix was washed with 100% ethanol for 30 minutes and 

rehydrated with 70% ethanol overnight, followed by two washes with 1x PBS supplemented with 

Pen/Strep for 24 hours each. To remove nucleic acids, the ECM was treated with Benzonase 

(MilliporeSigma, St. Louis, MO) (500 mU/mL in 50 mM Tris, 1 mM MgCl2, 0.1% BSA, pH=8.0) for 

18 hours at 37⁰C, washed with 50 mM Tris for 2 hours, followed by two 24-hour washes with 

sterile water. The resulting decellularized pancreatic ECM was lyophilized and stored at -80⁰C. 

Homogenization decellularization (Homog) without acetone:hexane and Benzonase 

treatment was performed for comparison, as previously described in Sackett and Tremmel et al. 

[26].  

The lyophilized ECM from each decell protocol was pepsin digested for hydrogel 

formation as previously described [26, 65]. If necessary, the ECM was homogenized after a day 
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in the pepsin solution to facilitate digestion. Collagen controls were prepared from rat-tail 

collagen type I (Corning, Corning, NY). 

Human kidneys were processed in a similar timeline and manner as human pancreas, and 

the protocol for decellularization and hydrogel formation was the same as the Optimized 

protocol for pancreas. 

Lipid, DNA and GAG Content 

Lyophilized material was weighed to record the whole tissue dry weight. Lipids were 

extracted from each sample using a modified Folch method as previously described [26, 66]. The 

lipid phase was dried and weighed to measure the lipid content as a percentage of the initial dry 

weight. 

The delipidized tissue was used for DNA and GAG content analysis. Weighed and 

lyophilized ECM was digested with papain for 18 hours at 65⁰C prior to the assays. Quantification 

of DNA was assessed using the Quant-iT™ PicoGreen® dsDNA Assay (Life Technologies, Carlsbad, 

CA), following manufacturer’s protocol.  

Rheology 

To compare the rheologic properties of the optimized hydrogel to the previously 

published hydrogel, a TA Instruments AR-G2 rheometer was used. A 40 mm parallel plate 

geometry was used with a 500 micron gap distance; a Peltier unit was used to control 

temperature. First, a time sweep was performed over 10 minutes; the temperature was set to 

15⁰C for loading the samples and warmed to 37⁰C to induce gelation while measuring oscillatory 

moduli (storage modulus (G’) and loss modulus (G”)) at the fixed angular frequency of 1 rad/sec 
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and strain of 5%. Following gelation, a frequency sweep was performed at 37°C, from 100 rad/sec 

to 0.1 rad/sec at fixed 5% strain; G’ and G” were measured to calculate complex viscosity for each 

gel. Three different batches of gels were tested from each decellularization protocol 

(homogenized and optimized), rat-tail collagen type I (Corning, Corning, NY) was used as a control 

for comparison. All gels were prepared at a concentration of 8 mg/mL. Data was collected and 

analyzed with Rheology Advantage software (TA Instruments, New Castle, DE), and graphs were 

created with Prism 6 for Windows (GraphPad Software, Inc.). Each protocol was assessed using 

three biological replicates, each of a different batch of gel from a different donor. 

Cell Culture 

Human islets were received through the Integrated Islet Distribution Program (IIDP) and 

experiments were initiated within 24 hours of receipt. On day 0, islets were counted and plated 

in suspension or in hydrogel co-culture. Islets were combined with hP-HG (8 mg/mL) at a density 

of 100 IEQ/10μL of hydrogel. The mixture was pipetted into 5 μL droplets in the bottom of an 

untreated petri dish, inverted, and incubated at 37⁰C and 5% CO2 for 30 minutes. The 

polymerized droplets were moved into 24-well ULA plates (Corning, Corning, NY) for culture for 

1-7 days in PIM(R) medium (Prodo Labs, Aliso Viejo, CA), at which point they were collected for 

MTS, GSIS, or total insulin content. In parallel, islets were cultured in suspension in 24-well plates 

for the same period of time. Islets embedded in collagen 1 (8 mg/mL) (Corning, Corning, NY) 

followed the same protocol as hP-HG. Islets were embedded in alginate following methodology 

adapted from Alagpulinsa et al. [32]. Briefly, islets were mixed with 1.6% w/v sodium alginate in 

150 mM NaCl, at 100 IEQ/10μL, and manually dropped into a 100 mM CaCl2 bath 5 μL at a time 

to form droplets. 
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Glucose Stimulated Insulin Secretion and Total Insulin Content 

Static GSIS Assays were performed in series, in 24-well plates with cell filter inserts 

(MilliporeSigma, St. Louis, MO). Cells were added to the filters and moved from low glucose (2.8 

mM) to high glucose (28 mM) to low glucose (2.8 mM) to a depolarization solution (30 mM KCl, 

2.8 mM glucose). All solutions for GSIS were made in Krebs buffer (25 mM HEPES, 115 mM NaCl, 

24 mM NaHCO3, 5 mM KCl, 1 mM MgCl2, 2.5 mM CaCl2, 1% BSA). The supernatant was collected 

following 1 hour in each step of the GSIS for secreted C-pep measurement. For human islets, 100 

IEQ were used per well. Supernatants collected from each treatment were frozen in aliquots. 

Following GSIS, cells were lysed in 1 mL of lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 

mM EDTA, 1% Triton) and homogenized with a PowerGen 500 homogenizer (ThermoFisher, 

Waltham, MA); these lysates were used to measure total C-peptide content. C-peptide content 

for all lysates and supernatants were determined with an ultra-sensitive human C-pep ELISA 

(Mercodia, Uppsala, Sweden). Stimulation index (SI) for the static GSIS was calculated by dividing 

the average secreted C-Peptide concentration under high glucose by the average C-Peptide 

secreted under the first low glucose period. 

Islets were prepared as described above, and assessed with perifusion GSIS on day 2 of 

culture. Perifusion was performed using a BioRep 4.0 semi-automated perifusion system (Biorep, 

Miami, FL) for 30 minutes of low glucose treatment (1.6 mM) followed by 45 minutes of high 

glucose treatment (16.7 mM) and return to low glucose. Flow-through samples were collected 

every minute from each chamber, and values from every two minutes were averaged together 

for graphing. For comparison, graphed values are normalized to the average low glucose 

response for each curve (unitless measure). The SI for the perifusion GSIS was calculated using 
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the area under the curve (AUC) of the high glucose period per minute, divided by the AUC of the 

first low glucose period per minute.  

Mitochondrial Respiration 

Human islets were assessed for mitochondrial respiratory capacity analysis by high 

resolution respirometry using an Oxygraph-2k (Oroboros Instruments, Innsbruck, Austria). Islets 

cultured in suspension or hP-HG for 2 days, were simultaneously analyzed in two separate 

chambers, in 2 mL volume containing 800 IEQ each. Experiments were performed as previously 

described [67, 68]. Briefly, mitochondrial respiration was measured by detecting mitochondrial 

oxygen consumption at 37⁰C in standard PIM(R) medium. After establishing a basal respiration 

(Routine), inhibitors for the different mitochondrial respiratory complexes were added to the 

cells in the following order: oligomycin (2ug/ml) (MilliporeSigma, St. Louis, MO) to inhibit ATP-

synthase (complex V) to measure leak respiration (Leak), carbonyl cyanide-p-

trifluoromethoxyphenylhydrazone (FCCP) (MilliporeSigma, St. Louis, MO) uncoupler with step-

wise titration in 0.5 to 1.5 μM increments to measure the maximal respiratory capacity of the 

electron transport system (ETS) (Maximal), rotenone (MilliporeSigma, St. Louis, MO) 0.5 μM final 

concentration to inhibit complex I, and antimycin A (MilliporeSigma, St. Louis, MO) to inhibit 

complex III in 2.5 μM final concentration. Data was analyzed using DatLab7 (version 7.3.0.3) 

(Oroboros Instruments, Innsbruck, Austria) software. The use of chambers for the 2 treatments 

(S and H) was switched between 3 biological replicates to avoid any possible bias due to chamber 

differences. 
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MTS Assay 

100 IEQ of human islets were plated per well of 24-well ULA plates (Corning, Corning, NY). 

Islets were embedded in hP-HG or Col1 (50 IEQ / 5 μL gel) as described above, and two 5 μL gels 

were placed in each well of a 24-well plate (100 IEQ/well); wells were fed fresh medium every 3 

days. On days 1, 3, 5 and 7 after plating, the remaining cells or gels from each pre-counted well 

were transferred to 1.5 mL Eppendorf tubes with 300 μL of medium containing CellTiter-96 

reagent (Promega, Madison, WI). The IEQ was not recounted each day, whatever number of islets 

remained in the well were used to assess survival compared to day 0. The tubes were incubated 

with shaking and open caps for 3 hours, at 5% CO2 and 37⁰C.  After incubation, the absorbance 

of the supernatant was measured on a spectrophotometer at 490 nm (FlexStation 3, Molecular 

Devices). Each treatment was tested in technical triplicate for each condition and time point.  

Histology and Immunofluorescent Staining 

Samples were fixed in 4% paraformaldehyde (PFA), paraffin embedded, and sectioned (5 

μm) for immunofluorescent staining. Slides were deparaffinized using xylene and rehydrated. 

Antigen retrieval was performed by incubation in 10 mM Citrate Buffer, pH 6.0 for 2.5 hours at 

80°C. Slides were blocked with 10% BSA/PBS for 40 minutes at RT, incubated with primary 

antibodies overnight at 4⁰C, washed, incubated with secondary antibody incubation for 40 

minutes at RT and cover slipped. All antibodies and dilutions are listed in Supplemental Table 2. 

Nuclei were labeled with 40–6-diamidino-2-phenylindole (DAPI) (Life Technologies, Carlsbad, 

CA). Images were generated with a Zeiss Axiovert 200 M microscope or a Nikon A1R confocal 

microscope. TUNEL staining (ApopTag® Fluorescein In Situ Apoptosis Detection Kit) 
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(MilliporeSigma, St. Louis, MO) was performed following manufacturer protocol, with the insulin 

immunostaining performed immediately afterward. 

IF staining was quantified in ImageJ by tracing the Ins-positive (islet) clusters. Nuclear 

stains were quantified by counting the number of total nuclei (DAPI) within the islet regions and 

the number of TUNEL-positive and Ki67-positive nuclei in the same regions to determine the 

percentage of positive cells. Cellular stains were quantified by converting the images to binary 

and measured as percentage of islet area. 

For islet architecture analysis, Ins/Gcg/Sst triple stained images were taken as z-stacks of 

7 slices and quantified using the 3D Tissue Organization Toolbox plugin to determine cell type, 

counts and cell-cell interactions[69]. Cells were manually counted as part of the mantle if they 

were at the outermost edge of the islet, all other cells were counted as part of the core, as 

previously described [70]. To measure Tie2 and αSMA localization, whole islet clusters and islet 

mantles (5-10 micron width surrounding the outermost layer of islet nuclei) were manually 

traced in synchronized windows; positive area within each traced region was measured in all 

relevant channels. 

For each IF analysis, 5 islet donors were assessed for each time point and condition, at 

least 9 islets were counted per donor and treatment. 
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Quantification and Statistical Analysis 

Data are reported as average ± standard deviation unless otherwise indicated. All p-values 

were calculated with a Student’s two-tailed t-test using Prism 6 for Windows (GraphPad). Prism's 

suggested significance classification scheme was followed (*p < .05), (**p < .01), (***p< 0.001), 

(****p<0.0001). 

All composite figures were prepared in Adobe Illustrator 24.0 (Adobe Inc.). 

Materials Availability 

Unique reagents generated in this study, including hP-HG and hK-HG, are listed in the key 

resources table and available from the lead contact with a completed Materials Transfer 

Agreement. 

Data and Code Availability 

All data are available in the manuscript, Supplementary Information, or available from the 

corresponding author upon request. Raw and processed RNA sequencing data have been 

deposited in the NCBI Gene Expression Omnibus (GEO) repository, with the accession identifier 

GSE166505. 
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Chapter 5 Supplementary Information 

Supplementary Methods 

Cell Culture 

INS-1 832/13 were plated in a single cell suspension into 10 cm ultra-low attachment 

(ULA) dishes (Corning, 3262) and cultured for 3 days to form INS1 pseudoislets. On day 3, 

pseudoislets were counted, combined with hP-HG at a density of 200 IEQ/10μL of hydrogel and 

evenly distributed within the gel. The mixture was pipetted into 5 μL droplets in the bottom of 

an untreated petri dish, inverted, and incubated at 37 oC and 5% CO2 for 30 minutes. The 

polymerized droplets were moved into 24-well ULA plates (Corning, 3473) for culture for 2 days 

until the GSIS was performed. For static GSIS with INS1 832/13 pseudoislets, clusters were 

counted using the human islet IEQ counting mechanism and 800 IEQ were used per well. (N=4 

biological replicates) 

Rheology 

To assess droplet shape retention following gelation, 10 µL droplets of cold, neutralized 

liquid hydrogel were pipetted onto a tissue culture plate and incubated at 37 C for 30 minutes. 

Following gelation, droplets were imaged and droplet diameter was measured relative to the 

standard diameter of the tissue culture well.  

Young’s Modulus was calculated using Equation 1 and Equation 2, with G’ and G” values 

at last time point of the time sweep (after full gelation) of the gels. 
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Equation 1: Complex Modulus (G)  𝐺𝐺 =  �(𝐺𝐺′)2 + (𝐺𝐺′′)2 
 

Equation 2: Young’s Modulus (E), with Poisson’s ratio, v = 0.5 for hydrogels. 

𝐸𝐸 = 2 × 𝐺𝐺(1 + 𝑣𝑣) 

Bulk RNA Sequencing 

RNA was isolated from human islets after 2 days of culture in suspension or hydrogel 

conditions. cDNA libraries were prepared using Takara SMARTer Total RNA Seq Kit v2 Pico Input 

kit (Takara Bio USA, Mountain View, CA) and purified with AMPure XP Beads (Beckman Coulter, 

Brea, CA); RNA-Seq was performed with the Illumina NovaSeq6000 sequencing system with 200 

million reads. 3 islet donors were used for each condition. Gene Ontology (GO) was performed 

using a list of differentially expressed genes with g:Profiler (version e99_eg46_p14_f929183) with 

g:SCS multiple testing correction method applying significance threshold of 0.05 [1]. 

Transplantation 

5 µL hP-HG droplets derived using the optimized protocol and embedded with human 

islets (50 IEQ per 5 µL gel) were transplanted into NOD-scid IL2rγnull (NSG) mice. 20 gels were 

transplanted within the center of a 3 mm-internal diameter silicone O-ring (Hooper, UK, OR3X1.5) 

in the lateral subcutaneous (SQ) space. 10 gels were transplanted into the right kidney sub-

capsule (KSC) space. Images were taken at the time of surgery.  

Humanized Mice 

Research involving mice was performed in accordance with a protocol that was approved 

by the University of Wisconsin School of Medicine and Public Health Animal Care and Use 
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Committee, and in accordance with a protocol approved by the University of Wisconsin 

Institutional Review Board. Humanized mouse models were generated using NSG mice aged 7–8 

weeks, as previously described (Sackett et al., 2018). A small piece of decellularized hP-ECM was 

transplanted into the left dorsal subcutaneous space, and 500 μL of 10 mg/mL hP-HG was 

injected into the right dorsal subcutaneous space of humanized mice (N = 3 mice). Additionally, 

human fetal pancreas (HFP) fragments from a donor allogeneic to the donor of the mouse’s 

human immune system were also transplanted subcutaneously into the same animals. The three 

grafts remained in vivo for a period of four weeks before the animals were sacrificed, and grafts 

were collected for processing and immunohistochemistry. Upon collection of the grafts, the hP-

HG graft was noticeably smaller after four weeks in vivo, but the large volume of the original 

injection and the high concentration of ECM (10 mg/mL) ensured reliable recovery of the material 

within this timeframe. Smaller volumes of the gel were not able to be found after this period of 

time in vivo. 

Transmission Electron Microscopy (TEM) 

Islets cultured in suspension or hP-HG for two days were fixed overnight with 

glutaraldehyde-based fixative (2.5% glutaraldehyde, 2.0% paraformaldehyde buffered in 0.1M 

sodium phosphate buffer (PB)) at 4˚C. The samples were rinsed 5 x 5 minutes in PB, and post-

fixed in 1% osmium tetroxide, 1% potassium ferrocyanide in 0.1M PB for 1 hour at room 

temperature (RT), and rinsed in PB as before.  

Dehydration was performed in a graded ethanol series (35, 50, 70, 80, 90% for 10 minutes 

each step, 95% for 20 minutes, 100% for 2 x 10 minutes) at RT and 100% EtOH at 4˚C overnight 

(ON) then transitioned in propylene oxide (PO) 2 x 7 minutes at RT. Fully dehydrated samples 
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were infiltrated in increasing concentrations of PolyBed 812 (Polysciences Inc. Warrington, PA) 

and Propylene Oxide (PO) mixtures in the following order (RT mixtures with shaker table 

agitation):  

PolyBed 812 PO Time Temp. 
10% 
25% 

90% 
75% 

3 hrs 
ON 

RT 
RT 

50% 50% ON RT 
75% 25% 2 hrs RT 

100% 0%  45 min. 60oC  
 

Embedding and polymerization took place in fresh PolyBed 812 for 24 hours at 60˚C. The 

samples were sectioned on a Leica EM UC6 ultramicrotome at 100nm.  The sections were 

collected on formvar coated 2x1mm slot Cu grids (EMS Hatfield, PA), and post-stained with uranyl 

acetate and lead citrate. The sectioned samples were viewed at 80kV on a Philips CM120 

transmission electron microscope, equipped with AMT BioSprint12 digital camera (AMT Imaging 

Systems, Woburn, MA). 

sGAG Content 

The sulfated glycosaminoglycan (sGAG) content was quantified using Papain-digested 

tissue or ECM, using the Blyscan GAG Assay Kit (Biocolor, UK), following manufacturer’s protocol. 
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Resources and Reagents 

Reagent or Resource Source Identifier 
Antibodies 

Anti-Insulin (guinea pig) MilliporeSigma I8510 
Anti-Glucagon (rabbit) Abcam Ab 92517 
Anti-Somatostatin (mouse) Proteintech 17512-1-AP 
Anti-Ki67 (rabbit) Abcam ab16667 
Anti-Insulin (mouse) MilliporeSigma I2018 
Anti-Collagen 1 (rabbit) Abcam ab34710 
Anti-Collagen 4 (rabbit) Abcam ab6586 
Anti-Collagen 3 (mouse) Abcam ab6310 
Anti-Collagen 6 (rabbit) Abcam ab6588 
Anti-Laminin (rabbit) MilliporeSigma L9393 
Anti-FN1 (rabbit) Abcam ab2413 
Anti-OGN (rabbit) Proteintech 12755-1-AP 
Anti-Tie2 (rabbit) Abcam ab221154 
Anti-αSMA (mouse) MilliporeSigma A2547 
Anti-CD3 (rabbit) Abcam ab134096 
Anti-CD45 (mouse) BD Pharmingen 555491 

Chemicals and Reagents 
Sodium deoxycholate MilliporeSigma D6750-25G 
PIM(R) medium Prodo Labs PIM-CR001GMP 
DAPI ThermoFisher D3571 
Sodium alginate MilliporeSigma PHR1471-1G 
Rat-tail Collagen 1 Corning 354249 
Pepsin MilliporeSigma P7012-250MG 
HCl MilliporeSigma NC9894356 
Benzonase MilliporeSigma E8263 
Oligomycin MilliporeSigma  
FCCP MilliporeSigma  
Rotenone MilliporeSigma  
Antimycin A MilliporeSigma  
AMPure XP Beads Beckman Coulter A63880 

Materials 
Sieve MilliporeSigma S1145 
Cell filter inserts   MilliporeSigma PIXP01250 
24-well ULA plates Corning 3473 

Commercial Assays 
ApopTag® Fluorescein In Situ Apoptosis Detection Kit MilliporeSigma S7110 
Quant-iT™ PicoGreen® dsDNA Assay  Life Technologies P7589 
Blyscan GAG Assay Kit Biocolor B1000 
Ultra-sensitive human C-pep ELISA Mercodia 10-1141-01 
SMARTer Total RNA Seq Kit v2 Pico Input kit Takara Bio 634411 
CellTiter-96 reagent    Promega G3582 
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Cell Lines 

INS-1 832/13 Hohmeier et al 2000  
Computer Software 

Fiji https://imagej.net/Fiji  
DatLab7 (version 7.3.0.3) Oroboros Instruments  
Prism 6 for Windows GraphPad Software  

Unique Materials 
Human pancreatic hydrogel (hP-HG) University of Wisconsin  

 

 

 

 

 

Supplemental Table 1: Pancreas donor information 

Donor  Sex Age BMI (kg/m2) DCD/DBD CIT (hrs) 
Donor 10 F 53 35.2 DCD 6 
Donor 23 M 58 27.4 DBD 6.5 
Donor 27 F 45 31.1 DBD 13.5 
Donor 31 M 21 27.6 DBD 14.5 
Donor 32 M 35 30.8 DCD 25 
Donor 35 F 48 20.7 DBD 5 
Donor 39 M 31 27.1 DBD 16 
Donor 40 M 41 29.3 DBD 8.5 
Donor 56 M 61 34.6 DBD 17 
Donor 65 M 21 28.8 DBD 7 

 

Pancreas donor information. (M = male, F = female, BMI = body mass index, DCD = donation by 
cardiac death, DBD = donation by brain death, CIT = cold ischemia time) 
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Supplemental Table 2: Immunohistochemistry information 

Target 

Blocking Primary Secondary 

Blocking buffer; antibody; host, antibody; host, 

dilution; supplier dilution, supplier dilution, supplier 

(catalogue #) (catalogue #) (catalogue #) 

Ins Bovine Serum Albumin; 10%; 
Fisher Scientific (BP1600) 

Insulin polyclonal; Raised in guinea 
pig; 1:2000; Sigma-Aldrich (I8510) 

Goat anti-guinea pig A488; 1:800; Life 
Technologies (A11073) 

Gcg Bovine Serum Albumin; 10%; 
Fisher Scientific (BP1600) 

Glucagon monoclonal; Raised in 
rabbit; 1:2000; abcam (ab92517) 

Goat anti-rabbit A568; 1:800; Life 
Technologies (A11036) 

Sst Bovine Serum Albumin; 10%; 
Fisher Scientific (BP1600) 

Tie2 monoclonal; Raised in rabbit; 
1:4000; abcam (ab221154) 

Goat anti-rabbit A568; 1:800; Life 
Technologies (A11036) 

Tie2 Bovine Serum Albumin; 10%; 
Fisher Scientific (BP1600) 

Somatostatin monoclonal; Raised in 
mouse; 1:200; Proteintech (17512-
1-AP) 

Goat anti-mouse A647; 1:800; Life 
Technologies (A21235) 

αSMA Bovine Serum Albumin; 10%; 
Fisher Scientific (BP1600) 

αSMA monoclonal; Raised in 
mouse; 1:25,000; Sigma-Aldrich 
(A2547) 

Goat anti-mouse A647; 1:800; Life 
Technologies (A21235) 

Collagen I Bovine Serum Albumin; 10%; 
Fisher Scientific (BP1600) 

Collagen I polyclonal; Raised in 
rabbit; 1:500; Abcam (ab34710) 

Donkey anti-rabbit A488; 1:800; Life 
Technologies (A21206) 

Collagen III Bovine Serum Albumin; 10%; 
Fisher Scientific (BP1600) 

Collagen III monoclonal; Raised in 
mouse; 1:100; Abcam (ab6310) 

Donkey anti-rabbit A488; 1:800; Life 
Technologies (A21206) 

Collagen IV Bovine Serum Albumin; 10%; 
Fisher Scientific (BP1600) 

Collagen IV polyclonal; Raised in 
rabbit; 1:300; Abcam (ab6586) 

Donkey anti-rabbit A488; 1:800; Life 
Technologies (A21206) 

Collagen V Bovine Serum Albumin; 10%; 
Fisher Scientific (BP1600) 

Collagen V polyclonal; Raised in 
rabbit; 1:100; Abcam (ab7046) 

Donkey anti-rabbit A488; 1:800; Life 
Technologies (A21206) 

Collagen VI Bovine Serum Albumin; 10%; 
Fisher Scientific (BP1600) 

Collagen VI polyclonal; Raised in 
rabbit; 1:100; Abcam (ab6588) 

Donkey anti-rabbit A488; 1:800; Life 
Technologies (A21206) 

Fibronectin Bovine Serum Albumin; 10%; 
Fisher Scientific (BP1600) 

Fibronectin polyclonal; Raised in 
rabbit; 1:200; Abcam (ab2413) 

Donkey anti-rabbit A488; 1:800; Life 
Technologies (A21206) 

Laminin Bovine Serum Albumin; 10%; 
Fisher Scientific (BP1600) 

Laminin polyclonal; Raised in rabbit; 
1:200; Sigma-Aldrich (L9393) 

Donkey anti-rabbit A488; 1:800; Life 
Technologies (A21206) 

Mimecan 
(OGN) 

Bovine Serum Albumin; 10%; 
Fisher Scientific (BP1600) 

Mimecan polyclonal; Raised in 
rabbit; 1:50; Proteintech (12755-1-
AP) 

Donkey anti-rabbit A488; 1:800; Life 
Technologies (A21206) 

CD45 Bovine Serum Albumin; 10%; 
Fisher Scientific (BP1600) 

CD45RO monoclonal; Raised in 
mouse; 1:2000; BD Pharmingen 
(555491) 

ImmPRESS® HRP Horse Anti-Mouse IgG 
Polymer Detection Kit, Peroxidase (MP-7402); 
DAB substrate (SK-4105) 

CD3 Bovine Serum Albumin; 10%; 
Fisher Scientific (BP1600) 

CD3G monoclonal; Raised in rabbit; 
1:500; Abcam (ab134096) 

ImmPRESS® HRP Goat Anti-Rabbit IgG 
Polymer Detection Kit, Peroxidase (MP-7451); 
DAB substrate (SK-4105) 
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Supplemental Table 3: Gene Expression in Islets Cultured in Suspension or hP-HG for 2 Days 

Symbol Fold Change FDR Significance Protein 
INS 1.261 0.67 NS insulin 

GCG 1.254 0.65 NS glucagon 
SST 1.043 0.94 NS somatostatin 

CHGA 0.846 0.63 NS chromogranin A 
NKX6-1 1.214 0.23 NS NK6 homeobox 1 

UCN3 1.166 0.27 NS urocortin 3 
ARX 0.854 0.26 NS aristaless related homeobox 
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Chapter 5 Supplemental Figure 1: Composition of the hP-ECM and hP-HG. 
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Chapter 5 Supplemental Figure 1: Composition of the hP-ECM and hP-HG. 

