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The Spatial Landscape of Extracellular Matrix Gene Expression in Healthy and
Type 2 Diabetic Human Pancreas

Luisa Kimberly Meneses
Abstract

The basement membranes surrounding human pancreatic islets and their
vasculature are essential to B cell survival, polarity, and insulin secretion, yet the cells
that build and maintain this extracellular matrix in the adult human pancreas, and the
way it is remodeled in type 2 diabetes, have remained poorly defined. The prevailing
model holds that endothelial cells are the principal source of the vascular basement
membrane, but the close physical association of endothelial cells, pericytes, and
fibroblasts has made it difficult to assign secreted matrix proteins to a cellular source,
because conventional histology cannot identify the producing cell and dissociation-
based sequencing discards spatial context. To resolve these questions, this work
combined computational re-integration of publicly available human pancreas single-cell
RNA-sequencing data with donor-resolved MERFISH spatial transcriptomics of non-
diabetic and type 2 diabetic human pancreas, using a custom 300-gene panel that
included 98 extracellular matrix genes. Islet boundaries were segmented manually,
vascular populations were validated through spatial neighborhood and proximity
analyses, and the single-cell and spatial datasets were treated as orthogonal analyses,
with further validation against an anatomically resolved reference dataset,
immunofluorescence, and RNA in situ hybridization. These analyses identify pericytes,
rather than endothelial cells, as the predominant transcriptional source of vascular

basement membrane genes, including COL4A1, COL4A2, LAMA4, and LAMB2, while



endothelial cells contribute the complementary components HSPG2 and LAMAS. A
spatially distinct islet-associated fibroblast population occupies the endocrine boundary
and expresses a peri-islet matrix program enriched for LAMB1 and LAMC1. Pericytes
retain a conserved identity, while specializing between the endocrine and exocrine
compartments. In type 2 diabetes, the endocrine vascular niche is remodeled, shifting
the fibroblast-to-pericyte balance, reducing PDGFRB and basement membrane
programs, and increasing contractile, stress, and inflammatory signatures. These
findings support a cooperative, multicellular model in which endothelial cells, pericytes,
and specialized fibroblasts build the human islet basement membrane, and they reveal

its coordinated disruption in type 2 diabetes.

Vi



Table of Contents

Chapter 1 INtrOUAUCEION ............ceeeeeeeeeeeeeeeeeeesssssssssssssssssssssssssssssssssssssssssenenensnnnnnnnnnns 1
1.1 The HUM@N PANCreas ... sisssmms s mmms s smms e mmmmn e e 1
1.2 Cellular Composition of the Endocrine Niche..........corrii e 3

1.2.1 Endocring Cell POPUIGLIONS .........ooiiiiiii et 4
1.2.2 Vascular-Associated Cell POPUIatioNS ...........cuiiiiiiiii e e 9
1.2.3 Immune and Neural POpUIGtioNS......... .o 19
1.3 Cellular Composition of the Exocrine Microenvironment .............cccccoeiiiirricicicccicccnnns 20
1.3.1 Epithelial Cell POPUIALIONS .........oiiiiiiiieiee e 20
1.3.2 Vascular-Associated Cell POPUIAtioNS ... 21
1.3.3 Immune and Neural COMPONENES ...........oooiiiiiiiiii e e e e e e eeeees 22
1.4 The Pancreatic Vasculature...........cccoooiiiiiiiciirrn s e 23
1.4.1 Islet Vascular ArChit@CIUre ... oo e e e 23
1.4.2 Exocrine Vascular ArChitECIUIE ..........eeiiiiie e 25
1.5 Extracellular Matrix Biology in the Human Pancreas...........cccccoccminiiimsnincnnnennsssenenns 26
1.5.1 Basement MEemMDIanE@Ss ....... ... ittt e e e e e ee e e e e e e e ee e e e e e e e nneees 29
1.5.2 Stromal Extracellular Matrix Regulation of Endocrine Function ............cccccviiiiieiiiieni e 32
1.5.3 Cellular Sources of the Pancreatic Extracellular MatriX.............oocviiiiiiieeiiiie e 34
1.6 Extracellular Matrix Remodeling in Type 2 Diabetes.........ccccoceririrrcininnnnsncncscsssssssssnnnnns 35
L Tt I 5 1= o 01 SRR 35
1.6.2 Basement Membrane ThiCKENING ..........coiiiiiiii e 35
1.6.3 Vascular DYSTUNCHION...........uiiiiee e e e e et e e e e e e e ennrees 36
1.6.4 Pericyte REMOAEIING ...coooiiiiiiiiie ettt e e e e e e e s ee e e e e e sennnreeeeeeeeennrees 36
1.7 Limitations of Current APpProaches ........ccccvcccccieciiiminnsscc s e 39
LR 200 I 1153 o (o Yo )2 39

Vil



(A =011 QS T=To 01T o o7 oo [ RSP URRSTRRRN 39

1.7.3 Single-Cell RNA-SEQUENCING .....cccoiiiiiiiiie e ettt e e e ettt e e e e e e e e e e e st ee e e e e s seatsreeaaeeaeaannrees 40
1.8 Study Rationale and Objectives.........ccccoiiiiicccicciiri s e 40
e I 2 =3 (= =Y 0 Lo Y PP 43

Chapter 2 The Spatial Extracellular Matrix Expression Landscape of the

Human Adult Pancreas Across Health and DiS@aSe..........ueeeeeeeeeeeeeeeeeieeeernanmannans 79
80 I 114 e X 10 3 1 o 79
072 =Y | | 81

2.2.1: Mesenchymal cells are the Primary Source of Vascular Basement Membrane Gene
Expression in the Healthy Adult Human Pancreas. ... 81
2.2.2: Pre-MERSCOPE Workflow Development and Validation...............cccccvveeiiiiiiiiiiiieee e, 88
2.2.3 Spatial Transcriptomics Identifies and Maps Pericyte, Endothelial, and Fibroblast

Populations within the HUMan PanCreas ... 92
2.2.4: Distinct features of ECM Gene Expression Programs in the Endocrine versus

Exocrine Vascular CompartmMeENts. .........cooi i e e e e e 104

2.2.5: Pericyte and Fibroblast Transcriptional Remodeling in the Type 2 Diabetes PancDB

2.2.6 Type 2 Diabetes MERSCOPE Analysis Reveals Altered Vascular Composition and

Spatial Remodeling in Type 2 DiabetiC ISIEtS...........ooviiiiiiiiieiie e 118
728 28 1= o1 11T T o 127
2.3.1 ARevised Model of Human Vascular Basement Membrane Assembly ..............ccccceeennnnee.n. 128
2.3.2 Pericytes as Specialized Basement Membrane-Producing Cells...........ccccccoocciiieeieeiiccnneenn.n. 130
2.3.3 Islet-Associated Fibroblasts Define a Specialized Endocrine Stromal Niche.......................... 132
2.3.4 Endocrine Versus Exocrine Vascular Niche Specialization ............cccooiiiiiiiiicii, 134
2.3.5 Type 2 Diabetes Remodels the Endocrine Vascular Niche ...........cccccoooiiiiiiii 136

viii



2.3.6 Implications for Regenerative Medicine and Disease Modeling ..........ccccccvveiviiieeeiciieeesiiieeenne 139

2.4 Strengths of the StUdy .........coo e e 140
2.5 LimitatioNs .......ceiiiiiiiiiis e 142
2.6 FUtUre Dir€CtiONS ......cciviieiiiiiine i s 144
28 O o T T2 11T T 147
2.8 Materials and Methods ... 148
2.8.1 Human pancreas sample aCqUISITION ............cccciiuuiiiiiiiiiiiiiieieeeee e e e e e e e e e e e e e e e e e e e e e e 148
2.8.2 PYNON @NAIYSIS .....eeiiiiiiiee ettt e e e e e e e e e e nnaeeee s 149
2.8.3 scRNA-seq Quality Control and Filtering .........ccoouiiiiiiiiii e 149
2.8.4 Cross-Reference Validation with External sScCRNA-seq Datasets.........cccccveeeeiieiiiiieennneen. 151
2.8.5 Integration and Batch Alignments with CONCORD ..........ccooiiiiiiiiiee e 154
P N N =T TSy RS Telo [T PSR 154
2.8.7 Differential EXPression ANAIYSIS .........eeiiiiiiiiiiiee et 155
2.8.8 Hematoxylin and Eosin (H&E) StaINING .......ccveiiiiiiiiiiiiee s 155
2.8.9 H&E Imaging and ANNOLAtION ........c..eiiiiiiiie it e et e e e e s e e snnnaeae s 156
2.8.10 RNA DV200 ANGIYSIS. ...c.ueeiueeiuieitetatee ettt ettt sttt et et e e te e sbe bt e beebeebeesaeeseeenees 156
2.8.11 MERSCOPE Sample VerifiCation ............ccoiiiiiiiiie st 156
2.8.12 Gene selection For MERFISH ... 157
2.8.13 MERFISH for FFPE tiSSUE SAMPIES.........coiiiiiiiiiiiiie et 158
2.8.14 Cell SEgMENTAtION ......eiiiiiii e 159
2.8.15 Islet Annotations using MERSCOPE Visualizer ... 159
2.8.16 Spatial Transcriptomics Quality Control and Filtering .........c.cccoiiiiiiiniii e 160
2.8.17 Spatial Transcriptomics Clustering and Cell-type Annotation.............cccccooeeiiiiieeicceiccineee. 160
2.8.18 Spatial Distance CalCulations ............ueviiiiiiiiiieiie e e e 161
2.8.19 Cell COMPOSItION ANAIYSIS ... .eiiiiiiiiiiiieie it e e e e e e e s reee e e e e e esstaee e e e e e e s snnraeeaaeeeannnrens 163
2.8.20 Immunofluorescence (IF) Staining of Human FFPE Pancreatic TiSSU€ .........cccccviivveeennnneee. 163



2.8.21 RNAscope Multiplex Fluorescence Assay on Human FFPE Pancreatic Tissue ................... 164

2.8.22 Gene set enrichmMeENt @NalYSiS.........cooiiiiiiiiiiiie e e e e e e reeea s 165
2.8.23 Identification of Islet-Associated Fibroblasts...........cccocuiviiiiiiiii e, 166
2.8.24 Manual gene set curating for Type 2 Diabetes spatial analysis...........ccccoovviiiiiinieennnen. 166
2.8.25 StatiStiCAl ANAIYSIS: .....eeiiiiiieiie e e 167
e I 2T =) =T o] o7 Y 168
2.10 Supplemental Files ........cccciimiiiinrir s 191
2.10.1 Chapter 2_SoUrce Data.XISX .......ccccuuriiiieiiiiiieiee ettt e e e e e e e e e e s searaae e e e e e sennnes 191



List of Figures

Figure 1-1: Gross anatomy of the human pancreas and the surrounding upper abdominal organs. ........... 1
Figure 1-2: Schematic overview of the human pancreas and islet microenvironment................cccooceernneen. 2
Figure 1-3: Schematic organization of the human pancreatic islet and its relationship to the

SUIMTOUNAING ECIM. ..o e et e e e e e et e e e e e e e sttt e e e e e e e e eaabaseeeeeesannbareeeaeas 3

Figure 1-4: Representative immunofluorescence image of the human islet vasculature and its

b= ETs T T b= (=Y ot =Y | I 4 oY SRR 9
Figure 1-5: Immunofluorescence image of human pancreatic exocrine vasculature. ............c.ccccceeieeenee. 21
Figure 1-6: Schematic of the human islet vascular basement membrane. ...........cccccccoiiiiiinii e 23
Figure 1-7: Representative immunofluorescence images of human pancreatic ECM organization. .......... 26
Figure 1-8: Organization and molecular composition of the human islet basement membranes. .............. 29
Figure 1-9: Functional roles of the pancreatic islet microenvironment. ............cccoce i 32

Figure 2-1: Schematic of the pancreatic vascular niche depicting the specialized architecture of the
ISIEt MICTOVASCUIBTUIE. ... ettt e e et e e e rnbe e e e s nbee e e eneee 82

Figure 2-2: Quality control and doublet filtering of the integrated human pancreas scRNA-seq dataset. ..83

Figure 2-3: CONCORD integrated UMAP of PancDB dataset before and after donor filtering. ................. 83
Figure 2-4: Basement membrane gene expression across pancreatic cell types........ccccccovviicieieeiennnee. 84
Figure 2-5: ldentification of mesenchymal subpopulations and extracellular matrix programs. ................ 85

Figure 2-6: Differential expression of basement membrane and fibrillar collagen genes between

mesenchymal SUDPOPUIAtIONS. .......cciiiii e e e e e e e e e aaaaaaaaaeaeaaaeaeeaeaeas 86
Figure 2-7: Cross-dataset comparison of pancreatic mesenchymal cell populations. ...........ccccccceeeevneneee. 87
Figure 2-8: Design and gene selection strategy for the custom MERSCOPE panel. .........cccooceeeeiienenee 89
Figure 2-9: H&E Staining of human pancreatic FFPE tissue section. ...........cccoccoci i 90
Figure 2-10: DV200 Quantification of FFPE human pancreas samples. ........cccccvviiiiereee e 91
Figure 2-11: Sample verification MERSCOPE run imaging results. ...........ccccoiiiieiniiee e 92

Figure 2-12: Snapshot of manual segmentation of pancreatic islets in MERSCOPE spatial

0= TatTed g1 o] (ol a a1 Tod F-1 - TR 93

Xi



Figure 2-13: Overview of MERFISH spatial transcriptomic profiling and cell annotation of the adult

LU E= T o= g o == PR 94
Figure 2-14: Spatial mapping and neighborhood enrichment validate pancreatic cell type annotations. ...95
Figure 2-15: Integration and annotation of the MERFISH spatial transcriptomic dataset. .......................... 96
Figure 2-16: Expression of representative marker genes across the integrated MERFISH dataset. ......... 97

Figure 2-17: Identification and characterization of vascular-associated mesenchymal cell populations

iN the MERFISH dataset.........ocueiiiiiii e e 97
Figure 2-18: Subclustering of fibroblast populations in the PancDB dataset. ...........cccccooiiveiiieee e 99
Figure 2-19: Validation of islet-associated fibroblast identity using the Craig-Schapiro dataset............... 100
Figure 2-20: Islet-associated fibroblasts are enriched at the islet boundary. ...........ccccccooeiiiii 101

Figure 2-21: Spatial association of pericytes and islet-associated fibroblasts with the islet vasculature. 102

Figure 2-22: In situ validation of vascular-associated populations by representative MERSCOPE fields

Figure 2-23: Spatial organization and cell-type enrichment of islet basement membrane genes. ........... 105
Figure 2-24: Comparison of basement membrane gene-set scores across donor-paired cell

[ T0] o101 F= 1T} o < 7RSSR 106
Figure 2-25: Endocrine vascular cell differential @Xpression. .........c..uevviiiiiiiiiiie e 107
Figure 2-26: Immunofluorescence image showing the vasculature within a representative ND human

][ PSPPSRI 108
Figure 2-27: Immunofluorescence RNAscope image showing the vasculature within a representative

ND RUM@N FSIEL. ...ttt ettt e st e e sabe e e e snneeeeas 109
Figure 2-28: Pericyte BM and ECM programs are maintained across endocrine and exocrine

LoTo] a1 0F= 140 4= 11 €SOO 110
Figure 2-29: Endocrine and exocrine pericytes display compartment-specific transcriptional programs. 111
Figure 2-30: Differential gene expression between islet and exocrine pericytes in the Craig-Schapiro

Lo =1 ¢ £7 = SRS 112

Figure 2-31: Quality control and annotation of the CONCORD re-integrated PancDB atlas. ................... 113

Xii



Figure 2-32: Type 2 diabetes-associated remodeling programs in MSL1 and MSL2 mesenchymal
[ T0] o101 F= 1T} o < 7RSSR 114
Figure 2-33: Diabetes-associated pathway score changes in MSL1 and MSL2 populations. .................. 116
Figure 2-34: Gene set enrichment analysis comparing PancDB T2D and non-diabetic fibroblasts and
(1T 13 VA L= o L] 01U =1 oo - 117

