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ABSTRACT 27 

Insulin is an essential regulator of blood glucose homeostasis that is produced exclusively by β cells within 28 

the pancreatic islets of healthy individuals. In those affected by diabetes, immune inflammation, damage, 29 

and destruction of islet β cells leads to insulin deficiency and hyperglycemia. Current efforts to understand 30 

the mechanisms underlying β cell damage in diabetes rely on in vitro-cultured cadaveric islets. However, 31 

isolation of these islets involves removal of crucial matrix and vasculature that supports islets in the intact 32 

pancreas. Unsurprisingly, these islets demonstrate reduced functionality over time in standard culture 33 

conditions, thereby limiting their value for understanding native islet biology. Leveraging a novel, 34 

vascularized micro-organ (VMO) approach, we have recapitulated elements of the native pancreas by 35 

incorporating isolated human islets within a three-dimensional matrix nourished by living, perfusable blood 36 

vessels. Importantly, these islets show long-term viability and maintain robust glucose-stimulated insulin 37 

responses. Furthermore, vessel-mediated delivery of immune cells to these tissues provides a model to 38 

assess islet-immune cell interactions and subsequent islet killing — key steps in type 1 diabetes 39 

pathogenesis. Together, these results establish the islet-VMO as a novel, ex vivo platform for studying 40 

human islet biology in both health and disease. 41 

 42 

SIGNIFICANCE STATEMENT 43 

Type 1 diabetes (T1D) affects approximately 1.3 million adults in the United States and 44 

represents a significant lifestyle and economic burden. Autoimmune activity is often highlighted as a key 45 

driver of T1D pathogenesis and is therefore a prime target for early intervention. However, the initiating 46 

events of leukocyte trafficking in human T1D are poorly understood, largely due to the lack of appropriate 47 

in vitro models. To address this need, we have developed a fully-human vascularized micro-organ 48 

incorporating human cadaveric islets (referred herein as the islet-VMO) that demonstrate long-term 49 

viability and responsiveness to glucose stimulation. Development of the islet-VMO represents a critical 50 

step forward in using a vascularized, biomimetic 3D environment to investigate T1D pathogenesis.  51 
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INTRODUCTION 52 

 Diabetes affects over 34 million individuals in the U.S. and is broadly grouped as type 1 (T1D), 53 

which is characterized by early (Juvenile) onset, and type 2 (T2D), a complex metabolic disorder. Both 54 

types are characterized by blood glucose dysregulation and hyperglycemia [1]. T1D is caused by deficiency 55 

of the hormone insulin, which regulates blood glucose homeostasis and is produced exclusively by β cells 56 

residing in pancreatic islets. During T1D pathogenesis, islet β cells are destroyed, leading to insulin 57 

deficiency and subsequent hyperglycemia [2]. Later stages of T1D are characterized by T-Cell invasion of 58 

islets and T-Cell mediated destruction of β cells. Numerous theories have been put forward addressing 59 

mechanisms behind T-Cell activation and recruitment, although no definitive mechanism has been 60 

described. It is well accepted that T-Cell activation and recruitment is a result of multifactorial interactions 61 

between inherited stimuli, such as associations with HLA-DR [3] and HLA-DQ [4, 5], and environmental 62 

stimuli, such as chronic low-grade inflammation [6].  In contrast, T2D is characterized by insulin resistance 63 

in peripheral tissues and relative insulin deficiency, caused by chronic damage to β cells [7], which may 64 

result from cytokine-mediated activation of tissue-resident macrophages driving islet inflammation [8]. 65 

Although the exact mechanisms of diabetes pathogenesis remain unclear, inflammation and/or 66 

autoimmune reactivity against β cells are key drivers in both forms of diabetes [9, 10]. To date, most 67 

diabetes studies have relied on mouse models to dissect the drivers of disease pathogenesis, yet these 68 

models neglect important differences in islet structure, function, and immunology between human and 69 

mouse [11, 12]. Thus, there is increased emphasis on developing better in vitro tools that utilize human 70 

islets to study diabetes.  71 

 In the native pancreas, human islets reside within highly vascularized islet niches that ensure 72 

proper islet function. During development, endocrine precursor cells co-develop with endothelial cells (EC) 73 

such that blood vessels surround and penetrate mature islets in the adult pancreas, localizing next to 74 

endocrine cells to enable sensing of blood glucose levels and rapid transport of signaling hormones [13-75 

16]. The surrounding extracellular matrix (ECM), which includes a laminin-rich basement membrane, 76 

supports integrin binding and signaling cues that drive β cell proliferation, and insulin expression and 77 

release [17, 18]. 78 

Standard islet isolation procedures physically disrupt and remove both blood vessels and ECM, 79 

causing structural damage, reduced glucose responsiveness, and death of a proportion of islets [19, 20]. 80 

Moreover, these isolated islets maintain their function for only a few days [19, 20], underscoring the need 81 

for new approaches that better maintain isolated human islets. Pancreatic islets have been characterized 82 

with high intra- and inter-donor heterogeneity in size, cell composition, and glucose responsiveness that 83 

necessitates large study populations and complicated in vitro experimental designs to recapture islets for 84 

further analysis [21]. There is thus a need for development of in vitro techniques that allow for non-85 

destructive analysis of islets. This along with the role of the microenvironment in promoting islet health in 86 

vivo suggests biomimetic models could provide the necessary cues for preserving islet viability and function 87 

during prolonged culture. 88 
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Previously, we developed a microfluidic vascularized micro-organ (VMO) platform designed to grow 89 

perfusable human blood vessels within a three-dimensional (3D) hydrogel matrix that mimics the in vivo 90 

environment [22-24]. The resulting capillary-like vessels deliver nutrients directly to and remove waste from 91 

the surrounding tissue, just as in the body [25, 26]. In vivo, blood vessels also carry immune cells, including 92 

the cytotoxic T cells thought to destroy β cells during T1D pathogenesis. Here, we present a VMO platform 93 

that incorporates human cadaveric islets within a 3D vascularized tissue — the islet-VMO. The platform 94 

models the native islet niche, with β cells receiving glucose via the surrounding vasculature and releasing 95 

insulin in response.  96 

 97 

RESEARCH DESIGN & METHODS 98 

Platform fabrication. The islet-VMO microfluidic platform was fabricated using standard PDMS 99 

photolithography techniques as previously described [23]. Briefly, Silicon wafers were coated with 200μm 100 

thick SU-8 100 (Micro Chem Westborough, MA). Single mask photography was used to define the 101 

microchannels as detailed in Figure 1A. SU-8 coating was silanized with trichlorosilane (C8H4Cl3F13Si) to 102 

generate a master mold. Devices were cast with polydimethylsiloxane (PDMS, Ellsworth Adhesives, 103 

Germantown WI) in the SU-8 master molds. PDMS devices were then demolded and plasma bonded to a 104 

1mm thick PDMS layer to create microfluidic channels.  105 

 106 

Islet isolation. Non-diabetic human cadaveric islets were provided by the NIDDK Integrated Islet 107 

Distribution Program (IIDP) or Prodo Laboratories Inc. (Aliso Viejo CA). Upon arrival, islets were washed in 108 

short-term islet medium (Table S1) then stained with dithizone. Dithizone+ islets <200m in diameter were 109 

hand-selected under a dissection microscope using a micro-ruled coverslip (Nexcelom Bioscience, 110 

Lawrence MA) then allowed to recover overnight in islet medium prior to subsequent studies.  111 

 112 

Islet-VMO loading. Islets were co-loaded (20-25 islets/L hydrogel) with 7x106 cells/mL of endothelial 113 

colony-forming endothelial cells (ECFC-ECs, “EC”) and stromal cells (NHLFs, Lonza Bioscience, Rockville 114 