(A) Sulfated glycosaminoglycan (sGAG) content of native human pancreas compared to 
decellularized ECM generated with the Homog and Optimized protocols. (B) Immunofluorescent 
staining of native human pancreas, decellularized ECM and hP-HG for various ECM proteins 
(green), counterstained with DAPI (blue) to also indicate the removal of DNA through 
decellularization. Scale bar = 100 microns.  
(Previous Page) 
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Chapter 5 Supplemental Figure 2: Optimized-protocol hP-HG holds shape and is transplantable 

(A) The diameter of 10 µL gels made from the homogenized protocol (Homog), optimized 
protocol (Opt) and purified Col1; N=7 donors per treatment. (B) Representative images of gels 
made from two pancreas donors, each processed with the Homog and Optimized (Opt.) 
protocols. For both donors, the diameters of the gels are noticeably larger following the Homog 
protocol compared to the Optimized protocol, indicating a lack of firmness and pliability, and a 
flatter gel. (C) Calculated Complex Modulus (G) and Young’s Modulus (E) for each measured 
material at 8 mg/mL protein concentration. The optimized hP-HG gels hold shape well enough 
that they can easily be transplanted subcutaneously (SQ) (D) and into the kidney sub-capsule 
(KSC) (E) without breaking or losing shape. 
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Chapter 5 Supplemental Figure 3: Minimal immune cell infiltration in acellular hP-ECM and hP-
HG in humanized mice. 

Representative images of Optimized protocol-derived hP-ECM, hP-HG and allogeneic human fetal 
pancreas (HFP) grafts transplanted subcutaneously into humanized mice and collected after 4 
weeks. Decellularizerd gels and ECM scaffolds were transplanted as acellular materials (without 
cultured cells) to test immunogenicity of the scaffolds themselves. Each mouse was transplanted 
with all three materials (N=3 mice). Grafts were stained with H&E to examine general immune 
infiltration, human CD45 (hCD45) to assess infiltration of human immune cells, and human CD3 
(hCD3) to assess infiltration of cytotoxic T cells. hP-ECM and hP-HG had extremely low levels of 
any human immune cell infiltration, while allogeneic HFP in the same animal was heavily 
infiltrated with both hCD45+ and hCD3+ cells. Insets show more closely the positive (brown) or 
negative (only purple nucleus) staining for human CD3 within the different explants. Scale bar = 
200 microns. 
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Chapter 5 Supplemental Figure 4: Additional GSIS data after 2 days of culture. 

Stimulation index (A, high/low glucose) (B, KCl/low glucose) of INS1 cells cultured as pseudo-
islets in suspension or hP-HG, after 2 days of culture, determined by static GSIS. (C) Total C-Pep 
content, and (D) Insulin secretion (pM per IEQ) from INS1 cells cultured in suspension (gray) and 
hP-HG (blue) and exposed to low glucose (2.8 mM), high glucose (28 mM), low glucose and then 
KCl (30 mM). N=4 biological replicates. (E-F) Perifusion GSIS curves for two additional human islet 
donors; insulin secretion is normalized to first low glucose response (unitless). (G) Human islet 
static GSIS data presented with an alternative normalization, where all measurements for each 
islet donor and condition are normalized to the C-Pep level secreted under the first low glucose 
step. This method of analysis reveals that when not normalized as a percentage of total C-Pep 
content (as in Fig. 3B) the stimulated C-Pep secretion levels (High and KCl) of A,C, and K are 
significantly lower than those of S and P. (H) Stimulation index (high/low) of islets in suspension 
(S) or hP-HG (P) under static or perifusion GSIS, tracing the SI between islets from the same donor 
in each treatment group. 

(Previous Page) 
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Chapter 5 Supplemental Figure 5: Human islet mitochondria quantifiable phenotypes 

TEM images taken at 25000x were used to quantify mitochondrial phenotypes in islets cultured 
in suspension (A) or hP-HG (B) for two days. N=3 islet donors. Scale = 600 nm. (C) The circularity 
(unitless), roundness (unitless), and area (nm2) of individual mitochondria from islets cultured in 
suspension or hP-HG for two days were found to not be statistically different. 98-163 
mitochondria were measured per donor for each treatment, N=3 donors.  
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Chapter 5 Supplemental Figure 6: Human islet survival and growth over 7 days 

Representative bright field images of human islets cultured in suspension (left column), hP-HG 
(middle column), and Col1 hydrogel (right column) on day 0, the day the islets were embedded, 
3 days after embedding, and 7 days after embedding. Scale = 200 microns. 
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Chapter 5 Supplemental Figure 7: Human islet architecture 
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Chapter 5 Supplemental Figure 7: Human islet architecture 

Quantification of human islet architecture measuring the total numbers of alpha, beta and delta 
cells (A), and the interactions between endocrine cell types among the 5 conditions (B) and 
simplified into homotypic and heterotypic interactions (C).  Quantification of the core:mantle 
arrangement of beta (D) and alpha (E) cells as a percentage of the total same cell type (core=filled 
bars, mantle=checkered bars). N=5 islet donors. Statistical comparisons indicated in italics and 
gray are compared to native islets and in italics and red are compared to “Day 0” islets. (ns = not 
significant, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001) (F) Representative images of 
isolated islets in day 0 and day 2 in suspension (S) or hydrogel (H) culture, stained for insulin 
(green), glucagon (red), somatostatin (blue) and DAPI (gray), scale = 50 microns. (G) Counts for 
endocrine (dark gray) and non-endocrine (light gray) cells under each condition and time point, 
as a percentage of total nuclei counted.  (H) Representative images of isolated islets in day 0 and 
day 2 in suspension (S) or hydrogel (H) culture, stained for insulin (green), Tie2 (red), αSMA (blue) 
and DAPI (gray), scale = 100 microns.  
(Previous Page) 
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Chapter 5 Supplemental Figure 8: Extracellular signaling-related pathways are significantly 
influenced by hP-HG culture 

(A) Plots showing the three aspects of GO analysis: Molecular Function (MF), Biological Process 
(BP) and Cellular Component (CC). All pathways found to be significantly altered between 
suspension and hP-HG treatments are plotted, with the -log10(p-value) representing significance 
on the y-axis. Total number of gene sets identified in each aspect are in parentheses. (N=3 islets 
donors, each used for both treatments) 

(B) List of the top 10 terms identified in each aspect, with the number of altered differentially 
expressed genes (DEGs) in that pathway in parentheses to the right. 

 

 

 

Supplemental References:  

1. Raudvere, U., et al. g:Profiler: a web server for functional enrichment analysis and 
conversions of gene lists (2019 update). Nucleic Acids Res 47, W191-W198 (2019). 

  



 

 
 

227 
 

Chapter 6 

Islet vascularized ECM gel (IVEG) construct for islet culture and transplantation 
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Abstract 

 The endocrine cells of the pancreas, organized into islets of Langerhans, require an 

intimate relationship with the surrounding vasculature for both cell survival and to perform 

endocrine function. Islet-endothelial cell interactions have been studied during normal human 

development, ex vivo, and after transplantation and it is well established that islet re-

vascularization is an essential component of successful islet transplantation. While many 

methods have been established to improve vascularization of islets post-transplantation, we 

have developed a strategy of pre-vascularizing islets within droplets of pancreas-derived ECM in 

vitro. Here, we report a 3-day protocol for 3-D endothelial tube formation in pancreas ECM 

hydrogel, which can be combined in culture with human islets without negatively affecting islet 

survival and function. When transplanted subcutaneously, these islet vascularized ECM gel (IVEG) 

constructs lead to detectable serum C-pep levels and a reduction in blood glucose, while islets 

transplanted alone fail to function. IVEG constructs provide both a model for recreating 3-D islet-

EC interactions in vitro, as well as a mechanism for improving the engraftment of transplanted 

islets.  

Introduction 

 The endocrine cells of the pancreas secrete hormones that regulate blood glucose 

homeostasis. These cells reside within the islets of Langerhans, micro-organs surrounded by the 

exocrine, or acinar, compartment of the pancreas. Islets comprise only 1-2% of the volume of the 

pancreas, but utilize 10-15% of blood flow to the organ [1]. Islets are surrounded and infiltrated 

by a dense network of capillaries, providing blood flow as well as direct and indirect interactions 

between endocrine and endothelial cells [2, 3]. Within the fetal human pancreas, endocrine cells 



 

 
 

229 
 

begin to align with CD34+ endothelial cells by 10 gestational weeks, and vasculature begins to 

penetrate the islets by 14 weeks [4]. Vasculature has been demonstrated to stimulate early 

pancreas bud formation, also inducing expression of transcription factors associated with 

pancreas fate. Later, the surrounding vasculature constrains the expansive branching of the 

progenitor population to direct properly morphology, differentiation, and growth [5-11]. An array 

of biological molecules have been found to participate in crosstalk between islet endocrine and 

endothelial cells including secreted factors, connexins, extracellular matrix (ECM) proteins and 

receptors, and other soluble factors [12-18]. In adults, the capillary bed supports the 

maintenance of islet function and survival [5], and in rodent models has been found to contribute 

to adult beta cell proliferation [19]. Islet vasculature has been implicated in the progression of 

type 2 diabetes (T2D), in which islet capillaries become inflamed, thickened and dilated, with 

some studies finding vascular phenotypes to precede endocrine dysfunction [12, 15]. Islet 

endothelial cells may also have a distinct identity, such as expressing the glomerular barrier 

protein nephrin [20, 21], reflecting specialized function and physiology.  

 Clinically, islet health and function are of interest as diabetes is rapidly expanding in 

prevalence, with over 10% of the United States population diagnosed, and over 30% with 

prediabetes conditions. Cell replacement therapies to treat diabetes include whole pancreas and 

islet transplantation, with significant effort in recent years being made toward utilizing stem cell-

derived beta cells as a clinical treatment. Islet transplantation is less invasive than pancreas 

transplantation, but has not been as successful in sustaining long-term normoglycemia. One of 

the fundamental reasons islet transplantation has failed to provide long-term treatment is due 

to the damage islets endure through the process of isolating them from the pancreas, culturing 
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them for purification, and transplanting them through the portal vein, into the liver. Islet isolation 

causes complete severance of the islet vasculature, and endothelial cells that are retained with 

the islets after isolation lose their architecture in culture (Supplemental Fig. 1). Islets 

revascularize slowly after transplantation, but may have reduced vascular density and oxygen 

tension compared to native islets [22, 23]. This process causes significant islet death, further 

reducing the efficacy of the treatment [24], although surviving resident islet endothelial cells 

have been found to contribute to the re-vascularization of the islet graft [25, 26]. 

 To support islet survival during transplantation, many studies have focused on alternative 

strategies to improve the vascularization of the islet graft. These strategies involve alternative 

transplant sites to the portal vein or the kidney capsule, the latter of which is routinely used in 

rodent studies, but is not translatable to human therapy. Alternative sites include the omentum, 

a vascularized subcutaneous space, intramuscular space, and others, with the major focus being 

on revascularization of the graft [27-31]. Other strategies to improve vascularization have 

involved combining endothelial cells or mesenchymal stem cells with islets before or during the 

transplant procedure [32-38], co-transplanting with adipose-derived microvessels [39] or using 

vasculogenic biomaterials or soluble factors to improve vascularization of the graft [27, 40, 41]. 

 Most studies establishing the role of endothelial cells in islet development and survival 

have been performed in animal models, particularly mice and rats. Significant differences 

between rodent and human islets have been established, including the arrangement of the 

endocrine cells [42], the basement membrane structure [43], the degree of vascularization [2], 

the extent of innervation [44], as well as many differences in the markers of differentiation and 

maturation of endocrine cells [45, 46]. While in vivo study of endothelial-islet relationships is 
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ideal for understanding the interplay between cell types, the differences among species in islet 

structure and biology prevent animal studies from translating directly to make conclusions about 

human islet biology. Furthermore, many previous studies have incorporated endothelial cells into 

culture with islets in a structural way that does not resemble in vivo biology. Islets have been 

coated with ECs, or dissociated and reaggregated with ECs, without enabling EC tube-like 

structures to form in vitro [34, 36, 47-50]. In adherent 2-D culture, cell behavior can be 

dramatically altered compared to native cells, therefore recapitulating the 3-D environment in 

culture is as important as providing the appropriate chemical cues to cells [51-53]. Few studies 

have successfully cultured ECs in a 3-D environment with pancreatic endocrine cells, although 

several recent reports have made progress on this front [33, 47, 49], but the scaffolding used for 

3-D culture in these reports is not a pancreas-like biomaterial.  

We have previously developed a human pancreas ECM hydrogel (hP-HG) for use in studies 

of pancreas-specific ECM in human islet development and function [54] [Chapter 5]. Due to the 

importance of ECM in both endothelial tube formation [55, 56] and in islet health and function 

[57, 58], we are interested in recreating the 3-D islet niche, in vitro, with pancreatic ECM and 

other cell types. Here we report a protocol for hP-HG 3-D culture system for the co-culture of 

human islets with human umbilical vein endothelial cells (HUVECs). This platform enables the 3-

D construction of endothelial tubes within a pancreas-specific hydrogel, while supporting the 

survival and function of human islets. Expansion of this culture system to stem cell-derived islets 

or fetal islets may enable further study of the developmental interplay between endothelial cells 

and islets in a human system.  
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Results 

3-D endothelial tube formation within pancreas ECM hydrogel 

 To generate 3-D endothelial cell tubes in human pancreatic ECM hydrogel (hP-HG), 

human umbilical vein endothelial cells (HUVECs) were seeded into the liquid gel at a density of 

0.3x105 cells/10 μL of hydrogel, plated into 10 µL droplets and warmed to 37 °C to form solid gel. 

Gels cultured in EC medium without supplementation with additional growth factors (-GF) did 

not form tubes within the gel (Fig 1A-B). Gel and medium were supplemented with growth factors 

bFGF, SDF1α, and VEGF (“+GF”) formed endothelial cell tubes over a period of 3 days (Fig 1C-D). 

To quantify the difference in tube formation under the two conditions, gels were stained for F-

actin (phalloidin, red), whole-mount imaged and analyzed using Angiotool to determine the 

degree of vessel formation, vessel length and junction density; the +GF treatment was found to 
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have significantly higher values by all measures (Fig 1E-G). To assess retention of endothelial cell 

identity over the culture period, gels were co-stained for CD31 (Fig 1H, green).  

Combinatorial effects of media type on HUVEC and INS1 in 2-D culture 

Having established a protocol for the induction of endothelial tube formation within hP-

HG, we aimed to determine which media would be most permissive for the co-culture of ECs with 

beta cells or human islets. HUVECs are commonly cultured in the endothelial medium EGM2 (E). 

In this study we chose to use the rat insulinoma cell line INS1 832/13 and the medium developed 

to maintain the cell line, “INS1” medium (I) to test beta cell growth in response to the different 

media. These two media were combined in two different ways, mixed 50:50 (IE mix), or combined 

by adding the EGM2 supplements at full concentration to the INS1 medium (IE hybrid). To 

determine how these various media affected EC survival, HUVECs were grown in planar culture 

over a 3-day period in each medium and assessed for growth with an MTS assay. Interestingly, 

HUVECs grew more rapidly in the INS1, mixed and hybrid media, than in the EGM2 medium (Fig 

2A), and did not have noticeable changes in cell morphology in the various media (Supplemental 

Fig. 2). The same experiment was performed with INS1 cells in planar culture, in which EGM2 was 

found to have a detrimental effect on INS1 cell growth, while the mixed and hybrid media 

Figure 1: 3-D endothelial tube formation within pancreas ECM hydrogel 

Human umbilical vein endothelial cells (HUVECs) embedded within 10 uL droplets of hP-HG and 
cultured with added growth factors (+GF) for 3 days, form an extensive network of tubes. Bright field 
images (A,C) and phalloidin-stained max-intensity projection images (phalloidin=red, DAPI=blue) (B, 
D) reveal differences in tube formation between gels cultured without added growth factors (-GF) and 
with added growth factors (+GF). Vessel area (E), length (F), and junction density (G) were quantified 
by Angiotool analysis of Phalloidin images for both treatments. CD31 (green) was co-stained with 
phalloidin (red) and DAPI (blue) to indicate maintenance of endothelial cell identity during culture (H).  

All scale bars = 500 microns. (** p<0.01, **** p<0.0001) (Next page) 
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maintained relatively constant cell survival, and the INS1 medium had the highest rate of growth 

over the 3-day period (Fig 2B). After 3 days, INS1 cells grew confluent in INS1 media, IE hybrid 

and IE mix media (Fig. 2C-F). The morphology of the INS1 cells after the 3-day culture in EGM2 

reflected the growth curves, appearing less confluent with a rounded morphology (Fig 2G).  

 

 

Figure 2: Combinatorial effects of media type on HUVEC and INS1 in 2-D culture  

Growth curves for HUVECs (A) and INS1 cells (B) each cultured for 3 days in endothelial medium 
(EGM2), INS1 medium, IE hybrid, or IE mix media. Bright field images of INS1 cells taken at 10x 
resolution at Day 0 (C) and in the four different media on Day 3 (D-G), insets are digitally enlarged 4x. 

Full images: scale bar = 100 microns; insets: scale bar = 25 microns.  
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Figure 3: Combinatorial effects of media type on HUVEC tube formation in 3-D culture 

Max-intensity projection images of phalloidin staining (A,C,E,G,I) and the Angiotool result image 
(B,D,F,H,J) for representative gels cultured in each medium. EGM2-GF is the negative control with 
minimal tube formation (A,B). Vessel area (K), length (L), and junction density (M) were quantified by 
Angiotool analysis of Phalloidin images for all seven media types. Statistics are represented with 
asterisks, relative to E-GF (in black), relative to E+GF (in pink) and relative to IE Mix (in blue). 

Scale bar = 500 microns. (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, ns = not significant) 
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Combinatorial effects of media type on HUVEC tube formation in 3-D culture 

 Different media were not found to have a detrimental effect on HUVEC growth in planar 

culture, so we aimed to assess whether or not the various media had an effect on the ability of 

the ECs to form tubes. ECs were seeded into 10 µL hP-HG droplets with added growth factors to 

assess tube formation after 3 days of culture in each medium. We also assessed tube formation 

in the islet medium CMRL (C), including hybrid versions of CMRL and EGM2 (CE Hyb), as described 

in the previous experiment. As previously observed, EGM2 without added GFs (E-GF) (Fig. 3A-B) 

had little tube formation, while the EGM2+GF treatment (E+GF) induced tube formation (Fig. 3C-

D). In various other media, tube formation had variable success in the presence of the added GF 

cocktail (Fig. 3E-J). All treatments were quantified with Angiotool for vessel area, average vessel 

length, and junction density (Fig. 3K-M). INS1 medium and CMRL had relatively poor tube 

formation. While the IE Mix and Hybrid media had improved tube formation, CMRL Hybrid 

medium did not support successful tube formation. These results indicate that although beta cell 

and islet medium does not inhibit the growth of ECs in planar culture, it does inhibit the tube-

forming ability of the cells if other endothelial factors are not added to the medium as a hybrid 

or a mix. We conclude that straight EGM2 medium or IE hybrid medium have comparable 

capacity for tube formation in hP-HG. 

Islet vascularized ECM gel (IVEG) constructs maintain survival and function 

 Islet survival and function in culture declines rapidly after isolation from the pancreas. We 

recently demonstrated that islets cultured in hP-HG had an improved stimulation index in static 

glucose stimulated insulin secretion (GSIS) and improved survival over 7 days of culture [Chapter 

5]. To assess whether culture media which support EC tube formation have detrimental effects 
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on islet survival and function, we first cultured islets in suspension in select media. Islets were 

cultured in standard CMRL and in the IE Hybrid medium, both with and without the added GF 

cocktail for EC tube formation. Islets cultured in CMRL alone over 3 days had the poorest survival, 

comparable to previous studies [58], while CMRL+GF, IE Hyb, and IE Hyb+GF all had higher levels 

of survival, indicating that neither the GF cocktail or the IE medium has a detrimental effect on 

islet survival in short-term culture (Fig. 4A-B). Next, islets were combined with HUVECs within 

droplets of hP-HG to form islet vascularized ECM gel (IVEG) constructs. Over 3 days of culture, 

endothelial cell tubes formed throughout the gel around the islets (Tie2, red) (Fig. 4D) 

(Supplemental Videos 1 and 2). To assess how this culture period affected islet function, IVEG 

constructs were put through a static glucose stimulated insulin secretion (GSIS) assay and the 

stimulation index (SI) from low glucose to high glucose was compared to various controls. Islets 

in suspension culture in either CMRL or IE Hyb+GF had similar SIs (CMRL=2.07, IE Hyb+GF=1.69). 

Consistent with previous studies, islets cultured within hP-HG in either media and in co-culture 

with ECs (IVEG) had a significantly increased SIs, with no negative effect of the hybrid media, GF 

cocktail, or ECs (CMRL=7.64, IE Hyb+GF=9.42, IVEG=10.00) (Fig. 4C). These results indicate that 

islets can be co-cultured with ECs in an environment supportive of tube formation, with improved 

islet survival and function compared to standard islet suspension culture after 3 days. IVEG 

constructs maintained insulin-positive staining (Fig. 4D-F, green) and maintained a hemispherical 

shape in free-floating culture (Fig. 4F). 
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Islet vascularized ECM gel (IVEG) support improved engraftment 

Having successfully generated IVEG constructs in culture, we aimed to assess whether or 

not pre-vascularization in vitro could support improved transplantation outcomes. Diabetic NSG 

RIP-DTR mice were transplanted with a sub-therapeutic dose of 1000 IEQ of human islets 

subcutaneously, either as islets alone, on day 0 of culture, or as islets in an IVEG construct, after 

3 days of IVEG culture. Weekly, serum human C-peptide levels (Fig. 5A) and fasted blood glucose 

Figure 4: Islet vascularized ECM gel (IVEG) constructs maintain survival and function  

Islets cultured in standard islet medium (CMRL) or IE Hybrid medium with (+GF) or without (-GF) added 
growth factors were assessed for survival over 3 days (A). B) Bar graphs show the differences in 
survival after 3 days, statistical analyses presented are relative to the CMRL control. 

Islets stimulation index (SI) in a static GSIS assay was assessed in suspension and embedded in hP-HG 
(x-axis) and in CMRL or IE Hyb+GF, and finally as composite with islets + HUVECs embedded in hP-HG 
and cultured in IE Hyb+GF (IVEG) (C). Statistical analyses presented are relative to suspension culture 
in CMRL. 

After 3 days of culture, IVEG constructs maintained beta cell identity (insulin, green) and formed a 
network of endothelial tubes (Tie2, red) (D-F). The free-floating gels maintained a hemispherical shape 
throughout culture (F). To view confocal videos, see Supplemental Videos 1 and 2. 

A scale bars = 200 microns. (* p<0.05, ns = not significant) 
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levels (Fig. 5B) were measured. After 12 weeks, a subset of mice were assessed with an 

intraperitoneal glucose tolerance test (IP-GTT) to assess transplanted islet function (Fig. 5C-F). 

Mice transplanted with IVEG had increased detectable C-Pep after 4 weeks and significantly 

reduced fasted blood glucose by 3 weeks post-transplant. In the IP-GTT, the IVEG cohort 

performed similarly to mice that had never been diabetic, while the cohort transplanted with 

islets alone performed more similarly to diabetic, untreated mice. The IVEG cohort has an 

improved area under the curve (AUC) and stimulation of human C-Pep in the serum following 

glucose injection.  