Figure 2-35: Differential gene expression and ECM/ basement membrane changes in T2D

mesenchymal POPUIALIONS. ...... ... et e e e e e e e e e e nneeeeeeas 118
Figure 2-36: Spatial distribution of endothelial cells and pericytes in the adult human pancreas............. 119
Figure 2-37: Integrated spatial vascular cell annotations across T2D MERSCOPE sampiles. ................. 120

Figure 2-38: Integrated spatial vascular cell annotations across ND and T2D MERSCOPE samples. ....120

Figure 2-39: T2D MERSCOPE vascular-associated population marker gene expression. ...................... 121
Figure 2-40: Heatmap of BM genes across T2D vascular-associated populations. ..........cccccocciiiieeenns 121
Figure 2-41: Spatial vascular cell composition and islet stromal remodeling in T2D. ........cccoccieiiiinennnen 122
Figure 2-42: Islet vascular composition and pericyte positioning in T2D. .......cccoooiiiiiiiiiiii e 123
Figure 2-43: Heatmap showing z-score normalized enrichment of transcriptional programs.................... 124

Figure 2-44: IF validation of increased intra-islet COL1A2 protein expression in type 2 diabetic human
£5] =7 £ T PO PP UURP ORI 126

Figure 2-45: Immunofluorescence of ND and T2D pancreatic tissue sections. ..........cccocccveevceeeniiieeenee 127

Xiii



List of Tables

Table 2-1: Gene programs derived from differential expression analysis between ND and T2D

PANCDB. ...t bRt bt h e st e s b et nn e nnre e 123
Table 2-2: Donor characteristics of human pancreatic tissue samples included in this study.................... 149
Table 2-3: Basement membrane and extracellular matrix gene sets used for gene set scoring. ............. 154
Table 2-4: Custom MERSCOPE 300 Gene Panel. .........ocoooiiiiiiiiii e 158
Table 2-5: Table of Antibodies used for IF staining. ..........c.coooiiiiiiii e 164
Table 2-6: Table of probes used for RNASCOPE. ..........uuiiiiiiiiiiiiiie et 165

Xiv



List of Abbreviations

ACE: Angiotensin-converting enzyme

ACE2: Angiotensin-converting enzyme 2

ADAM9: ADAM metallopeptidase domain 9
ADIRF: Adipogenesis regulatory factor

ALB: Albumin

AQP1: Aquaporin 1

ARX: Aristaless related homeobox

BM: Basement membrane

BMI: Body mass index

BMP4: Bone morphogenetic protein 4

C1QB, C1QC: Complement C1q B/C chain

C1R, C1S: Complement C1r/C1s

C110rf96: Chromosome 11 open reading frame 96
CALD1: Caldesmon 1

CD4, CD8A: Cluster of differentiation 4 / 8 alpha
CD31: Cluster of differentiation 31 (PECAM1)
CD93: CD93 molecule

CDHS5: Cadherin 5 (VE-cadherin)

CELA3B: Chymotrypsin-like elastase family member 3B
CFTR: Cystic fibrosis transmembrane conductance regulator
CHGA: Chromogranin A

CLDNS5: Claudin 5



COL1A1, COL1A2: Collagen type | alpha 1/2 chain

COL3A1: Collagen type lll alpha 1 chain

COL4A1, COL4A2, COL4A3: Collagen type IV alpha 1/2/3 chain
COL5A1, COL5A2: Collagen type V alpha 1/2 chain

COL6, COL6A1, COL6A2, COL6A3: Collagen type VI (alpha 1/2/3 chain)
COL12A1: Collagen type Xll alpha 1 chain

COL13A1: Collagen type Xlll alpha 1 chain

COL14A1: Collagen type XIV alpha 1 chain

COL18A1: Collagen type XVIII alpha 1 chain

CPM: Counts per million

CSPG4: Chondroitin sulfate proteoglycan 4 (NG2)

CTSB: Cathepsin B

CXCR4: C-X-C chemokine receptor type 4

DAPI: 4',6-Diamidino-2-phenylindole

DCN: Decorin

DDIT4: DNA damage inducible transcript 4

DE: Differential expression

DGE: Differential gene expression

DEF8: Differentially expressed in FDCP 8 homolog

DHCR24: 24-Dehydrocholesterol reductase

DV200: RNA integrity metric (percentage of RNA fragments >200 nucleotides)
ECM: Extracellular matrix

EC: Endothelial cell

XVi



EGFL7: EGF-like domain multiple 7

EGR1: Early growth response 1

ERG: ETS-related gene

ESM1: Endothelial cell-specific molecule 1

FAM20C: FAM20C Golgi-associated secretory pathway kinase
FBLN1: Fibulin 1

FDR: False discovery rate

FFPE: Formalin-fixed, paraffin-embedded

FGA: Fibrinogen alpha chain

FJX1: Four-jointed box kinase 1

FLT1: Fms-related receptor tyrosine kinase 1 (VEGFR1)
FN1: Fibronectin 1

FOS: Fos proto-oncogene

FPKM: Fragments per kilobase of transcript per million mapped reads
FSTLA1: Follistatin-like 1

GCG: Glucagon

GDF15: Growth differentiation factor 15

GEO: Gene Expression Omnibus

GHRL: Ghrelin

GLUTZ2: Glucose transporter 2 (SLC2A2)

GO: Gene Ontology

GSEA: Gene set enrichment analysis

H&E: Hematoxylin and eosin

XVvii



HMOX1: Heme oxygenase 1

HOTAIRM1: HOXA transcript antisense RNA myeloid specific 1
HPAP: Human Pancreas Analysis Program
HSPG2: Heparan sulfate proteoglycan 2 (Perlecan)
IAF: Islet-associated fibroblast

IAPP: Islet amyloid polypeptide

ICOSLG: Inducible T-cell costimulator ligand

ID3: Inhibitor of DNA binding 3

IF: Immunofluorescence

IFI6: Interferon alpha inducible protein 6

IFI35: Interferon induced protein 35

IGFBP2: Insulin-like growth factor binding protein 2
IL-6: Interleukin 6

INS, INS1: Insulin

JAK/STAT3: Janus kinase/signal transducer and activator of transcription 3

JUN: Jun proto-oncogene

KDR: Kinase insert domain receptor (VEGFR2)
KRT19: Keratin 19

LAMA2, LAMA4, LAMAS: Laminin alpha 2/4/5 chain
LAMB1, LAMB2: Laminin beta 1/2 chain

LAMC1, LAMC2, LAMC3: Laminin gamma 1/2/3 chain
LGALS1: Galectin 1

LIMA1: LIM domain and actin binding 1

xviii



LRPAP1: LDL receptor-related protein associated protein 1
LSAMP: Limbic system-associated membrane protein
LUM: Lumican

LY96: Lymphocyte antigen 96

MAFA: MAF bZIP transcription factor A

MALDI: Matrix-assisted laser desorption/ionization
MCAM: Melanoma cell adhesion molecule

MERFISH: Multiplexed error-robust fluorescence in situ hybridization
MFGES: Milk fat globule-EGF factor 8 protein
MSigDB: Molecular Signatures Database

MSL1: Mesenchymal subtype 1 (fibroblast-like)
MSL2: Mesenchymal subtype 2 (pericyte-like)

MYL9: Myosin light chain 9

MYO10: Myosin X

NCS1: Neuronal calcium sensor 1

ND: Non-diabetic

NES: Normalized enrichment score

NEUROD1: Neuronal differentiation 1

NG2: Neuron-glial antigen 2 (CSPG4)

NGN3: Neurogenin 3

NID1, NID2: Nidogen 1/2

NKX6.1: NK6 homeobox 1

NMT1: N-myristoyltransferase 1

XiX



OLFML2A: Olfactomedin-like 2A

PASK: PAS domain-containing serine/threonine kinase

PDGF: Platelet-derived growth factor

PDGF-B: Platelet-derived growth factor B chain

PDGFRB, PDGFRp: Platelet-derived growth factor receptor beta
PDX1: Pancreatic and duodenal homeobox 1

PECAM1: Platelet endothelial cell adhesion molecule 1 (CD31)
PLVAP: Plasmalemma vesicle-associated protein

PNP: Purine nucleoside phosphorylase

PP / PPY: Pancreatic polypeptide (cells’/hormone)

PRELP: Proline/arginine-rich end leucine-rich repeat protein
PROCR: Protein C receptor

QC: Quality control

RBM24: RNA binding motif protein 24

RGS5: Regulator of G protein signaling 5

RNAscope: RNA in situ hybridization assay platform

ROI: Region of interest

RRID: Research Resource Identifier

S100A6: S100 calcium binding protein A6

SCAD: Surfactant and chaotropic agent-assisted decellularization protocol
SDF2L1: Stromal cell-derived factor 2-like 1

SEC11C: SEC11 homolog C, signal peptidase complex subunit

SERPINA1: Serpin family A member 1

XX



SERPINA3: Serpin family A member 3

SERPINF1: Serpin family F member 1

SFRP2: Secreted frizzled-related protein 2

SIDT2: SID1 transmembrane family member 2
SLC7AS5: Solute carrier family 7 member 5
S0X18: SRY-box transcription factor 18

SST: Somatostatin

SSTR2: Somatostatin receptor 2

T2D: Type 2 diabetes

TCF7L2: Transcription factor 7-like 2

TGFBR3: Transforming growth factor beta receptor 3
TGF-B: Transforming growth factor beta

TGM2: Transglutaminase 2

THBD: Thrombomodulin

THBS1: Thrombospondin 1

TM4SF4: Transmembrane 4 L six family member 4
TMEM160: Transmembrane protein 160

TNRC18: Trinucleotide repeat containing 18
UMAP: Uniform Manifold Approximation and Projection
UNC5B: Unc-5 netrin receptor B

UPP1: Uridine phosphorylase 1

VEGFA: Vascular endothelial growth factor A

VEGFRZ2: Vascular endothelial growth factor receptor 2 (KDR)

XXi



VIM: Vimentin

VWF: Von Willebrand factor

XXii



List of Symbols

a cells: Glucagon-producing alpha cells

B cells: Insulin-producing beta cells

O cells: Somatostatin-producing delta cells

y cells: Pancreatic polypeptide-producing gamma cells

€ cells: Ghrelin-producing epsilon cells

a, B, y (laminin chains): Laminin heterotrimer subunit chains
pm: Micrometer

nm: Nanometer

p: p-value (statistical significance)

r: Pearson correlation coefficient

p: Spearman correlation coefficient

z (z-score): Standardized score used for gene expression scaling and heatmap

visualization.

XXiii



Chapter 1 Introduction

1.1 The Human Pancreas

The human pancreas is a dual-function organ central to both digestion and
metabolic homeostasis [1]. Located in the upper abdomen near the liver and stomach,
and attached to the spleen, it operates simultaneously as an exocrine gland that
produces digestive enzymes and as an endocrine organ that regulates systemic
glucose metabolism through hormone secretion (Fig. 1-1) [1, 2]. Although these two
functions have traditionally been studied in isolation, the endocrine and exocrine
compartments comprise a single integrated tissue, sharing vasculature, stromal
populations, extracellular matrix (ECM) networks, and neural inputs [2, 3]. The
interactions among these elements maintain tissue homeostasis and coordinate the

organ’s response to changing nutritional and metabolic demands [2, 3].

Figure 1-1: Gross anatomy of the human pancreas and the surrounding upper abdominal organs.

Schematic illustration showing the anatomical relationships between the pancreas (green), duodenum
(orange), bile duct (magenta), gallbladder (magenta), liver (red), stomach (orange), and spleen (purple).
The pancreas extends from the C-shaped duodenum toward the spleen and lies posterior to the stomach.
The common bile duct passes through the head of the pancreas before emptying into the duodenum.



The two compartments differ strikingly in mass and organization. The exocrine
pancreas accounts for roughly 98% of pancreatic mass and is built from acinar units
and a branching ductal system that together synthesize and deliver digestive enzymes
to the duodenum [2]. The endocrine pancreas comprises only 1 to 2% of pancreatic
mass and is organized into islets of Langerhans, compact clusters of hormone-
producing cells (Fig. 1-2) [4]. Despite their small volume and size (20-500 ym in
diameter), islets exert a vast influence on whole-body metabolism through the regulated
secretion of insulin (INS), glucagon (GCG), somatostatin (SST), pancreatic polypeptide

(PPY), and other peptide hormones [4].

Figure 1-2: Schematic overview of the human pancreas and islet microenvironment.

lllustration of the pancreas showing major tissue compartments, including the pancreatic duct (purple),
exocrine tissue, ducts, and scattered endocrine islets. The top inset highlights an individual pancreatic
islet surrounded by a basement membrane and containing endocrine cells and support cells that
together form the endocrine niche. The bottom inset highlights the structure of the exocrine
compartment with ductal cells (purple) lining the duct and terminal acini composed of acinar cells
(orange).



1.2 Cellular Composition of the Endocrine Niche

The endocrine pancreas is more than a cluster of hormone-producing cells. It
includes a specialized structure in which endocrine, vascular, immune, and neural
populations act together to sense metabolic demand and coordinate hormone secretion
[4]. Endocrine cell function depends heavily on signals from neighboring vascular cells,
which contribute not only to tissue architecture and perfusion but also to endocrine

survival, maturation, and secretory activity [5—11].

Islets of Langerhans

. INS+ Beta Cell
‘ GCG+ Alpha Cell

‘ SST+ Delta Cell

PPY+ Gamma Cells

y GHR+ Epsilon Cells

()
Double layered vascular
basement membrane

Peri-islet basement membrane

Figure 1-3: Schematic organization of the human pancreatic islet and its relationship to the
surrounding ECM.

Insulin-producing B cells (green) are intermingled with glucagon-producing a cells (blue), somatostatin-
producing & cells (magenta), pancreatic polypeptide-producing cells (purple), and ghrelin-producing €
cells (orange). The islet is enclosed by the peri-islet BM (yellow outline) and contains a dense network of
fenestrated capillaries surrounded by a double-layered vascular BM (red/black).

A key structural feature of this islet niche is the ECM, including the peri-islet
basement membrane that surrounds each islet and the vascular basement membrane
that ensheathes the dense intra-islet capillary network (Fig. 1-3) [12]. These basement
membrane structures provide mechanical support while regulating cell adhesion,

signaling, and communication between endocrine cells and their surrounding

microenvironment [13].



1.2.1 Endocrine Cell Populations

Within the human pancreatic islet, B cells are the most abundant endocrine
population (50-70%) and the principal cellular source of insulin [14]. B cells function as
specialized glucose sensors and secrete insulin primarily when circulating glucose
concentrations rise, particularly following a meal [15]. Glucose uptake and metabolism
increase the intracellular ATP-to-ADP ratio, causing ATP-sensitive potassium channels
to close, membrane depolarization, opening of voltage-dependent calcium channels,
and calcium-triggered exocytosis of insulin-containing granules [16]. Although glucose is
the principal physiological stimulus, insulin secretion is further potentiated by amino
acids, fatty acids, autonomic input, and the incretin hormones GLP-1 and GIP [17].
Once released, insulin lowers circulating glucose by promoting glucose uptake and
utilization in skeletal muscle and adipose tissue, stimulating glycogen and lipid

synthesis, and suppressing hepatic glycogenolysis and gluconeogenesis [18].