MD) in 8mg/mL fibrin hydrogel clotted with 10U/mL thrombin (Sigma-Aldrich, St. Louis MO). Islets were 115 

maintained within the islet-VMO for up to two weeks by gravity-driven flow of EGM-2 medium (Lonza 116 

Bioscience) through the vasculature [24, 26, 27]. The provisional fibrin gel is rapidly remodeled by the 117 

stromal cells into a complex, collagen-rich ECM [28]. 118 

 119 

Vascular network quantification. Vessel networks were perfused with 50µg/mL 70kDa FITC or 120 

rhodamine-dextran (Sigma-Aldrich) and imaged on a Nikon Ti-E Eclipse (Nikon Instruments Inc., Melville 121 

NY) inverted fluorescence microscope. Morphological measurements of perfused vessels were taken using 122 

FIJI imaging software [29] by tracing the mid-point of all vessels through the cell chamber (Fig. S1). Branch 123 

points were quantitated at the intersection of these mid-point lines. Lastly, vessel diameter was determined 124 

by measuring across each traced vessel at ~50µm intervals.  125 
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 126 

Immunofluorescence staining. Islets were fixed (4% paraformaldehyde), dehydrated (30% sucrose, >24 127 

hours), embedded in OCT mounting medium, and 10µm sections were collected. Sections were incubated 128 

with primary antibodies (Table S2) overnight at 4C, then with species-appropriate secondary antibodies, 129 

and finally DAPI counterstained. Islet-VMO platforms were perfused with 4% paraformaldehyde (30 130 

minutes, 25C), then flushed with DPBS. The bottom silicon membrane was removed prior to antibody 131 

staining (as described above). Confocal image stacks of sectioned and device-embedded islets were 132 

acquired on a Leica TCS SP8 confocal microscope.  133 

 134 

Static glucose-stimulated insulin secretion (GSIS). GSIS assays were performed to confirm islet 135 

function. Recovered islets were starved in low-glucose Krebs-Ringers Buffer (KRB, Table S1) (1 hour, 136 

37C), then incubated in five groups of ten islets per well in either standard (2.8mM glucose) KRB or high-137 

glucose KRB (16.7mM glucose) for 1 hour at 37C. Supernatant was collected and frozen for subsequent 138 

insulin assay. Islets were also lysed in acid ethanol (4C) and total protein was collected for total insulin 139 

measurements. Insulin was measured by human insulin ELISA (Mercodia, Uppsala Sweden).  140 

 141 

Islet-VMO GSIS. To maintain stability of the vasculature, devices were perfused with M199 medium 142 

(“Standard M199(+),” Table S1) instead of KRB media. Standard M199 basal media contains 5.5mM 143 

glucose and was perfused through the device for one hour to establish a baseline insulin secretion. Islets 144 

were then stimulated for one hour by adding M199(+) containing 16.7mM glucose (“High-Glucose M199(+)”) 145 

to reservoir VA (Fig. 1A), followed by Standard M199(+) for two hours to allow islets to return to baseline 146 

insulin secretion levels. M199(+) supplemented with 30mM KCl was then perfused for one hour to assay 147 

for releasable insulin. Accumulated device flow-through was collected continuously at 10-minute intervals 148 

beginning thirty minutes prior to High-Glucose M199(+) stimulation. Glucose concentration in the flow-149 

through was assessed using a Contour glucometer (Ascensia Diabetes Care, Parsippany NJ). Insulin was 150 

measured using an ultra-sensitive insulin ELISA assay (Mercodia). Insulin fold change was defined as 151 

insulin secretion divided by the average insulin secretion during the initial starvation period(-20-0min).   152 

 153 

GSIS modeling. Mathematical modeling was performed in COMSOL Multiphysics (COMSOL, Inc., 154 

Burlington MA). 2D models of the islet-VMO were created in AutoCAD by tracing experimental images of 155 

FITC-dextran perfused vessels. Flow of medium was modeled using free and porous media flow and 156 

laminar flow physics, and the momentum transport modules were coupled with transport of diluted species 157 

physics as detailed previously [30] to simulate transport of oxygen, glucose, and insulin. The islets 158 

consumed oxygen and glucose, and  secreted insulin with previously reported kinetic functions [31]. The 159 

PDMS was permeable to oxygen and media entering the device was in equilibrium with the atmospheric 160 

oxygen [32]. Glucose is introduced through the inlet and the insulin and glucose output was measured by 161 
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using time integral of outlet amount over 10-minute intervals. The constants used in the model are given in 162 

Table S3. 163 

 164 

Generating pseudoislets. Unsized and non-dithizone stained islets were recovered overnight in islet 165 

medium and then digested with Accutase (Thermo Fisher) for 12 minutes in a 37C water bath with regular 166 

agitation. After gentle trituration the Accutase was quenched with islet medium and cells were recovered 167 

by centrifugation. Islet cells (600,000/well) were seeded into Aggrewell 400 24-well plates (StemCell 168 

Technologies, Vancouver Canada), and mixed with EC cells at a 5:1 ratio. Pseudoislets were cultured for 169 

7-14 days in long-term islet media (Table S2). Pseudoislet function was measured by static GSIS at 14 170 

days post-reaggregation. 24hrs prior to loading, 200k ECs were added into each Aggrewell and the plate 171 

was spun at 180g for 2 min. to coat the surface of the pseudoislet. For generation of the islet-VMO, 172 

pseudoislets were co-loaded 7 days after reaggregation (10-20 islets/L hydrogel) as detailed earlier.  173 

 174 

Immune modeling. Single-donor Peripheral Blood Mononuclear Cells (PBMCs, 200,000/well, AllCells LLC, 175 

Alameda CA) were cultured for five days in round-bottom, ultra-low attachment 96-well plates (Corning) 176 

along with Interferon gamma (IFN-γ)-activated islets (10/well) and PBMC activation cocktail (Table S1), in 177 

the presence or absence of Major Histocompatibility Complex (MHC) class I and class II blocking 178 

antibodies, 10mg/mL each (Table S2). Resultant cell populations were tested for cytotoxic activity by 179 

incubation with donor-matched islets (10 islets/well) for two days. Supernatant was then collected for 180 

cytokine analysis by ELISA (Abcam, Cambridge MA). Whole islets were also incubated with Hoechst 33342 181 

and LIVE/DEAD Reduced Biohazard Cell Viability Kit (Thermo Fisher). Dead cells per islet were quantified 182 

using a custom MATLAB script to quantify total Dead+ cells as a percentage of total Hoechst+ cells (Fig. 183 

S4). 184 

For perfusion through the islet-VMO, PBMCs were stained with 1µg/mL Cell Tracker Green 185 

(CMFDA) dye according to manufacturer’s protocol (Thermo Fisher Scientific) and then added to the input 186 

well (VA) at 5x105 cells/mL. Vessels were flushed with medium before PBMC quantification to remove non-187 

adherent cells. PBMCs either in the vessels (adherent) or in the extravascular space (extravasated) were 188 

quantified. Extravasated PBMC within regions of interest defined as the the outline of an islet (invasive), or 189 

within 100 mm of the islet (islet-adjacent) were counted. These regions of interest were then copied and 190 

pasted to areas devoid of islets and PBMC in these areas were quantified to give a value for background 191 

PBMC extravasation. 192 

PBMC mediated cell killing was investigated through labeling of DNA strand breaks by TUNEL 193 

staining. Briefly, devices were stained utilizing the In Situ Cell Death Detection Kit (Sigma Aldrich 194 