Figure 5: Islet vascularized ECM gel (IVEG) constructs support improved engraftment 

1000 IEQ of human islets transplanted in IVEG constructs (blue) have improved transplant outcomes 
compared to 1000 IEQ transplanted alone (red). The IVEG cohort has significantly higher detectable 
serum C-Pep after 4 weeks (A) and significantly reduced fasted blood glucose after 3 weeks (B) 
compared to islets transplanted alone. After 12 weeks in vivo, the IVEG cohort performed better in an 
IP-GTT assay, having a blood glucose curve that was more similar to non-diabetic mice (C), showing 
stimulated C-Pep secretion after glucose injection (D) and having an area under the curve (AUC) (E) 
and GTT stimulation index (SI) (F) that outperformed islets alone.  

The maximum reading for the glucometer used is 600 mg/dL. 
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Discussion 

 Significant work has been done in the field of tissue engineering to create vascularized 

scaffolds for in vitro and in vivo studies [59]. The ubiquity of both ECM and vasculature 

throughout the body makes this work important and relevant to almost all aspects of biology [60, 

61], and opens up opportunities to study tissue-specific effects of the vasculature in vitro, as well 

as to improve the quality of transplantable engineered tissues [62]. The progression of 

angiogenesis assays from in vivo models [63, 64], to 2-D in vitro models [65, 66], to 3-D in vitro 

models [67-69] has enabled the study of these processes on a new level with enhanced control. 

Our study has combined pancreatic ECM with islets and EC-derived vascular networks, in a simple 

construct that recreates certain elements of the islet niche, using human-derived materials and 

cells.  

 First, we establish a protocol to spontaneously generate endothelial tube networks within 

droplets of ECM hydrogel. This strategy recapitulates a tissue environment at several levels. The 

ECM hydrogel can be tailored to different tissues, or could be constructed using a defined ECM 

mixture. We have generated hydrogels from pancreas, kidney [Chapter 5], and spleen 

(unpublished), and many organs and tissues have now been decellularized for this purpose. The 

endothelial tubes form lumens with apical and basal polarity, which recreates the endothelial 

architecture better than 2-D culture, or 3-D co-aggregated clusters that do not form endothelial 

tubes. Furthermore, the vascular networks deposit new basement membrane along the tubes 

(Supplemental Fig. 3), adding another layer of complexity to the engineered microenvironment. 

When human islets are isolated from the pancreas, the ECM is almost entirely destroyed [70], 

and the endothelial structures are lost (Supplemental Fig. 1)[58]. Therefore, the culture of hP-HG 
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and ECs with isolated islets could restore many of the elements that are damaged during islet 

isolation and culture. 

 Next, to accommodate multiple cell types in co-culture together (i.e. endothelial cells and 

beta cells or islets), we explore how different media affect the growth and function of endothelial 

cells and beta cells. We find that the rat insulinoma cell line, INS1, has limited growth when 

cultured in EC medium, while HUVECs do not have a limited growth rate when cultured in the 

INS1 medium. However, HUVEC tube formation was significantly reduced in INS1 medium, and 

also in the islet medium CMRL. Therefore, we developed a hybrid medium that supported both 

cell types. The hybrid medium, composed of the INS1 medium as a base with all added growth 

factors from EGM2 at full concentration, was able to support HUVEC tube formation and islet 

survival and function at equal or better levels as each cell type in their standard medium. These 

principles for combining media to support multiple cell types simultaneously will be useful for 

future engineered islet constructs. 

 When HUVECs and islets were embedded together in hP-HG and co-cultured in hybrid 

medium, HUVEC tubes are formed throughout the gels and around the islets. In co-culture, we 

previously found that hP-HG embedded islets had a significant improvement in GSIS function 

[58]. We observed a similar trend in this study with improved islet function in hP-HG constructs 

and no deleterious effect on islet function when islets were cultured in hybrid medium or co-

cultured with HUVEC vascular networks. Although a beneficial effect of this co-culture may be 

expected, it is notable that other endothelial cells sources may be necessary to better explore 

the direct interactions islets and ECs have with one another. Studies of tissue-specific EC biology 

have found that venous and arterial ECs have relatively similar profiles throughout the body, 



 

 
 

242 
 

while capillaries of different organs are the main EC structure that display significant endothelial 

heterogeneity [71, 72]. The recent establishment of islet-derived endothelial cell lines [20] 

creates an opportunity to study tissue-specific markers and traits of ECs within the islet niche. 

Endothelial cells are influenced by their microenvironments [73]; whether pancreas-specific ECM 

or EC interactions with beta cells and other islet cell types might stimulate morphologic and gene 

expression changes in primary or stem cell-derived ECs (SC-ECs) has not yet been studied. These 

are questions that could be studied in future applications of this work. 

Recent work by Aghazadeh et al. establishes that the addition of microvessels to islets 

transplanted in the SQ space significantly improves the function and survival of the islet graft 

[39]. For larger-scale use, microvessels could be frozen and banked in bulk, could theoretically be 

isolated from a patient’s own tissues, or collected from the same donor that islets are isolated 

from. However, many approaches in the islet transplantation and stem cell-derived islet fields 

envision utilizing methods to reduce or avoid immunosuppression regimens for these future 

therapies [74-76]. One approach to achieve this involves genetically engineering cells to reduce 

detection by the immune system – if this were the future of SCβC transplantation, a parallel 

method of vascularization would have to be equally immune-concealed. In this sense, growing 

vasculature around the islets in culture from stem cell-derived endothelial cells with the same 

immune-evasive genetic modifications as the SCβCs could be a useful approach. Recent progress 

in the generation of stem cell-derived endothelial cells could support this goal [77]. 

Although vascularization of transplanted islets and SCβCs is an important focus of 

research to translate these therapies to the clinic, there are other roles that our IVEG model can 

play in current islet biology research. Major breakthroughs relating to mouse islet development 
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and function have hit barriers in translation into the human islet and SCβC field due to significant 

biological differences between rodent and human islets. One reason may be because human 

islets are largely studied ex vivo, after isolation, and it is difficult to recapitulate the complexity 

of the human islet environment in vitro in order to study the various interactions at work during 

development in the same way we study these interactions in vivo with rodents. With the IVEG 

model, it is possible to recreate various levels of the islet microenvironment and in combination 

with SCβCs, SC-ECs and other cell types, one could model the developing human pancreas and 

study interactions and the roles of genes and growth factors at various stages within the larger 

context. Our study is just one of many that aim to incorporate these elements, but the simplicity 

of these constructs and the self-formation of the tubes makes this model more accessible than 

those that require 3-D printed scaffolds and perfused culture platforms.  

In summary, we present protocols for culturing endothelial tubes within pancreas ECM 

hydrogel, with HUVECs alone and in co-culture with primary human islets. In vitro, these 

composites support the health and function of islets over the 3 day period it takes to form the 

vascular tubes. After 3 days, the composites were transplanted subcutaneously at a sub-

therapeutic dose of 1000 IEQ into diabetic mice and led to reduced blood glucose levels, 

significant levels of detectable human C-Pep in the serum, and performance in a 12-week GTT 

assay that resembled non-diabetic mice. These in vivo results significantly outperformed the 

same dose of islets transplanted alone, which did not lead to changes in blood glucose, 

detectable human C-Pep or response to glucose injection in the GTT. We therefore present a 

protocol for generating a vascularized islet microenvironment model with promising in vitro and 

in vivo applications. 
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Methods 

Cell Culture 

HUVECs (Sigma, 200P-05N) in a single cell suspension were pelleted and combined with 

hP-HG at a density of 0.3x105 cells/10 μL of hydrogel with added bFGF, VEGF, and SDF1α each at 

a concentration of 200 ng/mL. The mixture was pipetted into 5 μL droplets in the bottom of an 

untreated petri dish, inverted, and incubated at 37 oC and 5% CO2 for 30 minutes. The 

polymerized droplets were moved into 24-well ULA plates (Corning, 3473) for culture for 3 days 

in appropriate medium. For tube formation, media was supplemented with an additional 200 

ng/mL of bFGF, VEGF, and SDF1α (“+GF”). After 3 days, the gels were fixed with 4% PFA for 

immunofluorescent staining and imaging. 

Culture Media 

 HUVECs were cultured in EGM-2 medium (Lonza, #CC-3162) supplemented as instructed 

by the supplier. Human islets were cultured in supplemented CMRL 1066 (Cellgro, #99-603-CV) 

with added 5% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S, ThermoFisher).  

INS1 medium: RPMI 1640 is supplemented with 10% FBS, 1% P/S, 2mM glutamine, 10mM HEPES, 

1mM sodium pyruvate, and 55 uM β-mercaptoethanol. 

INS1-EGM2 “mixed” medium (“IE Mix”): INS1 medium and EGM-2 medium were made as 

described and combined together at a ratio of 50:50. 

INS1-EGM2 “hybrid” medium (“IE Hyb”): 500 mL of INS1 medium was made as described. 

Growth factor additives (hydrocortisone, bFGF, VEGF, IGF, ascorbic acid, EGF, heparin, and 

gentamicin sulfate-amphotericin) from the EGM-2 kit were added to the INS1 medium at full 
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concentration. FBS from the EGM-2 kit was not added to the hybrid medium, because INS1 

medium already has 10% FBS. 

INS1-CMRL “hybrid” medium (“CE Hyb”): 500 mL of supplemented CMRL medium was 

made as described, with 5% FBS and 1% P/S. Growth factor additives (hydrocortisone, bFGF, 

VEGF, IGF, ascorbic acid, EGF, heparin, and GA-1000) from the EGM-2 kit were added to the INS1 

medium at full concentration. FBS from the EGM-2 kit was not added to the hybrid medium, 

because the CMRL already has 5% FBS. 

Islet Culture and GSIS 

Human islets were received through the Integrated Islet Distribution Program (IIDP). 

Within 24 hours of receipt, islets were counted and used for experiments. For GSIS assays, 100 

IEQ were plated in 500 uL of the treatment medium in 24-well ULA plates (Corning) and cultured 

for 3 days.  

Static GSIS Assays were performed in series, as previously described [Chapter 5]. Briefly, 

islets were moved from low glucose (2.8 mM) to high glucose (28 mM) to low glucose (2.8 mM) 

to a depolarization solution (30 mM KCl, 2.8 mM glucose). All solutions for GSIS were made in 

Krebs buffer (25 mM HEPES, 115 mM NaCl, 24 mM NaHCO3, 5 mM KCl, 1 mM MgCl2, 2.5 mM 

CaCl2, 1% BSA). C-peptide content in supernatants collected from each step of the GSIS were 

determined with an ultra-sensitive human C-peptide ELISA (Mercodia, Uppsala, Sweden). 

Stimulation index (SI) was calculated by dividing the average secreted C-Peptide concentration 

under high glucose by the average C-Peptide secreted under the first low glucose period.  
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MTS Assay 

For plated cells: 1.0x104 INS1 832/13 cells per well or 2.0x103 HUVEC cells per well were 

plated into 96-well plates in various media and cultured for 3 days. On days 0, 1, 2 and 3, the 

media was removed and replaced with 150 uL of media spiked with CellTiter-96 reagent 

(Promega, G3582). The plates were incubated shaking, with open caps for 3 hours, at 5% CO2 and 

37°C.  

For islets: 100 IEQ of human islets were plated per well of 24-well ULA plates (Corning, 3473). On 

days 0, 1, 2 and 3, the cells were transferred to 1.5 mL Eppendorf tubes with 300 uL of MCDB 

basal medium spiked with CellTiter-96 reagent (Promega, G3582). The tubes were incubated 

shaking, with open caps for 3 hours, at 5% CO2 and 37°C.   

After incubation, the absorbance of the supernatant was measured on a 

spectrophotometer at 490 nm (FlexStation 3, Molecular Devices), normalized to a blank. Each 

treatment was tested in technical replicate for each condition and time point. A survival curve 

was generated for each condition tested. (N=3 islet donors per group). 

Immunofluorescent Staining and 3-D Tube Formation Analysis 

Gels were fixed overnight with 4% PFA in 1x PBS at 4˚C. Whole hydrogel constructs were 

permeabilized with 1x PBS, 1% BSA, 0.1% Triton-X for 30 minutes. For measurement of HUVEC 3-

D tube formation, gels were stained with 286 nM DAPI for 5 minutes, followed by BODIPY 

558/568 Phalloidin (1:100) (ThermoFisher, B3475) for 15 minutes. Gels were washed with 1x PBS 

and mounted for imaging with a Nikon A1RS HD confocal microscope. Z-stack images were taken 



 

 
 

247 
 

at intervals of 7.5 microns over approximately 150 micron depth (20 or more z-steps per sample); 

maximum-intensity projections were created from each z-stack in NIS Elements version 5.20.01. 

Vascular networks were quantified using the NIH AngioTool program [78]. Maximum intensity z-

stacks were analyzed for vessel % area, vessel length and junction density.  

Whole Gel Clearing and Confocal Microscopy 

For whole imaging of IVEG constructs, a tissue clearing protocol was used. Whole gels 

were permeabilized for two hours in PBT (1x PBS, 3% BSA, 0.2% Triton-X) and then blocked for 

35 minutes (1x PBS, 10% BSA, 5% DMSO) at room temperature. Gels were incubated with 

conjugated primary antibodies diluted in 1xPBS/1%BSA for 5 days at 4˚C, in the dark. Antibodies 

were conjugated using Biotium Mix-N-Stain CF conjugation kits (Biotium #92233) with 

fluorophores of 488 nm (used for insulin) and 568 nm (used for Tie2). Primary antibodies used 

were mouse anti-insulin (MilliporeSigma, #I2018, used at 1:500 after conjugation) and rabbit 

anti-Tie2 (Abcam, #ab221154, used at 1:500 after conjugation). Dilution after conjugation varies 

batch to batch. Following incubation with antibodies, gels were washed 3 times in 1x PBS with 

0.05% Triton-X (PBS-T), stained with DAPI (14.3 mM DAPI in 1x PBS) for 7 minutes, and then 

washed 3 times with 1x PBS. Gels were dehydrated sequentially with 33% methanol (30 min), 

66% methanol (30 min), and 100% methanol (1 hour). Dehydrated gels were cleared on-slide in 

BABB (1:2 solution of Benzyl Alcohol: Benzyl Benzoate); silicone adapters were placed on the 

slides to from a well and filled with BABB, gels were added to the center of the well and a cover 

slip over the top to seal the well. Gels become clear rapidly and should be imaged immediately 

for best images, but can be placed at 4˚C and imaged for several days. Whole gels were imaged 
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using a Nikon A1RS HD confocal microscope and imaged and videos prepared with NIS Elements 

version 5.20.01. 

Islet Transplantation and In Vivo Assays 

On day 0 of culture, 1000 IEQ of fresh human islets were counted and transplanted into 

the abdominal subcutaneous space. After 3 days of IVEG co-culture, 20 IVEG gels (50 IEQ per gel 

for a total of 1000 IEQ) were transplanted in the same manner. In all treatment groups islets were 

transplanted in the center of a silicone ring to identify the graft at the time of retrieval.  

Fasted blood glucose was measure before and after transplantation using a Contour Next EZ 

(Ascensia) glucometer and following a 6-hour fast. 100 μL of blood was collected once per week 

before and after transplantation, in a non-fasted state to measure serum C-Pep, using an ultra-

sensitive human C-peptide ELISA kit (Mercodia, Uppsala, Sweden). After 12 weeks, mice were 

fasted overnight prior to the glucose tolerance test (GTT). A 30% D-glucose solution was injected 

intra-peritoneally at a dose of 2 g/kg to initiate the GTT at time 0. Blood glucose was measured 

at time 0’ (before injection), 15’, 30’, 60’, and 120’ thereafter. Blood was collected at time 0’ 

(before injection) and at 60’ post-injection to determine serum C-Pep. 
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Chapter 6 Supplemental Figure 1:  Islet endothelial cells rearrange after transplantation and in 
culture.  

Islets stained for Tie2 (to mark endothelial cells) (red), insulin (green) and DAPI (blue). The 
arrangement of islet endothelial cells is not immediately altered at the time of isolation, or the 
beginning of culture (Day 0) but is altered over time in suspension culture (e.g. Day 2, Day 7). All 
images taken from islets from the same donor. The same pattern of endothelial cell 
rearrangement was observed in 5 donors assessed at each of the same time points. Scale bar = 
100 microns. 
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Chapter 6 Supplemental Figure 2:  HUVECs in adherent culture (A) HUVECs on Day 0 or Day 3 
(B-E) in various media have similar morphology and confluence. Scale = 200 microns. 



 

 
 

257 
 

Chapter 6 Supplemental Figure 3: ECM deposition by ECs cultured in hP-HG restores lost 
basement membrane proteins. ECM proteins Collagen I, Collagen IV, Laminins (pan-laminin), and 
Fibronectin are present in the native pancreas and decellularized ECM, but only Collagen I and Iv 
are robustly detected in hP-HG. EC culture and tube formation in hP-HG after 3 days of culture 
deposits these ECM proteins in basement membrane structures formed around the tubes. Cross-
sections of the tubes also reveals many lumen-like structures at the center of the tubes (see 
insets). CD31 staining indicates presence of ECs in native tissue and hP-HG + EC co-culture, and 
removal of ECs in the acellular hP-ECM and hP-HG.  

All scale bars = 100 microns. 
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Chapter 6 Supplemental Video 1: IVEG construct stained for insulin (green) and Tie2 (red). Z-
stack image collected following tissues clearing. Video prepared using NIS Elements. The 
dimension of the box in the video are:  y-axis = 1180.5 microns, x-axis = 1075 microns, z-axis = 
375 microns. Scaling provided in the video. 

 

 

 

Chapter 6 Supplemental Video 2: IVEG construct stained for insulin (green) and Tie2 (red). Z-
stack image collected following tissues clearing. Video prepared using NIS Elements. The 
dimension of the box in the video are:  y-axis = 637.9 microns, x-axis = 637.9 microns, z-axis = 98 
microns. 

 

 

 

Supplemental Methods 

Immunohistochemistry 

 For staining of tissue sections, samples were fixed in 4% PFA, paraffin embedded, and 5 
micron sections were cut for staining. Sections were deparaffinized using xylene and rehydrated. 
Antigen retrieval was performed by treatment with 10mM Citrate Buffer, pH6.0 for 2 hours in an 
80˚C water bath. Slides were blocked with 10% BSA/1x PBS for 1 h at room temperature, 
incubated with primary antibodies overnight at 4˚C, washed, incubated with secondary 
antibodies for 40 min at room temperature. Nuclei were stained with DAPI. All antibodies used 
are included in Supplemental Table 1. 
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Chapter 6 Supplemental Table 1: 

Antibodies used in this study 

Target Species Dilution Product  

CD31 Mouse 1:50 sc-376764 (Santa Cruz) 

Col1 Rabbit 1:500 ab34710 (Abcam) 

Col6 Rabbit 1:200 17023-1-AP (Proteintech) 

Fibronectin Rabbit 1:200 ab2413 (Abcam) 

Ins Mouse 1:5000 I2018 (Sigma) 

Ins Guinea Pig 1:2000 I8510 (Sigma) 

Laminins Rabbit 1:200 L9393 (Sigma Aldrich) 

Tie2 Rabbit 1:4000 ab221154 (Abcam) 

    
Target Color Dilution Product  

Anti-Mouse 488 1:800 A11001 (Life Technologies) 

Anti-Mouse 568 1:800 A11031 (Life Technologies) 

Anti-Mouse 647 1:800 A21235 (Life Technologies) 

Anti-Rabbit 488 1:800 A21206 (Life Technologies) 

Anti-Rabbit 568 1:800 A11011 (Life Technologies) 

Anti-Guinea Pig 488 1:800 A11073 (Life Technologies) 
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Chapter 7 

Validating phenotypic beta cell maturation markers in human pancreas development 

 
 
 
Chapter 7 Graphical Abstract 

 
 
 
 
Daniel Tremmel designed the study under the guidance of Sara Dutton Sackett and Jon Odorico. 
Daniel Tremmel, Anna Mikat, Sakar Gupta, Andrew Curran and Jenna Menadue performed the 
experiments and analyzed the data. Daniel Tremmel and Sam Mitchell processed and banked 
human tissues. Daniel Tremmel prepared all figures and wrote the manuscript with guidance 
from Sara Dutton Sackett and Jon Odorico. 

 



 

 
 

261 
 

Abstract 

 The identification of markers for human pancreatic beta cell maturation could stimulate 

a better understanding of normal human islet development, be informative for improving stem 

cell-derived islets like cluster (SC-ILC) differentiation, and facilitate the sorting of more mature 

beta cells from the pool of differentiated cells. While several candidate factors to mark beta cell 

maturation have been identified, much of the data supporting these markers come from animal 

models or SC-ILC culture. One such marker is Urocortin-3 (Ucn3). In this study, we provide 

evidence that Ucn3 is expressed in human fetal islets well before the acquisition of functional 

maturation. When SC-ILCs expressing significant levels of Ucn3 were generated, the cells did not 

exhibit GSIS, indicating that Ucn3 expression is not correlated with functional maturation in these 

cells. We utilize our tissue bank and SC-ILC resources to test an array of other candidate 

maturation markers, and identify NTPDase3, G6PC2, IAPP, MAFA, SIX2, and SIX3 as markers with 

expression patterns that correlate developmentally with the onset of functional maturation in 

human islets. 

Introduction 

The pancreas is an essential organ composed of exocrine and endocrine cell types. The 

clusters of endocrine cells, called islets of Langerhans, contain alpha, beta and delta cells, which 

control blood glucose through the secretion of glucagon, insulin and somatostatin, respectively. 

Loss of beta cell mass causes diabetes, either due to autoimmune infiltration (Type 1 Diabetes, 

T1D) or due to stress and damage to the beta cells (Type 2 Diabetes, T2D). Due to a near-inability 

for mature human beta cells to proliferate [1], beta cell loss is irreversible and is treated clinically 

with exogenous insulin treatment, or beta cell replacement, including either pancreas or islet 
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transplantation. Exogenous insulin administration is an effective short-term treatment yet is 

imperfect because, unlike endogenous beta cells, it is unable to continuously monitor and 

prevent hyper- and hypoglycemic episodes. Other treatments which achieve appropriate 

glycemic control, such as total pancreas and islet of Langerhans transplantation, provide a 

sustainable allogeneic replacement for the patient’s lost or dysfunctional beta cells. However, a 

shortage of donor organs, invasiveness of the surgery, inadequate long-term function, and the 

need for prolonged immunosuppression therapy have made transplantation largely unavailable 

to a majority of the affected population [2]. 

As an alternative to transplantation from deceased organ donors, many research groups 

are focusing efforts towards using hPSCs, which have the potential to differentiate into insulin-

secreting beta cells. In vitro differentiation protocols produce “beta-like” cells that express many 

beta cell genes and can secrete insulin in response to glucose, but based on a combination of 

analyses including gene expression, metabolic profiles, total insulin content and insulin secretion 

in response to a variety of stimuli, these cells do not fully resemble primary mature beta cells [3]. 

Stem cell-derived islet-like clusters (SC-ILCs) have been shown to further mature following 

transplantation into mice [4-6]. However, there are also populations of off-target cells (e.g. 

ductal, acinar, enterochromaffin-like, mesenchymal, and other non-endocrine cells) present in 

SC-ILCs [4, 7, 8]which are undesirable to co-transplant with the endocrine cells due to added 

variables and uncertainty as to how those cells may affect transplant outcomes. In recent clinical 

trials conducted by ViaCyte in which stem cell-derived pancreas progenitor cells were 

transplanted into diabetic patients, the transplanted cells differentiated into a variety of off-

target cell types and did not produce sufficient detectable insulin [9]. For application in a clinical 
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setting, SC-ILCs ideally should have rapid and full function, similar to endogenous mature beta 

cells. Mature function is necessary for adequate regulation of blood sugar homeostasis; 

unregulated over-secretion of insulin can lead to hypoglycemia while under-secretion by 

immature cells during levels of high blood glucose can result in sustained hyperglycemia. To date, 

no differentiation protocol has generated fully functionally mature beta cells that show levels of 

total insulin content, glucose-stimulated insulin secretion (GSIS), and gene expression profiles 

comparable to adult human islets [3], but the field is continuously moving closer to this goal [5]. 

Therefore, to pursue the clinical use of SC-ILCs, achieving functional maturation in vitro and prior 

to transplantation is a high priority. The identification of phenotypic markers of beta cell maturity 

will help to facilitate the characterization of the most effective differentiation protocols. 