B cells arise from multipotent pancreatic epithelial progenitors through a series of
progressively restricted developmental states. Pancreatic progenitors first acquire
endocrine competence through induction of the basic helix-loop-helix transcription factor
NGN3, which is required for the generation of all major islet endocrine lineages [19].
Single-cell transcriptomic studies of the developing mouse pancreas and human
embryonic stem cell differentiation models have further resolved this process into
sequential NGN3-low, NGN3-high, and FEV-positive endocrine intermediates that
precede the acquisition of mature hormone expression [19, 20]. These intermediate
populations subsequently diverge along distinct a- and B-cell developmental

trajectories, demonstrating that endocrine identity is established progressively rather



than through a single abrupt lineage decision. Commitment to the B-cell lineage is
associated with coordinated activity of transcriptional regulators that include PAX4,
NKX2.2, PDX1, and NKX6.1, whereas later functional maturation is supported by
factors such as MAFA [20, 21]. This sequential transcriptional program establishes the
machinery required for glucose sensing, insulin production, and regulated insulin

secretion.

a cells are generally the second most abundant endocrine population and are the
principal source of glucagon. In contrast to B cells, which are activated by elevated
glucose, a cells increase glucagon secretion when circulating glucose concentrations
fall, particularly during fasting, prolonged exercise, or hypoglycemia [22]. Glucagon
secretion can also be stimulated by circulating amino acids, autonomic signals, and
counter-regulatory hormones [22, 23]. At higher glucose concentrations, a-cell activity is
restrained through a combination of intrinsic nutrient sensing and paracrine inhibition
from neighboring islet cells [23]. Insulin and other B-cell-derived signals contribute to
this inhibition, while somatostatin released from & cells provides an additional potent

restraint on glucagon secretion [22, 23].

Glucagon acts primarily on the liver to restore circulating glucose and preserve
fuel availability during periods of nutrient deprivation [24]. Its most immediate effect is
stimulation of hepatic glycogenolysis, through which stored glycogen is rapidly broken
down and glucose is released into the circulation [24]. As fasting continues and hepatic
glycogen stores become depleted, glucagon promotes gluconeogenesis from substrates
such as lactate, glycerol, and glucogenic amino acids. Glucagon also suppresses

hepatic glycogen synthesis and glycolysis, thereby directing hepatic metabolism toward



glucose production rather than glucose storage or utilization. In the setting of low
insulin, glucagon additionally promotes hepatic fatty-acid oxidation and ketogenesis,
generating alternative fuels that become increasingly important during prolonged fasting
[23, 24]. Glucagon also regulates hepatic amino-acid uptake, catabolism, and
ureagenesis, forming part of a reciprocal liver-a-cell feedback system that coordinates
amino-acid and glucose homeostasis [22—24]. Thus, a-cell function extends beyond
stimulating gluconeogenesis and includes the coordinated regulation of glycogen

metabolism, amino-acid turnover, lipid oxidation, and ketone production.

Like B cells, a cells arise from NGN3-positive endocrine progenitors but follow a
distinct lineage-specification program [19-21]. Acquisition of a-cell identity is promoted
by transcriptional regulators including ARX and MAFB, which support glucagon
expression and a-cell functional identity, whereas suppression of alternative endocrine
programs helps stabilize the mature a-cell state [19, 20]. In adult human islets, a cells
are dispersed throughout the endocrine compartment and frequently lie adjacent to 3
and 0 cells. This arrangement creates extensive opportunities for reciprocal paracrine
communication, allowing insulin, glucagon, and somatostatin secretion to be

coordinated in response to changing nutrient availability.

0 cells produce somatostatin, a potent local inhibitor of both insulin and glucagon
secretion [25]. Although less abundant than a and (8 cells, & cells exert broad regulatory
control through paracrine signaling [26]. Their influence is aided by a distinctive
morphology in which long cytoplasmic projections extend toward multiple neighboring

endocrine cells, increasing the spatial range over which somatostatin can act and



allowing a relatively small & cell population to regulate a substantial portion of the islet
[26].

0 cells are integrated into reciprocal feedback circuits with neighboring endocrine
populations. In mature (3 cells, urocortin 3 is stored and released together with insulin in
response to elevated glucose [27]. Urocortin 3 subsequently activates receptors on 0
cells and potentiates somatostatin secretion, which feeds back onto 3 cells to restrain
further insulin release as circulating glucose returns toward its physiological range [27].
This B cell-6 cell feedback loop therefore acts as a local brake that prevents excessive
or prolonged insulin secretion and contributes to the precise matching of insulin output
to metabolic demand.

More recent loss-of-function studies have demonstrated that & cell signaling
contributes directly to the regulation of systemic glucose homeostasis. In mice, genetic
or pharmacological disruption of pancreatic & cells or somatostatin signaling lowered the
glucose concentration at which 3 cells began to respond, increased insulin secretion in
response to a given glucose challenge and produced a sustained reduction in the
glycemic set point [28]. These findings establish & cells as active determinants of the
threshold and magnitude of 3 cell responses rather than merely passive inhibitors of
hormone secretion. Together, the extensive morphology and reciprocal signaling
relationships of d cells enable this relatively small endocrine population to coordinate

islet output and stabilize circulating glucose concentrations.

Two smaller populations complete the endocrine compartment. PPY-producing y
cells, also called pancreatic polypeptide or PP cells, secrete pancreatic polypeptide in

response to food intake, vagal stimulation, exercise, and hypoglycemia. Pancreatic



polypeptide contributes to the coordination of digestive and metabolic responses by
inhibiting pancreatic exocrine secretion and modulating gastrointestinal motility and
gastric emptying. Peripheral pancreatic polypeptide also promotes satiety and reduces
food intake, while delayed gastric emptying can slow the postprandial rise in circulating

glucose and insulin [25, 29-31].

Ghrelin-producing ¢ cells represent an even rarer endocrine population. During
human pancreatic development, € cells can constitute a substantial fraction of the
emerging endocrine compartment and are frequently positioned around developing
islets. Their abundance declines markedly after birth, however, and they account for
less than 1% of endocrine cells in the adult human pancreas [25, 32, 33]. Ghrelin is best
known as an orexigenic hormone that stimulates appetite and contributes to the
regulation of energy balance and glucose homeostasis. Because most circulating
ghrelin is produced by the gastrointestinal tract, the very small € cell population in the
adult pancreas is unlikely to contribute substantially to systemic ghrelin concentrations.
Instead, pancreatic € cells may act primarily through local signaling within the islet. In
isolated human islets, ghrelin suppresses glucose-stimulated insulin secretion,
indicating that € cells may influence the threshold and magnitude of the 3 cell response
to glucose [34]. Experimental studies in 3 cell lines and rodent models further suggest
that acylated and unacylated ghrelin can promote B cell proliferation and survival and
protect against apoptosis and metabolic stress, although the extent to which adult
human pancreatic € cells provide this protective signal in vivo remains unresolved [35,
36]. Although y and € cells contribute relatively little to total endocrine mass, their

regulation of digestive activity, appetite, islet hormone secretion, and potentially



endocrine-cell survival further illustrates the cellular and functional diversity of the

human islet (Fig. 1-3).

1.2.2 Vascular-Associated Cell Populations
The pancreatic vascular basement membrane forms a specialized interface
between endothelial cells, pericytes, and endocrine cells, supporting vessel stability

while also regulating endocrine cell function (Fig. 1-4).

A Merged CHGA CD31 DAPI B Merged CHGA NG2 DAPI

Figure 1-4: Representative immunofluorescence image of the human islet vasculature and its
associated cell types.

(A) Representative immunofluorescence images of human pancreatic tissue stained for pan-endocrine
marker CHGA (orange), CD31 (green), and DAPI (blue). CD31 immunostaining highlights the dense
endothelial capillary network surrounding and penetrating the islet. Scale bar = 20 um.

(B) Representative immunofluorescence images of human pancreatic tissue stained for CHGA (orange),
NG2 (green), and DAPI (blue). NG2 immunostaining identifies pericytes closely associated with the islet
microvasculature. Scale bar = 20 um.

1.2.2.1 Endothelial Cells

Endothelial cells line the islet capillary network and form the interface between
the circulating blood and the endocrine parenchyma (Fig. 1-4A) [11]. In both human and
rodent endothelial cells are identified by the pan-endothelial markers PECAM1, VWF,
CDHS5, and KDR, together with ERG and CLDNS5, but within the islet they adopt a

specialized phenotype distinct from endothelium elsewhere in the pancreas [37, 38].



Recent single-cell profiling of the adult human pancreas has further shown that islet
endothelial cells adopt a transcriptional phenotype distinct from endothelial cells in the
exocrine compartment [38]. This human islet-enriched signature includes structural and
vascular genes such as COL13A1, ESM1, PLVAP, UNC5B, and LAMA4; angiocrine-
associated genes such as THBS1 and CXCR4; and metabolic genes such as ACE and
PASK, reflecting the specialized demands of the human endocrine microenvironment
[38]. A defining structural feature of islet endothelium is its extensive fenestration [37,
39-41]. Quantitative descriptions of fenestra abundance have been derived largely from
rodent studies, in which islet capillaries contain approximately ten times the density of
fenestrae found in the surrounding exocrine vasculature [37]. These transcellular pores
are spanned by diaphragms containing the protein encoded by PLVAP and contribute to
the high permeability of islet capillaries [37]. Fenestrated capillaries are also present in
human islets, although their density, distribution, and ultrastructural organization are not
necessarily identical to those observed in rodents [37, 40]. Functionally, endothelial
permeability facilitates the rapid exchange of glucose, oxygen, and other circulating
signals between the blood and endocrine tissue while allowing newly secreted insulin

and other hormones to enter the circulation with minimal delay [37, 40].

In both species, endothelial specialization is accompanied by a dense islet
vascular supply [3, 42]. Rodent islets contain a highly convoluted intra-islet capillary
network that places most endocrine cells near a vessel. Human islets are likewise richly
vascularized, but their vascular architecture is generally less dense and less tortuous
than that of mouse islets [43]. Despite these species-specific architectural differences,

human 3 cells frequently lie adjacent to capillaries, minimizing diffusion distances and
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bringing the endocrine cell surface into close association with the vascular basement
membrane [44]. Studies performed predominantly in rodents indicate that this vascular
contact contributes to glucose sensing, B cell polarity, and the preferential targeting of
insulin secretion toward the bloodstream [45-47]. Similar polarized relationships have
been observed in human islets, although the precise cellular organization is more

heterogeneous than in the mouse [44, 48].

Much of the mechanistic understanding of how the islet endothelial phenotype is
established and maintained comes from genetically modified mouse models. In mice, 8
cells express high levels of vascular endothelial growth factor A (VEGFA) during
development and adult life, and VEGFA signaling through endothelial VEGFR2
promotes the recruitment, proliferation, survival, and fenestration of islet endothelial
cells [49-52]. B cell-specific deletion of VEGFA in mice reduces intra-islet vascular
density, eliminates or markedly decreases endothelial fenestration, lowers islet blood
flow, and impairs glucose-stimulated insulin secretion [53, 54]. Withdrawal of local
VEGFA signaling also causes fenestrae to regress, indicating that a continuous
endocrine-derived VEGFA signal is required to maintain the specialized rodent islet
vasculature [49]. Human ( cells also express VEGFA, and human islet endothelial cells
express its receptors, suggesting that a comparable signaling axis operates in the
human pancreas; however, direct functional evidence in humans remains more limited

[38].

The relationship between endocrine and endothelial cells is reciprocal.
Developmental studies in the rodent systems have shown that blood vessels contribute

to pancreatic specification, endocrine differentiation, and the induction of insulin
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expression [54]. In adult rodent islets, endothelial cells produce angiocrine and
extracellular-matrix signals that support 8 cell identity and function [7, 55]. Reported
factors include hepatocyte growth factor, thrombospondins, connective tissue growth
factor, endothelins, and laminins, which have been associated with 8 cell proliferation,
survival, insulin biosynthesis, and functional maturation [56, 57]. Human pancreatic
endothelial cells express several of these factors, and studies using isolated human
islets or human endothelial-endocrine coculture systems support the existence of similar
reciprocal signaling [57-59]. Nevertheless, the individual functions assigned to these
angiocrine factors have been established most extensively in experimental rodent
models. The current evidence therefore supports a conserved bidirectional dialogue in
which endocrine cells shape the vasculature through signals such as VEGFA, while
endothelial cells influence endocrine cells through soluble, angiocrine, and matrix-bound

cues.

A central component of this dialogue is the vascular basement membrane. In
both human and rodent islets, endothelial cells contribute selected basement-
membrane constituents, including specific laminin chains [7, 38]. Rodent studies have
shown that vascular laminins bind integrins on adjacent 3 cells, helping establish cell
polarity, direct insulin-granule trafficking toward the capillary, and activate prosurvival
signaling pathways [46, 60—63]. Human [ cells also express basement-membrane-
binding integrins and associate closely with vascular basement membranes, supporting
the relevance of these mechanisms to human islet biology [12, 44]. However, the

human islet basement membrane has a more complex and distinctly bilayered

12



organization, and its cellular sources and molecular composition cannot be inferred

directly from mouse studies [48].

Islet endothelial cells additionally participate in immune surveillance, barrier
regulation, and the control of local perfusion. Evidence from both human tissue and
rodent models shows that pancreatic endothelial cells express adhesion molecules
involved in leukocyte recruitment and trafficking, although most functional studies of
immune-cell entry into islets have been conducted in mice [64—67]. Similarly,
endothelial-derived vasoactive mediators, including nitric oxide and endothelin-1, are
thought to adjust local vascular tone and match islet blood flow to metabolic and
secretory demand, but the underlying mechanisms have again been characterized
primarily in rodents [68]. Thus, although mouse studies have provided the mechanistic
framework for understanding islet endothelial biology, human islets differ in vascular
density, capillary organization, basement-membrane architecture, and endothelial
transcriptional state. These differences make direct investigation of human islet
endothelium essential rather than assuming that all features of the mouse vascular

niche are conserved in humans.

1.2.2.2 Pericytes

Pericytes are mural cells that wrap closely around the endothelium of the islet
capillary network, are embedded within the vascular basement membrane, and form
direct physical and signaling contacts with endothelial cells (Fig. 1-4B) [69]. In the
pancreas they occupy a periendothelial position, extend long cytoplasmic processes

along the vessel, and can be identified by NG2 (encoded by CSPG4), PDGFRB, DES,
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and a-smooth muscle actin, together with RGS5, a marker whose expression scales

with pericyte coverage of the vasculature [69-71].

The recruitment and retention of pericytes are governed by platelet-derived
growth factor (PDGF) signaling [11, 72]. Endothelial cells secrete PDGF-B, which binds
PDGFRf on the pericyte surface to drive pericyte proliferation, migration, and
investment of the vessel wall, and complete loss of either Pdgfb or Pdgfrb in mice
produces a near-total absence of pericytes and embryonic lethality [73]. Although these
foundational experiments were performed largely in the brain and other vascular beds,
they established endothelial PDGF-B as a central regulator of pericyte recruitment and
maintenance. Importantly, this conclusion was strengthened using a tamoxifen-
inducible, endothelial-specific Cre model in which Pdgfb was deleted in two-month-old
mice, after the cerebral vasculature and its pericyte coverage had already formed. The
subsequent, slowly progressive loss of brain pericytes demonstrated that endothelial
PDGF-B is required not only for their recruitment during vascular development but also
for maintaining pericyte coverage in the mature cerebral microvasculature. Whether
adult islet pericytes exhibit the same continuous dependence has not been tested
directly, but their expression of PDGFR and close association with PDGF-B-producing
endothelial cells suggest that this pathway may similarly contribute to their maintenance

[73-77].

A long-standing view holds that the principal function of the islet pericyte is the
regulation of capillary perfusion [78, 79]. Direct study of mouse islets has confirmed that
pericytes control local capillary diameter and blood flow, mediating the acute functional

hyperemia that increases islet perfusion in response to a glucose challenge [78].
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Through their contractile machinery and their integration of vasoactive signals, pericytes
match perfusion, oxygen delivery, and hormone clearance to secretory demand, a
function of particular importance in a tissue where insulin output must adapt within

seconds [78, 80].