12156792910) according to the manufacturers protocol and counterstained by 1μg/mL DAPI for 5mins. 195 

Confocal image stacks of device-embedded islets were acquired on a Leica TCS SP8 confocal microscope. 196 

 197 
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Statistical analysis. The Grubbs outlier test was used to determine statistical outliers within sample 198 

groups. Statistical significance (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001) was determined using either 199 

an unpaired, two-tailed Student’s t-test or ANOVA with Tukey post-hoc test, as appropriate, using 200 

GraphPad Prism 9 software (GraphPad Software, La Jolla CA). 201 

 202 

RESULTS 203 

Blood vessel formation in the islet-VMO platform. To generate an ex vivo endocrine pancreas model, 204 

we leveraged our VMO technology to create a 3D tissue with living, perfusable blood vessels that supply 205 

nutrients to the embedded islets. This platform consists of two microfluidic channels, C1 and C2 (Fig. 1A), 206 

flanking a central tissue chamber. To generate blood vessels, hydrogel containing EC and stromal cells is 207 

loaded from the side tunnels into the central cell chamber (Fig. 1B). To form the islet-VMO, islets are loaded 208 

together with these blood-vessel forming cells. A blood-substitute medium is supplied from four medium 209 

reservoirs, VA-VD, and is driven through the channels and into the central cell chamber by hydrostatic 210 

pressure flow through C1 (the functional arteriole), into the cell chamber, and out through C2 (the functional 211 

venule). Cells are initially fed by interstitial flow of medium through the hydrogel, and then by convective 212 

flow through vessels once they form (Fig 1B).  213 

 To demonstrate proper vessel network formation, islet-VMO were perfused with 70kDa FITC-214 

dextran upon visual appearance of lumenized vessels, between 5 and 7 days. Vessel networks 215 

demonstrated preferential flow of dye through the vessel lumen and absence of fluorescent signal in the 216 

extravascular space immediately after dye perfusions (Fig. 1C). All islet-VMOs were perfused and vessel 217 

formation confirmed before future studies were conducted. In vivo, a feature of stable microvessels is the 218 

presence of pericytes that wrap around the vessels and promote a mature phenotype. As we have noted 219 

before [26, 33] a proportion of the stromal cells we add can differentiate into pericytes, and we see that also 220 

in the islet-VMO (Fig. 1D-E). Additionally, the presence of a laminin-rich basement membrane—a key 221 

hallmark of microvessels—is found proximal to the abluminal membrane of CD31+ blood vessels (Fig 1D-222 

G).  223 

 Lastly, to determine whether ECs from different sources form similar networks in the islet-VMO, we 224 

compared the vessel network-formation capacity of the ECFC-EC used up to this point with human umbilical 225 

vein EC (HUVEC). Mature networks were again perfused with 70kDa FITC-dextran, and quantitated for 226 

total vessel length, number of branches, and internal diameter (Figs. S1). Both ECFC-EC and HUVECs 227 

yield networks of comparable morphology and similar distribution of vessel diameter (Fig. S1). While we 228 

chose to use ECFC-EC for our studies, both EC sources are suitable in the islet-VMO.   229 

 230 

The islet-VMO platform supports islet vascularization and preserves islet cytoarchitecture. To match 231 

the dimensions of our microfluidic device we size-selected islets <200µm in diameter for loading with the 232 

EC and stromal cells. While islets of this size constitute the lower 50th percentile of islets in an average 233 

donor, evidence indicates that smaller islets (<125µm) contain more β cells, higher insulin content, and are 234 
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more glucose responsive than larger islets (>150µm) from the same donor [34]. We found that islets were 235 

distributed evenly throughout the tissue chamber post-loading (Fig. 2A), which is a crucial step for ensuring 236 

uniform vessel formation (Fig. 2B). Across a random subset of donors, an average of 20 islets were loaded 237 

per chamber (Fig. 2C) with an average diameter of 88µm per islet (Fig. 2D). 238 

 We note that lumenized vessels formed immediately proximal to islets within 5-6 days post-loading, 239 

but did not penetrate them (Fig. 2E). Although CD31+ EC fragments are visible in some islets (presumably 240 

the surviving endogenous islet ECs), these cells do not elongate or connect with the outside vessels. 241 

Additionally, laminin staining demonstrates the presence of characteristic basement membrane 242 

surrounding islets in the islet-VMO, just as in the human pancreas [35] (Fig. 2F). Together, these data 243 

indicate that islets do not disrupt the surrounding vessels, nor do the vessels disrupt or penetrate the laminin 244 

basement membrane surrounding the islets [36]. 245 

 To determine whether the cytoarchitecture of islets within the islet-VMO is maintained, we 246 

compared the proportion of insulin-, glucagon-, and somatostatin-expressing cells in native (freshly-247 

isolated) islets, islets cultured for one week in suspension culture (“suspension islets”), and islets cultured 248 

for one week in the islet-VMO. We found that suspension islets have fewer insulin+ cells compared to native 249 

islets, whereas insulin+ cells are maintained in the islet-VMO (Fig. 2G-J). Glucagon+ cell proportions are 250 

similar across all three islet populations (Fig. 2K-N), but the number of somatostatin+ cells is increased in 251 

both the suspension and islet-VMO islets, relative to native islets (Fig. 2O-R). In all islet populations, the 252 

level of undefined (non-endocrine) islet cells remains the same (Fig. 2S-V). Together, these data indicate 253 

that the islet-VMO maintains native islet cytoarchitecture and represents an improvement over standard 254 

islet suspension culture. 255 

 256 

Glucose-responsiveness of islet-VMO islets reflects in vivo islet responses. To determine whether 257 

islet-VMO islets respond to glucose stimulation, we performed a GSIS assay by adding glucose-258 

supplemented medium to reservoir VA and collecting effluent from reservoir VD (Fig. 3A). Reservoirs VB and 259 

VC were blocked to ensure all glucose flowed through the tissue chamber and that secreted insulin was not 260 

diluted by medium cross-flow in the venule channel. In response to perfusion with high glucose (16.7mM) 261 

medium we observed gradual and near-simultaneous increases in both glucose and insulin in effluent 262 

collected from the platform (Fig. 3B). On average, Insulin release peaks 10mins after addition of High 263 

glucose (10min, 3.67±1.872). Returning these platforms to 5mM glucose medium results in a reduction to 264 

baseline insulin levels, demonstrating that these islets can reduce insulin secretion under low glucose 265 

conditions. Finally, KCl stimulation triggers a spike in measured insulin, demonstrating that the insulin 266 

secretory machinery remains fully intact in islet-VMO islets. Despite a consistent trend of glucose 267 

responsiveness across multiple islet donors, we found significant inter-donor variation in insulin secretion 268 

profiles. Responses can be slightly delayed (Fig. 3C), more rapid (Fig 3D), peak later (Fig. 3E), or rise from 269 

a higher unstimulated baseline (Fig. 3F). Similar donor variation has been documented elsewhere, 270 
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suggesting that donor islets fall into distinct functional subgroups [37]. As discussed later, the relatively 271 

small number of islets in each device may accentuate this heterogeneous insulin response. 272 

 273 

Mathematical modeling of islet function in the islet-VMO. To better understand the dynamics of glucose 274 

and insulin perfusion through the islet-VMO, we employed finite element modeling of actual islet-VMO 275 

networks using COMSOL MultiPhysics. To model networks, images of FITC-dextran perfused vessels (Fig. 276 

4A) were traced and converted to a two-dimensional model with accurately sized islets positioned at the 277 

same locations as in the islet-VMO (Fig. 4B). Using the same hydrostatic pressure heads, glucose 278 

concentrations, and time intervals as those tested in the islet-VMO, the mathematical modeling allows 279 

estimation of spatial profiles of oxygen consumption, glucose diffusion, and insulin within the islet-VMO 280 