Compared to adult islets, fetal human islets are less responsive to high glucose 

concentrations, but do respond to other signals including amino acids [10]. Beta cell functional 

maturation occurs postnatally, which involves the acquisition and gradual enhancement of GSIS 

until puberty [11, 12]. Additional metabolic, epigenetic, and gene expression differences from 

immature to mature adult beta cells can be identified with cell markers, however they are still 

not fully understood [13, 14]. Stepwise protocols to generate SC-ILCs use the expression of genes 

and phenotypic markers at each stage as checkpoints for confirming developmental progress and 

specification. Understanding these gene expression profiles for normal beta cell development 

has been key to recapitulating those developmental stages in vitro. For instance, the discovery 

that PDX1 and NKX6.1 expression must precede NGN3 induction in order to successfully produce 

endocrine progenitors has allowed for the generation of more highly enriched endocrine cell and 

beta cell populations at the end of the differentiation protocol [15]. The identification of similar 
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markers at the transition from immature to mature beta cells would provide an efficient way to 

isolate and purify functionally mature SC-ILCs from heterogeneous populations, and advance our 

understanding of the biology underlying maturation.  

One example of a gene thought to mark beta cell maturation is Urocortin-3 (Ucn3), a 

peptide hormone that was first identified in pancreatic beta cells in 2003 [16], and found to be 

stimulated by insulin secretagogues in mice and rats [16, 17]. Ucn3 was later identified as a 

marker of beta cell functional maturation in mice, and found to be expressed only in mouse beta 

cells postnatally [18]. In primate and human islets, however, Ucn3 is expressed in both alpha and 

beta cells [19], and has been described as being a marker of human beta cell maturation despite 

evidence that Ucn3 may be expressed in prenatally [20, 21]. Nevertheless, Ucn3 has commonly 

been used as a tool for monitoring beta cell maturation in SC-ILCs. None of the leading protocols 

in the SC-ILC field have described significant Ucn3 expression in stem cell-derived beta or alpha 

cells [5, 6, 22, 23], although some have observed expression of Ucn3 following transplantation of 

the cells and subsequent maturation in vivo [5, 21]. Ucn3 is secreted along with insulin, packaged 

within the same secretory vesicles [24], and is active in a feedback mechanism in which it binds 

corticotropin releasing hormone receptor 2 (CRFR2) on delta cells to stimulate somatostatin 

secretion, which inhibits alpha and beta cell function [24]. Loss of Ucn3 has also been associated 

with the progression of type 2 diabetes in mice [25] and in humans [24]. Ucn3 KO mice were 

recently generated and reported to have no deficit in beta cell maturation or function, deeming 

Ucn3 a marker, but not a driver of maturation [26].  

Many other maturation markers have been postulated through studies of mouse 

development, in human diabetes, or with human SC-ILCs, but lack corresponding evaluation 
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comparing mature vs. immature fetal human tissues [8, 14, 27]. Arda et al. provided an important 

resource with their 2016 publication assessing single-cell human beta cell transcriptomes, 

identifying several genes that significantly change expression postnatally [11]. Interestingly, this 

study did not identify UCN3 as a gene of interest. MAFA, SIX2, SIX3 and several other genes were 

identified to have moderate, but significant, increases in expression between juvenile and adult 

human beta cells. The Arda et al. study has been cited to justify low expression of genes such as 

MAFA in stem cell-derived islets to be similar to neonatal beta cells, but the relative expression 

profiles are not comparable. MAFA expression from juvenile to adult beta cells was found to have 

approximately a two-fold increase, while primary islets have at least 10-fold higher MAFA 

expression than SC-ILCs [3, 6, 23]). The more recent differentiation protocol described by Balboa 

et al., with extensive characterization of SC-ILC function and metabolism, also found that MAFA 

and UCN3 are not highly expressed in vitro, but do increase in expression to levels comparable 

to primary islets weeks after transplantation [5].  

Here we report two SC-ILC differentiation protocols, one which generates alpha and beta 

cells that express UCN3 at levels comparable to native adult islets, but still lacks function 

comparable to primary islets. We explore the expression profiles of UCN3 in SC-ILCs as well as in 

primary human fetal pancreas and adult islets to establish that UCN3 expression does not 

correlate with functional maturation in human islets. We then explore the expression profiles of 

other candidate beta cell maturation markers in human fetal and adult tissues to help evaluate 

the relevance of these genes and proteins in normal human islet development.  
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Results 

Two protocols developed in our lab, at a time before dynamic insulin secretion was robustly 

achieved in SC-ILCs, are outlined in Figure 1A and detailed fully in Supplemental Tables 1-3. These 

protocols are derived from Xu et al. (2011) [28] with modifications inspired by Rezania et al. 

(2014) [29], Pagliuca et al. (2014) [30], Nostro et al. (2015) [15] and Zhu et al. (2016) [31]. 

Although both protocols, Protocol A and Protocol B, have low glucose-responsive function, we 

find that major gene expression differences between these two protocols warrant the use of 

these SC-ILCs for further study. To complement these protocols, our study utilizes adult human 

pancreas tissue, isolated adult human islets (AHI) and human fetal pancreas (HFP) tissues to 

investigate candidate human beta cell maturation markers (Fig. 1B). 

Figure 1: Resources used in this study.  

A) Schematic diagrams for two SC-ILC differentiation protocols, Protocol A (“A”) and Protocol B (“B”). 
Full details of these protocols are detailed in Supplemental Tables 1-3.  

B) Adult human pancreas tissue (age range 24-58 years old), isolated adult human islets (“AHI”) and 
human fetal pancreas (“HFP”) (age range 17-20 gestational weeks) are used in this study for 
assessment of gene expression, protein localization, and function. 
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Ucn3 expression in SC-ILCs does not correlate with improved function 

 H1 stem cells were differentiated to the end of Protocol A (Pro A, end Stage 7, day 28) 

and Protocol B (Pro B, end Stage 8, day 28) to assess gene expression, protein localization and 

SC-ILC function. Ucn3, Ins, and Gcg were co-stained to reveal that Pro A has almost no detectable 

Ucn3, while Pro B has detectable Ucn3 in both Ins+ and Gcg+ cells, similar to in situ adult human 

islets (Fig. 2A). Co-localization of Ucn3 with either insulin (Fig. 2B) or glucagon (Fig. 2C) was 

quantified to find that in Pro B, Ucn3 is expressed in alpha cells at a similar level as in adult 

pancreas, while Ucn3 is expressed in beta cells at a reduced level compared to adult pancreas, 

but a significantly higher level than in Pro A. Relative UCN3 gene expression in Pro B was 

insignificantly different from AHI, while Protocol A had low UCN3 gene expression and was 

significantly lower than both Protocol B and AHI (Fig. 2D). Despite Pro B expressing substantially 

improved UCN3 levels, the functional performance of Pro A and B in a static GSIS assay were not 

distinguishable from one another (A, SI = 1.3; B, SI=1.2), and both performed poorly compared 

to isolated AHI (SI=2.2) (Fig. 2E-F). Despite having poor insulin secretion in response to glucose, 

the cells were responsive to potassium stimulation (Fig. 2G).  
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Ucn3 is highly expressed in human fetal islets, long before attainment of functional maturation 

To further explore the relevance of Ucn3 as a maturation marker in human islets, HFP was 

compared to adult pancreas tissue and AHI to assess gene expression, protein localization and 

function. Co-staining of HFP tissues with Ucn3, Ins, and Gcg revealed that Ucn3 is strongly 

expressed in both Ins+ and Gcg+ cells at early fetal stages (17-20 gestational weeks) (Fig. 3A). 

Quantification of co-localization of Ucn3 with Ins (Fig. 3B) and Gcg (Fig. 3C) indicates that most 

Figure 2: Ucn3 expression in SC-ILCs does not correlate with improved function.  

A) Immunostaining for insulin (green), glucagon (blue) and Ucn3 (red) in adult human pancreas (a), 
and end-stage cells collected after differentiation using Protocols A (b) and B (c). Images of individual 
channels are the same magnification as the merged images. Scale bars are 50 microns.  

B) Quantification of co-localization of Ucn3 with insulin in adult human pancreas, Pro A or Pro B. C) 
Quantification of co-localization of Ucn3 with glucagon in adult human pancreas, Pro A or Pro B. D) 
Gene expression of UCN3 normalized to beta-actin, relative to undifferentiated cells (H1) in adult 
human pancreas, Pro A or Pro B.  

E) Static GSIS assay to assess insulin secretion in response to low glucose (LG, 2.8 mM), high glucose 
(HG, 28 mM) and KCl (30 mM) measured by the concentration of human C-Pep in the supernatant 
(pmol C-Pep/IEQ). F) Glucose-mediated stimulation index (SI) (C-pep secreted under high glucose / C-
pep secreted under low glucose) calculated from the static GSIS assay. G) Potassium-mediated SI (C-
pep secreted under KCl / C-pep secreted under low glucose) calculated from the static GSIS assay. 
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Gcg+ area co-expresses Ucn3 at both developmental time points, while an even higher Ins+Ucn3+ 

area was found in HFP compared to adult pancreas. 

To assess gene expression of UCN3 in HFP compared to AHI and SC-ILCs, UCN3 and 

Chromogranin A (CHGA) gene expression was measured. HFP contains developing mesenchymal, 

exocrine, duct and endocrine tissue, while isolated adult islets are primarily endocrine cells, 

therefore the gene expression levels in these samples required normalization for comparison. 

CHGA was selected for normalization because it is expressed at high levels in both alpha and beta 

cells (see Fig. 6E), its expression precedes that of hormones in endocrine cell development, and 

it is not lost with de-differentiation in beta cell failure. For these reasons, we felt that CHGA rather 

than a gene like INS was better for normalization, because insulin expression itself is lower in 

immature cells and is lost in de-differentiated states [32-34]. Thus, the ratio of UCN3/CHGA was 

used to normalize to the fraction of RNA derived from the endocrine cells only. The ratio of 

UCN3/CHGA was not significantly different between AHI and HFP (Fig. 3D). Although it has been 

well established that prenatal human islets lack mature function, we assessed function in HFP 

compared to AHI using a static GSIS assay. Not surprisingly, HFP had significantly reduced C-Pep 

secretion at all stages of the GSIS compared to AHI (Fig. 3E). To normalize the number of islets 

loaded into each GSIS replicate and because the fetal islets could not be accurately counted, GSIS 

results are presented as a percentage of the total insulin content of each sample. HFP had a 

stimulation index (SI), as defined by insulin secreted in high (28 mM) glucose over insulin secreted 

in low (2.8 mM) glucose, of 1.1 (Fig. 3F), reflecting no stimulation, while C-Pep secretion was 

stimulated by potassium (Fig. 3G).  
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Ucn3 is expressed in polyhormonal cells in both primary fetal pancreas and SC-ILCs 

 Polyhormonal cells that co-express multiple endocrine hormones, such as insulin and 

glucagon, are known to be an immature cell type in the developing pancreas [15, 35]. Although 

rare in HFP at gestational week 17 and older, we identified Ins+Gcg+ cells that also co-expressed 

Ucn3+ (Fig. 4A). Polyhormonal cells are also generated by some SC-ILC differentiation protocols, 

and are considered to be an undesirable immature cell type. Ins+Gcg+Ucn3+ cells were also found 

in Protocol B (Fig. 4B). The existence of Ins+Gcg+Ucn3+ in both normal human fetal pancreas and 

SC-ILCs is therefore a striking example of how Ucn3 is present well before beta cell maturation 

occurs. 
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Figure 4: Ucn3 is expressed in polyhormonal cells in both primary fetal pancreas and SC-ILCs. 

 A) In normal human fetal pancreas (HFP), polyhormonal (Ins+Gcg+) cells are considered to be 
immature and can be found to already express Ucn3. B) In SC-ILCs derived with Protocol B, 
Ucn3+Ins+Gcg+ triple-positive cells can also be found. Images of individual channels are the same 
magnification as the merged images. Scale bars are 25 microns. 

 

Figure 3: Ucn3 is highly expressed in human fetal islets, long before attainment of functional 
maturation. 

A) Immunostaining for insulin (green), glucagon (blue) and Ucn3 (red) in human fetal pancreas (HFP).  

B) Quantification of co-localization of Ucn3 with insulin in adult human pancreas and HFP. C) 
Quantification of co-localization of Ucn3 with glucagon in adult human pancreas and HFP. D) Gene 
expression of UCN3 normalized to CHGA in adult human islets (AHI) and HFP.  

E) Static GSIS assay to assess insulin secretion in response to low glucose (LG, 2.8 mM), high glucose 
(HG, 28 mM) and KCl (30 mM) measured by the concentration of human C-Pep in the supernatant as 
a percentage of total C-Pep content. F) Glucose-mediated stimulation index (SI) (C-pep secreted under 
high glucose / C-pep secreted under low glucose) calculated from the static GSIS assay. G) Potassium-
mediated SI (C-pep secreted under KCl / C-pep secreted under low glucose) calculated from the static 
GSIS assay. 

(Previous Page) 
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Gene expression of candidate maturation markers in AHI, HFP and SC-ILCs  

Having established the abundant expression of Ucn3 prior to islet functional maturation 

in human tissues, we employed the same resources and methods to interrogate other candidate 

maturation markers. Due to the practical application of quantitative real-time PCR (QPCR) in 

assessing expression of maultiple genes across large numbers of samples, we used QPCR is often 

used to evaluate SC-ILC differentiations both at the end stage and at distinct stages throughout 

the protocols. The expression levels of an array of candidate maturation marker genes were 

measured with QPCR in human fetal pancreas (HFP), adult human islets (AHI), and protocols A 

and B (Fig. 5). For all genes, CHGA was used for normalization. Genes encoding glucose 

transporters Glut1 and Glut2 (SLC2A1 and SLC2A2, respectively) are presented as a ratio relative 

to one another; more detailed gene expression data for these two genes is included in 

Supplemental Fig 1.  

The results indicate that several genes (e.g. ARNTL, ERO1LB, HOPX, SLC30A8) did not have 

increased expression from fetal to adult islets, and therefore may not correlate with maturation. 

In contrast, many genes (e.g. CHGB, FAM159B, IAPP, MAFA, SIX2, SIX3, SYT4) did have significant 

differences between fetal it islets that suggests increased expression with maturation. 

Interestingly, most genes assessed in our study had low expression in SC-ILCs relative to adult 

islets, but some genes had expression in SC-ILCs that was similar to HFP (e.g. G6PC2, SIX2, SIX3) 

while others were significantly lower in SC-ILCs compared to HFP (e.g. CHGB, FAM159B, IAPP, 

MAFA, SYT4). 
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Specificity of beta cell maturation markers in human development 

 To further validate the gene expression data, proteins of interest were assessed with 

immunofluroescent (IF) staining on human fetal and adult pancreas sections (Fig. 6). Where 

possible, antibodies used for this study were matched to those used in the previous studies that 

had established the protein as a maturation markers. Each candidate marker (red) was co-stained 

with insulin (green). When possible, accounting for antibody species and cross-reactivity, some 

markers were also co-stained with glucagon (blue). Images were used to quantify protein 

localization and expression differences between fetal and adult beta cells, and specificity of the 

maturation marker expression in islets compared to other pancreatic cells types, such as the 

exocrine or ductal cells (Supplemental Fig. 2). 
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Figure 5: Gene expression of candidate maturation markers in AHI, HFP and SC-ILCs. 

QPCR-based analysis of gene expression of several candidate maturation markers in adult human islets 
(“AHI”), human fetal pancreas (“HFP”) and Protocols A (“A”) and B (“B”). All genes were normalized to 
beta-actin within the same sample, then normalized to undifferentiated H1 cells and presented as a 
ratio of gene expression over CHGA to normalize for differences in endocrine mass between the 
various samples. Statistics relative to AHI are represented in black font, and relative to HFP are 
represented in red font.  
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Discussion 

 Our study establishes that, while UCN3 has been a useful beta cell maturation marker in 

mouse development, this principle does not translate to human beta cells. UCN3 is highly 

expressed in fetal human pancreas, in both alpha and beta cells, and can be expressed in 

immature polyhormonal cells. We also report that high levels of UCN3 expression in SC-ILCs does 

not correlate with an improvement in GSIS function as seen in Protocol B of this study. Together, 

these data suggest that UCN3 may not be useful to identify a more mature population of SC-ILCs, 

but intriguingly also reveals that UCN3 expression is abnormally delayed in almost every 

published SC-ILC differentiation protocol, where SC-ILCs resemble fetal-like beta cells in some 

ways but UCN3 expression remains nearly undetectable [5, 6, 22]. Our data showing Ucn3 gene 

and protein expression in human fetal islets corroborates previous data sets that have also 

indicated that UCN3 is expressed in human fetal islets [20, 21]; nonetheless Ucn3 has been touted 

as a maturation marker in many studies and reviews [14].  

We similarly find that MAFA expression, which has been notoriously absent in SC-ILC 

protocols, is present in early fetal beta cells, and has ten-fold increased expression from fetal to 

adult stages (Fig. 6B). While previous studies found that MAFA expression increases two-fold 

during postnatal maturation from human neonatal to adult beta cells [11], SC-ILC MAFA 

expression in our study and other published protocols appears to be significantly lower than that 

Figure 6:  Markers that correlate with beta cell maturation in human development 

Immunofluorescent staining of candidate human beta cell maturation markers reveals significant 
increase in beta cell-specific expression of the markers IAPP (A), MAFA (B), NTPDase3 (C), Six2 (D), 
CHGA (E), ZnT8 (F), HDAC9 (G), ERO1LB (H) from fetal to adult stages. Each candidate maturation 
marker is indicated in red and insulin is indicated in green. Individual channel images are the same 
magnification as the larger merged images. Scale bars = 50 microns. (Previous page) 
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of human fetal islets (Fig. 5, Supplemental Fig. 3). This suggests that very low MAFA expression 

at the final stage of in vitro differentiation and the subsequent increase in MAFA expression after 

transplantation is not comparable to postnatal maturation as suggested in several previous 

reports; low MAFA expression in culture may indeed be indicative of immature beta cells. 

In addition to MAFA, the genes SIX2, SIX3, and ONECUT2 (OC2) were identified by Arda et 

al. to exhibit significantly increased expression as human beta cells transition from neonatal to 

adult stages [11]. SIX2 and SIX3 in particular have also been identified affect GSIS function in SC-

ILCs and primary human islets [5, 36, 37]. Balboa et el. found that while SIX2 expression was 

present during in vitro SC-ILC differentiation, SIX3 was not expressed even weeks following 

transplantation [5]. OC2 is expressed in pancreas progenitor cells and involved in regulation of 

NGN3 [38], but was found to be expressed again later in mature beta cells [11]. OC2 expression 

has been shown to be regulated by microRNAs and reduced OC2 coincides with defective insulin 

secretion [39]. In our study, we find that the relative expression of OC2, SIX2 and SIX3 genes are 

significantly lower in fetal compared to adult pancreas, which supports the notion that they 

represent potential maturity markers. 

Our data substantiates previous findings about ectonucleoside triphosphate 

diphosphohydrolase-3 (NTPDase3, encoded by the gene ENTPD3) as a beta cell-specific marker 

in human development (Fig. 6C) [40]. ENTPD3 has also been shown to mark a functionally mature 

subset of SC-ILCs and is useful for selecting that subset from the total population of differentiated 

cells [41]. Changes in glucose-sensitive purine synthesis and metabolic ATP trafficking that occur 

with beta cell maturation in postnatal islets could have a connection to NTPDase3 function, 

providing a possible mechanistic role for this gene during functional maturation [14, 42]. This 
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suggests that NTPDase3 may be both a genuine beta cell maturation marker in normal human 

development, and directly play a role in beta cell function. However, NTPDase3 is expressed in 

fetal and neonatal acinar, while absent in fetal and neonatal islets – this expression shifts to 

exclusively beta cell-specific in adulthood [40] (Fig. 6C). These expression patterns are important 

for the use of this marker to sort mature cells from native tissues or differentiated SC-ILCs.  

 IAPP is stored in the same vesicles as, and co-secreted with, insulin. Upon glucose 

stimulation, serum IAPP concentrations mirror of that insulin, and IAPP has putative function at 

distant sites as well as locally at the islet, in inhibiting both insulin and glucagon secretion [43]. 

IAPP in humans can form pathologic amylin deposits associated with the progression of T2D [44], 

however mouse IAPP is not capable of forming these plaques – another example of differences 

in these proteins between mouse and human islet biology. Due to the role IAPP has in feedback 

inhibition of islet endocrine function, and because IAPP has been found to increase in beta cell 

differentiation along a pseudo-time scale [8], IAPP has been suggested as a marker of beta cell 

maturation. Our results reveal that indeed, IAPP expression significantly increases from human 

fetal to adult islets (Fig. 6A) and is critically deficient in our SC-ILCs which lack function, pointing 

to IAPP as a potential reliable marker of maturation. 

The same secretory vesicles require Zn2+ for proper formation, maturation, and function, 

which relies on the islet-specific zinc transporter, ZnT8 encoded by the gene SLC30A8 [45]. In 

humans, several ZnT8 SNPs have been associated with altered T2D risk in GWAS studies [46]. Our 

results indicate that ZnT8 is expressed at about equal levels in fetal and adult human islets (Fig. 

6F). Interestingly, Zn2+ transport plays a role in the stability and solubility of IAPP, where ZnT8 

dysfunction can lead to IAPP amyloid deposition [44]. It is possible that ZnT8 expression precedes 
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IAPP expression in order to provide the appropriate environment for healthy IAPP function, and 

this may an important consideration for supporting healthy function of SC-ILCs.   

Other proposed markers of beta cell maturation have direct roles in glucose sensing and 

metabolism. Glut1 and Glut2 (transcribed from SLC2A1 and SLC2A2, respectively) have an 

essential role in glucose transport into islet cells, and have established differences in expression 

between human and rodent islets [47]. Glucokinase (GCK) plays a central role in glucose 

processing prior to glycolysis and is considered a key factor in islet glucose sensing [48]. Glucose-

6-phosphatase catalytic subunit 2 (G6PC2) is a negative inhibitor of GSIS and has been found to 

have reduced levels in T2D samples compared to nondiabetic islets, and increased expression in 

SC-ILCs with improved function, implicating this gene in maturation [14, 49]. In our study, we find 

that the relative levels of SLC2A1, SLC2A2, and GCK do not change between fetal and adult islets, 

while G6PC2 expression is significantly increased from fetal to adult.  

 The histone deacetylase HDAC9 was identified in mice as part of a group of HDACs that 

control beta and delta cell mass; HDAC9 is enriched in mouse beta cells and mediates activation 

of metabolic genes in response to fasting, suggesting it may play a role in beta cell functional 

maturation [50, 51]. In contrast to these findings in mice, we find that HDAC9 expression is not 

significantly different between fetal and adult human islets, although it is relatively deficient in 

SC-ILCs. HDAC9 protein localizes to the beta cell nuclei in higher abundance than in other 

pancreatic cell types, but does not correlate with beta cell maturation (Fig. 6G). 

ERO1LB is an endoplasmic reticulum disulfide oxidase that supports protein processing 

and folding in the ER and may be involved in ER stress response. High basal levels of ERO1LB in 
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pancreatic islets and the fact that reduced ERO1LB activity compromises folding of proinsulin and 

promotes glucose intolerance has resulted in interest in the role ERO1LB has in beta cell health 

and maturation [26, 27]. We find that ERO1LB indeed has high expression in human pancreatic 

islets, but that this expression both at the gene and protein level, does not change between fetal 

and adult stages of development (Fig. 6H). 

In recent years, significant improvements in SC-islet in vitro function have been achieved 

[5, 6, 22]. Despite this progress, it is clear that expression of certain key genes (e.g. MAFA, Six2, 

Six3) in vitro is deficient compared to primary human islets, and that after transplantation the 

cells undergo changes, which include improved beta cell maturation [4, 5, 52], but also includes 

subpopulations of end-stage cells differentiating into off-target cell types [4]. Cell sorting prior to 

transplantation to purify cells using a variety of different markers has been shown to improve 

graft outcomes – avoiding the risk of teratoma formation, leading to a decreased population of 

off-target cell types and a more pure and functional population of pancreatic endocrine cells [6, 

8, 53, 54]. Cell sorting is relatively inefficient, requiring a large number of cells and only isolating 

a fraction of the total targeted population, and is stressful and damaging to the recovered cells. 

The fact that end-stage SC-islets require purification prior to transplantation [6, 8], and the fact 

that significant biological changes occur in the cells following transplantation [4] suggest that SC-

islet differentiation protocols may require further improvements in order to achieve the safe, 

stable, and functional differentiated in vitro product that is desirable for clinical application.  A 

better understanding of phenotypic gene expression profiles that mark a stable, mature beta cell 

will guide this process. 
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In summary, understanding the normal expression profiles of potential maturation 

markers in human islets is essential to generating functional and safe SC-ILCs. While certain 

markers that we have identified do not have significant differences in expression between fetal 

and adult islets (Ero1LB, HDAC9, GCK, Glut1, Glut2, Ucn3, ZnT8), it is notable that the expression 

of many of these markers remain deficient in the SC-ILCs derived by these two differentiation 

protocols, and therefor merit further attention to ensure proper expression is achieved in future 

protocols. Markers that are significantly different between adult and fetal islets (G6PC2, IAPP, 

MafA, OC2, SIX2, SIX3), may have further application to help improve identification of mature 

beta cells and possibly to unravel roles these genes play in the onset of maturation. Furthermore, 

many of these markers have been found to change in expression with the progression of 

diabetes, and thus, a better understanding of the roles of these maturation-associated genes in 

normal islet function may inform future therapies to prevent or treat diabetes. 
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Methods 

Tissue procurement and ethics 

 Human fetal pancreas tissue was obtained from secondary sources (Advanced Biosystems 

Resources, Inc.) under approved Material Transfer Agreements and with protocols approved by 

the University of Wisconsin's Institutional Animal Care and Use Committee (IACUC) and 

Institutional Review Board (IRB) (IRB Study #2013-141). ABR, Inc. obtains consent in accordance 

with Uniform Anatomical Gift Act (UAGA) and National Organ Transplant Act (NOTA) guidelines. 