More recent mouse experiments have shown that islet pericytes are not merely
vascular regulators but active supporters of 3 cells [9, 70, 81-84]. Using a diphtheria
toxin-based transgenic system to deplete pancreatic pericytes in vivo, the Landsman
laboratory found that pericyte loss reduces islet insulin content and expression, impairs
glucose-stimulated insulin secretion, and is accompanied by reduced expression of
genes associated with mature 3 cell function [83, 84]. Critically, the secretion defect
persisted in isolated islets studied outside the body, demonstrating that pericytes
support B cell maturity directly rather than only by controlling blood flow [81]. Mouse
pancreatic pericytes produce BMP4 during the postnatal period, and this niche-derived
BMP4 promotes (3 cell maturation by supporting core 3 cell gene expression, insulin
production, and glucose-stimulated insulin [81, 82]. Islet pericytes therefore contribute to
both the functional maturation of B cells and the expansion of B cell mass during

development.

A growing body of work links these trophic effects to the matrix that pericytes
produce. Mouse pancreatic pericytes express multiple components of the interstitial and
basement membrane matrices, including collagen IV, laminins, proteoglycans,
fibronectin, and nidogen, and they generate substantially higher levels of the a2 and a4
laminin chains than other islet cells, chains that build the peri-islet and vascular

basement membranes [70]. Culturing islet cells on a pericyte-type laminin, Laminin-421,
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induces expression of the 3 cell genes INS1, MAFA, and GLUTZ2 and improves glucose-
stimulated insulin secretion [70]. These findings reframe the pericyte as a significant
source of the islet basement membrane and connect its matrix output directly to 8 cell

identity and function, a relationship central to this dissertation.

Taken as a whole, the islet pericyte has been reported as a multifunctional cell
spanning contractile regulation of blood flow, paracrine support of B cell maturation and
proliferation, and active production of the islet basement membrane, rather than a
passive structural support. An important caveat is that nearly all this mechanistic
evidence derives from mouse models, and the genetic tools underlying it are not
pericyte-specific. The vascular regulation studies rely principally on a NG2 reporter and
CreER lines to visualize and manipulate pericytes [85]. NG2 also marks other mural
cells, including vascular smooth muscle cells, so NG2-based labeling and calcium
imaging cannot fully exclude a contribution from non-pericyte perivascular cells to the
observed capillary responses [78]. The paracrine and maturation studies rest on the
Nkx3.2-Cre; iIDTR system, which carries a comparable limitation [70, 81-84]. Nkx3.2
marks the broader embryonic pancreatic mesenchyme rather than a pericyte-restricted
lineage; indeed, the same Cre line has been used by the Landsman group to ablate the
entire mesenchymal compartment of the developing pancreas in earlier work [86]. The
line also drives recombination outside the pancreas, in joint and gastrointestinal
mesenchyme, which underscores that Nkx3.2 lineage-tracing captures a developmental
mesenchymal origin rather than a pericyte-specific marker in the mature organ [82]. The
matrix production data derive from bulk or population-level profiling of these same

imprecisely defined populations [70]. Because adult Nkx3.2- and NG2-lineage cells
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encompass pericytes alongside other stromal or mural derivatives, none of these
systems can cleanly isolate pericyte-specific contributions to B cell maturation, blood
flow regulation, or matrix production from effects mediated by co-depleted or co-labeled

non-pericyte populations sharing the same developmental or marker profile.

1.2.2.3 Fibroblasts/Mesenchyme

Fibroblasts are major stromal producers of the ECM, expressing the fibrillar
collagens, proteoglycans, and glycoproteins that define tissue architecture [87]. They
synthesize the interstitial network of collagens I, lll, and V together with fibronectin, the
small leucine-rich proteoglycans decorin (DCN) and lumican (LUM), matricellular
proteins, and they continually remodel this matrix through secreted proteases and their
inhibitors [87]. Through the matrix they build, fibroblasts govern tissue mechanics, set
the pathways available for cell migration, and act as a reservoir and presenter of growth

factors, placing these cells at the center of stromal organization in the pancreas [87, 88].

Far from being a uniform population, pancreatic fibroblasts are heterogeneous
and spatially organized [89, 90]. Pancreatic fibroblasts arise from the embryonic
mesenchyme surrounding the developing pancreatic epithelium, which is derived
primarily from the splanchnic layer of the lateral plate mesoderm adjacent to the foregut
endoderm [91]. Mouse lineage-tracing studies using constitutive and temporally
inducible Isl1-Cre reporters have shown that ISL1-expressing splanchnic mesenchymal
cells present during early pancreatic specification give rise to most tissue-resident
fibroblasts in the adult pancreas, including interstitial and perivascular stromal cells [91].
Within this broader lineage, the peripheral WT1-expressing pancreatic mesothelium

acts as an additional mesenchymal progenitor compartment: inducible Wt1-CreER
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tracing demonstrated that embryonic mesothelial cells generate several transcriptionally
distinct DCN, NTM, and ACE2+ mesenchymal populations during pancreatic
organogenesis [92]. Other stromal lineages become progressively restricted during
development; for example, Nkx3.2-Cre lineage tracing identified NKX3.2-expressing
embryonic pancreatic mesenchyme as a major source of adult pancreatic pericytes [82].
Thus, the adult pancreatic stroma does not arise from a single homogeneous fibroblast
precursor but from spatially and transcriptionally distinct populations within the

splanchnic mesenchymal lineage.

A recurring theme in stromal biology is that fibroblast identity is dictated largely
by anatomical location and local signals [93]. Subepithelial fibroblasts in the intestine
maintain epithelial stem cells, papillary and reticular fibroblasts impose distinct
properties on the dermis, and boundary-associated fibroblasts have been described
around many epithelial and vascular structures [94—-97]. In the pancreas this principle
predicts the existence of fibroblast subsets specialized to niches, and one such niche
lies at the interface between the endocrine and exocrine compartments [98]. A subset of
fibroblasts is enriched at the islet boundary, occupying the narrow zone around the islet

rather than the general interstitium [98].

The molecular identity of this islet-associated population overlaps with that of
other mesenchymal cells, which has historically complicated its classification [99—-101].
Fibroblasts, pancreatic stellate cells, and mesenchymal stromal cells share many
markers, including PDGFRB, COL1A1, COL1A2, DCN, and LUM, and a given
population may be labeled a fibroblast, a stellate cell, or a mesenchymal cell depending

on the study and the methods used [38, 99—-101]. This overlap reflects genuine
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biological relatedness within the pancreatic mesenchyme rather than simple ambiguity,
but it means that transcription alone is often insufficient to define a stromal population
[102]. Anatomical context becomes essential, since the reproducible localization of a
population, such as enrichment at the islet boundary, can distinguish a specialized

fibroblast from a generic interstitial one even when their marker profiles are similar [38].

Unlike pericytes, which are embedded within the vascular wall and tied to the
endothelium, fibroblasts associate with the broader interstitial matrix network and are
not restricted to the vasculature [85]. This distinction matters for the central question of
how the islet basement membrane is built. If pericytes and endothelial cells assemble
the vascular basement membrane immediately surrounding the capillary, a distinct
fibroblast population at the islet boundary could supply the separate peri-islet matrix that
delimits the endocrine compartment, dividing the labor of matrix production among
several specialized stromal populations. Whether such a specialized islet fibroblast
exists in the human pancreas, where it resides, and which matrix components it

produces are questions this dissertation addresses directly.

1.2.3 Immune and Neural Populations

Immune and neural populations complete the endocrine niche [103]. Resident
macrophages are the dominant immune cells in the islet and localize near endocrine
cells and vessels, where they clear debris, regulate local inflammation, and help
maintain tissue integrity. A smaller subset of immune cells includes T cells, dendritic
cells, and mast cells occupying distinct islet positions that become more prominent
during disease [103—111]. The islet is also richly innervated by sympathetic,

parasympathetic, and sensory fibers that couple endocrine output to systemic state.
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Sympathetic signaling generally promotes glucagon and suppresses insulin,
parasympathetic signaling enhances insulin release with feeding, and sensory neurons

relay local conditions to the central nervous system [112—115].

1.3 Cellular Composition of the Exocrine Microenvironment

Although the islets dominate attention because of their metabolic role, the
exocrine pancreas constitutes most of the organ and performs the equally essential
work of digestion [2]. The exocrine pancreas is comprised of a continuous glandular
network of epithelial, vascular, stromal, immune, and neural cells within a shared matrix,
and its cellular composition and ECM organization differ from the endocrine niche in

ways that likely reflect their distinct functions [116].

1.3.1 Epithelial Cell Populations

The exocrine epithelium comprises mainly acinar and ductal cells. Acinar cells
are the dominant population and synthesize digestive enzymes, including proteases,
lipases, and amylases [116]. Organized as polarized units around a central lumen and
packed with rough endoplasmic reticulum and secretory granules, acinar cells release
enzymes into the lumen for transport to the duodenum, a synthetic load that demands
substantial vascular and stromal support (Fig. 1-1) [116]. Ductal cells form the
branching network that carries and modifies these secretions, as well as regulate the
bicarbonate and fluid output needed to neutralize gastric acid and optimize enzyme
activity [116]. Anchored to a specialized ECM that separates epithelium from stroma,
ductal cells also maintain epithelial polarity and contribute to repair and local signaling
[117]. Together these populations establish the functional architecture of the exocrine

pancreas [116].
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1.3.2 Vascular-Associated Cell Populations

Exocrine endothelial cells share canonical markers with their endocrine
counterparts, including PECAM1, VWF, and CDHS, but form more continuous, less
permeable capillaries rather than the highly fenestrated vessels of the islet [38, 118].
This difference reflects function, since the exocrine pancreas mainly relies on sustained
nutrient delivery for enzyme synthesis rather than the rapid hormone exchange that
islets require [118, 119]. These vessels are likewise supported by a vascular ECM and

contribute to local signaling and repair [118, 119].

Exocrine pericytes resemble endocrine pericytes in gene marker expression and
position but appear adapted to a different setting [38]. Embedded within a dense
interstitial matrix rather than supporting fenestrated endocrine capillaries, they express
broad ECM genes, pointing to a broader role in tissue organization [70]. This contrast
reinforces the emerging view that pericyte identity is not fixed but tuned to local

microenvironmental demands [85, 120].

Figure 1-5: Immunofluorescence image of human pancreatic exocrine vasculature.

Representative immunofluorescence image of human pancreatic tissue stained for LAMB2 (green),
vimentin (VIM) (orange), lumican (LUM) (magenta), and DAPI (blue). LAMB2 localizes predominantly
along basement membrane structures surrounding pancreatic ducts and blood vessels, while LUM marks
stromal extracellular matrix and VIM labels mesenchymal cells. Scale bar = 25 ym.
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Fibroblasts are among the most abundant stromal cells in the exocrine pancreas
and the principal producers of interstitial matrix [89, 121]. Distributed through the
parenchyma and concentrated around ducts, vessels, and connective tissue, they
synthesize fibrillar collagens, together with glycoproteins and proteoglycans that build a
matrix (Fig. 1-5) [121]. Through secreted growth factors, cytokines, and matrix, they
also influence repair and injury responses, making them central regulators of the

exocrine microenvironment and, in disease, important contributors to fibrosis [89, 121].

1.3.3 Immune and Neural Components

Immune cells are more abundant in the exocrine pancreas than in the endocrine
compartment [122, 123]. Macrophages, dendritic cells, and lymphocytes monitor tissue
integrity and coordinate responses to injury, and through secreted cytokines and matrix-
modifying enzymes, they also participate in matrix remodeling, an activity that becomes
prominent during exocrine repair and fibrosis [122, 123]. Extensive autonomic and
sensory innervation regulates enzyme secretion, ductal fluid transport, and local blood
flow, and these neural signals can in turn influence stromal and vascular populations,

helping exocrine tissue adapt to changing demand [124].
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1.4 The Pancreatic Vasculature

1.4.1 Islet Vascular Architecture

Basement Membrane

Figure 1-6: Schematic of the human islet vascular basement membrane.

lllustration of a pancreatic islet basement membrane and blood vessel showing endothelial cells lining the
vessel lumen, surrounding pericytes, and basement membrane layers associated with the vascular wall.
Black dots indicate endothelial fenestrations.

Despite comprising only 1-2% of pancreatic mass, islets receive a share of
pancreatic blood flow ten times greater than neighboring exocrine tissue [125].
Circulating glucose must reach endocrine cells rapidly for accurate sensing, and newly
secreted hormones must enter the bloodstream with minimal delay [126]. To meet these
demands, each islet is penetrated by its own capillary network, supplied by one or more
dedicated arterioles, that brings vessels into close apposition with the endocrine cells,
so that nearly every cell lies against a capillary and its vascular basement membrane
(Fig. 1-6) [3, 8, 127]mate vascular contact also serves the high metabolic demand of
endocrine cells, which sustain some of the highest oxygen consumption rates in the
body [128]. Because oxygen reaches the islet interior largely by diffusion from intra-islet
capillaries, viability depends on the number and spatial distribution of those vessels,

and computational models show islet oxygenation to be sensitive to capillary density

[125, 129].
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The architecture of the human islet differs in important ways from the rodent islet,
which has shaped most of what is known about islet vascular biology. Rodent islets are
richly vascularized and follow a core-mantle plan, with 3 cells occupying the core
between a dense intra-islet capillary network [130, 131]. Human islets instead
intermingle their endocrine cell types throughout the islet and carry a markedly sparser
vasculature [43]. Quantitative morphometry shows roughly five-fold fewer capillaries per
islet area in human than in mouse islets, and the human intra-islet capillaries are
significantly less convoluted [43]. The human islet vascular network is thus simpler and
less dense than the mouse network, even though both arrangements keep endocrine

cells in close contact with vessels [43].

Comparison across species reinforces the point that islet vascular organization
tracks with islet cytoarchitecture [132]. Non-human primates share with humans a
heterogeneous islet cytoarchitecture in which B, a, and & cells are intermingled
throughout the islet rather than segregated into a 8 cell core and a non- cell mantle,
and this shared organization extends to the intra-islet vasculature and innervation, with
sympathetic fibers targeting the islet vessels much as in the human [133, 134]. Pig islets
are an instructive intermediate, since their endocrine cells are organized into several
smaller subunits, yet their dense, integrated capillary network closely resembles that of
human islets, which together with their human-like islet size and physiology has made
the pig a favored large-animal and xenotransplantation model [135]. Broader surveys
spanning monkeys, rabbits, and birds reveal considerable diversity in endocrine
composition, including a &-cell-predominant organization in the bird pancreas and an

inverted B-to-non-fB cell ratio in some non-human primates and marsupials, even as
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overall islet size distributions overlap closely across mammals [132, 134, 136]. Across
these non-rodent species, the recurring theme is an intermingled endocrine architecture
served by a capillary network integrated with the surrounding tissue, in contrast to the

stereotyped, densely and tortuously vascularized core-mantle islet of the mouse and rat.

Across all these species the defining structural feature of the islet vasculature is
the same: the network places endocrine cells directly against the vascular basement
membrane, the matrix interface that is the focus of this dissertation [133, 137-139].
Because the human islet establishes this contact through a sparser and less tortuous
network than the rodent, and because that network remodels in type 2 diabetes,
characterizing the human islet vasculature and its associated matrix directly, rather than

by extrapolation from rodent models, is essential [43, 44, 140].

1.4.2 Exocrine Vascular Architecture

The exocrine vasculature is built to sustain the high biosynthetic output of
enzyme-producing acini rather than the rapid hormone exchange of the islet [118, 119].
In the human pancreas, interlobular arteries running within the connective tissue septa
give rise to intralobular arterioles that branch into capillary plexuses within individual
acini, with separate periductal capillary networks surrounding the larger interlobular
ducts [138]. These capillary beds drain through intralobular and interlobular venules that

ultimately return blood to the portal circulation [138].

A defining architectural feature is that the exocrine capillary bed is not wholly
independent of the islet [118, 141]. Efferent venules leaving intralobular islets continue
into the capillary networks of the surrounding acini, forming an insulo-acinar portal

system in which acinar tissue is perfused by blood that has already passed through the
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islet [141]. The two capillary networks are therefore arranged in series, a configuration
that provides the anatomical basis for endocrine influence over exocrine function [141].
Not all acini are supplied this way, since some receive blood directly from arterioles
through an independent acinar route, so the exocrine compartment is fed by both portal

and direct arterial supplies [141].