(Fig. 4C-E).  As expected, we see high levels of oxygen consumption near islets (Fig. 4C), consistent with 281 

the high metabolic activity of human islets. Higher glucose concentrations are found closest to perfused 282 

vessels, as expected, whereas islets near the periphery receive comparatively less glucose due to their 283 

distance from the glucose source – the perfused vessels – and the glucose diffusion rate through the ECM 284 

(Fig. 4D). At least some insulin secretion is observed from all islets, however we note that secreted insulin 285 

pools in the vicinity of islets not bounded by a perfused vessel. To validate the mathematical model, we 286 

measured actual glucose and insulin concentrations sampled from port VD (from one of the Donor 2 devices 287 

– aggregated data shown in Fig. 3D) and compared these to values determined by mathematical modeling 288 

of the same vascular network supplemented with islets of the same size and placement (Fig. 4F-G). We 289 

note that the sharp insulin secretion spike in the experimental data mirrored the response of islets from this 290 

donor set (Donor 2), which responded more rapidly than other sets (see Fig. 3D). Together, these data 291 

show that the simulation matches well with the experimental data.   292 

 As noted above not all islets generate insulin at the same rate. To understand how individual islets 293 

contribute to overall insulin output, we mathematically shut down insulin secretion from all but one islet, and 294 

repeated this to examine islets individually (Fig. 5). Analyzed islets were selected based on: (a) their 295 

location within the chamber (either in the center [#2-5] or at the periphery [#1, #6]); and, (b) their proximity 296 

to perfused vessels (either close [#1-4] or distant [#5-6]) (Fig. 5A). Consistent with the hypothesis that 297 

perfused vessels allow for efficient transportation of islet-secreted insulin, islets closest to vessels (#2-4) 298 

demonstrate the highest release of insulin into the vessels as measured at the outlet VD (Fig. 5B). However, 299 

islets at the periphery where vessels have lower perfusion (#1) contribute minimally to overall insulin output.  300 

In addition, islets distant from perfused vessels (#5, #6) also demonstrate both delayed and diminished 301 

insulin secretion, independent of their location within the chamber. To further demonstrate the importance 302 

of perfusable vessels in proximity to islets for improved glucose delivery and insulin clearance, we 303 

performed additional modeling on islet #3, in which a new vessel was added to the top side of the islet (Fig. 304 

S2A-D).  Addition of the vessel dramatically reduces the extravascular accumulation of insulin surrounding 305 

the islet and increases insulin levels measured at the outlet (Fig. S2E-F). Together, these simulation data 306 

demonstrate the importance of vascular proximity, not only for the delivery of oxygen and glucose to islets, 307 
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but also for the capture and distribution of insulin.  308 

 309 

Pseudoislets support intra-islet vasculature. As noted above, intact cadaveric islets often retain small 310 

CD31+ vessel fragments but these fragments do not anastomose with the vasculature in the VMO. We 311 

therefore looked to see whether vasculature could be incorporated into dissociated and then re-aggregated 312 

islets, i.e. pseudoislets. We dissociated native islets and reconstituted these with ECs (Fig. 6A), and found 313 

that, in contrast to isolated native islets (Fig. 6B), the pseudoislets have less well-defined boundaries and 314 

are generally more loosely packed (Fig. 6C). We then assessed viability of the pseudoislets by performing 315 

a time course of static GSIS assays and found that a full return to glucose sensitivity required 14 days (data 316 

not shown). A comparison of native islets 1 day post-delivery and 14 days post-delivery, with day 14 317 

pseudoislets found that pseudoislets have a comparable insulin release proportional to content as native 318 

islets (Fig. 6D). However, the absolute insulin content and release of these pseudoislets is decreased 319 

relative to 14 day donor-matched native islets (Fig. S3). 320 

 To determine whether incorporation of ECs into the pseudoislets facilitates improved intra-islet 321 

vasculature in the islet-VMO platform, pseudoislets were co-loaded along with additional EC and stromal 322 

cells into the platform seven days post-reconstitution. We found blood vessels that both penetrated the 323 

pseudoislets and closely associated with the surface (Fig. 6E-G). To examine endocrine cell ratios following 324 

reconstitution, we performed immunofluorescent staining of pseudoislets 48 hours after reaggregation and 325 

after one week in the islet-VMO and compared these to native islets. In the islet-VMO platform, pseudoislets 326 

showed a similar number of insulin+ cells as native islets, whereas these cells were considerably diminished 327 

in number in the pseudoislets cultured in suspension (Fig. 6H-K). Interestingly, while the number of 328 

glucagon+ and somatostatin+ cells was also decreased in suspension pseudoislets compared to native 329 

islets, both populations were significantly enriched in pseudoislets in the islet-VMO (Fig. 6L-O, 6P-S). 330 

Consistent with the degraded cytoarchitecture of suspension islets they had a greatly increased number of 331 

undefined (non-endocrine) cells compared to the other groups (Fig. 6T-W).  332 

We next performed GSIS assays on day 14 pseudoislets in the islet-VMO platform, and consistent 333 

with our data using intact islets found a robust response to glucose challenge and KCl stimulation (Fig. 6X). 334 

Interestingly, we noted a delay in insulin release in response to high glucose with the pseudoislets 335 

compared to intact islets, although the  maximum levels achieved were comparable. This may reflect an 336 

imbalance in the numbers of α, δ and β cells, which could disrupt the complex cross-regulatory pathways 337 

that normally operate to fine-tune insulin release. This idea is consistent with previous work demonstrating 338 

that both α and δ cells can regulate β cell insulin release [38]. Consistent with our static GSIS studies, 339 

freshly reaggregated islets in the islet-VMO demonstrated little to no insulin secretion despite comparable 340 

insulin content (data not shown).  341 

 342 

Introduction of islet-activated immune cells as a model for islet-immune cell interactions. To assess 343 

the utility of our platform for investigating immune cell interactions with islets, we developed a non-344 
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autologous system for proof-of-concept studies. To enrich for alloreactive T cells we cultured non-MHC 345 

matched PBMCs with freshly-isolated islets either alone, or in the presence of blocking antibodies to MHC 346 

class I and II (Fig. 7A). IFN-γ was added to increase MHC molecule expression and IL-2 was added to drive 347 

proliferation of any T cells that became activated by allogeneic MHC. As expected, a sub-population of the 348 

T cells in the PBMC population did indeed have T cell receptors that cross-reacted with the (foreign) islet 349 

MHC, leading to activation and proliferation (as seen by grape-like clusters of cells), and this was blocked 350 

by the anti-MHC antibodies (Fig. 7B,C). Proliferation was confirmed by cell counting (Fig. 7D). We refer to 351 

these two populations as “Activated” and “MHC-blocked” cells. 352 

 To determine the killing capacity of the two cell populations, activated and MHC-blocked cells were 353 

labeled with CellTracker Green and then incubated with CellTracker Red-stained whole islets from the same 354 

donor that was used for the initial stimulation. Live cell imaging after two days shows morphological damage 355 

to islets exposed to activated immune cells, but not those incubated with MHC-blocked cells (Fig. 7E-F). 356 

Moreover, MHC-blocked cells infrequently interact with islets whereas activated cells regularly surround 357 

islets (Fig. 7G-H). Examination of islets with live/dead staining shows that islets exposed to activated, but 358 

not MHC-blocked cells experience morphological damage (Fig. 7I-J). Islets exposed to activated cells also 359 

have a higher percentage of dead cells than those exposed to MHC blocked cells (Fig. 7K-M). ELISA 360 

analysis of the supernatant from these assays also shows increased secretion of the inflammatory cytokines 361 