ABR, Inc. warrants that appropriate consent for tissue donation is obtained and adequate records 

of such consents are maintained. In addition, that tissues are obtained with local, state, and 

federal laws and regulations governing the procurement of human tissue. Within 24 hours of 

recovery, the organs were received and cleaned of surrounding connective tissue. Small pieces 

of tissue were removed and fixed with 4% PFA for paraffin embedding, or equilibrated in 30% 

sucrose and OCT-embedded. Other pieces were immediately lysed in TRIzol (ThermoFisher, 

15596026) for RNA extraction. Two small pieces of tissue (ranging from 5-10 mg in weight) from 

each donor were also immediately washed and used for functional studies (GSIS).  

Adult human pancreas tissue was procured by the University of Wisconsin Organ and 

Tissue Donation Services from donors with no indication of diabetes or pancreatitis, with consent 

obtained for research from next of kin and authorization by the University of Wisconsin-Madison 

Health Sciences Institutional Review Board (IRB granted an exempt from protocol approval for 

studies on post-natal tissue because research on deceased donors is not considered human 

subjects research).  IRB oversight of the project is not required because it does not involve human 

subjects as recognized by 45 CFR 46.102(f) which defines a 'human subject' as "a living individual 
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about whom an investigator (whether professional or student) conducting research obtains (1) 

data through intervention or interaction with the individual, or (2) identifiable private 

information." Following organ harvest, pancreata were allocated for research if deemed unfit for 

transplantation due to vascular damage during organ recovery, no suitable recipient, and non-

ideal age or BMI. The organs were received within 24 hours of recovery and trimmed of extra-

pancreatic connective tissues, including duodenum, large arteries and veins. The parenchyma 

was cut into 1 cm3 cubes and fixed with 4% PFA for paraffin embedding, or equilibrated in 30% 

sucrose and OCT-embedded. 

All donor tissues used are summarized in Supplemental Table 4. 
 

Human Islets 

Human islets were received through the Integrated Islet Distribution Program (IIDP) and 

experiments were performed within 48 hours of receipt. Islets used for QPCR were lysed with 

TRIzol (ThermoFisher, 15596026) for gene expression analysis.  

All human islets used in this study are summarized in Supplemental Table 4. 
 

Cell Culture and Differentiation 

H1 cells were differentiated toward a pancreatic endocrine fate using protocols based on 

Xu et al. (2011) [28], Rezania et al. (2014) [29], Pagliuca et al. (2014) [30], Nostro et al. (2015) [15] 

and Zhu et al. (2016) [31].  Media components for each stage of differentiation for both Protocol 

A and Protocol B are included in detail in Supplemental Tables 1-3. To initiate the differentiation, 
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H1 colonies were treated with ROCK-Inhibitor for 4 h (Y-27632) and plated as single cells onto 

Matrigel-coated 6-well Transwell plates (Corning, 3450) at a density of 1.5x105 cells per cm2 

surface area. Standard E8 medium (ThermoFisher, A1517001) was added to both sides of the 

Transwell to expand the cells before differentiation was initiated (1-2 days). When the cells 

covered the Transwell membranes at near 100% confluence, Stage 1 was initiated, this was 

considered “Day 0”. Full medium changes were made every day thereafter until the end of Stage 

4, in accordance with Supplemental Tables 1 and 2. At the end of Stage 4, cells were transferred 

into suspension culture. During Stage 5, media was changed 50% each day. In Stages 6, 7 and 8, 

media was fully changed every other day, as indicated in Supplemental Tables 1-3. 

Glucose Stimulated Insulin Secretion (GSIS) 

Static GSIS Assays were performed in series, in 24-well plates with cell filter inserts 

(MilliporeSigma, St. Louis, MO). Cells were added to the filters and moved from low glucose (2.8 

mM) to high glucose (28 mM) to low glucose (2.8 mM) to a depolarization solution (30 mM KCl, 

2.8 mM glucose). All solutions for GSIS were made in Krebs buffer (25 mM HEPES, 115 mM NaCl, 

24 mM NaHCO3, 5 mM KCl, 1 mM MgCl2, 2.5 mM CaCl2, 1% BSA). The supernatant was collected 

following 1 hour in each step of the GSIS for secreted C-pep measurement. For human islets, 100 

IEQ were used per well. For differentiated SC-ILCs, 500 IEQ were used per well. Supernatants 

collected from each treatment were frozen in aliquots.  

For HFP tissue and primary islets, following GSIS, cells were lysed in 1 mL of lysis buffer 

(20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton) and homogenized with a 

PowerGen 500 homogenizer (ThermoFisher, Waltham, MA); these lysates were used to measure 
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total C-peptide content. C-peptide content for all lysates and supernatants were determined with 

an ultra-sensitive human C-pep ELISA (Mercodia, Uppsala, Sweden). Stimulation index (SI) for the 

static GSIS was calculated by dividing the average secreted C-Peptide concentration under high 

glucose by the average C-Peptide secreted under the first low glucose period.  

Immunofluorescent (IF) Staining 

 For most antibodies, formalin-fixed paraffin embedded (FFPE) sections were used. 5 

micron paraffin sections were deparaffinized using xylene and rehydrated. Antigen retrieval was 

performed by treatment with 10mM Citrate Buffer, pH6.0 for 2 hours in an 80˚C water bath. 

Slides were blocked with 10% BSA/1x PBS for 1 h at room temperature, incubated with primary 

antibodies overnight at 4˚C, washed, incubated with secondary antibodies for 40 min at room 

temperature.  

 For antibodies that did not react with FFPE sections (NTPDase3), frozen sections were 

used. 5 micron sections were cut from unfixed OCT-embedded tissues, warmed to room 

temperature for 15 minutes and fixed in 4% PFA for 15 minutes. Slides were washed, blocked and 

stained following the same protocol as FFPE sections.  

The antibodies and dilutions used are listed in Supplemental Table 5. Nuclei were 

counterstained with 40-6-diamidino-2-phenylindole (DAPI). Images were generated with a Zeiss 

Axiovert 200M microscope. 
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QPCR 

All samples were lysed in TRIzol (ThermoFisher, 15596026) and RNA was extracted using 

the QIAprep Spin Miniprep kit (QIAGEN, 27104).  cDNA was prepared from extracted RNA using 

the Omniscript RT kit (QIAGEN, 205113). Quantitative Real-Time Polymerase Chain Reaction 

(QPCR) was performed using the TaqMan Real-Time PCR Master Mix (ThermoFisher, 4304437) 

and Taqman Gene Expression Assay Primers (ThermoFisher) listed in Supplemental Table 6. 

Image Quantification 

 Images were quantified using ImageJ. For co-localization measurements, the JACoP plugin 

[55] was used and Mander’s coefficients quantified. For proteins that localize to the nucleus, total 

nuclei were counted using Measure Particles in ImageJ on the binary DAPI channel and individual 

nuclei were counted in Ins+ or Ins- cells to determine the percentage of positive cells for each 

group. For SIX2, to clean up non-specific signal in the images for quantification, merged images 

were generated between the DAPI and SIX2 channels to establish the “SIX2+ nuclei” overlap. The 

merged image clearly revealed localization of SIX2 to the nuclei of the adult islets only and 

absence in the fetal tissues, in correlation with previous studies using the same antibody [11]. 
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Chapter 7 Supplemental Information 

 

 

Chapter 7 Supplemental Fig. 1 Expression of glucose transporters Glut1 and Glut2 

QPCR-based analysis of gene expression of glucose transporters SLC2A1 (Glut1) and SLC2A2 
(Glut2) in adult human islets (“AHI”), human fetal pancreas (“HFP”) and Protocols A (“A”) and B 
(“B”). A) Gene expression was normalized to beta-actin within the same sample, then normalized 
to undifferentiated H1 cells and presented as a ratio of gene expression over CHGA to normalize 
for differences in endocrine mass between the various samples. B) Gene expression was 
normalized to beta-actin within the same sample, then normalized to AHI. Statistics relative to 
AHI are represented in black font, relative to HFP are represented in red font, relative to Protocol 
A are represented in light blue font, and relative to Protocol B are represented in purple font.  
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Chapter 7 Supplemental Fig. 2 Quantification of marker localization and beta cell specificity in 
development. 

Immunofluorescent staining of candidate human beta cell maturation markers were quantified 
to determine co-expression. The percentage insulin co-localized with each marker (%Ins+ 
Marker+) reflects the presence of each marker in adult or fetal beta cells. The percentage of each 
marker that co-localizes with insulin (%Marker) reflects the specificity of the marker to beta cells. 

Because MAFA is a nuclear marker and does not co-localize with insulin, MAFA is quantified as 
the percentage of Ins+ nuclei that are also MAFA+ (left) and the percentage of MAFA+ nuclei that 
are also Ins+ (right).  
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Chapter 7 Supplemental Fig. 3 MAFA expression is low in Protocol B SC-ILCs. 

In an effort to validate the accuracy of the MAFA antibody and the findings that MAFA is 
expressed in human fetal islets, Protocol B SC-ILCs were stained for MAFA (red), demonstrating 
very low MAFA protein expression which correlates with gene espression data for these cells.  
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Chapter 7 Supplemental Table 1: Protocol A 
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Chapter 7 Supplemental Table 2: Protocol B 
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Chapter 7 Supplemental Table 3: Basal Media 

  

Basal Media:

Basal A1 MCDB131
Glutamax 
1 x

BSA 
0.5%

NaHC03 

1.5 g/L
Glucose 
10mM

Basal A2 MCDB131
Glutamax 
1 x

BSA 
2%

NaHC03 

2.5 g/L
Glucose 
10mM

Basal A3 MCDB131
Glutamax 
1 x

BSA 
2%

NaHC03 

1.5 g/L
Glucose 
20mM

P/S 
1 x

Basal B1 RPMI

Basal B2
IMDM: Ham's F12
75:25

P/S 
1 x

Glutamax 
1 x

BSA 
0.05%

N2
0.5 x

B27
0.5 x

MTG
0.45mM

Basal B3 DMEM
P/S 
1 x

Basal B4 MCDB131
P/S 
1 x

Glutamax 
1 x

BSA 
2%

NaHC03 

1.5 g/L
Glucose 
20mM

ITS-X         
0.5X

Basal B5 CRML 
supplemented 

P/S 
1 x

AB Serum 
5%
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Chapter 7 Supplemental Table 4: Donor Tissues 

Isolated Adult Human islets       

Islet Source Islet RRID Age Sex BMI 
Islet  
Purity 

Islet  
Viability Cause of Death 

IIDP SAMN08768974 28 years Male 29.2 85% 98% Head trauma 
IIDP SAMN08768991 51 years Male 29 80% 95% Head trauma 
IIDP SAMN08769201 24 years Male 34.8 95% 97% Head trauma 
IIDP SAMN08769390 33 years Female 34.2 95% 98% Stroke 
IIDP SAMN08769826 30 years Male 56.8 95% 98% Anoxia 
IIDP SAMN12670838 40 years Male 30.7 90% 90% Head trauma 
Internal UWHI325R 46 years Male 39.5 80% 98% Cardiac Arrest 
 
Adult Human Pancreas       
Donor Age Sex      
Donor 52 61 years Female      
Donor 64 22 years Male      
Donor 66 38 years Male      
Donor 68 57 years Female      
Donor 84 46 years Male      
Donor 92 42 years Male      
Donor 93 24 years Female      
Donor 98 35 years Male      
        
Human Fetal Pancreas       
Donor Age Sex      
HFP 85 18 gw Male      
HFP 88 18 gw Unk      
HFP 92 19 gw Unk      
HFP 99 17 gw Female      
HFP 102 18 gw Male      
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Chapter 7 Supplemental Table 5: Antibodies used for IF 

   
Antibodies used for IF 

Target Species Dilution Product  
CHGA Rabbit 1:400 23342-1-AP (Proteintech) 

ERO1LB Rabbit 1:50 ab230540 (Abcam) 
Gcg Mouse 1:1000 G2654 (Sigma) 
Gcg Rabbit 1:2000 ab92517 (Abcam) 

HDAC9 Rabbit 1:100 MA5-33151 (ThermoFisher) 
IAPP Rabbit 1:1000 ab254259 (Abcam) 
Ins Mouse 1:5000 I2018 (Sigma) 
Ins Guinea Pig 1:2000 I8510 (Sigma) 

MAFA Rabbit 1:200 BLR067G (Bethyl) 
NTPDase3 Mouse 1:50 hN3-B3s 

SIX2 Rabbit 1:500 11562-1-AP (Proteintech) 
Ucn3 Rabbit 1:2000 #7218 (from Salk) 
ZNT8 Rabbit 1:2000 ab244550 (Abcam) 

    
Target Color Dilution Product  

Anti-Mouse 488 1:800 A11001 (Life Technologies) 
Anti-Mouse 568 1:800 A11031 (Life Technologies) 
Anti-Mouse 647 1:800 A21235 (Life Technologies) 
Anti-Rabbit 488 1:800 A21206 (Life Technologies) 
Anti-Rabbit 568 1:800 A11011 (Life Technologies) 

Anti-Guinea Pig 488 1:800 A11073 (Life Technologies) 
 

 

 
 
 
 
 
 
 
 
 

 

 



 

 
 

300 
 

Chapter 7 Supplemental Table 6: Primers used for QPCR 

Primers used for QPCR 
Gene Product Number 

ARNTL Hs00154147_m1 
CHGA Hs00154441_m1 
CHGB Hs01084631_m1 

ENTPD3 Hs00154325_m1 
ERO1LB Hs00219877_m1 

FAM159B Hs00971129_m1 
G6PC2 Hs01549772_m1 

GCK Hs01564555_m1 
HDAC9 Hs01081558_m1 
HOPX Hs05028646_s1 
IAPP Hs00169095_m1 
INS Hs02741908_m1 

KLF9 Hs00230918_m1 
MAFA Hs01651425_s1 
NR1D1 Hs00253876_m1 

OC2 Hs00191477_m1 
SIX2 Hs00232731_m1 
SIX3 Hs00193667_m1 
SYT4 Hs01086433_m1 

SLC2A1 Hs00892681_m1 
SLC2A2 Hs01096908_m1 

SLC30A8 Hs00545183_m1 
UCN3 Hs00846499_s1 
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Chapter 8: Conclusions and Final Directions 
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Pancreatic islets are essential micro-organs and islet dysfunction causes life-threatening 

diabetes. Human islets have been difficult to directly study because they are embedded within 

and throughout the pancreas, surrounded by exocrine and ductal tissue, and in order to isolate 

the cells from the rest of the organ, a harsh mechanical and enzymatic digestion process must be 

used, which damages the islets, reducing their survival time after isolation. Furthermore, major 

differences exist between islet development of various animal species, meaning that 

fundamental work on islet development in rodent models does not always translate to human 

islet biology [1]. Isolated islets from deceased human donors can be transplanted as a diabetes 

therapy, but because of limited supply there is significant invested interest in developing stem 

cell-derived islets (SC-islets) as a renewable and customizable source of insulin-producing cells 

for transplantation. Much more needs to be understood about the unique aspects of human islet 

biology and function to improve these treatment options.  

Digestion during islet isolation has been shown to significantly damage the native islet 

extracellular matrix (ECM) [2], leading to anoikis-mediated apoptosis, a major cause of islet 

attrition in culture [3, 4]. Both isolated islets and SC-islets exhibit improvements in islet health 

and function after they are transplanted into an in vivo environment [5-7], which presents the 

islets with a variety of supportive signals that are not present in culture including ECM signaling, 

interactions with different cell types present in the pancreas, circadian rhythms, and connection 

to blood flow which provides oxygen and glucose stimulation at physiologic levels and feeding 

patterns. Most importantly, significant inadequacies in SC-islet maturation, including deficits in 

in vitro function and expression of key beta cell genes, have only been overcome thus far 
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following transplantation [5, 6]. Together, these observations have led our lab to investigate how 

the human islet microenvironment affects islet identity, health and function. 

In this thesis I have presented several studies that assess the composition and localization 

of ECM proteins in the human pancreas as a whole, and specifically within the islets (Chapter 2, 

Chapter 3).  I have established a protocol to decellularize the human pancreas and create a stable 

and durable natural ECM hydrogel (hP-HG) (Chapter 3, 5), which is useful for testing the effect 

that ECM co-culture has on human islet survival, health and function (Chapter 5) and for 

incorporating into SC-islet differentiation protocols to test the effect ECM has on developing 

islets (Chapter 4). Isolated islets are cultured in suspension, which has presented difficulties to 

co-culture of islets with other cell types to study the cell-cell interactions that are present in vivo. 

The hP-HG scaffold presents cues from the ECM component of the human islet 

microenvironment and facilitates the inclusion of other cell types in 3-D composite culture and 

resembles the cell architecture in vivo. Therefore, we derived a protocol to co-culture endothelial 

cells with islets in the hP-HG in an attempt to model these interactions in vitro and pre-vascularize 

the islets before transplantation (Chapter 6). Finally, in an effort to utilize the tissue resources 

available in our lab, I have characterized the functional profiles and expression patterns of 

potential maturation markers in fetal human pancreas, adult human pancreas and SC-ILCs, in 

order to better establish expected gene expression profiles in SC-ILCs as the differentiation 

protocols get closer to generating cells that resemble primary human islets (Chapter 7). 

 ECM is an essential part of the tissue environment and influences cell behavior directly by 

binding cell surface receptors, such as integrins, through regulation of growth factor diffusion 

and presentation, and through mechanical stimulation [8].  For decades, ECM has been shown to 
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have an important role in the health of isolated islets, and aspects of the ECM composition of the 

pancreas and islets of many species had been characterized through the use of immunostaining 

and other limited targeted approaches (reviewed in [9-11]). However, previous studies that have 

supported islets with ECM used purified ECM components that were only putatively comparable 

to the native islet ECM. As in vitro islet culture moves from 2-D adherent methods toward more 

complex customized 3-D systems that better resemble the native cell environment [12], a more 

complete understanding of the pancreas matrisome is necessary to appropriately engineer these 

models. The majority of prior islet ECM studies combined data from different species to make 

conclusions about the human islet matrisome [9-11, 13], but few previous studies have directly, 

comprehensively, and quantitatively measured expression of ECM proteins in the human 

pancreas and islets. 

 Our mass-spectrometry based study (Chapter 2) identified 185 ECM proteins in the 

human pancreas throughout development and quantified 117 of these at each distinct stage we 

studied (fetal, juvenile, young adult, older adult). This is among the first published comprehensive 

proteomic data sets for the human pancreas matrisome, and to date the only published study 

that assesses changes in human pancreas ECM throughout the entire developmental lifespan. 

This establishes a useful database for the field of islet tissue engineering going forward in a 

variety of ways. First, it provides guidance and context for how ECM components should be 

incorporated into tissue-engineered islet constructs, including relative ECM protein ratios for all 

117 matrisome proteins quantified in our study. This will help fine-tune studies that aim to use 

defined ECM scaffolds made from different ratios of purified ECM proteins to support islets or 

SC-islets in culture or transplantation. 
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Second, our study provides data on the relative abundance of different ECM proteins in 

the islet and acinar compartments of the pancreas. Although our mass spec data is biased toward 

detecting acinar ECM (based on the high percentage of the pancreas that is exocrine tissue), the 

IF staining for 16 of the most abundant structural ECM proteins shows that most ECM 

components detected in the pancreas are present in both the islets and acinar. This has 

significant implications in our studies with decellularized pancreatic ECM, because again this 

material is mainly composed of acinar ECM – but we have established that the major structural 

components of the islet and acinar ECM are very similar. Furthermore, the ECM proteins lost 

during decellularization, or that have significant enrichment in islets compared to the acinar, 

could be custom-added to the hP-HG to create a more islet-like hydrogel. 

While the quantitative measurement of the pancreas ECM throughout development is an 

important achievement, there is much more that can be done in this area, and a more in-depth 

analysis of the human islet-specific matrisome is underway. Continuing to work closely with Dr. 

Lingjun Li’s group, we aim to quantify the human islet matrisome more precisely using two 

methods. Future work will use laser-capture microdissection to isolate only the islets from 

sections of human pancreas, and use the protein extracted from those samples to identify islet 

ECM in a more high-throughput method than our previous immunostaining technique. The same 

approach could be used to isolate the acinar tissue and quantify the exocrine ECM. This method 

will generate a list of ECM proteins in islets or acinar regions with relative quantitation, which 

could be compared to that of the whole pancreas to make more conclusive observations about 

islet-enriched ECM. However, this method will not be helpful for further specifying the 

localization of ECM components within the islets. Mass spectrometry imaging (MSI) will be used 
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on human pancreas tissue sections to quantitatively and spatially map the distribution of ECM 

and other islet proteins within the tissue. These combined studies are important next steps in 

understanding the islet matrisome so that it can be appropriately modeled or recapitulated for 

future in vitro and in vivo studies using human islets or SC-islets.  

Prior to our study, several studies have indicated that differences in islet ECM between 

younger and older adult pancreas donors has affected the efficiency of islet isolation between 

these populations, with young adult donors being more difficult to isolate pure, high quality islets 

from [14-16]. Interestingly, in our study we found that at the whole-proteome level, there were 

no differences in the relative abundance of any ECM proteins between younger and older adults. 

However, we found that some ECM proteins accumulated in and around the islets in older 

adulthood compared to younger adults. ECM proteins that may be enriched in/around older 

adult islets compared to younger adults include collagen 1, collagen 5, collagen 12 and both 

laminin α4 and α5. Intriguingly, collagen 6 is highly enriched around both young and older adult 

human islets – this suggests that potentially, the ratio of collagen 6 to other ECM proteins may 

be different under different donor conditions, such as age. This could have a potential effect on 

islet isolation efficiency, because the collagenase blends typically used in human islet isolation 

are less effective at digesting collagen 6 compared to collagens 1-5, and therefore these data 

would correlate with lower digestion efficiency of islets surrounded by an ECM membrane that 

is more highly enriched in collagen 6 [17, 18]. Of course, future studies that quantify the human 

islet-specific matrisome more thoroughly may help to conclusively identify how these ECM 

protein ratios may change with older age, and potentially other donor variables, and whether or 

not these changes coincide with differences in islet health, function or isolation efficiency.  
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After our pancreas proteomics report was published [19], one other study has utilized 

broad proteomic approaches to characterize the human pancreas matrisome [20]. Rather than 

focusing on human pancreas development, this study highlights how decellularization and 

solubilization of human pancreatic ECM affects the protein composition. Combining mass 

spectrometry and multiplex ELISA-based assays, they identify a total of 314 matrisome proteins 

among all of their pancreas donors and samples. Most importantly, this study demonstrates how 

decellularization biases the ECM proteins extracted from a tissues, generally towards having high 

collagen preservation and lower retention of other ECM components. The protein composition 

is further affected by the digestion and solubilization of the ECM to create a gel. Together, our Li 

and Tremmel et al. study [19]and that of Asthana et al. [20] provide a strong framework for 

reconstructing the natural ECM composition of the human pancreas in future tissue engineering 

applications.  

  The next portion of this thesis was dedicated to establishing protocols to decellularize the 

human pancreas, create a hydrogel from human pancreatic ECM and optimize the hydrogel 

material for stable use in culture and transplantation studies with islets and cells. Although many 

studies had previously worked on decellularizing the pancreas of different species [21], prior to 

the publication of our study, only one group had reported decellularization of the human 

pancreas [22], and none had successfully created a hydrogel material. Due to the difficultly of 

culturing islets in whole perfusion-decellularized pancreas or cryosections of decellularized 

pancreas pieces, our goal was to create a hydrogel that could very easily be incorporated into 

tissue engineering, cell culture and transplantation platforms.  
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 We report two main protocols that have led to the formation of a stable decellularized 

human pancreas ECM hydrogel (hP-HG). First, we show that human pancreas tissue has high 

levels of parenchymal fat which is not easily removed during decellularization of cubes of tissue 

as had been previously reported for some human tissues. The premise of this method is to 

decellularize intact pieces of pancreas to use as scaffolds that retain the native ECM architecture. 