Quantitatively, the exocrine bed is more sparsely vascularized and less highly
perfused than the islet [141]. Like islet perfusion, exocrine blood flow is metabolically
regulated and modulated by local endothelial mediators, the nervous system, and
gastrointestinal hormones, matching nutrient and oxygen delivery to the demands of

enzyme synthesis [118, 141].

1.5 Extracellular Matrix Biology in the Human Pancreas

A Merged CHGA COL4A1 DAPI B Merged CHGA COL4A1 DAPI

b y /)

Figure 1-7: Representative immunofluorescence images of human pancreatic ECM organization.

(A) Representative immunofluorescence images of human pancreatic islet tissue stained for CHGA
(magenta), COL4A1 (green), and DAPI (blue). Endocrine islet shows enrichment of COL4A1 surrounding
CHGA+ endocrine cells and throughout the islet-associated vasculature. 40x; Scale bar = 20 pm.

(B) Representative immunofluorescence images of human pancreatic exocrine tissue stained for CHGA
(magenta), COL4A1 (green), and DAPI (blue). Exocrine tissue adjacent to the islet in (A) demonstrates
COL4A1 localization along the vascular basement membrane surrounding exocrine acini. 40x; Scale bar
=20 um.
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The pancreatic ECM constitutes a three-dimensional protein network in a state of
dynamic communication with the cells it surrounds, transmitting chemical and
mechanical cues that regulate islet proliferation, differentiation, adhesion, and insulin
secretion (Fig. 1-7) [142]. Naba and colleagues formalized this network as the
matrisome, a curated set of core structural proteins (collagens, glycoproteins,
proteoglycans) and matrisome-associated proteins (ECM regulators, ECM-affiliated
proteins, secreted factors) defined both computationally and through direct proteomic

characterization of tissue [143, 144].

Ma et al. set out to comprehensively characterize the ECM composition of the
human pancreas, a tissue that has been difficult to profile because ECM proteins resist
standard extraction methods [145]. The authors developed a surfactant and chaotropic
agent-assisted sequential extraction protocol (SCAD), which they applied to native and
decellularized human pancreas from both fetal and adult donors. They then identified 33
isoforms spanning 19 collagen types, including the fibrillar collagens |, II, 11l V, and XI,
the network-forming collagen 1V, and the beaded-filament collagen VI, alongside

multiple laminin isoforms and fibronectin [145].

Comparing fetal and adult tissue, the authors found enrichment in adult pancreas
of collagens |, 11, V, VI, VII, XVI, and XXVIII along with SERPINA3 [145]. This adult-
enriched signature is consistent with functional data cited by the same study showing
that collagen | promotes differentiation of pancreatic precursor cells toward a glucose-
responsive phenotype and that collagen VI supports the viability of human pancreatic
islets in culture, linking the observed compositional shift to postnatal B cell maturation

[145].
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Li and colleagues extended this developmental framework across a broader age
range, profiling fetal, juvenile, young adult, and older adult human pancreas and
quantifying 117 ECM proteins by isobaric labeling [146]. Hierarchical clustering
distinguished fetal, juvenile, and adult matrisome signatures, with the largest
compositional shifts occurring between fetal and postnatal tissue and comparatively few
differences between young and older adults [146]. Of the ECM protein categories,
collagens proved the most stable across development, with only 37% of quantified
collagens changing significantly in abundance, while glycoproteins, ECM regulators,
and ECM-affiliated proteins were far more dynamic, with 74 to 90% of proteins in these
categories showing significant developmental change [146]. Together, these two studies
establish that the collagen scaffold of the human pancreas is laid down early and
remains comparatively stable, while the surrounding glycoprotein and regulatory layers

continue to be remodeled through postnatal maturation [145, 146].

Both datasets characterize bulk tissue or whole-organ scaffolds rather than
resolving which cell types produce or occupy specific matrix niches in situ. This spatial
gap, particularly the question of which stromal populations generate the peri-islet and
peri-vascular basement membranes captured in these proteomic surveys, motivates the

spatial transcriptomic approach developed in this dissertation.
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1.5.1 Basement Membranes
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Figure 1-8: Organization and molecular composition of the human islet basement membranes.

The intra-islet vasculature is surrounded by a characteristic double-layered vascular basement membrane
composed of basement membrane proteins including collagen IV (COL4A1 and COL4A2), laminin-411
(LAM-411), laminin-511 (LAM-511), laminin-521 (LAM-521), collagen XVIII (COL18A1), and collagen VI
(COLB). The peri-islet basement membrane, which separates the endocrine and exocrine compartments,
is enriched in collagen IV (COL4A1) together with laminin-111 (LAM-111), laminin-511 (LAM-511), and
laminin-521 (LAM-521).

Basement membranes are thin, sheet-like specializations of the matrix that
underlie epithelial and endothelial layers and surround vessels and other cell types
[147, 148]. Though only 50 to 100 nm thick, they are essential to tissue organization
and actively regulate adhesion, polarity, differentiation, migration, and survival while
serving as permeability barriers and growth factor reservoirs [147, 149]. The islet
vascular basement membrane supports endothelial and mural cells, while the peri-islet
basement membrane separates endocrine from exocrine tissues (Fig. 1-8) [12]. Nearly
all basement membranes assemble from four protein families, collagen 1V, laminins,

nidogens, and heparan sulfate proteoglycans, which self-organize into an
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interconnected meshwork providing both mechanical stability and signaling capacity [12,
13, 147, 148, 150-154].

Collagen IV is the principal structural component and the scaffold on which other
basement membrane proteins assemble [155, 156]. In the pancreas, collagen IV is
enriched in vascular and peri-islet basement membranes, where it anchors endothelial
cells and pericytes, and increasing evidence indicates that its production is not
restricted to endothelial cells but extends to vascular-supportive stromal populations,

particularly pericytes [12, 48, 70].

Laminins are the second major component and are required for basement
membrane assembly [157-159]. These heterotrimeric glycoproteins of one a, one f3,
and one y chain form at least sixteen isoforms with tissue-specific distributions,
polymerizing into a network that is linked to the collagen IV scaffold by nidogens [159].
Beyond structure they regulate epithelial polarity, endothelial differentiation, stem cell
maintenance, and angiogenesis through integrins, dystroglycan, and syndecans [160].
Their isoforms are distributed by compartment such as laminin-511 and laminin-521,
which contain the a5 chain encoded by LAMAS. These laminins are known to be
enriched in vascular basement membranes and required for endothelial stability, while

other isoforms populate the peri-islet and ductal basement membranes [12, 48, 161].

Nidogens, also called entactins, are conserved glycoproteins that act as
molecular bridges [162]. The two isoforms, nidogen-1 and nidogen-2, encoded by NID1
and NID2, do not polymerize on their own but bind collagen IV, laminins, and perlecan
simultaneously, physically connecting the collagen and laminin networks [163]. Deletion

of either isoform alone produces relatively mild phenotypes, consistent with functional

30



compensation between the two proteins. In contrast, combined deletion of Nid1 and
Nid2 in mice causes tissue-selective basement-membrane defects that are most severe
in the developing lung and heart, including disruption of pulmonary epithelial and
microvascular basement membranes and discontinuities in myocardial capillary
basement membranes, resulting in death shortly after birth. Renal glomerular basement
membranes remain largely intact, although tubular basement membranes can be
thickened, discontinuous, or absent, and subsequent studies have also identified
abnormalities in limb development [162]. In the pancreas, they are present throughout
vascular basement membranes, helping maintain the continuity of the endocrine
vascular niche and nidogen-1 has been known to restore islet functionality in hypoxic

conditions [163].

The fourth family, heparan sulfate proteoglycans, is represented in the islet
basement membrane primarily by perlecan, encoded by HSPG2, with collagen XVIII
also contributing [164, 165]. Structurally, perlecan binds laminins, collagen IV, and
nidogens to reinforce the membrane, while its heparan sulfate chains bind water and
regulate diffusion [165]. In islets, perlecan supports endothelial function and vascular
stability and influences endocrine survival through growth factor signaling [166].
Collagen XVIII gives rise to the anti-angiogenic peptide endostatin, illustrating how
basement membrane proteins double as precursors of bioactive signals [166, 167].
Proteolytic cleavage of its carboxy-terminal non-collagenous domain releases
endostatin, inhibits angiogenesis by restricting endothelial proliferation and migration
and promoting endothelial apoptosis, acting in part through binding to integrins, heparan

sulfate, and components of the vascular basement membrane [167]. Endostatin is
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elevated in the circulation in diabetes and is associated with diabetic nephropathy,
retinopathy, and cardiovascular disease, where it is regarded as a marker of
microvascular injury and impaired angiogenic repair [168—170]. Because collagen XVIII
is a component of the vascular basement membrane and a substrate for the same
remodeling enzymes that are dysregulated in diabetes, changes in its expression offer a
direct route by which basement membrane remodeling could feed back on endothelial

behavior in the diabetic islet.

1.5.2 Stromal Extracellular Matrix Regulation of Endocrine Function

The matrix is an active regulator of endocrine biology (Fig. 1-9). B cells actively
maintained within a physiological matrix retain better viability, secretory capacity, and
mature gene expression than those on plastic, showing that endocrine function depends
on the biochemical and mechanical properties of the surrounding environment as well

as on soluble and cell-cell signals [5, 70, 171-173].
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Figure 1-9: Functional roles of the pancreatic islet microenvironment.

Schematic summary showing key roles of the islet niche in pancreas development and function, including
vascularization, B cell function and identity, islet function and survival, endocrine cell clustering, and islet
migration.

The principal mediator of the beta cell-ECM interface is an integrin system that 3
cells express, specifically a3, a5, a6, 31, and B3 subunits, which engage basement
membrane components around the islet vasculature [60-62, 174-179]. B1 specifically

has been shown to be essential, since its deletion in 3 cells disrupts islet architecture,
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impairs glucose-stimulated insulin secretion, reduces proliferation, and compromises
survival and identity [60—62, 174—179]. Through focal adhesion kinase, integrin-linked
kinase, downstream PI3K-AKT and MAPK signaling, and crosstalk with growth factor
receptors, integrin engagement links matrix composition to 3 cell survival, insulin
biosynthesis, and metabolic adaptation, while also allowing B cells to sense matrix

stiffness through mechanotransduction [180].

The matrix also supplies survival signals that protect endocrine cells from
apoptosis [176, 181]. B cells normally remain anchored to the vascular basement
membrane through integrins, and losing this contact triggers anoikis, the apoptosis of
detached anchorage-dependent cells [182]. The matrix also protects endocrine cells
indirectly by sequestering growth factors within heparan sulfate proteoglycans and
regulating their local availability [183]. The clinical relevance is clear in islet isolation,
where enzymatic digestion strips basement membrane proteins and increases
apoptosis, and where restoring matrix contact through scaffolds, decellularized matrix,

or basement membrane coatings improves survival [172, 184—186].

The matrix also shapes hormone secretion directly. 3 cells are polarized,
contacting the vascular basement membrane at their basal surface, and laminins and
collagen IV organize the cytoskeleton and granule trafficking that direct insulin release
toward adjacent capillaries rather than into the interstitium [47, 63]. Integrin signaling
supports this by positioning the exocytotic machinery at the vascular interface, and
disrupting basement membrane contact degrades polarity and glucose-stimulated

secretion even when insulin synthesis is intact [60, 187].
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1.5.3 Cellular Sources of the Pancreatic Extracellular Matrix

For decades endothelial cells were considered the principal source of vascular
basement membrane, a view grounded in developmental studies showing that 8 cells
do not produce basement membrane and instead need to signal to endothelial cells to
secrete collagen IV and laminins required to form the intra-islet vascular basement
membrane [7]. The supporting evidence, however, came largely from mouse
developmental biology and bulk tissue analyses that could not resolve contributions
from neighboring stromal cells, leaving the relative role of endothelial cells uncertain [7,
13, 70]. Single-cell transcriptomics has reframed the picture, showing that fibroblasts,
pericytes, smooth muscle cells, and other specialized mesenchymal cells express
matrix gene programs at expression levels that often exceed those of endothelial cells
[38, 70, 99, 100]. Fibroblasts remain the dominant producers of fibrillar matrix, including
collagens I, lll, and V, fibronectin, decorin, and lumican, and are themselves
heterogeneous [38, 100]. Pericytes have emerged as especially important, expressing
collagen 1V, laminins, and nidogens at high levels, a pattern observed across brain,
kidney, retina, and lung that suggests basement membrane production is a conserved
mural cell function [97, 188—195]. These observations point to a cooperative model in
which endothelial cells, pericytes, and specialized fibroblasts contribute complementary
components of the vascular and peri-islet basement membranes rather than any one
population acting alone. Resolving the relative contribution of each cell type requires a
method that can localize matrix gene expression within intact tissue, a need that
motivates the integrated single-cell and spatial transcriptomic approach taken in this

dissertation.
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1.6 Extracellular Matrix Remodeling in Type 2 Diabetes

Type 2 diabetes is marked by progressive 3 cell dysfunction against a
background of insulin resistance and chronic metabolic stress [196]. Although endocrine
research has focused on intrinsic B cell defects, the surrounding microenvironment also
changes substantially. This remodeling is not passive accumulation but a dynamic
imbalance between synthesis and degradation driven by hyperglycemia, oxidative
stress, inflammation, and altered signaling, affecting endothelial cells, pericytes,

fibroblasts, and immune cells together [43, 197-200].

1.6.1 Islet Fibrosis

Fibrosis is among the most recognized forms of diabetic ECM remodeling [121,
201, 202]. Diabetic islets show increased deposition of interstitial collagens, fibronectin,
and other matrix proteins with expansion of the surrounding stroma, and although its
extent varies between individuals, excess matrix is consistently associated with
impaired B cell function [43, 44, 140, 197, 198, 200, 203]. By stiffening the matrix and
disrupting architecture, fibrosis alters the pathways that regulate (3 cell proliferation,
differentiation, and secretion, and increased collagen may also widen the distance
between endocrine cells and capillaries, impairing exchange [98, 201, 202]. The
responsible cells are not fully defined. Fibroblasts have been the presumed mediators,

but vascular-associated populations also appear to contribute [121, 202].

1.6.2 Basement Membrane Thickening
Basement membrane thickening is a defining feature of diabetic microvascular

disease across the kidney, retina, nerve, and muscle, and is increasingly recognized in
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the pancreatic microvasculature [204—206]. Diabetic capillaries accumulate collagen IV,
laminins, fibronectin, and heparan sulfate proteoglycans, expanding the vascular
basement membrane [153]. Once seen as a benign response to hyperglycemia,
thickening is now understood to impair diffusion, alter mechanics and endothelial
signaling, and disrupt communication among vascular and endocrine cells, with
changes in integrin signaling that can compromise insulin secretion and survival [43, 44,

203, 207].

1.6.3 Vascular Dysfunction

The pancreatic vasculature remodels substantially in diabetes [2, 11, 140, 200,
208]. Endothelial dysfunction, marked by reduced nitric oxide, impaired angiogenic
signaling, altered permeability, and blunted vascular responsiveness, compromises
perfusion and the efficiency of glucose sensing and hormone delivery, and it disrupts the
reciprocal endothelial-endocrine signaling that maintains islet homeostasis [2, 11, 140,

200, 208].

1.6.4 Pericyte Remodeling

Pericytes have emerged as central, and metabolically vulnerable, participants in
the microvascular pathology of type 2 diabetes [209]. Because their physiological roles
are to stabilize the microvasculature, regulate capillary perfusion, and respond to
changes in their local environment, they are directly exposed to the metabolic
disturbances that define the disease, including hyperglycemia, hyperinsulinemia, and
dyslipidemia [85, 209]. Pericyte loss and dysfunction are now recognized as common

threads linking the major microvascular complications of type 2 diabetes across the
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retina, kidney, peripheral nerve, and skeletal muscle, and the same vulnerability extends

to the pancreatic islet [209].