TNF-α and IFN-γ from activated cells interacting with the islets (Fig. 7N-O).  362 

Having determined that islet-reactive lymphocytes can be generated in response to allogeneic 363 

islets, we next sought to determine whether these cells can traffic to islets within the islet-VMO. CellTracker-364 

stained populations of either MHC-blocked or activated PBMC were added to reservoir VA and perfused 365 

through platforms containing islets from the same donor used for priming (Fig. 8A). After 48 hours of 366 

perfusion we noted robust extravasation of activated cells whereas we saw very few MHC-blocked cells 367 

entering the tissue (Fig. 8B-C, S5A-B). Many of the extravasated cells migrated towards the islets, with 368 

some also visible within the islet structure itself (Fig. 8D). Indeed, activated PBMCs demonstrated 369 

significantly higher rates of adhesion and extravasation (Fig. 8E). To determine if activated cells 370 

preferentially traffic to (or are retained in) islets, the number of immune cells within 100μm of an islet was 371 

quantified (Adjacent - Adj) and compared to control (Fig. 8F). To control for background (Bkgd) trafficking, 372 

a similar-sized area was used to quantify immune cells in non-islet regions of the same chamber. MHC-373 

blocked cells showed no preference for islets compared to background regions (Fig. 8F). In sharp contrast, 374 

immune cells that had been pre-activated against islet MHC showed a strong and significant bias toward 375 

islet localization (Fig. 8F). To determine if activated PBMCs also invade islets, the number of immune cells 376 

within an islet was quantified and compared to both background (as described above) and MHC-blocked 377 

cells (Fig. 8G). Again, compared to the control cells, the activated cells were strongly biased toward islet 378 

invasion.   379 

To confirm that it is indeed T cells invading the islets we stained tissues for CD3. We found very 380 

few CD3+ cells in tissues perfused with control (MHC-blocked) PBMC (Fig. 8H,I), whereas these cells were 381 
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numerous both in and around islets in tissues perfused with activated PBMC (Fig. 8J,K). Thus, T cells with 382 

specificity (allogeneic) for islets can be introduced through the vasculature of the islet-VMO platform where 383 

they can extravasate and migrate into islets. To confirm extravasated PBMCs were capable of initiating cell 384 

death, TUNEL staining for fragmented DNA strands was used as an indirect visualization of the initiating 385 

steps for apoptosis. We noted numerous TUNEL-positive cells in islets perfused with Activated PBMCs, 386 

whereas there was little to no staining in islets perfused with MHC-blocked PBMCs (Fig. 8M,O). In both 387 

cases we did observe some positive staining outside of the islets (Fig. 8L,N). Thus, in aggregate or data 388 

show that in the islet-VMO platform activated T cells can enter islets through the vasculature and initiate 389 

cellular damage. 390 

 391 

DISCUSSION 392 

Here, we describe a novel, biomimetic approach that models important aspects of the native islet 393 

environment while also preserving islet function ex vivo. Specifically, the islet-VMO uniquely incorporates: 394 

(a) a 3D microenvironment comprised of ECM and human stromal cells mimicking the native pancreas; (b) 395 

perfusable human blood vessels that transport glucose and insulin to and from islets; and, (c) the capacity 396 

to deliver immune cells via this vasculature. Importantly, the islets maintain glucose responsiveness for at 397 

least a week in the platform. Others have explored some of these strategies for improving human islet 398 

health, including recapitulating the surrounding ECM [39, 40], physiologically-relevant interstitial flow [41-399 

43], and co-culture with ECs [44]. The islet-VMO, however, incorporates all of these features with the 400 

addition of a perfusable human vasculature, resulting in a uniquely powerful tool capable of investigating 401 

physiologically-relevant islet functions and immune interactions.  402 

The kinetics of insulin secretion we see with the islet-VMO mirror those seen in healthy human 403 

subjects (Fig. 3) but differ somewhat from standard perifusion assays. In perifusions, islets exhibit strongly 404 

biphasic GSIS characterized by a brief, high-amplitude first phase, followed by a lower, sustained second 405 

phase [45]. In contrast, in the islet-VMO we see a more gradual slope of first-phase insulin release and the 406 

absence of a distinct second phase. Previous work has also shown the lack of a second-phase response 407 

when islets are encapsulated in a hydrogel [46], consistent with our findings. Our COMSOL modeling 408 

suggests that the islet response is determined both by location within the chamber and proximity to perfused 409 

vessels. Critically, the insulin secretion dynamics demonstrated in the islet-VMO match well with human in 410 

vivo insulin secretion (Fig. 3), which is also characterized by a gradual accumulation of circulating insulin 411 

without an apparent second phase of insulin release [47]. Also noted was the significant donor-to-donor 412 

variation. By bench-marking islet-VMO insulin secretion to the initial starvation phase, we found on average 413 

that the islet-VMO shows a 3-fold change in insulin secretion in response to a step increase of glucose 414 

concentration from 5 to 16.8 mM. 415 

In this study we found that individual islet-VMO insulin traces demonstrated both intra- and inter- 416 

donor variation in both the magnitude of insulin secretion and in glucose response time. Islet variation has 417 

long been a problem in the field, only addressed through large sample sizes and/or aggregate testing of 418 
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large numbers of islets. Recently, Dybla et. al. estimated that 400 islets per condition are required in order 419 

to adequately represent human variation [48]. Furthermore, many conventional assays of islet function 420 

require the destruction of the islets, precluding longitudinal studies of disease relevant perturbations in an 421 

in vitro setting. Recently published techniques have used microfluidic-based devices to allow for recovery 422 

of single islets after perfusion studies, however these are non-trivial in design and operation [21]. Although 423 

the islet-VMO demonstrates the same islet-islet variation, many of the studies presented here are not end-424 

point assays, allowing for controlled experiments in disease relevant conditions. For example, device GSIS 425 

can be conducted before and after perfusion of PBMCs, in order to understand the effect of T cell-mediated 426 

damage of islets. These data demonstrate that islets within the islet-VMO respond to glucose stimulation, 427 

recapitulate islet donor-to-donor variation, and mimic the linked changes in glucose and insulin levels 428 

observed in the human body. 429 

To establish the usefulness of the islet-VMO for modeling invasion of pancreatic islets by circulating 430 

immune cells, we conducted a proof-of-concept allogenic PBMC perfusion experiment. PBMCs co-cultured 431 

for five days in the presence of IL-2 and IFN-γ demonstrated a ready ability to adhere and extravasate upon 432 

perfusion through the device. Further, CD3 and TUNEL staining in devices perfused with activated PBMCs 433 

confirmed T cell migration to encapsulated islets and the presence of dying cells. MHC-blocking antibodies 434 

were not included with the perfusion of the MHC-blocked T cell control group, therefore it was unsurprising 435 

to see wide spread TUNEL staining throughout the device due to EC/PBMC HLA mismatch. However, there 436 

was a notable lack of TUNEL staining in islets encapsulated in devices perfused the MHC-blocked PBMC 437 

group, consistent with CellTracker dyes and immunofluorescent staining which demonstrated few T Cells 438 

had migrated into the islets in the MHC-blocked group. Taken together, we demonstrated that under 439 

appropriate stimuli, T Cells retain their ability to adhere to perfusable vasculature, extravasate into the 440 

extravascular space, and initiate cell apoptosis.   441 

Diabetes is a complex disease characterized by both molecular and immunological triggers that 442 

drive disease pathogenesis. Interaction between immune cells and islets is important in both forms of 443 

diabetes, wherein T1D is driven by autoimmune reactivity of T cells against β cells [49] while T2D is 444 

characterized by β cell inflammation and activation of tissue resident and circulating macrophages [8, 10, 445 