These decellularized pieces can be frozen and cryosectioned into slices of decellularized ECM 

which could be amenable to cell culture studies. When cut into 1 cm3 cubes and treated with 

various detergents, there were trapped lipids in the center of the cubes. Because our ultimate 

goal was to create a hydrogel from the ECM, the tissue architecture was dispensable for our 

subsequent studies, and therefore we homogenized the tissue to release some of the trapped 

lipid and improve gelation of the decellularized ECM (Chapter 3). However, the pancreata that 

are donated for use in research are often rejected for transplantation due to high fat content of 

the pancreas. We find that in a cohort of over 100 pancreata we received for research, there is a 

broad range of lipid content, and that the homogenization protocol only worked on a subset of 

them. To optimize the protocol to work for the majority of the donated pancreata, we added an 

organic solvent delipidization step, which essentially removed all remaining lipids after 

homogenization. We found that this method led to the highest performing hydrogels based on 

rheological measurements and practical properties, like the stability of the gels in media during 

culture and the ability to pick up and transfer the hydrogel constructs for experiments and 

transplantation (Chapter 5).  

 In our first study using hP-HG (Chapter 3), we demonstrated that the hydrogel was highly 

compatible with cultured cells and tolerated by a host immune system post-transplantation. 
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Undifferentiated stem cells proliferated when embedded within hP-HG, and cells differentiated 

toward a pancreatic fate maintained their gene expression and level of proliferation, and did not 

have increased apoptosis in the gel. We also demonstrated that hP-HG could be utilized for cell 

culture in two different ways – either as an ECM coating on a plastic well in 2-D culture, or with 

cells embedded in 3-D within the hydrogel, generally molded into a Transwell plate with media 

on the top and bottom chamber surrounding the gel. When acellular hP-HG was transplanted 

into humanized mice, there was little evidence of human immune cells infiltrating the grafts, 

whereas allogeneic human tissue transplanted into the same mice were heavily infiltrated by 

human T-cells, indicating rejection. The only cells we identified within the transplanted hP-HG 

were mouse macrophages, which may infiltrate the transplanted materials as part of routine 

tissue surveillance. We did not detect noticeable fibrosis around the hP-HG grafts. Together, 

these initial studies provided evidence that the hP-HG material we produced may be useful in 

both in vitro culture studies and in transplantation studies, which were the two major 

applications for which we had interest in developing this material. 

  Our next goal was to assess how hP-HG could be incorporated in SC-islet differentiation 

protocols (Chapter 4). Leading protocols used around that time had two phases of culture, 

starting the cells in adherent culture and moving into 3-D suspension culture at later stages of 

the differentiation. To test hP-HG in the context of these protocols, we replaced the standard 

Matrigel coating in the first (adherent) stages of differentiation, with an hP-HG-coating. This did 

not result in a beneficial effect on cell gene expression, likely because the adult pancreatic ECM 

is developmentally incongruous at these early stages of differentiation. Instead, when the cells 

were moved into suspension after the pancreatic progenitor 1 (PP1) stage of differentiation, we 
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embedded cells within droplets of hP-HG and cultured them throughout the remainder of the 

protocol in this 3-D ECM environment. This 3-D implementation of hP-HG in the differentiation 

protocol has more promising results, including improved gene expression, better co-localization 

of β cell markers and higher insulin-positive cell area. However, SC-islets generated with these 

older differentiation protocols had poor function, and in this study the hP-HG environment did 

not rescue this deficit in glucose-responsive insulin secretion.  

To address these deficiencies in SC-islet differentiation, several labs in the subsequent 

years developed protocols which have attained significant improvements in SC-islet function [6, 

23-25]. While these protocols have achieved success in producing β-like cells with gene 

expression profiles more similar to primary β cells and improved glucose-responsive function, 

there remain significant differences between primary islets and SC-islets. SC-islet expression of 

several key genes (e.g. MAFA, Ucn3) are extremely low, total insulin content is lower than primary 

islets, and the amount of secreted insulin in response to glucose in many cases is also significantly 

lower [26]. SC-islets have been shown to undergo significant changes in gene expression and 

function after transplantation, however [5-7]. The underlying mechanism of this in vivo-

maturation is unknown, but is potentially due to several different microenvironmental factors, 

among them the possibility that ECM plays an active role in this process. For the purposes of 

having a high safety profile for transplanting cells into patients and in order to have robust and 

accurate insulin secretion as soon as possible after transplantation, it is widely held that it would 

be ideal for SC-islets to be fully matured in vitro, prior to transplantation. Therefore, future 

studies combining hP-HG with more modern SC-islet differentiation protocols will be important 

to understand what role ECM may play in SC-islet maturation. hP-HG droplets also create a 3-D 
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microenvironment that is amenable to the addition of other factors that may improve SC-islet 

maturation, such as the inclusion of other cell types in a physiologically relevant 3-D construct 

(Chapter 7), which could facilitate better tissue-engineered models for in vitro studies.  

We aimed to generate an improved decellularization protocol to create an hP-HG material 

that would perform better in culture and could be handled more easily without falling apart. We 

also intended to co-culture hP-HG with primary human islets before doing additional SC-islet 

studies, in order to optimize our co-culture protocols for better assessment of cell function and 

health in the hydrogel constructs and to assess effectiveness with a demonstrably insulin-

secreting product. Therefore, upon development of the “optimized” hP-HG material, we 

combined the hP-HG with primary human islets to assess survival and function in culture (Chapter 

5). In order to assess whether the unique tissue-specific ECM composition of hP-HG had a role in 

islet function, islets were co-culture in suspension (no ECM), ow with hP-HG (pancreas-specific 

complex ECM mixture), human kidney ECM hydrogel (hK-HG) (non-pancreas-specific complex 

ECM mixture) purified collagen 1 (simple non-specific ECM composition), or alginate (non-ECM 

hydrogel). Interestingly, islets consistently had the highest function in hP-HG compared to all 

other co-culture methods. Culture of islets in hP-HG reduced basal insulin secretion in cultured 

islets compared to suspension culture, but did not significantly change the stimulated insulin 

secretion. In hK-HG or Col1 gels, islets showed a significant reduction in both basal and stimulated 

insulin secretion, suggesting these ECM compositions inhibited insulin secretion. Alginate did not 

affect the insulin secretion of the islets compared to suspension culture, both had relatively low 

stimulation and very high levels of basal insulin secretion. This study provides evidence that the 

tissue-specific ECM composition of the pancreas plays a role in islet insulin secretion. 
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In our studies, all ECM hydrogels were prepared with a high protein concentration of 10 

mg/mL. Digested ECM forms a gel based on the natural formation of collagen fibrils at neutral pH 

and physiologic temperature, but because the ECM protein composition of the various hydrogels 

are not the same, the physical properties of gels at the same total protein content are different. 

Therefore, future studies should assess how the stiffness of a gel environment affects islet insulin 

secretion. These assays are complex – in order to control both the gel stiffness and ECM protein 

composition, synthetic crosslinking agents would need to be used at empirically-determined 

concentrations to match gel stiffness across the different hydrogel materials and at different ECM 

concentrations. After establishing a methodology to synthesize hydrogels from tissue-specific 

ECM derived from different organs or composed of defined ECM components, islets could be 

cultured within the different substrates at the same stiffness, or in the same substrates at 

different stiffness, to parse out the contribution that stiffness or ECM protein signaling play in 

the functional changes islets undergo when embedded in hydrogel. Recent studies of islets and 

SC-islets cultured in 3-D ECM platforms have also revealed high levels of β cell polarization 

mediated by adherence to basement membrane, which is thought to direct insulin secretion 

toward the vasculature [27, 28]. In our study, we found that changes in gene expression related 

to ECM-mediated signaling are among the top pathways altered in islets when comparing 

suspension and hP-HG culture, indicating that islets are experiencing more than just mechanical 

stimulation in hP-HG culture. Ultimately, dissecting the mechanical and biochemical roles that 

ECM has in islet function would be beneficial to better understand and control for the different 

variables that the islets are responding to within these environments. 
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To further explore the effect that hP-HG has on human islets, survival, mitochondrial 

respiration, and islet architecture were assessed in islets cultured in both suspension and hP-HG. 

We found that islets had significantly improved survival in hP-HG compared to suspension. Islets 

also had improved mitochondrial respiration in hP-HG compared to suspension. As mitochondrial 

metabolism plays a central role in β cell glucose-sensitive insulin secretion, improved 

mitochondrial function could be one mechanism through which islets perform better GSIS in hP-

HG co-culture. It would be interesting to see if mitochondrial respiration was altered in human 

islets cultured in hK-HG and Col1, which both have suppressed insulin secretion overall, but these 

studies have not yet been performed.  

Consistent with recent findings from several other groups [29, 30], we found that islet 

architecture – the arrangement of the various different cell types in the islet clusters – was 

significantly altered after islet isolation. However, the arrangement of the endocrine cells in 

cultured islets remained stable after isolation when cultured in hP-HG, while in suspension there 

continued to be movement of the islets β cells toward the islet mantle. The resident endothelial 

cells and vascular mural cells also had a dramatically different localization in suspension, where 

both cell types moved toward the core of the islets, and in hP-HG where these supportive cells 

had a tendency to move toward the periphery of the islet at the interface with the hydrogel. 

Although the arrangement of α and β cells in islets cultured in hP-HG over 7 days was not restored 

to a state completely similar to native islets, we do find that embedding in hP-HG “freezes” the 

arrangement of these cells relative to the day they are embedded. It appears that islets do not 

undergo much of an architecture change on the day of isolation (unpublished), so if islets were 

embedded soon after isolation, the arrangement of α and β cells may retain better architecture. 
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This study has not yet been performed, and is limited by the time it takes to purify and transport 

isolated islets between the isolation center and the lab.  

It is interesting how diverse islet architecture is across various species, and yet so well 

conserved from individual to individual within each species. The differences between mouse and 

human islets are well known in the field and have been discussed throughout this thesis, but 

other species also have distinct islet architecture. For example, horses and cats, which are very 

distantly related, both have a β cell mantle and α cell core arrangement, while other more closely-

related species to the cat, like the hyena, have a very distinct α cell mantle and β cell core [31, 

32]. The mechanisms through which islet architecture is established are not well understood, and 

while the alteration of several pathways have been found to affect islet architecture in mice, it is 

still not clear if these same mechanisms play a role in human islet architecture or what role the 

architecture has in islet function [32]. The resources are now available to study the driving 

mechanisms of human islet architecture – aided by the recent findings that human islets 

rearrange after isolation (Chapter 5, [29, 30]) and the development of pseudo-islet culture 

systems in which islets are dissociated and reaggregated with potential to manipulate gene 

expression during the process. One study identified similar cell arrangement in isolated human 

islets and re-aggregated pseudoislets, indicating that even after dissociation and reaggregation, 

there is a tendency for the cells to form an α cell core and β cell mantle [30]. It would be useful 

to study which cell-cell and cell-ECM signals are affecting the self-organization of these cells in 

culture, this could be tested by altering the ratio of the different endocrine cells present or by 

embedding the cells in hP-HG or other ECM environments to study how the different cells 

respond to the ECM cues. Upon identifying the cell-cell and cell-ECM interaction profiles, 
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proteomics or single-cell RNA sequencing could be used to identify pathways involved in these 

processes, and gene editing or gene expression vectors could be used during pseudoislet 

formation to alter those pathways and test the effect the alterations may have on the self-

assembly of the cells in those contexts.  

Interestingly, in our study we found an altered arrangement of the endothelial and 

vascular mural cells in isolated islets depending on whether the islets were cultured in suspension 

(S) or in hP-HG (P): this observation gives us hints to whether these cells are important for guiding 

islet architecture. At day 7 of culture, the Tie2+ and αSMA+ cells have completely inverted 

localization patterns in the two different treatments (S and P). Furthermore, these cell types 

deposit ECM within the isolated islets, and the ECM localization traces with the endothelial and 

mural cells over time in culture (Appendix Chapter 2). Therefore in suspension (S), the supportive 

cell types (Tie2+ and αSMA+) and the newly synthesized ECM are at the core of most islets, and 

mainly in contact with the α cells, which are also primarily located in the core. In the hP-HG 

treatment (P), the hydrogel environment drives most of the support cells toward the mantle of 

the islets, where they deposit more ECM. In hP-HG, primarily β cells, but also some α and δ cells 

are in close proximity to the mantle. This seems to indicate that direct contact between the 

endocrine cells and either the ECM or the endothelial and mural cells is not a major driver of the 

cell rearrangement in culture. Another perspective may be that the mechanical force of the 

hydrogel affects the migration of the Tie2+ and αSMA+ cells, but not the endocrine cells. To 

explore the role that the physical properties of the hydrogel have on the islets, gel stiffness could 

be modified at a constant ECM concentration to measure how the islet architecture changes in 

the various mechanical environments. These studies could also be performed with pseudoislets 
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of different endocrine compositions (natural α to β cell ratio, or altered ratios), or of altered non-

endocrine cell:endocrine cell ratios in the pseudoislets, to better understand which cell type may 

be driving such a response to stiffness. If these studies were successful, they could also enable 

future work to understand how the arrangement of the cells affects their function in culture. 

The improvement of islet GSIS in hP-HG raises questions about how much islet function 

may be affected by the harsh isolation treatment and culture conditions that do not resemble 

the native islet milieu. If there are dramatic effects on islet function following isolation, it would 

jeopardize the ability of studies on isolated islets to translate to bona fide human islet function 

in vivo, and it would complicate our understanding of islet function as it translates to assessing 

maturity of SC-islets. Indeed, other than studies using ECM, several groups have reconstituted 

other elements of in vivo islet environment and found similar changes in isolated islet function. 

In 2020, Alvarez-Dominguez et al. found that circadian entrainment of human islets in culture 

dramatically improved the stimulation index – not through an increase in stimulated insulin 

secretion, but through a significant reduction in basal insulin secretion [33]. Similarly, studies that 

have cultured isolated human islets in perfusion culture systems to mimic blood flow have found 

improved islet function and gene expression in this environment [34]. Combining multiple 

elements of the in vivo environment may have a synergistic effect on islet health and function 

and may be able to positively influence the differentiation of SC-islets. If modifications to islet 

environment in culture (i.e. ECM, circadian entrainment, perfusion) do help to preserve or re-

establish aspects of islet biology that are more similar to the native islets in vivo, then it will be 

important for these elements to be integrated into most future islet studies in order to make 

accurate conclusions about human islet function.  
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In the next step in my effort to re-engineer the islet niche in vitro, we developed a 

protocol for forming endothelial tubes throughout the hP-HG droplets in order to bring together 

the islet endocrine cells, the vasculature, and the ECM in one co-culture system. This system 

utilized human umbilical vein endothelial cells (HUVECs) to form a network of aligned endothelial 

tubes in culture, which could be co-cultured with islets to study the microenvironment in vitro, 

or transplanted to support islet engraftment in vivo. We conceptualized this study based on our 

observations that when we transplanted single cell endothelial cells with human islets or SC-

islets, we were consistently unable to identify the ECs in the graft after a very short time in vivo 

– the cells were either leaving the transplant site, or dying. Therefore, we postulated that pre-

forming tubes in vitro may help to keep the endothelial cells at the transplant site in order to 

support the graft. Indeed, since we began this work, several studies have shown that single-cell 

endothelial cells form unstable vasculature upon transplantation that is quickly replaced by host 

cells and not as effective at supporting the survival of the islet graft [35-37].  

Several other methods of supporting islet engraftment have been reported, and many 

have successfully improved islet survival and function after transplantation into hypoxic sites, 

such as the subcutaneous (SQ) space (reviewed in Introduction Figure 6) [35, 38-45]. None of 

these previous methods, however, have formed endothelial tube structures around the islets in 

vitro in a transplantable construct. Other studies using perfusion culture systems have 

successfully combined endothelialized tubes and islets within the system, but none of these 

studies have used their platform as a method of pre-vascularizing the islets prior to 

transplantation. Future directions in this field could be to combine these techniques to create a 

perfused vascular support system for islets that improves islet survival in culture and can be 
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transplanted with pre-formed vessels to accelerate the islet engraftment as well. For work aiming 

to study these cell-environment interactions in vitro, it may be important to consider the source 

of endothelial cells used in the culture system. Despite being commercially available and having 

the potential to undergo robust tube formation, HUVECs are a venous cell type that do not 

resemble the vasculature of islets. Islets are permeated with capillaries, the smallest vascular 

structures that can have different physiological properties (i.e. continuous vs. fenestrated 

capillaries), and have unique gene expression profiles from tissue to tissue [46-48]. Future work 

using endothelial cells for in vitro modeling should strive to use endothelial cells that resemble 

the islet capillary network in order to properly recapitulate the islet-endothelial signaling that 

happens in vivo. It is important to note that little has been published about islet-specific 

endothelial cells [49, 50], so studies determining what makes these endothelial cells unique are 

also a priority for the field, with a specific focus on human islet endothelial cells. 

 

 

 

 

 

 

Figure 1. A closer look at the ECM of human pancreas vasculature in development.  
ECM proteins (COL3A1, COL4A1, COL5A1, COL6A1, LAMA4, LAMA5) (green) co-stained with Insulin 
(red) in human fetal pancreas and human adult pancreas. All scale bars = 100 microns. 
(Next page) 
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In Chapter 2, we inferred the localization of certain ECM proteins in the developing 

pancreas based on the histology of the ECM staining, but there is room for deeper exploration 
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into how the ECM localization changes in the pancreas during development. For example, we 

observed differences in the total abundance of laminins in the pancreas, in which laminins α1 

and α4 are more abundant in the fetal tissue, and laminin α5 is more abundant in adult tissue. 

Looking more closely at the immunostaining (Figure 1), laminin α4 is highly enriched in the fetal 

vasculature, and faint in the adult vasculature, while laminin α5 is absent in the fetal vasculature 

but present in the adult vasculature and the ECM surrounding the acinar clusters. The expression 

of collagens is consistent in the vasculature throughout development, with collagens 3, 4, 5, and 

6 being abundant in both the fetal and adult islet vessels. However, in the fetal pancreas, the 

localization of laminin α4 and collagens 3 and 4 appears to be only within the vascular basement 

membrane, while in the adult pancreas collagens 1, 3, 4, 5 6 and laminin α5 localize to ECM 

interfaces throughout the acinar compartment in addition to the islet blood vessels. Many of the 

ECM proteins we identify within the islet vasculature, especially collagens 1, 3, 5 and 6, are not 

generally discussed as part of the vascular basement membrane. There is a clear intimate 

connection between ECM, vasculature and developing islets. This might mean that the blood 

vessels are the main source of these ECM proteins in the developing pancreas, and endothelial-

derived ECM could be leveraged in engineered microenvironments to model both endothelial 

and ECM signals. Stem cell-derived endocrine progenitors could be co-cultured with or without 

endothelial cells in the absence of an ECM scaffold, the endothelial-derived ECM composition 

could be assessed in the constructs and one could study how the ECM and endothelium together 

contribute to the fate of endocrine cells. Islet-derived endothelial cells may be required to 

properly express the ECM proteins enriched around the islet vasculature, but a better 

understanding of the islet endothelial cell is needed.  
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We did not co-stain ECM proteins with markers of vasculature in our developmental 

study, and this may be an important future step in order to make more conclusive assessments 

of ECM localization throughout development. Further, several studies have identified that human 

islets have a double layer basement membrane between the endocrine cells and the vasculature, 

and that the two sides of this structure may be composed of different ECM proteins [51]. It would 

be informative to further assess which of our identified ECM proteins are expressed on which 

side of this basement membrane structure, and therefore infer which ECM proteins may bind to 

the endocrine cells compared to the vascular cells.  

The final chapter of this thesis explores β cell maturation marker expression in human 

development. These maturation markers have been primarily been studied in mouse islet 

development, but clues over the years have indicated that the expression patterns of some of 

these markers may be significantly different in human islets. This is not a novel concept in the 

field of islet biology. For example, is has been widely reported that there are differences in islet  

glucose transporters, Glut1 and Glut2, with Glut2 being the primary transporter in mice and Glut1 

being the primary transporter in human β cells; this could be a driver of differences in the 

euglycemic set point between the two species [52]. Similarly, while the maturation marker MAFA 

is widely considered a bona fide maturation marker in both mouse and human, the homolog 

MAFB is expressed in mouse fetal α and β cells but postnatally only in mature α cells –in human 

MAFB is highly expressed postnatally in α, β, and δ cells [53]. While these differences in gene 

expression have been previously established, the expected expression profiles of other β cell 

genes continue to be modeled based on mouse developmental studies, and compared to 

expression patterns in human SC-islets without strong evidence from primary human tissues. For 
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these reasons, our data describing the expression of some candidate maturation markers in SC-

islets, human fetal pancreas and human adult pancreas will be useful to help establish new goals 

for SC-islets in vitro, through which better maturation and function may be achievable. MAFA 

and UCN3 are both expressed at much lower levels in SC-islets than primary adult human islets, 

and have been commonly considered markers of postnatal maturation in human β cells. 

However, our work identifies UCN3 as one β cell gene with dissimilar expression in mouse and 

human development, such that UCN3 may mark mature β cells in mice, but not in humans. We 

also find that MAFA expression in fetal islets is significantly higher than that of SC-islets, which 

indicates that SC-islets may be less mature than some publications have suggested. We also 

present evidence that IAPP, ENTPD3, SIX2, SIX3, G6PC2, and OC2 increase significantly in 

expression from fetal to adult human islets, but of these only IAPP and ENTPD3 are also expressed 

at lower levels in our SC-islets than in fetal islets.  

New β cell markers are continuously being identified in mouse studies and keeping up 

with how they translate to human islet biology is important; other markers we have not yet 

explored that may increase in β cell expression from fetal to adult stages could include SYT4 

(synaptotagmin-4) [54], or circadian rhythm-induced genes like ARNTL (BMAL1) [55] and NR1D1, 

among others [7].  These expression profiles help to sort out which genes remain significantly 

deficient in differentiated SC-islets compared to normal human development. The next steps 

toward generating more mature β cells in vitro is to investigate ways of inducing expression of 

these genes, which may be indicative of a stronger commitment to the β cell fate and may also 

correlate with better SC-islet function – both are important factors for safely transplanting these 

cells into patients with diabetes. Furthermore, although the expression of one gene may never 
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be sufficient to distinguish a functionally mature population of β cells, defining a subset of genes 

and expression profiles that correlate with maturation will be helpful to establish a new target 

for producing higher quality SC-islets.  

Final Conclusions 

Together, the work I have reported in this thesis establishes a foundation for recreating 

the islet extracellular environment in culture. The relative profiles of ECM proteins in the 

pancreas will inform future work to supplement the hP-HG scaffold to be enriched with islet-like 

ECM components. Our established protocols for co-culturing islets and endothelial cells within 

hP-HG and the formation of vascular networks within the hP-HG constructs will facilitate future 

studies of islet-EC interactions and may enhance the survival of islets after transplantation. This 

optimized co-culture platform can also be used with modern SC-islet differentiation protocols to 

assess whether elements of the in vivo environment can be used to stimulate maturation in vitro 

in a similar way to the maturation of these cells after transplantation, or could accelerate 

maturation in vivo. Our description of β cell maturation marker expression during normal human 

development (fetal and adult human islets) will help inform the use of these markers in future 

SC-islet studies. Overall, the ability to model multiple elements of the islet environment in culture 

ex vivo will lead to a more complete understanding of human islet health and function thereby 

promoting improved β cell transplantation strategies (Figure 2).  
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Figure 2. Reconstructing the Islet Extracellular Niche 
Co-culture of human islets with ECM hydrogel and endothelial cells ex vivo recapitulates various 
elements of the native islet microenvironment that are lost after isolation and in suspension 
culture. 
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Hypertension, but not BMI, is predictive of increased pancreatic lipid content and islet 
dysfunction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter was adapted from the paper published as: Tremmel DM* and Feeney AK*, Mitchell 
SA, Chlebeck PJ, Raglin S, Fernandez LA, Odorico JS, Sackett SD. Hypertension, but not body mass 
index, is predictive of increased pancreatic lipid content and islet dysfunction. Am J Transplant. 
2020;20:1105–1115. doi: 10.1111/ajt.15698. (*Co-first authors) PMID: 31715064 
 
 
 
 
 
 
 
Daniel Tremmel and Austin Feeney conceived and designed the study under the guidance of Sara 
Dutton Sackett and Jon Odorico. Daniel Tremmel and Austin Feeney performed the experiments 
with the assistance of Sierra Raglin, Peter Chlebeck, and Sam Mitchell. Daniel Tremmel and Austin 
Feeney prepared figures and wrote the manuscript. Jon Odorico, Sara Dutton Sackett and Luis 
Fernandez edited the manuscript.   