The diabetic environment injures pericytes through several converging
biochemical pathways. Chronic hyperglycemia, often accompanied by dyslipidemia in
type 2 diabetes, activates several canonical pathways of diabetic microvascular injury,
including increased polyol pathway flux, formation of advanced glycation end products,
protein kinase C activation, and elevated intracellular reactive oxygen species [210,
211]. Together, these processes damage endothelial cells and their respective pericytes,
weakening the reciprocal signaling required for vascular stability. In pericytes
specifically, oxidative and glycative stress promotes apoptosis, impairs cellular longevity,

and impairs vascular support [212].

The downstream consequences follow a recurring pattern across tissues that is
directly relevant to the pancreas. In the retina, the earliest morphological change of
diabetes is loss of pericyte coverage, and pericyte loss weakens capillaries and
produces the microaneurysms characteristic of diabetic retinopathy [213, 214]. In
endoneurial capillaries located within peripheral nerves, pericyte degeneration is
accompanied by reduplication and thickening of the vascular basement membrane. In
vitro, advanced glycation end products stimulate human peripheral-nerve pericytes to
increase their production of fibronectin and collagen IV, suggesting that abnormal
pericyte matrix deposition may contribute to basement-membrane hypertrophy and
disruption of the blood—nerve barrier in diabetic neuropathy [215, 216]. Comparable
pericyte degeneration with basement membrane thickening is seen in diabetic skeletal

muscle [217]. A consistent theme is that diabetic pericytes both die and, where they
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persist, shift toward an activated, matrix-depositing phenotype that thickens the

surrounding basement membrane.

Evidence from rodent pancreas indicates that islet pericytes are indeed
remodeled in type 2 diabetes [202]. Ultrastructural studies of insulin-resistant and
diabetic rodents describe a widening of the islet-exocrine interface accompanied by
pericyte hypercellularity and elongated cytoplasmic processes, with these expanded
pericytes depositing collagen and contributing to islet fibrosis [212]. In human patients
with type 2 diabetes, pericyte coverage of the intra-islet capillaries is reduced, and the
degree of pericyte loss is inversely related to disease duration, paralleling the fibrosis
and amyloid deposition seen in diabetic islets [78]. The transcription factor TCF7L2,
encoded by the strongest common genetic risk locus for type 2 diabetes, is expressed
by pancreatic pericytes and supports B cell function through pericyte-derived signals, so

that loss of pericyte TCF7L2 function impairs glucose homeostasis [81, 84].

Across these processes, type 2 diabetes emerges not as an isolated failure of 3
cells but as a coordinated remodeling of the endocrine vascular niche, in which fibrosis,
basement membrane thickening, endothelial dysfunction, and pericyte activation act
together to destabilize the microenvironment that sustains endocrine function. A central
obstacle to understanding this remodeling is that the specific cellular sources of the
altered matrix, and the way they differ between the endocrine and exocrine
compartments, cannot be resolved by the methods that have defined the field to date.

The following section examines the strengths and limitations of those methods.
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1.7 Limitations of Current Approaches

Defining the cellular sources and spatial organization of the pancreatic matrix
requires methods that resolve both which cells make matrix proteins and where those
cells lie within intact tissue. Each established approach has contributed to current

understanding while leaving part of this question unanswered.

1.7.1 Histology

Conventional histology and immunohistochemistry methods have defined
pancreatic architecture for over a century, revealing the organization of islets, vessels,
and matrix, with electron microscopy resolving basement membrane ultrastructure and
endothelial fenestrations [12, 48, 133]. The main limitation of these methods is
dimensionality, since only a few markers can be examined at once, which makes it
difficult to define cell phenotypes or distinguish related stromal populations. Also, the
commercial availability of specific, reliable, and reproducible ECM antibodies remains
limited [218]. Because secreted matrix proteins accumulate in shared extracellular
space, protein localization alone also cannot identify which cell originally synthesized a

given component.

1.7.2 Bulk Sequencing

Bulk RNA-sequencing has enabled transcriptome-wide comparison of healthy
and diabetic tissue and identified disease-associated changes in matrix, inflammatory,
and vascular genes [70]. By averaging expression across many cells, however, it

obscures individual cell types, so in a tissue as heterogeneous as the pancreas it
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cannot assign a change in expression of a basement membrane gene to endothelial

cells, pericytes, or fibroblasts [70].

1.7.3 Single-Cell RNA-Sequencing

Single-cell RNA-sequencing transformed the field by profiling individual cells,
uncovering stromal heterogeneity, defining endocrine states, and showing that multiple
vascular-associated populations express matrix genes, directly challenging the
assumption that endothelial cells are the sole source of vascular basement membrane
[38, 70, 99, 100]. Its drawback is the loss of spatial information, because dissociation
reveals what genes a cell expresses but not where it resides, whether it associates with
vessels or islets, or how neighbors cooperate to build matrix. Furthermore, fragile cells
may be lost during dissociation, and a cell’s transcriptome can be altered by the
enzymatic and manual dissociation needed to acquire single-cell suspension for

sequencing [38, 219-221].

1.8 Study Rationale and Objectives

Decades of work have first, established the extracellular matrix, including the
basement membrane, as an integral, active component of the endocrine niche and
second, have shown that endothelial cells and pericytes support vascular stability and
endocrine function. Yet how the vascular matrix is built and maintained in the adult
human pancreas remains poorly understood. The endothelial-centric model arose from
developmental and histological studies that could not resolve neighboring stromal
contributions. Single-cell RNA-sequencing has revealed that fibroblasts and pericytes
express extensive matrix programs but cannot elucidate where these cells reside or

how their programs differ between compartments. Diabetic remodeling compounds this
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knowledge gap, since most studies focus on 3 cell dysfunction or quantify overall
fibrosis without identifying which stromal populations drive the altered production,
deposition, and organization of basement-membrane and interstitial matrix components.
High-resolution spatial transcriptomics, integrated with single-cell analysis, now makes it
possible to identify matrix-producing cells while preserving their architectural
relationships to vessels, endocrine cells, and stroma. This dissertation uses that
combination to define the cellular architecture of the adult human pancreatic vascular

niche and its remodeling in type 2 diabetes, addressing four key questions:

1) Which cells express the genes that encode vascular basement membrane
proteins in the adult human pancreas? Although endothelial cells have been
considered the primary source, the relative contributions of endothelial cells,
pericytes, fibroblasts, and other stromal populations are unresolved.
Determining the cellular origins of collagen IV, laminins, and other
components is fundamental to understanding how the pancreatic vascular
niche is established and maintained.

2) How do the endocrine and exocrine vascular niches differ? The two
compartments perform different functions and show different vascular
architectures, but whether their vascular-supportive cells carry distinct
transcriptional identities and matrix programs has been largely unexplored.
Defining these differences is essential to understanding how specialized
matrix environments support endocrine function.

3) What are the roles of pericytes and fibroblasts in the human pancreatic

vascular niche? Pericytes are classically tied to vascular stability and
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fibroblasts to interstitial matrix, but both may do more. Whether pericytes
contribute substantially to vascular basement membrane synthesis, and
whether a specialized fibroblast population exists within the endocrine
compartment, are open questions whose answers require resolving the
identity, location, and matrix programs of these cells.

4) How are vascular-supportive niches remodeled in type 2 diabetes? Diabetes
alters the endocrine microenvironment through matrix remodeling, vascular
dysfunction, and B cell failure, but the specific populations that remodel, and
whether they differ between compartments, are poorly defined. Characterizing
these changes may reveal mechanisms of diabetic microvascular dysfunction

and identify stromal targets for preserving islet function.

To address these questions, this dissertation leverages integrated single-cell
RNA-sequencing with high-resolution MERFISH spatial transcriptomics to build a
cellular and spatial atlas of the adult human pancreatic vascular niche, identifying
matrix-expressing populations, mapping their organization across the endocrine and
exocrine compartments, and determining how they are remodeled in type 2 diabetes.
The chapter that follows presents this work, beginning with the cellular sources of the
vascular basement membrane in the healthy human pancreas and proceeding to their

spatial organization and remodeling in type 2 diabetes.
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Chapter 2 The Spatial Extracellular Matrix
Expression Landscape of the Human Adult
Pancreas Across Health and Disease

2.1 Introduction

The pancreatic islet microenvironment is maintained through coordinated
interactions among endocrine cells, vascular cells, stromal populations, and the
surrounding ECM [1, 2]. As discussed in Chapter 1, the basement membrane is a
specialized ECM that provides structural support while also regulating 8 cell polarity,
survival, insulin secretion, and vascular integrity [3—6]. Human islets contain two major
basement membrane compartments: the peri-islet basement membrane, which
separates endocrine tissue from the surrounding exocrine pancreas, and the vascular
basement membrane, which surrounds the intra-islet capillary network [7]. Together,
these matrices establish the structural and signaling framework required for normal

endocrine function.

Despite the recognized importance of basement membrane biology, the cellular
mechanisms responsible for assembling and maintaining the adult human islet matrix
remain incompletely understood. The prevailing model, derived largely from
developmental studies in mice, has emphasized endothelial cells as the principal source
of the vascular basement membrane[4]. In this model, mouse endothelial cells are
thought to produce the collagen IV, laminins, and other matrix components that
surround islet capillaries. However, increasing evidence suggests that this endothelial-
centered view may not fully explain basement membrane organization in the adult

human pancreas. Pericytes, fibroblasts, and other vascular-associated stromal
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populations are now recognized as active regulators of vascular homeostasis rather
than passive support cells [8]. In addition to controlling capillary stability, blood flow, and
endothelial maturation, these populations express numerous ECM and basement
membrane -associated genes, including collagens, laminins, proteoglycans, and
glycoproteins [8, 9]. Studies in the brain, retina, kidney, and lung have shown that
pericytes contribute directly to vascular matrix deposition, and recent transcriptomic
analyses of the mouse pancreas have similarly identified robust basement membrane
gene expression in pancreatic pericyte cells [8, 10-14]. Whether these observations

extend to the adult human pancreas remains unresolved.

Addressing this question has been technically challenging because vascular-
supportive cell populations are closely intermingled within intact tissue [15]. Endothelial
cells, pericytes, and fibroblasts reside within microns of one another and may express
overlapping marker and ECM genes, making it difficult to assign secreted matrix
proteins to their cellular source [16]. Conventional histology preserves tissue
architecture but cannot determine which neighboring cell synthesized a deposited ECM
protein [17]. Conversely, single-cell RNA sequencing provides transcriptional resolution
but requires tissue dissociation, removing the spatial information needed to distinguish
endocrine-associated from exocrine-associated vascular cells [8, 18, 19]. As a result,
the spatial organization and cellular origins of the human pancreatic basement

membrane have remained largely unknown.

An additional unanswered question is how the endocrine vascular niche is
remodeled in type 2 diabetes [20]. Diabetic islets exhibit fibrosis, vascular dysfunction,

and basement membrane abnormalities, but the specific vascular-supportive
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populations that undergo transcriptional remodeling, and whether these changes differ
between endocrine and exocrine compartments, remain poorly defined [20-22].
Because the endocrine niche is composed of multiple interacting stromal and vascular
populations, understanding disease-associated remodeling requires methods that

preserve both transcriptional identity and spatial organization within intact tissue.

Recent advances in spatial transcriptomics provide an opportunity to overcome
these limitations. Multiplexed Error-Robust Fluorescence In-Situ Hybridization
(MERFISH) enables highly multiplexed RNA imaging at single-cell resolution while
preserving native tissue architecture [23]. When integrated with whole-transcriptome
single-cell RNA sequencing, MERFISH combines broad molecular profiling with precise
anatomical localization, allowing ECM-producing cells to be identified directly within
their physiological microenvironment. In this chapter, | use this integrated approach to
construct a cellular and spatial atlas of the ECM landscape in the adult human
pancreas. These analyses define the cellular sources of vascular basement membrane-
associated genes, distinguish endocrine and exocrine vascular-supportive niches,
identify specialized stromal populations at the islet boundary, and determine how these

compartments are remodeled in type 2 diabetes.

2.2 Results

2.2.1: Mesenchymal cells are the Primary Source of Vascular Basement
Membrane Gene Expression in the Healthy Adult Human Pancreas.

The human islet vascular niche is organized around a specialized capillary
network that supports rapid nutrient sensing, hormone release, and endocrine cell

survival. A defining feature of this niche is the vascular basement membrane, which
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forms the structural and signaling interface between endothelial cells, pericytes, and

adjacent endocrine cells.

Alpha

* Double-layer Mural

. Vascular BM

Figure 2-1: Schematic of the pancreatic vascular niche depicting the specialized architecture of
the islet microvasculature.

Fenestrated endothelial cells (cyan) are encircled by perivascular mural cells (yellow) and sequestered
within a distinct, double-layered vascular basement membrane (BM; green). Endocrine cells (red, beta
cell; orange, alpha cell; purple, delta cell; pink, PPY cell) are in close physical contact with the islet
vascular BM.

Previous studies in the mouse have indicated a central role for the vascular
compartment in forming the islet basement membrane. As the vascular basement
membrane in human islets differs in its uniquely bilayered structure (Fig. 2-1), we set
out to better understand the cellular sources and composition of human islet vascular
basement membrane. We first reasoned that the major cellular contributors to the
human pancreatic basement membrane should be detectable at the transcript level
across dissociated pancreatic cell populations. Although deposited matrix proteins
cannot be assigned to their cellular source by histology alone, scRNA-seq provides an
initial way to compare ECM and basement membrane gene expression across

endocrine, epithelial, endothelial, immune, and mesenchymal compartments.
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Figure 2-2: Quality control and doublet filtering of the integrated human pancreas scRNA-seq
dataset.

(A) UMAP visualization of all cells following initial preprocessing and cell type annotation.

(B) Distribution of quality control (QC) scores across individual donors. Donors failing QC thresholds
(asterisks) were excluded from downstream analyses.

(C) UMAP colored by doublet score following doublet detection. Cells with high predicted doublet scores
were removed prior to downstream analyses.

To gain an unbiased understanding of the gross composition and basement
membrane gene expression patterns across cell types in the human pancreas, we first
re-integrated publicly available scRNA-seq data from PancDB, restricting our analysis to
non-diabetic adult donors (n = 25 donors; n = 88,701 cells) (Fig. 2-2A) [24, 25]. Three
samples were flagged because of low-quality RNA (see Methods; Fig. 2-2B) and

additional quality control and doublet filtering highlighted which cells and donors needed

to be filtered out for a cleaner, better resolved dataset for downstream analysis (Fig. 2-
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Figure 2-3: CONCORD integrated UMAP of PancDB dataset before and after donor filtering.

(A) Cells are colored by major cell type, including acinar, duct epithelial, endothelial, leukocyte,
mesenchymal, alpha, beta, delta, PP, and epsilon cells. CONCORD UMAP of unfiltered PancDB dataset
containing 71,639 cells across 25 donors.

(B) CONCORD UMAP of filtered PancDB dataset containing 46,106 cells after quality control and cell
filtering across 22 donors.
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Donor filtering and batch alignment with CONCORD, a recently reported tool for data
integration, dimensionality reduction, and denoising that preserves biological features
better than other reported methods, co-embedded the filtered PancDB dataset into well-
resolved clusters representing all major pancreatic cell populations (n = 22 donors, n =

46,106 cells; Fig. 2-3A-B).
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Figure 2-4: Basement membrane gene expression across pancreatic cell types.

(A) Dot plot showing relative ECM and BM gene program enrichment across major pancreatic cell types.
Dot size represents the fraction of cells expressing the gene set, and color indicates the relative
enrichment score.

(B) Violin plots showing the expression of the top BM-associated genes in duct epithelial cells. Expression
values are shown as log1p-normalized expression.