50]. In this study, we have demonstrated the feasibility of using the islet-VMO to understand these immune 446 

cell interactions. The model recapitulates physiological immune cell delivery through vessels, trafficking 447 

(extravasation), and islet invasion. While these processes can be modeled in mice, critically, the islet-VMO 448 

only utilizes human cells in a physiologically-relevant tissue and immune environment, thereby improving 449 

the correlative power of discoveries for patients. However, there are some important limitations to this model 450 

that should be noted. First, this model utilizes isolated islets from cadaveric tissue. We have previously 451 

noted that this isolation process disrupts the local ECM and vasculature. While this work demonstrates 452 

vasculature that associated with islets, there is little evidence of microvessel formation that would 453 

recapitulate islet geometry that is noted in vivo. Further, β cells exhibit a polar orientation in relation to local 454 

vasculature that impact glucose sensitivity and insulin release [51]. It is not clear that this cellular layout is 455 
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recapitulated by pseudoislets, at least in the time-frame studied, possibly accounting for the variable 456 

glucose sensitivity exhibited between each device. Reliance on cadaveric derived pancreatic islets 457 

represents a significant cost and biological hurdle to adoption of this model. Second, T1D is a complex 458 

autoimmune disorder involving many different types of immune cells. The model described here only 459 

investigated one cell type, T Cells, and their ability to migrate to islets. Other cell types, particularly antigen-460 

presenting cells and tissue resident macrophages will have to be investigated and incorporated into the 461 

model to recapitulate other aspects of T1D. Finally, T1D is an autoimmune disorder and the various cell 462 

types used in this study were derived from different donors. Further studies using this model to investigate 463 

T1D will need to rely on human leukocyte antigen matching or alternative tissue sources to derive an 464 

autologous model.  465 

While the islet-VMO is suitable in its current form to explore questions related to inflammatory 466 

cytokines and autoantigen release, other questions on T1D progression — namely, how genetic 467 

polymorphisms or environmental factors alter T cell and β cells interactions — are best answered in a 468 

completely autologous system. We and others have achieved several milestones towards generating such 469 

a platform. First, recent work demonstrates the feasibility of deriving all of the relevant cell populations from 470 

iPSCs, including islet cells [52, 53], ECs [54], and stromal cells that can be paired with patient-matched 471 

immune cells. Second, in this work we have demonstrated an approach to generate pseudoislets from 472 

dissociated cell populations and incorporate these pseudoislets within a vascularized islet-VMO. We note 473 

that the level of insulin secretion from pseudoislets in the islet-VMO and the tight regulation of insulin release 474 

do appear somewhat disrupted relative to intact islets, potentially due to an imbalance of endocrine cell 475 

types and ongoing remodeling of the microenvironment. Future studies will investigate these possibilities. 476 

We anticipate that the pseudoislet approach will ultimately allow incorporation of several relevant iPSC-477 

derived cell types leading to a fully autologous system. Importantly, β cells can be generated from iPSCs 478 

derived from T1D patients [55], enabling incorporation of β cells with susceptible genetic backgrounds into 479 

the platform for testing subsequent triggers of disease progression. Lastly, a similar but simpler 2D 480 

approach using iPSC-derived β cells and patient-matched PBMCs from both T1D patients and healthy 481 

volunteers has demonstrated the feasibility of using these cells to model relevant cell-cell interactions [56]. 482 

We anticipate that use of the islet-VMO will further broaden our understanding of human islet biology during 483 

T1D pathogenesis.  484 

 485 
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FIGURE 689 

 690 

Figure 1. Generating blood vessels in an islet-specialized Vascularized Micro-Organ (islet-VMO). (A) 691 
A microfluidic design for generating vascularized islet tissues comprises a central, enlarged cell chamber 692 
(inset) flanked by two channels, C

1
 (acting as an arteriole) and C

2
 (venule). Reservoirs at the end of each 693 

channel (V
A
-V

D
) are filled with varying heights of medium such that medium is driven by hydrostatic pressure 694 

in a net direction from V
A
, through the tissue chamber, and to V

D
. (B) To generate vascularized tissues, 695 

islets, EC, and stromal cells are loaded together in a fibrin hydrogel through the loading tunnel (labeled in 696 
A). Fluid flow is driven across the cell chamber to activate vessel formation in the central chamber with 697 
development of intact vessel networks by 5-7 days post-loading. (C) Upon maturation, blood vessels 698 
(fluorophore-transduced ECs, red) carry 70kDa FITC-dextran (green) with minimal leak. (D, E, G) Mature 699 
vessels are wrapped by stromal (pericyte) cells (magenta arrows; transduced stromal cells, white). (D, F, 700 
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G) These stromal cells help remodel the hydrogel to generate basement membrane (laminin, green) around 701 
the CD31

+
 endothelium (red). Scale bar, 200μm, inset, 100μm.  702 
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Figure 2. The islet-VMO platform supports islet-proximal vascularization and preserves islet 704 
cytoarchitecture. (A) Islets were loaded together with ECs and stromal cells such that even distribution of 705 
all populations are observed after loading. (B) Imaging of the same network after one week of maturation 706 
shows an intact vessel network (red, transduced ECs) around the embedded islets (dashed outline). Scale 707 
bar, 200µm. (C) The average number of islets was quantified per chamber across five donors, yielding an 708 
average of 20 islets loaded per chamber (red dashed line). (D) Quantification of average islet diameter 709 
across the same islet set shows an average islet diameter of 87.9µm (red dashed line) (n>110 islets). Box 710 
and whisker plots represent median, 25

th
, and 75

th
 percentiles (box) and min and max values (whiskers) for 711 

each data set.  (E) Immunofluorescent staining for CD31-expressing endothelium (red) shows vessel 712 
formation immediately proximal to islets (DAPI, cyan).  (F) Immunofluorescent staining of laminin (green)  713 
shows the presence of basement membrane surrounding islets (insulin, blue) and CD31+ endothelium 714 
(red). Scale bar, 75mm. Immunofluorescent staining and quantification of (G-J) insulin

+
 b cells, (K-N) 715 

glucagon
+
 a cells, and (O-R) somatostatin

+
 d cells was compared between cryosectioned native islets, 716 

cryosectioned islets maintained for one week in suspension culture, and in situ imaged islet-VMO-717 
embedded islets (n>45 islets across 8 donors).  All images were acquired on a confocal microscope and 718 
represent maximal projections of the combined image stack. Scale bars, 50mm. (S-U) Merged images of 719 
all staining and (V) quantitation of the unstained (non-endocrine) cells in each islet population.  720 
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Figure 3. Glucose responsiveness of islet-VMO islets partially reflects in vivo glucose 722 
responsiveness. (A) To test islet response to glucose stimulation, medium supplemented with either basal 723 
(5.5mM) or high (16.7mM) glucose can be introduced through reservoir V

A
 to stimulate islets by perfusion 724 

through the vascular network. Insulin and glucose is measured from effluent collected at reservoir V
D
. 725 