 

 
 

330 
 

Abstract 

Pancreatic steatosis is thought to be a negative risk factor for pancreas transplantation 

outcomes. Despite considering donor body mass index (BMI) and the visualization of intercalated 

fat as indicators of donor pancreas lipid content, transplant surgeons do not use a quantitative 

method to directly measure steatosis when deciding to transplant a pancreas. In this study, we 

utilized non-diabetic human pancreata donated for research to measure the pancreatic and islet-

specific lipid content in order to determine which clinical markers correlate best with lipid 

content. Interestingly, we found that BMI and age correlate with increased pancreatic lipid 

content (Panc-LC) in men, but not women. Our findings further suggest that total Panc-LC 

correlates with an increase in islet lipid content (Islet-LC) for both men and women. We noted 

that pancreata donated from individuals with a history of hypertension have increased Panc-LC 

independent of donor BMI or sex. Moreover, we identify hypertension as a risk factor for reduced 

islet function following islet isolation. Together, our findings emphasize differences in pancreas 

graft quality related to pancreatic and islet lipid content, which may not be predicted by assessing 

BMI alone, but may be influenced by a donor history of hypertension.  
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Abbreviations: 
BMI  Body Mass Index 
Panc-LC Pancreas Lipid Content 
Islet-LC  Islet Lipid Content 
MRI  Magnetic Resonance Imaging 
MRS  Magnetic Resonance Spectroscopy 
CT  Computerized Tomography 
GSIS  Glucose Stimulated Insulin Secretion 
SI  Stimulation Index 
IIDP   Integrated Islet Distribution Program 
ORO  Oil Red O 
PDRI  Pancreatic Risk Donor Index 
UNOS  United Network for Organ Sharing 
CIT  Cold Ischemia Time 
GAD  Gastrointestinal Disease 
HLD  Hyperlipidemia 
HTN  Hypertension 
CAD  Coronary Artery Disease 
 

Introduction 

In 2014, the global burden of diabetes was estimated at 422 million individuals, almost 

quadrupling from 1980 [1]. In 2015, it was estimated that 711 million individuals were obese [2] 

and it is well accepted that obesity is a significant risk factor for diabetes [3]. Injectable insulin 

and numerous oral medications are commonly used to treat diabetes [4]; however, these 

treatments do not perfectly mimic or correct endogenous insulin secretion. Pancreas or islet 

transplantation remain the only clinically available treatments capable of replacing lost or 

dysfunctional beta cells, and restoring euglycemia without the need for exogenous insulin [5]. 

Over the past 10 years, the number of annual pancreas transplants have decreased, and 

currently, only ~10% of all deceased donors provide a suitable quality pancreas for 

transplantation. Approximately 25% of pancreata recovered for intended transplant are 

discarded [6]. These discarded organs represent potential life-saving treatments for thousands 
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of recipients on the waiting list, but are not used due to a variety of criteria, including donor age, 

BMI and damage to the organ. Statistically, discard rates steadily rise as donor age and BMI 

increase, with discard rates of over 80% from donors with a BMI >35 kg/m2 and 72% of donors 

above age 50 [6]. Though the reasons for organ discard are myriad, major concerns arise related 

to steatosis-associated inflammation and ischemia-reperfusion injury, leading to subsequent 

thrombosis and graft failure [7-9]. The ability, however, to definitively determine whether a graft 

is suitable for transplantation and to directly quantify the degree of steatosis in pancreata prior 

to transplantation is highly subjective. Thus, assessment based on visualization, and unclear 

relationships between BMI and pancreatic steatosis may result in the unnecessary discard of 

otherwise healthy organs [8]. To better utilize donor pancreata and reduce discard rates, an 

improved understanding of how donor selection criteria, such as age and BMI, as well as other 

donor parameters, actually correlate with steatosis of the pancreas would be beneficial. 

Furthermore, identifying better demographic correlates for pancreatic steatosis, and 

understanding how lipid infiltration into the pancreas impacts the endocrine function of the 

organ, may aid in these decisions.  

To this end, several studies have attempted to characterize pancreatic steatosis in 

humans using histopathology [10, 11] and in vivo imaging techniques, including magnetic 

resonance imaging (MRI) [12-20], magnetic resonance spectroscopy (MRS) [21-24], 

ultrasonography [25-33], computerized tomography (CT) [34-36], as well as combinations of 

these [37, 38]. Although MRI and MRS remain the most sensitive imaging options for estimating 

donor pancreas fat content in vivo, these techniques are time-consuming and impractical to 

incorporate into the donor workflow [8]. Furthermore, ultrasonography does not have the ability 
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to discern steatosis from fibrosis, which precludes its use for accurately characterizing pancreas 

fat [8, 39]. Finally, CT imaging for pancreatic steatosis lacks sufficient specificity and sensitivity 

[8, 40]. 

Given the extensive variety of techniques and study populations, data on the potential 

clinical factors associated with pancreatic steatosis are conflicting. MRI, MRS, ultrasonography, 

and CT studies of live patients have correlated different clinical parameters with increased 

pancreas fat infiltration, including diabetes [16, 21, 23, 24, 30, 32, 36], BMI/obesity [12, 14, 16, 

18, 21, 24, 25, 27, 29, 31-35], heavy alcohol use [25], metabolic syndrome [28, 31, 33], increased 

age [14, 15, 24, 26, 29, 32, 35, 37], hypertension [26, 29, 33], visceral adipose tissue [12, 14, 18, 

26, 28], race/ethnicity [14, 22], waist circumference [12, 18], male sex [18, 26, 29], dyslipidemia 

[14, 20, 29, 31, 33], and hyperglycemia [29, 33]. In particular, BMI, a commonly used marker for 

evaluating pancreata suitable for transplant, has had mixed results regarding its relationship with 

pancreas fat quantified by imaging. Several studies have suggested that high BMI or obese 

subjects have higher pancreas fat content [12, 14, 21, 24, 25, 31-33], however, other studies have 

reported no association between BMI and pancreas fat [23] and others have reported sex-specific 

findings in which increased BMI and pancreas fat have a stronger relationship in men [18, 20].  

It is also important to whether pancreatic steatosis impacts islet function. Unfortunately, 

the studies of pancreatic steatosis that have simultaneously evaluated islet function, present 

findings that are inconsistent [12, 14, 16, 20, 22-24, 37]. In a study employing MRS and standard 

oral glucose tolerance tests, increased pancreas fat content as assessed by imaging was 

suggested to be associated with a decline in beta cell function in non-diabetic Caucasian males; 

the authors suggested it may correlate with the onset of type 2 diabetes [23]. In another study, 
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pancreatic fat, measured by MRS, was found to be predictive of beta cell dysfunction, as assessed 

by insulin secretion and insulin sensitivity in a multiethnic sample of men and women [22]. 

However, several other studies have reported no association between pancreatic fat and islet 

function [14, 20, 24, 37].  

Animal and cell culture studies have the ability to examine the effect of lipids on islet 

function on a more mechanistic level, albeit with less clinical relevance. Studies of minipigs and 

mice have shown that a high-fat diet promotes enlarged islets, beta cell damage through 

oxidative stress, insulin resistance, and increased pancreatic steatosis [41-43]. Mouse islets 

cultured in media with elevated fatty acid levels resulted in increased intracellular triglyceride 

storage, as evidenced by Oil Red O (ORO)-positive staining, coincident with morphological 

changes in the islets and reduced glucose-stimulated insulin secretion (GSIS) performance [44]. 

Moreover, a study of isolated human islets co-cultured with pancreatic adipocytes showed that 

adipocyte-secreted cytokines (IL-6, IL-8, and MCP-1) impair GSIS through inflammation of the 

islet milieu [45].  

Given the contradictory findings regarding pancreatic fat content in human imaging 

studies, we sought to quantify human pancreatic lipid content (Panc-LC) using a protocol to 

extract lipids directly from donor tissue. Furthermore, because animal and cell culture studies 

have suggested that lipids disrupt islet function, and modern imaging studies have not yet 

explored islet-specific steatosis, we histologically quantified islet lipid content (Islet-LC). We 

correlated these data with islet stimulation indices (SI) following isolation to investigate how a 

variety of clinical donor parameters, correlate with islet function. We hypothesized that BMI is 
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not an accurate predictor of Panc-LC and Islet-LC, and evaluated whether other clinical 

parameters correlate with increased pancreatic and islet steatosis. 

 

Materials and Methods 

Pancreas Procurement and Donor Demographics 

Donated non-diabetic human pancreata (n = 51, age 16-80 years) were procured for 

transplantation or research. Following organ recovery, the pancreas was allocated for research if 

deemed unfit for transplantation due to vascular damage, no suitable recipient, non-ideal age or 

BMI, and other circumstances. Pancreata were obtained through University of Wisconsin Organ 

and Tissue Donation services with consent obtained for research from next of kin. The use of 

human pancreata for research was approved by the University of Wisconsin-Madison Health 

Sciences Institutional Review Board. Organs were received within 24 hours of procurement and 

processed to remove extra-pancreatic adipose and vascular tissue.  

Pancreatic donor risk index (PDRI) was calculated for all donors excluding the terms for 

pancreas preservation time and the adjustment for pancreas-after-kidney transplant from the 

equation [46]. Pancreatic lipid content was determined using the methodology below. Donor 

clinical parameters, including age, BMI, sex, ethnicity, HbA1c, amylase, lipase, creatinine, cause 

of death, cold ischemia time (CIT), and health history were excerpted from the United Network 

for Organ Sharing (UNOS) donor chart and recorded. Elements of our search included the 

examination of smoking, drug, and alcohol abuse as well as any well-documented history of 

chronic medical conditions including gastrointestinal disease (GAD), hyperlipidemia (HLD), 

hypertension (HTN) and coronary artery disease (CAD). All donors had already been selected with 
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no history or symptoms of pre-diabetes, T1DM, T2DM, or pancreatitis. All parameters were 

separately assessed for correlation with Panc-LC for all donors with a recorded history for that 

parameter.  

Lipid Extraction and Quantification 

Tissue samples were collected from the central parenchyma of the neck of the pancreas, 

to avoid collecting any extra-pancreatic adipose tissue from the surface of the organ. Pancreatic 

lipid content (Panc-LC) was quantified using a version of Folch lipid extraction as previously 

described [47]. This modified Folch method was not significantly different for lipid quantification 

than the standard Folch Method, which uses 2:1 chloroform:methanol for lipid extraction (Fig. 

S1A,C) [48]. Pure adipose tissue was used as a positive control, and contained >90% lipid by dry 

weight (Fig. S1B). 

Histology and Image Quantification 

Fresh pancreas samples were treated with 30% sucrose overnight, embedded in OCT and 

stored at -80°C. For staining (adapted from Koopman et al.), samples were cut into 10 µm sections 

and fixed in 3.7% formaldehyde for 1 hour. Sections were permeabilized with 0.5% Triton X-

100/PBS for 5 minutes, and stained with insulin primary (Sigma I2018, 1:10,000) and secondary 

(Abcam ab150117, 1:2,000) antibodies in 1% BSA for 30 minutes. Following rinses with 1x PBS, 

the ORO working solution was applied for 30 minutes. The sections were then stained with DAPI 

(ThermoFisher, D1306) in 1% BSA for 1 minute [49]. Samples were imaged using a Zeiss Axiovert 

200M microscope and an Olympus BX51TF microscope. Image quantification for Islet-LC was 

performed in ImageJ by tracing the Ins+ area and measuring the ORO-positive area within the 

islet. Acinar lipid content quantification was performed by tracing the Ins-negative area, 
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immediately surrounding islets. Islet-LC was measured for 19-38 islets per donor. Acinar lipid 

content was measured on 7-15 images per donor. 

Islet Isolation and GSIS 

Human pancreata from non-diabetic donors were recovered for research following 

confirmed donation consent and consent for research use of organs.  Islets were isolated using a 

previously described method (Hanson, et al.) and cultured in CMRL 1066 Supplemented (Corning) 

with 2.5% human serum albumin at 37°C in a 5% CO2 incubator for 24 to 36 hours [50]. 

Islets were assayed in vitro for response to glucose stimulation according to a previously 

published protocol.[51] Briefly, triplicate islet samples were incubated 1 hour in media containing 

2.8mM glucose and a sample of supernatant was collected. The same islets were then incubated 

1 hour in media containing 28mM glucose and a sample of supernatant was collected. The insulin 

concentration of supernatant samples was measured using a Human Insulin ELISA kit (Mercodia). 

The SI is calculated as the ratio of insulin concentrations from the 28mM glucose incubation 

supernatants to the corresponding 2.8 mM glucose incubation supernatants. 

Statistical Analyses 

Statistical analyses were performed using Prism 6 for Windows (GraphPad Software, Inc.). 

For pairwise comparisons, independent unpaired two-sample t-tests were performed except 

when population proportions were compared. In these instances, a Chi-square test of 

independence was performed. All correlations were assessed using Pearson’s Correlation and R2 

and p-values were reported. A p-value < 0.05 was considered significant, and Prism’s suggested 

significance classification scheme was followed (**p< 0.01) and (*  p < 0.05).  
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Results 

Pancreas donor demographics and graft quality 

The donor demographics of 51 non-diabetic human pancreata recovered for Panc-LC 

analysis are described (Table 1). The average age was 47.9 years, the average BMI was 27.2, 

84.3% were Caucasian, 56.9% were men. The donors exhibited a wide range of Panc-LC, ranging 

from 4.7% to 70.2% with an average of 27.7%. Comparing men and women, only PDRI and the 

prevalence of CAD were significantly different, both being increased in women compared to men. 

Notably, mean creatinine and HbA1c are within normal ranges, suggesting normal kidney 

function and glucose homeostasis in this cohort of non-diabetic donors.  

Pancreas lipid content is correlated with BMI and age in men but not women 

To evaluate if BMI and age correlate with Panc-LC, we quantified Panc-LC using lipid 

extraction. Upon examination of population-level trends for all donors, there was no significant 

correlation between BMI and age (p=0.085), which indicated that these variables should be 

investigated separately for their relationship with Panc-LC (Fig. 1A). Furthermore, there was no 

significant correlation between age and Panc-LC for all donors (p=0.054) (Fig. 1B). Even without 

statistical significance, these relatively low p-values represent modest evidence that these 

variable pairs may be related. However, there was a significant correlation when comparing BMI 

and Panc-LC for all donors (p=0.019) (Fig. 1C). However, when we separated donors according to 

sex, we observed that age versus Panc-LC (p=0.024), and BMI versus Panc-LC (p=0.010) were both 

significantly correlated in men (Fig. 2A-B) but were not significantly correlated in women 

(p=0.647 and p=0.397, respectively) (Fig. 2 C-D). 
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Table 1. Correlation of pancreatic donor demographics and graft quality.  
Graft quality is expressed by PDRI and pancreatic lipid content, which was determined using the Folch 
method. Values are reported with ± 1SD or the number of patients (N) for population proportion data. 
Abbreviations: CIT=Cold Ischemia Time, HTN=Hypertension, CAD=Coronary Artery Disease, 
HLD=Hyperlipidemia, GAD=Gastrointestinal Disease, PDRI=pancreatic donor risk index, DBD=Donor 
After Brain Death. *Indicates p-value<0.05. ns indicates not significant (p-value>0.05). 

Figure 1. Pancreas lipid content is correlated with BMI but not age for all donors.  
A-C) Correlations including BMI, Age, and Panc-LC in all pancreatic donors (men and women 
combined) indicate a significant correlation for BMI and Panc-LC. The 95% confidence interval is 
shaded around the line of best fit. The p-values were determined using a Pearson correlation. Donor 
BMI and Age are extracted from the donor chart in the UNOS system. Error bars indicate ± 1 SD among 
technical replicates for Panc-LC. N=51 donor pancreata. 
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Pancreas lipid content is correlated with increased islet lipid content 

To assess whether Panc-LC may have implications for pancreas quality and endocrine 

function, we assessed islet quality within a subset of donor organs. When pancreas sections were 

co-stained for insulin, to identify islets, and ORO, to stain lipids, there were distinct differences 

in the lipid localization among the islet and acinar compartments. Specifically, there were high 

concentrations of lipid droplets found within the islets of high lipid content pancreata, but not in 

lower Panc-LC organs (Fig. 3). To further investigate how lipid distribution varied among pancreas 

donors, we quantified the ORO staining content within the islet and acinar compartments. Islet-

LC was found to strongly correlate with total Panc-LC (p=0.007) (Fig. 4A) and this was the case 

regardless of sex (Fig. S2A-B). Furthermore, the ratio of lipids in the islet compared to acinar 

regions (Isl/Ac) also increased with total Panc-LC (p=0.0004) (Fig. 4B). This indicates that high lipid 

content pancreata contain islets that have significant lipid deposits compared to lower lipid 

content pancreata. This is visibly distinguishable upon direct histological comparison (Fig. 3). 

Donor hypertension is predictive of increased pancreas and islet lipid content and islet dysfunction 

A population of donors within the same moderate BMI range were found to have a broad 

range for total Panc-LC, with a subpopulation that contained significantly higher than average 

lipid content, and a different subpopulation that exhibited significantly below average lipid 

content (Fig. 5A). To identify additional donor metrics that may correlate with this striking 

difference in Panc-LC for this BMI-matched subset of donors, we examined the medical histories 

available through the UNOS system. We failed to uncover any trends based on smoking, alcohol 

or drug abuse, or GAD, among the two groups (data not shown). In contrast, within the two 

subsets of donors, we found that 7 of 8 donors in the above average Panc-LC group had a history 
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of HTN, while no donors in the below average group had a history of HTN. There was also an 

increased presence of CAD and HLD in the high Panc-LC group, but the overall prevalence of these 

diseases in our donor population was too low to further investigate.  

 

 

Figure 2. Pancreas lipid content is correlated with BMI and age in men only.  
A-D) Correlations including BMI, Age, and Panc-LC in sex-stratified donor populations as labeled above 
indicate significant correlations for men. The 95% confidence interval is shaded around the line of best 
fit. The p-values were determined using a Pearson correlation. Error bars indicate ± 1 SD among 
technical replicates for Panc-LC. Donor BMI and Age are extracted from the UNOS system. N=29 men; 
N=22 women donor pancreata. 
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Figure 3. Islets from steatotic donors (high lipid pancreata) are enriched for lipids within islets. A-F) 
Sections from a high lipid pancreas (70.2% Panc-LC) and an average lipid pancreas (26.0% Panc-LC) 
were embedded in OCT were stained for insulin (green), ORO (red), and DAPI (blue) and imaged at 
20X magnification. A) Representative merged image showing ORO-positive tissue overlapping with 
insulin-positive tissue in a pancreas with high Panc-LC. B) Representative merged image depicting 
ORO-positive tissue separate from insulin-positive tissue (localized to the acinar) in a pancreas with 
average Panc-LC. C-D) Insulin channel showing the localization of islets in both pancreata. E-F) ORO 
channel showing the localization of lipids in both pancreata. Scale bar in B = 100μm.  
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To examine the correlation of HTN with Panc-LC, donors were categorized into three 

groups: donors with no history of HTN (N=26), donors with >1-year (N=16) and >5-year histories 

of HTN (N=13) (Fig. 5B-D). Donors with unclear history or less than a 1-year duration were 

excluded to prevent potential confounding. When comparing the three groups, we found that 

the average BMI was indistinguishable (p=0.991) (Fig. 5B), but there were significant differences 

with regard to Panc-LC (p=0.002) (Fig. 5C) and Islet-LC (p=0.014) (Fig. 5D) for both HTN groups, 

compared to the non-HTN group. We also observed this correlation for both men and women 

when analyzed separately, although women had significance only with >5 years of HTN duration. 

(Fig. S3).  

Using this information, we performed a retrospective study of isolated islets from 95 

pancreata donated for research purposes, assessing the stimulation index (SI) during static GSIS. 

These organs were donated for islet isolation and distributed through the Integrated Islet 

Distribution Program (IIDP), and therefore were by necessity different donors from the pool used 

Figure 4. Panc-LC is significantly correlated with Islet-LC and the Isl/Ac lipid ratio.  
A-B) Correlations including Panc-LC, Islet-LC, and an Isl/Ac lipid ratio for a subset of donors. Islet-LC 
tends to appear in high Panc-LC pancreata. The 95% confidence interval is shaded around the line of 
best fit, and the p-values were determined using a Pearson correlation. Error bars represent ± 1SD. 
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to study Panc-LC. Donor history of HTN was collected using UNOS records, and donors were 

categorized into three groups based on this history: no HTN, >1-year HTN, and >5-years of HTN 

history. Again, donors with unclear records of HTN were excluded from the dataset. The results 

indicate that donors with a 5-year or longer documented history of HTN had a significantly lower 

average SI (SI=1.90, N=14) (p=0.016), compared to donors with no history of HTN (SI=3.14, N=58). 

The group of donors with a 1-year or greater history of HTN was lower than the control group, 

but was not significantly different (SI=2.46, N=34) (p=0.062) (Fig. 6C). Furthermore, the SI showed 

no correlation with donor BMI (p=0.670) (Fig. 6A), and the islet SI was not significantly different 

between discrete groups of donors with BMI <30 and obese donors with BMI >35 (p=0.811) (Fig. 

6B).  
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Discussion 

Steatosis is considered a critical factor for determining the suitability of donor pancreata 

for transplantation, but many pancreata from high BMI donors can be successfully transplanted. 

Given the need to be good stewards of precious donated organ resources and the rising 

prevalence of diabetes worldwide, it is imperative that available pancreata are maximally 

utilized. To date, BMI and surgeon qualitative estimates of fat content serve as surrogates for 

Figure 5. Donor history of hypertension is predictive of increased pancreas and islet lipid content 
independent from changes in BMI. A) Correlation plots for Panc-LC and BMI indicate two distinct 
populations of donors with differences in Panc-LC independent of BMI. Donors were divided into 
groups with no history of HTN (N=26) and history of HTN (>1 yr, N=16) (>5 yr, N=13) B) Average BMI 
and C) Panc-LC for the three groups. D) Average Islet-LC in No HTN (N=7) and HTN (>1 yr, N=6) (>5 yr, 
N=5) groups.  Error bars indicate ± 1SD, (* p<0.05, ** p<0.01, *** p<0.001).   (Previous Page) 
 

Figure 6. Donor history of hypertension, but not BMI, is predictive of islet dysfunction.  
A) Among all islet donors, there is no significant correlation between islet function (SI) and BMI (N=95). 
B) Donors with BMI <30 (N=29) and BMI >35 (N=35) have indistinguishable islet function by GSIS. C) 
Donors were divided into groups with no history of HTN (N=58) and history of HTN (>1 yr, N=34) (>5 
yr, N=14). Donors with >5 years of documented hypertension had significantly lower SI following islet 
isolation. Error bars indicate ± 1SD, († not significant, p=0.062), (*p<0.05).  
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pancreatic fat infiltration, yet neither precisely measures quantitative intracellular fat content. 

Biopsy-based methods for quantifying lipid content could more precisely determine degree of fat 

infiltration or replacement; however, the fear of biopsy related complications, such as 

pseudocysts and enzyme leaks after transplantation has prevented adoption of back table 

biopsies into routine clinical practice.  Furthermore, understanding how the measured lipid 

content correlates with other associated donor parameters could improve our ability to discern 

lesser quality pancreata based on non-invasive clinical parameters to determine whether or not 

the pancreas should be transplanted. To our knowledge, we are the first to directly quantify the 

lipid content of human pancreata, in order to better understand the clinical correlates and 

functional impact of lipid accumulation in deceased donor pancreata. 

Our current data demonstrate that BMI and Panc-LC are correlated when considering the 

entire population of 51 pancreata. However, upon further investigation, BMI and Panc-LC were 

found to be significantly correlated for men, but not women. This finding could reflect sex-related 

differences in systemic fat distribution, as has been postulated by a variety of studies [52]. Such 

an observation could be useful clinically, for example, to broaden the BMI threshold for accepting 

female pancreata for transplantation while restricting the threshold for male pancreata. While 

our study lacks transplant graft survival outcomes data, and the aforementioned 

recommendation is tentative, it does align with a current pre-determined pancreas acceptance 

policy at the University of Wisconsin. Similarly, age is significantly correlated with Panc-LC for 

men, but not women. These sex-specific differences may be one reason that various population-

level studies, including both men and women, have only found modest trends relating Panc-LC 

with other variables. Taken together these data suggest that BMI and age play a sex-specific role 
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in pancreatic steatosis, which has been reported in only a few prior imaging studies [18, 20, 26, 

29]. Additionally, we found a significant correlation between Panc-LC and Islet-LC for both men 

and women (Fig. S2A-B), which has not previously been reported to our knowledge and highlights 

how Panc-LC may correlate with beta cell dysfunction. Moreover, Panc-LC is significantly 

correlated with the ratio of islet to acinar lipids (Isl/Ac), which suggests that as the pancreas 

becomes progressively steatotic, islets become intracellularly enriched with lipids.  

Others have previously reported that hypertension [26, 29, 33] and dyslipidemia [14, 20, 

29, 31, 33] are associated with increased pancreatic steatosis as assessed by imaging by MR and 

ultrasound. In our study, we also identified hypertension as a potential risk for increased Panc-

LC. We found that donors with and without a history of HTN did not differ in BMI overall, but 

both Panc-LC and Islet-LC were significantly higher for donors with a 5-year or longer history of 

HTN, regardless of sex. These data indicate that a history of HTN contributes to an increase in 

Panc-LC and Islet-LC independently from either BMI or sex. We also made an effort to correlate 

HLD and CAD as potential risk factors for increased Panc-LC, but our donor population had too 

few donors with these conditions to make firm conclusions. We speculate that high Panc-LC and 

long standing HTN may be markers of metabolic syndrome. Interestingly, we also found that in 

many long duration HTN donors with high Panc-LC, lipids were concentrated within the islets, in 

addition to steatotic deposits throughout the pancreas, while the lipid content of the peri-islet 

acinar tissue varied little among all donors. This is different than what was previously observed 

in a mouse study, where both islets and acinar cells accumulated lipids equally as the pancreas 

became steatotic over time during exposure to a high fat diet [53]. The differential accumulation 
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of fat in islets vs. acinar tissue of the human pancreas has important implications in the field of 

pancreas and islet transplantation. 