To assess basement membrane and ECM gene expression across pancreatic
cell types, we calculated gene set scores (Fig. 2-4A) using the Naba Basement
Membrane and Naba Core Matrisome gene sets obtained from Molecular Signature
Database (MsigDB) [26—31]. To distinguish broader ECM programs from basement
membrane-associated genes, genes present in the basement membrane set were
excluded from the Core Matrisome set prior to scoring. Surprisingly, this analysis

revealed that mesenchymal cells (relative mean score = 1), rather than ECs (0.508),

exhibited the highest relative enrichment of basement membrane scores compared to
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other cells. In contrast, endocrine cells exhibited substantially lower ECM and basement
membrane gene program enrichment, consistent with previous reports in the mouse
(Fig. 2-4A). Although ductal cells showed a positive basement membrane signal
(0.280), this enrichment was restricted to a subset of cells expressing modest levels of

basement membrane -associated genes, most notably COL78A17 and laminin subunits

(Fig. 2-4B).
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Figure 2-5: Identification of mesenchymal subpopulations and extracellular matrix programs.

(A) UMAP of mesenchymal cells showing the two major subpopulations identified by unsupervised
clustering: fibroblast-like (MSL1) and pericyte-like (MSL2).

(B) Dot plot showing expression of representative marker genes used to distinguish MSL1 and MSL2
populations. Dot size represents the fraction of cells expressing each gene, and color indicates average
log1p expression.

(C) UMAP colored by ECM gene set score.

(D) UMAP colored by basement membrane gene set score.

Given the enrichment of basement membrane gene expression within the
mesenchymal population, we next examined heterogeneity within this compartment.
Unsupervised sub-clustering revealed two transcriptionally distinct populations (Fig. 2-
5A). The first population, mesenchymal subtype-1 (MSL1), expressed fibroblast-

associated genes, including ST00A6 and LUM, indicative of a fibroblast-like identity. The
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second population, mesenchymal subtype-2 (MSL2), was enriched for mural cell genes,
such as RGS5, PDGFRB, and C110rf96, consistent with a pericyte-like identity (Fig. 2-
5B). Although both populations expressed ECM genes, MSL2 showed preferential
enrichment of basement membrane programs, with a higher mean basement
membrane gene set score (0.215) than ECM score (-0.007). MSL1 cells also exhibited
elevated basement membrane-associated gene expression but showed concurrent
enrichment of broader ECM programs, with basement membrane and ECM scores of

0.302 and 0.112, respectively (Figs. 2-5C, 2-5D).
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Figure 2-6: Differential expression of basement membrane and fibrillar collagen genes between
mesenchymal subpopulations.

(A-D) Violin plots comparing expression of COL4A1, COL4A2, COL1A1, and COL1A2 between
fibroblast-like (MSL1) and pericyte-like (MSL2) mesenchymal populations. Statistical significance is
indicated above each comparison (****, P < 0.0001; ns, not significant).

To further resolve the differences in basement membrane gene expression
between MSL1 and MSL2 populations, we compared the expression of core basement
membrane genes (COL4A1, COL4A2) and interstitial collagens (COL1A1, COL1A2)
(Fig. 2-6A). Fibroblast-like MSL1 cells displayed significantly higher expression of
COL4A1 (p = 0.001) (Fig. 2-6B), while the two populations expressed indistinguishable
levels of COL4AZ2. Interstitial collagens COL1A7 and COL1A2 were significantly
enriched in fibroblast-like MSL1 cells and largely absent in MSL2 (p = 0.001) (Figs. 2-

6C, 2-6D). These results indicate that MSL1 fibroblast-like cells express a mixed ECM
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program containing both basement membrane-associated and fibrillar collagen genes,
whereas MSL2 pericyte-like cells lack the fibrillar collagen program characteristic of

fibroblast-like cells.
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Figure 2-7: Cross-dataset comparison of pancreatic mesenchymal cell populations.

(A) Heatmap comparing expression of representative marker genes across mesenchymal cell populations
identified in PancDB and previously published human pancreas single-cell RNA-seq datasets. Marker
gene categories are indicated above the heatmap.

(B) Venn diagram illustrating shared and unique marker genes among fibroblast, pericyte, and smooth
muscle cell populations compiled from published human pancreas datasets.

To more precisely classify the MSL1 and MSL2 populations, we compared their
transcriptional profiles against established mesenchymal-type signatures from Tabula
Sapiens [32], the Craig-Schapiro dataset [19], and the Human Cell Atlas [18, 33](Fig. 2-
7A). This analysis revealed two reoccurring obstacles in defining pancreatic

mesenchymal identity through transcriptomics alone. First, the marker genes historically

used to distinguish fibroblasts, stellate cells, smooth muscle cells (SMCs), and pericytes
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overlap substantially (Fig. 2-7B). Genes such as PDGFRB, ADIRF, and CSPG4, for
example, are broadly expressed across multiple clusters rather than being restricted to
pericytes as frequently assumed. Second, this marker promiscuity is reflected in the
inconsistent labeling of transcriptionally similar populations across datasets. For
instance, cells annotated as "pericytes" in one study share expression profiles with cells
called “stellate cells” in another, and stellate cells and fibroblasts are often
indistinguishable by gene expression alone. These inconsistencies reflect that
pancreatic mesenchymal populations may share developmental origins and exhibit
functional plasticity, producing transcriptional overlap that confounds annotation [34,
35]. Taken together, resolving pancreatic mesenchymal populations into defined cell
types like pericytes or fibroblasts requires additional spatial information alongside

transcriptional profiling:

2.2.2: Pre-MERSCOPE Workflow Development and Validation

To definitively resolve the identity of the basement membrane-producing cells in
the islet as either pericytes or fibroblasts, we turned to spatial transcriptomics.
Specifically, we aimed to define pericytes based on: (1) expression of a mural gene
program (PDGFRB, CSPG4, RGS5) and (2) physical proximity to ECs. This strategy
additionally enabled us to build a framework to understand how basement membrane
gene programs are spatially organized within the endothelial and perivascular
compartments of the pancreatic vasculature. We achieved this by performing MERFISH
spatial genomics on adult human pancreas tissue sections from seven non-diabetic
individuals using the Vizgen MERSCOPE platform [36]. Donor demographic and clinical

information are summarized in Table 2-2.
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Figure 2-8: Design and gene selection strategy for the custom MERSCOPE panel.

(A) Composition of the 300-gene MERSCOPE panel, including extracellular matrix (ECM) and ECM-
associated genes, endothelial differentially expressed genes, broad cell type markers, and additional cell
subtype markers.

(B) Criteria used for gene selection within each category, including transcript abundance, probe design
suitability, and validation using published human transcriptomic, proteomic, and cell atlas datasets.

We then prepared a targeted 300-gene panel designed to annotate all major
pancreatic cell types and interrogate the expression of ECM genes. Gene selection was
informed by manual curation of publicly available human pancreatic RNA-sequencing
datasets [24], human pancreatic proteomic studies [17, 37, 38], the CellxGene platform
[39], and the Human Protein Atlas (see Methods, Fig 2-8A) [40]. The final probe panel
included canonical markers for endocrine, exocrine, immune, endothelial, and
mesenchymal populations, as well as 98 ECM-associated genes enriched for basement

membrane and interstitial ECM components that are expressed within the pancreas

(Fig. 2-8B).
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Figure 2-9: H&E Staining of human pancreatic FFPE tissue section.

(A) Representative image of H&E staining of FFPE tissue section to ensure enough endocrine-associated
tissue is present in the donor pancreas tissue piece provided. Scale bar = 100 um.
(B) Quantification of hand-curated islet regions using QuPath.

Because the MERSCOPE imaging area is constrained to roughly 1 cm? per
tissue section, maximizing islet content within that limited field was essential to ensure
adequate downstream analysis of the endocrine vascular niche. We therefore
performed a series of pre-MERSCOPE screening steps on extra tissue sections to
select donors and tissue with sufficient islet density and RNA quality prior to committing
samples to the MERSCOPE platform. We first performed hematoxylin and eosin (H&E)
staining on serial sections from each candidate donor block to visualize tissue
morphology and assess overall tissue quality (Fig. 2-9A). Using these H&E images, we
manually quantified the fraction of islet versus non-islet (exocrine) tissue area across
candidate regions to identify areas with islet density sufficient to support robust

downstream spatial analysis within the limited MERSCOPE imaging window (Fig. 2-

9B). This step allowed us to prioritize both donors and specific tissue regions for
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imaging, rather than selecting regions arbitrarily and risking an imaging area dominated

by exocrine tissue.
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Figure 2-10: DV200 Quantification of FFPE human pancreas samples.

Average DV200 values measured for representative FFPE human pancreatic tissue blocks used for
spatial transcriptomic profiling. DV200 represents the percentage of RNA fragments greater than 200
nucleotides in length and was used as a metric of RNA integrity during sample selection. Error bars
represent the standard deviation of technical replicates.

In parallel, we assessed RNA integrity for each candidate donor using DV200
analysis, since RNA quality is a critical determinant of transcript detection efficiency in
FFPE-based in situ hybridization. DV200 values, representing the percentage of RNA
fragments longer than 200 nucleotides, were determined for each donor block using the
Agilent 4200 TapeStation RNA ScreenTape assay (see Methods). Donors were required
to meet a minimum DV200 threshold to be considered eligible for MERFISH processing
(Fig. 2-10), and donors falling below this threshold were excluded prior to tissue

sectioning for the MERSCOPE run.
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Figure 2-11: Sample verification MERSCOPE run imaging results.

Image result of MERSCOPE sample verification run done using two housekeeping genes to ensure RNA
quality is sufficient for full gene panel run. Zoom insert shows RNA hybridization on top of cell nuclei.
Scale bar = 1mm, 100 ym.

Finally, we did sample verification runs on the selected donor blocks and regions
to confirm that the tissue ultimately mounted for MERSCOPE processing retained the
islet content and morphology identified during initial screening (Fig. 2-11). This was
done using the MERSCOPE sample verification kit, which uses two human-specific
housekeeping genes to assess RNA integrity directly in the tissue of interest. Together,
these pre-MERSCOPE screening steps ensured that the tissue regions selected for
spatial transcriptomic profiling contained sufficient islet content and RNA quality to
support robust downstream analysis of the pancreatic vascular niche.

2.2.3 Spatial Transcriptomics Identifies and Maps Pericyte, Endothelial, and
Fibroblast Populations within the Human Pancreas

Having done all the necessary pre-workup for MERSCOPE, we now felt confident in
applying the costly customized 300-gene panel to sequential adult human pancreas
tissue sections. Using the custom gene panel allowed us to map millions of transcripts

onto their native tissue location.
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Figure 2-12: Snapshot of manual segmentation of pancreatic islets in MERSCOPE spatial
transcriptomic data.

(A) Representative whole-section spatial maps showing the expression of the endocrine marker genes
GCG and NEUROD1, which were used together with tissue morphology to identify endocrine regions
within the pancreas.

(B) Spatial localization of canonical endocrine transcripts used to identify islets, including GCG (yellow),
CHGA (blue), SST (magenta), and PPY (cyan). Cell segmentation with manually annotated cell identities
overlaid. Corresponding tissue image (cell stain) with transcript localization. Final manually delineated
islet boundaries (green), which were used for all subsequent compartment-specific spatial analyses.
Scale bars = 250 ym.

As an initial step, whole-tissue spatial maps for every sample were reconstructed using
computational analysis to visually inspect and ensure expected transcript localization
patterns (Fig. 2-12A). This was the first step to be able to manually annotate individual
islets based on tissue morphology together with the localized expression of canonical
endocrine marker genes (Fig. 2-12B). This established a high-confidence spatial

framework that enabled subsequent analyses of cell-type localization, vascular
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organization, and extracellular matrix architecture within the endocrine and exocrine

compartments.
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Figure 2-13: Overview of MERFISH spatial transcriptomic profiling and cell annotation of the adult
human pancreas.

(Top) Whole-tissue MERFISH image showing spatially resolved cell type annotations across a
representative human pancreatic tissue section. The inset indicates the region shown at higher
magnification below. Colors denote annotated cell types. Scale bars = 10,000 pm (inset), 1,000 ym (main
image).
(Bottom) Representative high-magnification views illustrating the spatial annotation workflow. (1)
MERFISH transcript detection. (2) Cell segmentation and assignment of transcripts to individual cells. (3)
Cell type annotation overlaid with manually defined islet boundaries. (3') Expression of endocrine
hormone markers (GCG, SST, IAPP, CHGA, and PPY) used to guide manual islet annotation.
Whole-section spatial maps confirmed that both islets and the surrounding
exocrine tissue were well preserved and displayed the expected histological
architecture (Fig. 2-13; representative sample shown) [24]. Mapping annotated cell
identities back to their spatial coordinates revealed the full diversity of the pancreatic
cellular landscape, including endocrine, exocrine, vascular, and immune populations
(Fig. 2-13, top). To enable compartment-specific analysis, we manually segmented

2,386 islet boundaries based on cell morphology and the localized enrichment of

canonical endocrine transcripts (GCG, CHGA, SST, PPY, IAPP) [24]. Higher
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magnification of selected regions further validated the precise spatial organization of
vascular and ductal networks, providing a high-confidence dataset for investigating the

vascular niches present in the adult pancreas (Fig. 2-13, bottom).
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Figure 2-14: Spatial mapping and neighborhood enrichment validate pancreatic cell type
annotations.

(A) Spatial projection of annotated cell clusters onto a representative whole-pancreas tissue section.
Maijor pancreatic cell populations, including exocrine cells, acinar cells, endothelial cells, pericytes,
macrophages, ductal cells, and endocrine cell types (a, 3, and & cells), localize to their expected
anatomical compartments, confirming the accuracy of cell type annotation and providing a validated
framework for downstream spatial analyses of the pancreatic vascular niche.

(B) Neighborhood enrichment analysis of annotated pancreatic cell populations demonstrating statistically
enriched spatial associations between neighboring cell types.

Spatial mapping of the annotated cell identities back onto the reconstructed
tissue sections demonstrated that the computational pipeline accurately resolved the
major pancreatic cell populations, including endocrine, exocrine, vascular, immune, and
ductal cell populations (Fig. 2-14A). Consistent with known pancreatic organization,
endocrine cell types co-localized within islets, whereas exocrine acinar cells occupied
the surrounding parenchyma and vascular-associated populations were distributed
throughout the tissue. Neighborhood enrichment analysis further confirmed these

expected spatial relationships, revealing strong enrichment of interactions among
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endocrine cell populations within islets and distinct associations between endothelial
cells and pericytes within the vascular compartment (Fig. 2-14B). Together, these
findings validated the accuracy of the spatial cell annotations and established a high-
confidence framework for subsequent analyses of vascular niche organization and

extracellular matrix architecture in the adult human pancreas.
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Figure 2-15: Integration and annotation of the MERFISH spatial transcriptomic dataset.

(A) UMAP of integrated MERFISH datasets colored by donor, demonstrating successful integration
across all pancreatic tissue samples.

(B) UMAP colored by tissue compartment, showing separation of endocrine and exocrine cells.

(C) UMAP colored by annotated major pancreatic cell types, including acinar, ductal, immune, PPY,
mesenchymal, endothelial, delta, alpha, and beta cells.

To generate a unified representation across donors, we next integrated all spatial
datasets using CONCORD (Fig. 2-15A). From 3,270,093 segmented cells, we retained
all islet cells and down-sampled exocrine cells to a similar magnitude, producing a final
embedding of 152,300 cells across two major clusters: endocrine-annotated (teal, n =

75,985) and exocrine-annotated (yellow, n = 76,315) (Figs. 2-15B, 2-15C).
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Figure 2-16: Expression of representative marker genes across the integrated MERFISH dataset.

Representative feature plots showing the spatial expression of canonical marker genes used to identify
major pancreatic cell populations. Endocrine markers (GCG, SST, PPY, CHGA), endothelial markers
(PLVAP, PECAM1), pericyte markers (PDGFRB, RGS5), ductal markers (ALB, SIDT2, CFTR, AQP1),
mesenchymal markers (COL1A1, COL6A3, DCN, COL6A2), and immune cell markers (CD8A, C1QC,
CD4, C1QB) are shown. Color scale indicates normalized gene expression.