Reservoirs V
B
 and V

C
 are blocked so that all glucose flows through the vessel network and secreted insulin 726 

is not diluted by cross-flow from V
C
. (B) Perfused glucose (black dashed line) and secreted insulin (blue 727 

line) are measured at 10-minute intervals from collected effluent and plotted over time (n=19 Islet-VMOs 728 
containing islets from 6 different donors). Error bars represent SEM. (C-F) Traces of measured glucose 729 
(black dashed line) and insulin (colored lines) from individual donors show similar secretion patterns despite 730 
different magnitudes of insulin secretion (note different y-axis scale) (n≥3 Islet-VMOs per donor).  731 
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Figure 4. COMSOL modeling of islet function within the islet-VMO platform. (A) Islet-VMO platforms 733 
perfused were with FITC-dextran (gray) such that both the perfused vasculature and position of islets within 734 
the islet-VMO could be mapped. (B) For COMSOL modeling, vessels were converted to a skeletonized 735 
vessel network for COMSOL modeling (black outline) and islets localized to their mapped locations (blue). 736 
Glucose perfusion was modeled entering the model from the inlet with glucose and insulin measurements 737 
modeled at the outlet (equivalent to V

A
 and V

D
 in Fig. 3). Snapshots were acquired from the model at 30 738 

minutes after high glucose perfusion showing (C) islet oxygen consumption (%, color scale), (D) medium 739 
velocity (m/s, gray scale) and glucose diffusion (mM, color scale), and (E) medium velocity (m/s, gray scale) 740 
and insulin secretion (mM, color scale). (F) Glucose perfusion and (G) insulin secretion traced over time in 741 
the COMSOL simulation model (black line) was compared to experimental values from the same islet-VMO 742 
(blue line). 743 

 744 
Figure 5. Individual islet function modeled within the islet-VMO. Using the COMSOL model described 745 
in Fig. 4, (A) a selection of six islets (annotated and colored) were selected for measuring individual islet 746 
function. (B) Insulin secretion profile (colored lines matched to islet color) for each islet was modeled over 747 
the course of low and high glucose perfusion (black dashed line), showing variable islet responses 748 
depending on location within the chamber and proximity to perfused blood vessels.   749 
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Figure 6. Intra-islet vasculature is enhanced in pseudoislets embedded within the islet-VMO. (A) To 751 
generate reconstituted islets, native islets were dissociated and reconstituted either as islet cells alone 752 
(reaggregated islets) or together with ECs (pseudoislets). Created with BioRender.com. (B-C) Islet 753 
morphology was compared by phase contrast microscopy two days post-reconstitution between (B) native 754 
islets and (C) pseudoislets. Scale bar, 100μm. (D) Static glucose-stimulated insulin secretion (GSIS) was 755 
measured for each islet population under unstimulated (2.8mM glucose) and stimulated (16.7mM) 756 
conditions (two-way ANOVA, significance: ns, not significant; **p<0.01; ***p<0.001). (E) Pseudo-islets were 757 
loaded together with EC and stromal cells and vessel networks allowed to form.  ECs (CD31

+
, red) form an 758 

interconnected network that surrounds and penetrates the pseudoislets (DAPI, cyan, dashed outline). Scale 759 
bar, 100mm. (F-G) CD31 staining shows vessels penetrating pseudo-islets (white arrows). Scale bar, 760 
25μm. Immunofluorescent staining and quantification of native islets, pseudoislets after reconstitution, and 761 
pseudoislets maintained in the islet VMO for one week (pseudo-VMO) for (H-K) insulin

+
, (L-O) glucagon

+
, 762 

and (P-S) somatostatin
+
 cells. Scale bar, 50μm. (Student’s t-test, n.s., not significant; ***p<0.0001). (T-W) 763 

Merged images of staining in all islet types and (Y) quantitation of undefined (non-endocrine) islet cells. (X) 764 
Secreted insulin at listed timepoints collected over a 10-minute interval (n=7 Islet-VMOs containing islets 765 
from 2 different donors). Error bars represent SEM. 766 
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 767 

Figure 7. PBMCs are activated against donor islets. (A) MHC blocked and activated PBMCs were 768 
generated by incubating PBMCs with donor islets and IL-2+IFN-g (activation cocktail) in round-bottom 96-769 
well plates. MHC blocked conditions also contained antibodies against both MHC Class I and II. Schematic 770 
created with BioRender.com. After 5 days under these conditions, PBMCs cultured in the (B) presence or 771 
(C) absence of MHC-blocking antibodies demonstrates clonal expansion (activation) only in the absence 772 
of MHC-blocking antibodies. Islets are annotated by asterisks (*) and grape-like clusters annotated by 773 
arrowheads. Scale bar, 200μm. (D) Quantification of activated PBMCs (red) as a fold-change relative to 774 
MHC blocked PBMCs (black) after five days of activation. These MHC blocked and activated PBMCs were 775 
isolated and incubated with islets from the same donor for 48 hours. (E-H) Islets (yellow) and PBMCs 776 
(magenta) were stained with different CellTracker dyes and imaged for interactions between the two after 777 
48 hours incubation in a chamber slide. Islets exposed to activated but not MHC blocked PBMCs show 778 
morphological damage Scale bar, 50μm (E, F). (G) MHC blocked PBMCs show minimal affinity for islets 779 
(white arrowheads) whereas (H) activated PBMCs show increased adhesion to islets and, in some cases, 780 
destruction of islet tissue (white arrows). (I-L) Islets from the same conditions were stained with live/dead 781 



 31 

stain. (I, J) Morphological damage is evident in islets exposed to activated but not MHC blocked PBMCs 782 
(arrow indicates islet damage). (K, L) Dead cell staining (red) shows increased dead cells in islets exposed 783 
to activated but not MHC-blocked PBMCs. (M) Quantification of dead cell labeling (red) versus Hoechst 784 
(nuclei, blue) staining in islets exposed to MHC blocked (black) or activated (red) PBMCs (Student’s t-test, 785 
**p<0.01) (n=30 islets across 4 donors).  Supernatant was collected from these co-incubations and 786 
measured for secreted (N) TNF-α and (O) IFN-γ relative from MHC blocked (black) and activated (red) 787 
PBMCs.  Statistical significance determined by Student’s t-test (significance: *p<0.05, **p<0.01). 788 
 789 

 790 
Figure 8. Immune cell and islet interactions are modeled within the islet-VMO. (A) CellTracker+ MHC-791 
blocked or activated PBMCs were added to reservoir VA and allowed to perfuse though islet-VMOs 792 
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containing islets from the same donor for up to 48 hours. (B) MHC-blocked PBMCs (green) demonstrate 793 
minimal adhesion or extravasation from vessels (fluorophore-transduced ECs, red) as compared to (C) 794 
activated PBMCs (islets, dashed outline). Scale bar = 200μm. (D) Inset from (C) (yellow dashed box) shows 795 
increased migration of activated PBMCs out of the vasculature towards the islet (white arrows) with multiple 796 
PBMCs co-localizing within the islet itself (yellow arrowheads). (E) Quantification of PBMC staining shows 797 
increased adhesion and extravasation of activated but not MHC-blocked PBMCS across multiple islet 798 
donors (two-way ANOVA, *p<0.05, ****p<0.0001) (n=14 Islet-VMOs across 4 islet donors). (F) The number 799 
of PBMCs within 100μm of an islet was quantified (Adj) and compared to both background, non-islet regions 800 
(Bkgd) and MHC-blocked PBMCs (one-way ANOVA, ***p<0.001, ****p<0.0001) (n>65 islets across 4 islet 801 
donors). (G) The number of PBMCs present within islets (islet) was quantified and compared to PBMC 802 
counts in background, non-islet regions (Bkgd) and MHC-blocked PBMCs. (one-way ANOVA, ***p<0.001, 803 
****p<0.0001 by) (n>65 islets across 4 islet donors). (H, I) Confocal imaging of fixed and stained islet-VMOs 804 
shows minimal adhesion (arrows) of perfused with MHC-blocked CD3+ T cells (green) to the vessels 805 
(CD31+, red; DAPI, cyan). (J, K) Immunofluorescent staining of islet-VMOs perfused with activated PBMCs 806 
shows increased extravasation (white arrows) and islet (DAPI, cyan) invasion (yellow arrowheads) of CD3+ 807 
T cells.  (L,M) TUNEL staining of islet-VMOs perfused with MHC-blocked-PBMCs shows little to no cell 808 
death in the islets. Scale bars, 100μm. (N,O) TUNEL staining of islet-VMOs perfused with activated PBMCs 809 
shows evidence of cell death in the islet. Scale bars, 100μm. 810 
  811 
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SUPPLEMENTAL FIGURE LEGENDS 812 