Some studies have found that donor BMI has minimal impact on pancreas transplant 

outcomes, whereas others have suggested high BMI is associated with increased risk of technical 

failure. Humar et al. found that BMI may have a stronger impact on the technical success of the 

transplant, and minimal impact on the longer term glycemic outcomes following a successful 

surgery [54]. Alhamad et al. similarly found that mildly obese donors (BMI=30-35 kg/m2) had 

similar allograft failure rates as pancreata from donors with a BMI from 20-30 kg/m2, but donors 

above 35 kg/m2 were associated with increased graft failure [55]. Finger et al. also showed that 

if a donor possesses one risk factor for technical failure, such as high BMI alone, grafts experience 

nearly equal technical successes to ideal grafts without any risk factors and normal BMI [56]. On 

the other hand, Axelrod et al. showed that a high BMI, older age and other factors contribute to 

lower 1 year graft survival rates [46].  

Our study suggests that HTN, but not BMI, is associated with decreased in vitro functional 

performance of isolated islets. It would be highly speculative to suggest that HTN would be 

associated with higher technical failure rates or worse glycemic control in the long-term. In 

support of this hypothesis however, a recent study analyzing a database of ~25,000 pancreas 

transplants found that a donor history of HTN had an independent, negative impact on overall 

recipient and graft survival [57]. Borrowing from kidney transplant research, the authors 

postulated that the negative effect of HTN on pancreas graft function could occur through 

vascular damage, which results in poor organ blood supply [57]. However, based on our findings, 

we additionally propose that HTN, which correlates with increased Panc-LC and Islet-LC and 
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reduced islet function, could thereby contribute to inferior long-term pancreas graft glycemic 

outcomes as a result of increased lipid peroxidation or lipotoxicity and/or greater sensitivity to 

ischemia-reperfusion injury. Several animal and cell culture studies have identified that 

intracellular lipid storage within islets causes a marked reduction in islet function [41-45]. Thus, 

because hypertension is associated with an increase in Panc-LC and Islet-LC independently from 

sex, it may represent a more useful marker than BMI for pancreas and islet steatosis, and possibly 

graft function post-transplantation.  

Our direct method of measuring Panc-LC may have advantages over the variety of imaging 

studies that have resulted in inconsistent findings related to pancreatic steatosis. Imaging may 

not be the most translatable technique for organ donation, but organ biopsies are routinely used 

to assess donated livers and kidneys prior to transplant. Because hepatic steatosis is a 

transplantation concern, crudely estimating the degree of hepatic steatosis of the liver by biopsy 

has become common practice. We collected biopsies of pancreata for ORO staining (Fig. S4) and 

lipid extraction (Fig. S5) to demonstrate that clinical biopsies may be useful in pre-transplant 

donor selection. We found that the lipid content values obtained from biopsies were consistent 

with those obtained from larger pieces of tissue (Fig. S5), but the lipid extraction takes several 

days and is therefore not a translatable method to apply to organ donation and transplantation 

practices. On the other hand, pancreas graft biopsies could potentially be obtained at the time 

of recovery and immediately processed to estimate the degree of steatosis of the acinar and islet 

regions [58-60]. Additionally, ORO staining could be accomplished in a timely fashion in parallel. 

Although performing pancreas graft biopsies is not common, several studies indicate they are 

associated with very low complication rates [61-63]. 
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In conclusion, by directly quantifying the pancreatic lipid content, our study demonstrates 

that men and women may have differential lipid accumulation profiles in the pancreas based on 

age and BMI. We found that men are at higher risk to have increased Panc-LC with increased age 

and BMI, but this trend was not found for women. For both sexes, very high Panc-LC was 

associated with an increased lipid enrichment specifically in islets, which could be an indication 

of poor islet health and function and increased potential for damage after an ischemia-

reperfusion injury. Both total Panc-LC and Islet-LC were found to be significantly increased in a 

population of donors with histories of HTN, and in islets isolated from donors with a history of 

HTN, GSIS function was reduced. Moving forward, further investigation into improving the 

identification of steatotic pancreata prior to transplantation is necessary to better utilize 

available donor organs. It is also important to understand how islet function may be affected in 

donors and patients with high Panc-LC and Islet-LC and whether these factors impact pancreas 

transplant outcomes. 
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Supplemental Information 
 
Methods 

Pancreas Processing and Donor Demographics 

Human pancreata were trimmed of surrounding fat and vessels, and biopsies were taken 

before the remaining parenchyma was sectioned into approximately 1cm3 pieces. Pieces from 

the neck of the pancreas were collected for histology and lipid content studies.  

Heavy alcohol usage was defined as >2 drinks per day for both men and women. The racial 

or ethnic categorizations used in documentation by the UW Health Organ Procurement 

Organization (OPO) include the following: White, Hispanic/Latino, Black/African American, Asian, 

and American Indian/Alaska Native. Smoking abuse was determined by the OPO from the patient 

medical history. Gastrointestinal diseases recorded in this population include the following: 

heartburn, GERD, erosive esophagitis, barrett’s esophagus, esophageal dysplasia, and chronic or 

acute ulcers.  

Lipid Extraction and Quantification 

Briefly, 20-40 mg of lyophilized tissue was weighed and 2 ml of 1:3 (v:v) 

chloroform:methanol solution was added to each sample. Tissue was broken up in solution and 

placed on the shaker (RT, 1 hour). The samples were centrifuged (4300 rpm, 5 minutes) and the 

supernatant decanted into a new tube where it was combined vigorously with 1 ml of 0.9% NaCl 

and 2.5 ml of chloroform to bring the chloroform:methanol ratio to 2:1 (v:v). Samples were 

centrifuged (2000 rpm, 5 minutes) and the upper phase (aqueous phase) was discarded before 

washing the lower phase (lipid phase) gently with 1 ml of 50% methanol. The lower phase was 
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air dried in a fume hood for 7 days and the dry lipid material was weighed to determine the lipid 

content of the tissue sample. Each donor was measured using 3-4 technical replicates. 

Pancreas Biopsies 

Pancreas biopsies were taken following the removal of the extra-pancreatic adipose and 

vascular tissue from the organ, using a Tru-Core II URO biopsy gun (Argon Medical Devices) with 

an 18G needle. For lipid quantification, 15-20 biopsies were taken from each donor such that one 

technical replicate of modified Folch lipid extraction could be performed to compare to three 

technical replicates from the normal dissection process. For histology, 3-5 biopsies were 

embedded fresh in OCT, sectioned, stained with ORO (red), and counterstained with hematoxylin 

(blue). 
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Supplemental Figures: 
 

 
Supplemental Figure 1. Verification of the modified Folch method (Mod Folch) used in this 
study. A) Three pancreas donors were used for lipid extraction via the Folch Method (1:3 
chloroform:methanol v/v used during extraction) and the Mod Folch method (2:1 v/v 
chloroform:methanol used during extraction) in duplicate. B) Pure visceral adipose tissue 
(Adipose Tissue) as determined by visual inspection was removed from one donor pancreas and 
the lipids were quantified in triplicate (as shown Reps 1-3). The average (AVG) lipid content for 
pure adipose tissue was 91.32%. C) The Folch and Mod Folch method lipid quantification of 
pancreatic grafts displayed separately for 3 donors (data is the same as in A). Error bars represent 
± 1SD. 
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Supplemental Figure 2. Panc-LC is significantly correlated with Islet-LC in men and women. A-
B) Correlations including Panc-LC and Islet-LC for a subset of donors. The 95% confidence interval 
is shaded around the line of best fit. The p-values were determined using a Pearson correlation. 
Error bars indicate ± 1 SD for Panc-LC and Islet-LC. N=9 men; N=8 women. 
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Supplemental Figure 3: Panc-LC and Islet-LC increase with HTN history in both men and women. 
HTN history in men (A-C) and women (D-F) were analyzed separately for trends in BMI (A,D), 
Panc-LC (B,E) and Islet-LC (C,F). BMI and Panc-LC: N=28 men; N=19 women. Islet-LC: N=8 men, 
N=7 women. 
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Supplemental Figure 4: Pancreas biopsies can be used for Oil Red O staining. A-B) 
Representative images showing ORO-positive tissue from biopsies from two pancreas donors. 
Images are 10X magnification. C-D) Representative images from the same donors at 40X 
magnification. 
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Supplemental Figure 5: Biopsies can be used for lipid content quantification. From 7 distinct  
donors (Donor #59, 60, 62, 64, 65, 66, 70), lipids were extracts from both 18 gauge needle core 
pancreas biopsies (biop) and 1 cm3 pancreas cubes dissected from the parenchyma of the neck 
of the gland (cube). Lipid content determined from the biopsies was similar to that obtained from 
the 1 cm3 cube. Biopsies were taken from donors such that one technical replicate of modified 
Folch lipid extraction could be performed to compare to three technical replicates from the cube 
dissection process. 
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Appendix Chapter 2 

The expression patterns of select islet ECM proteins in situ and in culture 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Daniel Tremmel designed the study under the guidance of Sara Dutton Sackett and Jon Odorico. 
Daniel Tremmel and Sakar Gupta performed the experiments and analyzed the data. Daniel 
Tremmel and Sam Mitchell processed and banked human tissues. Daniel Tremmel prepared all 
figures and wrote the chapter. 
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Appendix Chapter 2 Figure 1 

ECM expression and localization in native, isolated, and cultured islets. 

Islets in situ, freshly isolated (day 0) and cultured for 2 or 7 days in suspension (Susp) or hP-HG 
(HG) were fixed, paraffin embedded, sectioned and stained for insulin (Ins), Tie2, αSMA, collagen 
1 α1 (COL1A1), collagen 4 α1 (COL4A1), collagen 6 α1 (COL6A1), and fibronectin (FN1). and 
osteoglycin (OGN). Higher resolution images are included in Appendix Chapter 2 Fig. 4. 

(Previous page) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Chapter 2 Figure 2  

Quantification of ECM expression and localization in native, isolated, and cultured islets. 

Islets in situ, freshly isolated (day 0) and cultured for 2 or 7 days in suspension (S) or hP-HG (H) 
were fixed, paraffin embedded, sectioned and stained for collagen 1 (Col1), collagen 4 (Col4), 
collagen 6 (Col6), fibronectin (FN). The ECM content as a of total islet area (%Area), ECM as a 
percentage of the islet perimeter (%Perimeter), and the percentage of total ECM that localized 
to the perimeter (%p-ECM/t-ECM) was quantified as detailed in Appendix Chapter 2 
Supplemental Fig. 5. Statistical comparisons are relative to the native islets for each group. 

(Next page) 
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Appendix Chapter 2 Figure 3  

Laminin expression in native, isolated, and cultured islets. 

A) Islets in situ, freshly isolated (day 0) and cultured for 2 or 7 days in suspension (Susp) or hP-
HG (HG) were fixed, paraffin embedded, sectioned and stained for insulin (Ins), Laminin A4 
(LAMA4) and Laminin A5 (LAMA5).  

B) Quantification of total LAMA4 and LAMA5-positive area in islets after isolation on day 0, 2, and 
7 in either suspension (S) or hP-HG (H). 
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Appendix Chapter 2 Figure 4  

ECM expression and localization in native and isolated/cultured islets (40x images). 

Islets in situ, and cultured for 7 days in suspension or hP-HG were fixed, paraffin embedded, 
sectioned and stained for insulin (Ins), glucagon (Gcg), somatostatin (Sst), Tie2, αSMA, collagen 
1 α1 (COL1A1), collagen 4 α1 (COL4A1), collagen 6 α1 (COL6A1), and fibronectin (FN1). Nuclei are 
stained with DAPI (gray).  

Scale = 100 microns. 

(Previous page) 

 
 
 
 

 

Appendix Chapter 2 Figure 5  

Method for quantifying ECM expression and localization. 

To describe changes in ECM content and localization the %Area, %Perimeter and %P-ECM/t-ECM 
were calculated by measuring the total islet area, total ECM area (t-ECM), perimeter area and 
perimeter ECM (P-ECM) area, and each were calculated as described in the figure. The perimeter 
was defined as one cell width at the outer edge of each islet, and islet area was defined by insulin-
positive area. 
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Discussion 

ECM proteins that we previously identified as having high abundance or interesting changes 

in expression during pancreas development were selected for staining in cultured islets. We 

questioned whether ECM content and localization in cultured islets may have difference based 

on our previous findings that islet architecture changed after islet isolation and during culture, 

and was affected by the ECM environment of the islets. Therefore, we cultured islets for 0, 2 and 

7 days in suspension or in hP-HG, and used formalin-fixed paraffin embedded (FFPE) sections to 

perform staining of specific ECM components. ECM localization was quantified in the entire islet 

and in the perimeter (mantle) of the islets, demonstrated in Figure 5.  

 We find that like the localization of non-endocrine cells (Tie2, αSMA) the ECM expression 

and localization is affected by islets culture conditions and time. In suspension, collagens and 

fibronectin have a higher tendency to be deposited in the center of the islets over longer-term 

culture (7 days) (Figure 1, 2, 4). LAMA4 and LAMA5 were also stained in the isolated islets but no 

significant differences were found in total percent-positive area among the cultured islet groups. 

Interestingly, osteoglycin (OGN) is highly expressed in the pancreas and islets, but is lost with 

isolation and is not regenerated during culture. This may mean that OGN is made by a source 

outside of the islets but accumulates in and around them in situ. If OGN is important to islet 

function, then providing OGN in culture may have potential to better support islets after 

isolation. Conversely, fibronectin (FN1) is not abundant in islets in situ, but is expressed in the 

islets after isolation. This may be due to the wounding or stress response that the non-endocrine 

cells of the islets undergo during isolation, and fibronectin itself may not be a normal component 

of the islet microenvironment. 
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Methods 

Cell Culture 

Human islets were received through the Integrated Islet Distribution Program (IIDP) and 

experiments were initiated within 24 hours of receipt. On day 0, islets were counted and plated 

in suspension or in hydrogel co-culture. Islets were combined with hP-HG (8 mg/mL) at a density 

of 100 IEQ/10μL of hydrogel. The mixture was pipetted into 5 μL droplets in the bottom of an 

untreated petri dish, inverted, and incubated at 37⁰C and 5% CO2 for 30 minutes. The 

polymerized droplets were moved into 24-well ULA plates (Corning, Corning, NY) for culture for 

1-7 days in PIM(R) medium (Prodo Labs, Aliso Viejo, CA). 

Histology and Immunofluorescent Staining 

Samples were fixed in 4% paraformaldehyde (PFA), paraffin embedded, and sectioned (5 

μm) for immunofluorescent staining. Slides were deparaffinized using xylene and rehydrated. 

Antigen retrieval was performed by incubation in 10 mM Citrate Buffer, pH 6.0 for 2.5 hours at 

80°C. Slides were blocked with 10% BSA/PBS for 40 minutes at RT, incubated with primary 

antibodies overnight at 4⁰C, washed, incubated with secondary antibody incubation for 40 

minutes at RT and cover slipped. All antibodies and dilutions are listed in Table 1. Nuclei were 

labeled with 40–6-diamidino-2-phenylindole (DAPI) (Life Technologies, Carlsbad, CA). Images 

were generated with a Zeiss Axiovert 200 M microscope or a Nikon A1R confocal microscope. 

Image Quantification 

 Images were converted to binary using ImageJ. Islet area was traced based on the insulin 

staining and quantified in the binary image corresponding to each marker of interest. Perimeter 
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was defined by tracing to area of the outermost layer of cells of each islet, guided by the DAPI 

and insulin channels. The total area of each islet, perimeter area of each islet, % of islet are and 

% of islet perimeter area that was positive for each marker were measured and used to calculate 

the %Area, %Perimeter and %p-ECM/t-ECM as described in Figure 5.  

 

Table 1: Antibodies used in this study 

Target Species Dilution Product  
Col1A1 Rabbit 1:500 ab34710 (Abcam) 
Col4A1 Rabbit 1:1000 ab6586 (Abcam) 
Col6A1 Rabbit 1:200 17023-1-AP (Proteintech) 

Fibronectin Rabbit 1:200 ab2413 (Abcam) 
Gcg Rabbit 1:2000 ab92517 (Abcam) 
Ins Mouse 1:5000 I2018 (Sigma) 
Ins Guinea Pig 1:2000 I8510 (Sigma) 

LAMA4 Mouse 1:200 ab242198 (Abcam) 
LAMA5 Mouse 1:100 ab77175 (Abcam) 

OGN Rabbit 1:50 12755-1-AP (Proteintech) 
Tie2 Rabbit 1:4000 ab221154 (Abcam) 

αSMA Mouse 1:50000 A2547 (Sigma) 
Sst Mouse 1:100 sc-74556 (Santa Cruz) 

    
Target Color Dilution Product  

Anti-Mouse 488 1:800 A11001 (Life Technologies) 
Anti-Mouse 568 1:800 A11031 (Life Technologies) 
Anti-Mouse 647 1:800 A21235 (Life Technologies) 
Anti-Rabbit 488 1:800 A21206 (Life Technologies) 
Anti-Rabbit 568 1:800 A11011 (Life Technologies) 

Anti-Guinea Pig 488 1:800 A11073 (Life Technologies) 
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Appendix Chapter 3 

Human Pancreas and Islet ECM Atlas 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Daniel Tremmel prepared the tables and text in this chapter. 
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Table 1 

Antibodies used for Pancreas and Islet ECM staining 

Staining information  
ECM protein Antibody Product Dilution Froz FFPE Other notes 

Col12A1 Rb αCollagen 12 PA5-38890 1:100 ND Y  
Col14A1 Rb αCollagen 14 PA5-54886 1:150 ND Y  
Col16A1 Rb αCollagen 16 SAB4500398 1:100 ND Y  
Col1A1 Rb αCollagen 1 ab34710 1:500 ND Y  
Col2A1 Rb αCollagen 2 ab34712 1:200 ND Y  

Col3A1 Rb αCol3 ab6310 1:100 ND Y Works on denatured  
ECM (hydrogel) 

Col3A1 Rb αCol3A1 ab7778 1:500 ND Y 
3D protein structure 
only (not with 
hydrogel) 

Col4A1 Rb αCollagen 4 ab6586 1:1000 ND Y  
Col5A1 Rb αCol5A1 ab7046 1:100 ND Y  

Col6A1 Rb αCol6 ab6588 1:200 ND Y Works on denatured  
ECM (hydrogel) 

Col6A1 Rb αCol6A1 17023-1-AP 1:200 ND Y Doesn’t work on 
hydrogel 

DCN Rb αDecorin 14667-1-AP 1:100 ND Y  
ELN Rb αElastin 15257-1-AP 1:500 ND Y  

EMILIN1 Ms αEMILIN1 60047-1-Ig 1:100 ND Y  
EMILIN2 Rb αEMILIN2 24779-1-AP 1:200 ND Y  
Fibrillin-1 Rb αFBN1 PA5-82743 1:500 ND Y  
Fibrillin2 Rb αFBN2 20252-1-AP 1:200 ND Y  

FN1 Rb αFibronectin ab2413 1:200 ND Y  
FN1 Rb αFibronectin ab268020 1:500 ND Y  

HSPG2 Ms αPerlecan sc-377219 1:300 Y N Does not work on 
FFPE 

LamA4 Ms αLaminin alpha-4 ab242198 1:200 ND Y  
LamA5 Ms αLaminin alpha-5 ab77175 1:100 ND Y  
OGN Rb αOsteoglycin 12755-1-AP 1:50 ND Y  

Periostin Rb αPOSTN 19899-1-AP 1:200 ND Y  
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Table 2 

Abundance and localization of ECM proteins in the pancreas and islets 

 Pancreas Expression (Histology) Enrichment  

Protein Fetal Adult 
Isolated 

islets Acinar Islet Other notes 
Col12A1 + + N/A ++ 0 (adult only)  
Col14A1 + (mesenchyme) - N/A + (fetal only) Not present  
Col16A1 + (acinar) + (acinar) N/A ++ Not present  
Col1A1 +++ +++ + 0 0  
Col2A1 +++ + N/A 0 0  
Col3A1 +++ +++ + 0 0  
Col4A1 ++ +++ + 0 + (fetal only)  
Col5A1 +++ +++ N/A 0 + ( adult only)  
Col6A1 +++ +++ + 0 0 (adult only)  

DCN ++ ++ N/A 0 0  
ELN N/A + N/A NP NP  

EMILIN1 +++ + N/A 0 (fetal only) ++ Appears to be  
intracellular 

EMILIN2 ++ + N/A NP NP  
Fibrillin-1 + + N/A N/A N/A  

Fibrillin2 + (islets) + (islets) N/A NP ++ Appears to be  
intracellular 

FN1 ++ - ++ 0 + (fetal only)  
HSPG2 N/A ++ N/A N/A N/A  
LamA4 ++ ++ + 0 +  
LamA5 + ++ + + 0 (adult only)  
OGN ++ ++ - + (fetal only) + (adult only)  

Periostin + (mesenchyme) - N/A + (fetal only) NP  
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Histology    
- - Not present at all   

- Only present in vessels, ducts and connective tissue 
+ Present in limited pancreas ECM structures 

++ Present in multiple pancreas ECM structures 
+++ Present in most pancreas ECM structures 

 

 Enrichment  (Ratio of expression between islet and acinar) 
 NP Not present 
 0 Evenly distributed, Ratio between 0.5-1.5 
 + Slightly enriched, Ratio 1.5-2.0 
 ++ Enriched, Ratio 2.0+ 

 

ECM structures: Major/minor vessels and ducts, acinar membrane, islet membrane, intracellular 
N/A: Not available / not determined 

 

Discussion 

The tables in this section were prepared as a way of summarizing the expression and 

localization of ECM proteins in the human pancreas, islets and in isolated islets as described in 

the chapters of this thesis. Antibodies used to detect ECM proteins in the native tissues did not 

always detect the proteins in ECM hydrogels, this is due to differences in the ability of antibodies 

to bind to proteins based on the protein folding. Thus, notes are also made in these tables about 

antibodies that did or did not work on hP-HG.  

Trends in ECM expression have been detected in this study in a variety of contexts and 

using different methodologies. In order to fully appreciate changes in ECM expression 

throughout development alongside ECM localization in the different compartments of the 
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pancreas and also compare to ECM expression in isolated islets, these tables roughly estimate 

the findings of the various studies in this thesis.  

As an example of the practicality of this table, there are two notable trends that I have 

identified in my work that were not fully discussed in any chapter of the main body of this thesis. 

First, fibronectin, which has been cited in many reviews to be a main component of the human 

pancreas ECM [1-3], was not found to be a major constituent of either the human acinar tissue 

or islets. In developmental (Chapter 2), we found that fibronectin was present throughout the 

fetal pancreas, but in the adult human pancreas, it was only detected around vessel and ducts, 

and at the intersections of the pancreas lobes, but rarely in or near the islets. In isolated islets, 

however, fibronectin is abundantly detected (appendix Chapter 2). This may be the result of the 

damage caused by the isolation process, and the repair mechanisms triggered by the supportive 

cells that are co-isolated with the islets. This could be an important discovery about the role of 

fibronectin in islet ECM. 

Second, osteoglycin (OGN) was one of the ECM proteins that was found to be more 

abundant in and around the adult islets compared to the juvenile and fetal islets in development 

(Chapter 2). In fact, we detected OGN in the pancreas at high levels throughout development. 

However OGN is not detected in isolated islets and is not deposited over time in culture either in 

suspension or in hP-HG (Appendix Chapter 2). This indicates that the cells isolated with the islets 

(endocrine, exocrine and supportive cells like endothelial cells or fibroblasts) do not produce OGN 

in culture the way other ECM proteins are expressed. This could suggest that the source of islet 

OGN the may be extra-pancreatic, and could be deposited in the pancreas through the blood 

stream. OGN is thought to have important roles in bone function and may also affect 
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cardiovascular and metabolic functions [4]. One study has previously found that OGN knockout 

mice had deficiencies in blood glucose regulation, making a connection of OGN to pancreas 

function as well [5]. OGN also appears to be highly expressed in the parathyroid [6], which is 

interesting because parathyroid and islet co-transplantation has been shown to highly improve 

islet engraftment and function [7]. Because OGN is secreted into circulation, this may be a 

mechanism through which OGN is deposited in the pancreas, but further work is required to 

explore the role and source of OGN in the pancreas and islets. 

Of course, our mass spectrometry-based study identified 185 ECM and ECM-related 

proteins present in the pancreas throughout development and this table represents only a small 

subset of those proteins. This highlights how much more work needs to be done to understand 

the composition and dynamics of the human islet matrisome, both during development and after 

isolation.  
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