 813 

Figure S1. Measuring vessel network parameters in the islet-VMO. (A-D) Vessel morphology was 814 
compared using either endothelial colony-forming cells (EPC) or human umbilical vein endothelial cells 815 
(HUVEC), as measured by vessel (H) length, (B) branching, (C) diameter, and (D) hierarchical diameter 816 
distribution. All error bars represent standard deviation, significance determined by Student’s t-test 817 
(significance ***p<0.001). (E) Vessel length was measured using FIJI imaging software by measuring the 818 
length of segmented lines (yellow) traced at the midpoint of all vessels. Branching was quantified by 819 
counting the intersection points of these lines (red circles) throughout the cell chamber. Scale bar=200𝛍m. 820 
(F) To measure vessel diameter, the cross-section of all traced vessels was measured at 50-100𝛍m 821 
intervals along the length of each vessel. 822 

 823 
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 824 

Figure S2. Insulin secretion of individual islets is dependent on proximity to perfused blood vessels. 825 
Insulin secretion was first modeled with the skeletonized vessel network from Fig. 3, showing insulin 826 
accumulation around islet #3. A snapshot of flow velocity (m/s, gray scale) and insulin secretion (mM, color 827 
scale) are plotted 30 minutes post-high glucose perfusion. (B) Addition of a new connecting blood vessel 828 
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(yellow arrow) reduces the size of this insulin pool, demonstrating the importance of vessel location for 829 
trafficking secreted insulin. (C, D) Insets of before (A) and after vessel addition (B) demonstrates the 830 
reduced insulin accumulation in the presence of the new vessel. (E) Quantification of the insulin contribution 831 
from islet #3 alone before vessel addition (black line) and after vessel addition (blue line). (F) Quantification 832 
of total insulin production from the entire chamber before vessel addition (black line) and after vessel 833 
addition (blue line).  834 

 835 

Figure S3. Representative Static GSIS secretion and total insulin illustrating loss of insulin content 836 
and secretion by the pseudo-islets after reaggregation. (A) Raw Insulin secretion by native and 837 
pseudoislets after 1hr incubation. (B) Total insulin content of native and pseudo-islets after 14 days in 838 
culture.   839 



 36 

 840 

Figure S4. Custom MATLAB code used to determine number of cells co-positive for Hoechst and 841 
Dead staining. Images were first separated by channel into red (dead), green (live), and blue (Nuclei) Grey 842 
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masks were generated by adaptative thresholding. Morphological functions were utilized to separate any 843 
connected regions. Number of separate regions was determined with MATLAB code regionprops. 844 
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Figure S5. Time course of PBMC perfusion through the islet-VMO.  Adhesion and extravasation of (A) 846 
MHC-blocked PBMCs (green) from blood vessels (fluorophore-transduced ECs, red) is reduced at multiple 847 
timepoints as compared to (B) activated PBMCs at the same time points. Serial images within each panel 848 
demonstrate dextran perfusion (prior to PBMC perfusion), and 6, 24, and 48 hours post-PBMC perfusion. 849 
Scale bar, 200mm. 850 

 851 

  852 



 40 

SUPPLEMENTAL TABLES 853 

Table S1. Medium Formulations 854 

Medium Name Formulation 

Short-Term Islet Medium 
10% FBS, 13mM glucose, 2mM L-glutamine, 1mM sodium pyruvate, 
10mM HEPES, 0.25µg/mL amphotericin B, 100U/mL PenStrep, CMRL 
1066 medium 

Long-Term islet Medium 
10% FBS, 1x GlutaMax (ThermoFisher), 10mM Nicotinamide, Insulin-
Transferrin-Selenium (ThermoFisher), 16.7μM Zinc Sulfate, 5mM Sodium 
Pyruvate, 25mM HEPES, 100U/mL PenStrep, CMRL 1066 medium 

Krebs-Ringers Buffer 
(KRB) 

130mM NaCl, 5mM KCl, 1.2mM CaCl2, 1.2mM MgCl2, 1.2mM KH2PO4, 
20mM HEPES pH 7.4, 25mM NaHCO3, 0.1% BSA, 2.8mM glucose in 
water 

M199(+) 
M199 (-phenol red) medium, EGM-2 growth factors (Lonza Bioscience), 
10ng/mL VEGF-165 (Shenandoah Biotechnologies, Warminster PA) 

High-Glucose M199(+) M199(+), 16.7mM glucose (final) 

PBMC Medium RPMI-1640 medium, 10% FBS 

PBMC Activation Medium 
RPMI-1640 medium, 10% FBS, 10ng/mL IL-2 (Biolegend), 20ng/mL IFN-
γ (Biolegend) 

  855 
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Table S2. Antibodies for immunofluorescence (IF) staining, flow cytometry (FC), and blocking (B). 856 

Antibody 
Specie

s 
Application Supplier Catalog # Dilution 

CD31 mouse IF 
Agilent Technologies Inc.,      

Santa Clara CA 
#M0823 

1:600 (IF, section),           
1:300 (IF, VMO) 

CD3 rabbit IF Abcam, Cambridge MA  
#ab13537

2 
1:300 (IF, VMO) 

Glucagon mouse IF 
Sigma-Aldrich,                     
St. Louis MO 

#G2654 
1:5000 (IF, section)        
1:1,000 (IF, VMO) 

Insulin 
guinea 

pig 
IF 

Agilent Technologies Inc.,   
Santa Clara CA 

#A056401 
1:1,000 (IF, section)          

1:500 (IF, VMO) 

HLA-A, B, C Mouse B 
BioLegend, San Diego 

CA 
#311402 10mg/mL 

HLA-DR Mouse B 
BioLegend, San Diego 

CA 
#307602 10mg/mL 

Laminin 1+2 rabbit  IF Abcam, Cambridge MA  #ab7463  1:100 (VMO)  

Somatostatin goat IF 
Santa Cruz 

Biotechnology Inc., Dallas 
TX 

#sc7819 
1:500 (IF, section)             
1:300 (IF, VMO) 

 857 
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Table S3. Constants for COMSOL Modeling. 859 

 860 

Parameter Constant Source 

First-phase insulin release, Hill-slope* 4   

Second-phase insulin release, Hill-slope* 0.1   

Glucose consumption, Hill-slope 3   

First-phase insulin response 3.43 x 10-4 mol/m3/s   

Second-phase insulin response 5.15 x 10-6 mol/m3/s   

Oxygen diffusion coefficient in fibrin 1.7 x 10-9 m2/s   

Insulin diffusion in fibrin 8 x 10-12 m2/s 

Fluorescent insulin, fluorescent recovery 
after photobleaching (FRAP) (data not 
shown) 

Glucose diffusion in fibrin 3 x 10-10 m2/s   

Fibrin permeability 1.5 x 10-13 m2   

Endothelial cell hydraulic conductivity 3.5 x 10-9 cm/s*Pa   

*Alterations to Hill-slopes and insulin production rates made in response to the insulin output kinetics of the islet-
VMO 
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