Major pancreatic cell types formed resolved clusters, with expected gene expression
patterns, including endocrine cells expressing CHGA and GCG, immune cells

expressing CD8A, and ductal cells expressing KRT19 (Fig. 2-16) [24].
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Figure 2-17: Identification and characterization of vascular-associated mesenchymal cell
populations in the MERFISH dataset.

(A) UMAP highlighting endothelial and mesenchymal cell populations.

(B) Dot plot showing expression of representative marker genes used to annotate endothelial cells,
exocrine fibroblasts (E. fibroblasts), islet-associated fibroblasts (l. fibroblasts), and pericytes.

(C) Bar plot showing the top marker genes enriched in islet-associated fibroblasts (IAFs) identified from
the spatial transcriptomic dataset.
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To further refine vascular-associated populations, we restricted downstream
analysis to the mesenchymal and endothelial populations (Fig. 2-17A). Unsupervised
clustering identified multiple transcriptionally distinct mesenchymal and vascular
populations, which were annotated using differential gene expression (DGE) analysis
together with analysis of canonical lineage marker gene expression (Fig. 2-17B). ECs
were identified by expression of PECAM1, VWF, and PLVAP, whereas pericytes were
defined by enrichment of RGS5, PDGFRB, and CSPG4 together with additional
vascular-associated transcriptional features[18, 19, 24]. Fibroblast populations were
characterized by expression of DCN and LUM[19, 32]. Unsupervised clustering
revealed two transcriptionally distinct fibroblast populations. One population comprised
most fibroblasts and was localized predominately throughout the exocrine pancreas. In
contrast, a second fibroblast cluster retained canonical fibroblast markers while
exhibiting enrichment of ECM genes, including COL1A1, LAMA2, COL1A2, COL5A1,
and COL3A1 (Fig. 2-17C). This population also showed detectable endocrine
transcripts (GCG, CHGA), likely reflecting transcript diffusion or contamination from
neighboring endocrine cells due to its close spatial association with islets. Together,
these features suggested the presence of a specialized fibroblast population associated
with the islet microenvironment, which we designated islet-associated fibroblasts,
whereas the broader fibroblast population was designated exocrine-associated

fibroblasts (Fig. 2-17B).
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Figure 2-18: Subclustering of fibroblast populations in the PancDB dataset.

(A) UMAP visualization of fibroblast cells following unsupervised subclustering, showing six
transcriptionally distinct fibroblast subclusters.

(B) Dot plot showing expression of representative extracellular matrix, fibroblast, endothelial, endocrine,
and pericyte-associated genes across fibroblast subclusters. Dot size represents the fraction of cells
expressing each gene, and color indicates mean expression within each subcluster.

To validate this population, we initially compared fibroblast populations against
the PancDB human pancreas scRNA-seq atlas, which lacks predefined spatial
annotations and is free from contamination artifacts unique to spatial transcriptomic data
such as transcript diffusion and segmentation errors (Fig. 2-18A). Sub-clustering of the
MSL1 (fibroblast-like) population described in Figure 1 identified a fibroblast subset
characterized by enrichment of COL1A1, COL1A2, COL3A1, SPARC, COL4A1,
COLb5A2, COL5A1, and LGALST1 (Fig. 2-18B). Notably, this ECM-rich signature

distinguished the population from other fibroblast subsets in PancDB and closely

matched the transcriptional profile of the spatially identified islet-associated fibroblasts.
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Figure 2-19: Validation of islet-associated fibroblast identity using the Craig-Schapiro dataset.
(A) UMAP visualization of fibroblasts from the Craig-Schapiro human pancreas dataset, colored by tissue
location and cell type annotation. Fibroblasts are present in both exocrine and islet-associated regions.
(B) Correlation analysis comparing mean gene expression between spatially identified islet-associated
fibroblasts and Craig-Schapiro islet-associated fibroblasts. Purple points indicate representative shared
marker and ECM-associated genes. Pearson and Spearman correlation coefficients are shown.

To further validate the identity of the islet-associated fibroblast population, we
compared average gene expression profiles with the anatomically annotated Craig-
Schapiro reference dataset using Pearson and Spearman correlation analyses (Fig. 2-
19A). The spatially defined islet-associated fibroblasts exhibited a strong positive
correlation with the reference islet fibroblast population (Pearson r = 0.608, p < 0.001;

Spearman p = 0.664, p < 0.001), demonstrating substantial agreement between the two

datasets (Fig. 2-19B). Canonical extracellular matrix genes, including COL1A1,
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COL1A2, COL3A1, COL4A1, COL4A2, COL6A2, THBS1, and CALD1, showed
consistent expression in both datasets and contributed strongly to the observed
correlation. Together, these findings confirmed that the spatially identified fibroblast
population corresponds closely to previously described islet-associated fibroblasts and
supported its use for downstream analyses of extracellular matrix organization within

the pancreatic vascular niche.
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Figure 2-20: Islet-associated fibroblasts are enriched at the islet boundary.

(A) Spatial distribution of endothelial cells, pericytes, and islet-associated fibroblasts relative to the
manually annotated islet boundary. Negative distances indicate cells located inside the islet, and positive
distances indicate cells located outside the islet.

(B) Donor-level quantification of the percentage of each vascular-associated cell population located within
1 5 ym of the islet boundary. Bars represent mean values across donors, with individual donor values
shown as points.

To validate these classifications spatially, we next quantified cell localization
relative to the islet boundary at both the single-cell and donor levels. Spatial distribution
analysis demonstrated that islet-associated fibroblasts formed a distinct population
concentrated at the endocrine—exocrine interface, with a pronounced peak centered on
the islet boundary (Fig. 2-20A). In contrast, endothelial cells and pericytes exhibited
broader distributions extending both within the islet and into the surrounding exocrine

tissue, consistent with their incorporation into the continuous pancreatic vascular

network. Donor-level quantification confirmed these observations, revealing that
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approximately 67% of islet-associated fibroblasts were located within £5 um of the islet
boundary, compared with only ~25% of endothelial cells and pericytes and <10% of the
broader fibroblast population (Fig. 2-20B). This boundary-restricted localization was
consistently observed across donors despite inter-donor variability, supporting the
classification of islet-associated fibroblasts as a spatially distinct stromal population

enriched at the endocrine—exocrine interface.
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Figure 2-21: Spatial association of pericytes and islet-associated fibroblasts with the islet
vasculature.

(A) Donor-level quantification of mean distance from islet associated fibroblasts and pericytes to the
nearest vessel edge within islets.

(B) Single-cell distance distribution showing distances from pericytes and islet-associated fibroblasts to
the nearest endothelial cells. Pericytes are highly enriched near endothelial cells, consistent with their
perivascular localization.

(C) Quantification of islet vascular coverage, shown as the fraction of pericytes located within 5 ym of
endothelial cells across donors. Bars or box plots summarize donor-level values, with individual donor
values shown as points. Statistical significance is indicated above comparisons (*, P < 0.05; ****, P <
0.0001).

We further validated these annotations by quantifying the spatial relationship of
vascular-associated cell populations to the islet microvasculature. Distances were
calculated from the boundary of each cell to the nearest EC mask edge, which served
as a proxy for the vascular lumen. Both pericytes and islet-associated fibroblasts were
in proximity to the vasculature, consistent with their classification as vascular-associated

cell populations (Fig. 2-21A). However, pericytes resided significantly closer to
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endothelial cells than islet-associated fibroblasts (mean distance, p = 0.0156), reflecting
their established role as mural cells directly opposed to the endothelial basement
membrane. Analysis at single-cell resolution further confirmed this relationship, with
pericytes exhibiting significantly shorter distances to their nearest endothelial cell
compared with islet-associated fibroblasts (p < 0.0001; Fig. 2-21B). Consistent with
these findings, donor-level quantification demonstrated that the majority of pericytes
(approximately 55—-60%) were positioned within 5 ym of the vasculature (Fig. 2-21C),
confirming their intimate association with the pancreatic capillary network. Together,
these spatial analyses further validated the identity of both vascular-associated
populations while distinguishing pericytes as cells immediately associated with
endothelial structures and islet-associated fibroblasts as a neighboring stromal

population occupying the perivascular niche.

A B
Islet
Exocrine

)
.

ytes Endothelial Cells Fibroblasts l

[l Pericytes [l Endothelial Cells| | Islet-associated Fibroblastl [. Peric

Figure 2-22: In situ validation of vascular-associated populations by representative MERSCOPE
fields of view.

(A) Within islets (teal outline), pericytes (magenta) are tightly associated with ECs (green) along vascular
structures, while peri-islet fibroblasts (peach) localize to the islet periphery.

(B) In exocrine regions, fibroblast (cyan) populations are more broadly distributed between vascular
structures (white dotted outline) composed of ECs and pericytes and enriched around ductal regions
(yellow dotted outline). Scale bar = 100 pym.

In situ, we confirmed that within islets, the cells annotated as pericytes were

tightly associated with ECs along vascular structures, whereas islet-associated
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fibroblasts were enriched at the islet periphery (Fig. 2-22A). In exocrine regions,
exocrine-associated fibroblasts were predominantly organized within the interstitial
stroma, sequestered between periductal bands (yellow dotted lines) and vessel-
surrounding stroma (Fig. 2-22B). Notably, exocrine-associated fibroblasts remain
spatially excluded from the immediate perivascular niche, which is predominately
occupied by pericytes in direct contact with the endothelium (white dotted outlines).

Together, these analyses confirm that the mesenchymal population annotated as

pericytes by scRNA-seq corresponds to bona fide vascular-associated cells in situ and

occupies the immediate perivascular niche within islets. Importantly, accurate
annotation of these populations was only possible through the integration of manual
islet annotation and spatial single-cell transcriptomics.

2.2.4: Distinct features of ECM Gene Expression Programs in the
Endocrine versus Exocrine Vascular Compartments.

Having validated the identity, spatial localization, and vascular associations of
endothelial and mural cell populations within the human pancreas, we next sought to
characterize the ECM of the pancreatic vascular niche. We reasoned that the distinct
anatomical positions occupied by endothelial cells, pericytes, and islet-associated
fibroblasts would be reflected in specialized basement membrane and ECM

transcriptional programs.
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Figure 2-23: Spatial organization and cell-type enrichment of islet basement membrane genes.

(A) Representative MERSCOPE spatial transcriptomic image showing localization of BM genes
surrounding islet vascular structures. Expression of COL4A1, COL4A2, and LAMC1 is enriched in
vascular-associated stromal cells adjacent to endocrine tissue.

(B) Heatmap showing z-score normalized expression of curated BM genes across ECs, islet-associated
fibroblasts, and pericytes within the islet vascular niche. Positive z-scores indicate relative enrichment
within a given population, whereas negative values indicate comparatively lower expression relative to the
other populations.

Spatial mapping of COL4A1, COL4A2, and LAMC1 transcripts revealed
localization along islet vascular structures, with signal detected proximal to vascular-
associated cells rather than uniformly distributed across the tissue (Fig. 2-23A). To
quantify these patterns, we examined the expression of a curated set of islet vascular
basement membrane genes (COL4A1, COL4A2, COL4A3, LAMB2, LAMB1, LAMAS,
LAMC1, LAMA4) that have been reported to be present at the protein level either in the
intra-islet vascular basement membrane, peri-islet basement membrane, or both (Fig.
2-23B) [7, 41]. Pericytes displayed the strongest relative enrichment of these core
basement membrane components, particularly collagen IV (COL4A1, COL4A2),
together with the laminin subunits LAMA4 and LAMB2. In contrast, ECs exhibited
comparatively weaker basement membrane -associated transcriptional signatures

within the islet vascular niche, with selective enrichment of LAMAS. Islet-associated
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fibroblasts demonstrated enrichment of a distinct set of laminin subunits, including

LAMB1 and LAMCT1.
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Figure 2-24: Comparison of basement membrane gene-set scores across donor-paired cell
populations.

Statistical significance was assessed via the Mann-Whitney U test.

(A) Pericytes have significantly higher BM scores compared to ECs (median 0.015 vs -0.048; p = 0.0156).
(B) No significant difference exists between pericyte and islet-associated fibroblasts scores (median
0.056 vs 0.039; p = 0.468).

To determine whether these basement membrane transcriptional differences
were consistently maintained across donors rather than driven by cell abundance or
sampling effects, we performed donor-paired comparisons. basement membrane gene
set scores were calculated separately within each donor, allowing direct comparison of
matched cell types within each tissue section. Across all seven donors, ECs consistently
showed significant lower basement membrane scores than pericytes (n = 7 donors;
median score = 0.015 vs -0.048; p = 0.01; Fig. 2-24A). In contrast, islet-associated

fibroblasts had comparable basement membrane scores to pericytes (p = 0.58; Fig. 2-

24B).
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Figure 2-25: Endocrine vascular cell differential expression.

(A) Differential expression analysis results in volcano plot comparing endocrine-associated endothelial
cells and pericytes.

(B) Differential expression analysis results in volcano plot comparing endocrine-associated islet
associated fibroblasts (IAF) and pericytes.

Differential expression (DE) analysis was next performed to further characterize
the transcriptional programs distinguishing ECs, pericytes, and islet-associated
fibroblasts within the endocrine compartment (Fig. 2-25). Comparison of ECs and
pericytes revealed distinct but complementary vascular expression programs. ECs were
enriched for canonical endothelial genes, including PLVAP, PECAM1, CD93, EGFL?7,
and CDHS, consistent with their specialized role in forming the vascular lining (Fig. 2-
25A). In contrast, pericytes preferentially expressed mural cell markers such as
PDGFRB, CSPG4, RGS5, MFGES, and COL6A1, confirming their identity as vascular
support cells closely associated with the endothelial basement membrane. Comparison
of islet-associated fibroblasts and pericytes further demonstrated that these populations
occupy transcriptionally distinct stromal states (Fig. 2-25B). Islet-associated fibroblasts
exhibited enrichment of extracellular matrix genes, including COL71A71, COL6A1,
COL6A3, LAMA2, SFRP2, and FN1, consistent with a matrix-producing phenotype.

Conversely, pericytes retained higher expression of vascular-associated genes,
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including PLVAP, PECAM1, ACE2, FLT1, VWF, and CSPG4, reflecting their close

association with the pancreatic microvasculature.
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Figure 2-26: Immunofluorescence image showing the vasculature within a representative ND
human islet.

(A) Differential gene expression heatmap comparing pericytes and endothelial cells within the endocrine
vascular compartment. Genes enriched in pericytes are shown in magenta, and genes enriched in
endothelial cells are shown in green.

(B) IF of ND human pancreatic tissue stained for CD31 (endothelial; cyan), HSPG2 (BM; yellow), and
NG2 (pericyte; magenta). Quantitative channel colocalization analysis performed using Imaged Coloc2
demonstrating stronger spatial association between endothelial and BM-associated HSPG2 signals within
the intra-islet vasculature. 63x; scale bars = 40 um for large image and 5 um for higher-magnification
images.

To further prioritize candidates for experimental validation, we summarized the
most differentially expressed genes distinguishing endothelial cells and pericytes using
a heatmap (Fig. 2-26A). This analysis highlighted distinct transcriptional programs
between the two vascular-associated populations, with pericytes showing increased
expression of mural cell markers including COL3A1, MFGES, MYL9, and SSTR2,
whereas ECs were enriched for canonical endothelial and basement membrane-
associated genes including KDR, SOX18, HSPG2, and LAMAS. The prominent
enrichment of HSPG2 and LAMAS, both key structural components of the vascular

basement membrane, identified these genes as strong candidates for orthogonal

validation. Because spatial transcriptomics measures mRNA abundance rather than
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protein localization, we next sought to determine whether these transcriptional
differences were reflected at the protein level within intact islets. We therefore
performed immunofluorescence (IF) staining to validate the cellular localization of
HSPG2 relative to endothelial cells and pericytes in situ. IF staining confirmed strong
spatial association of HSPG2 with CD31+ endothelial structures relative to adjacent

pericytes (NG2+) within islets (Fig. 2-26B).
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Figure 2-27: Immunofluorescence RNAscope image showing the vasculature within a
representative ND human islet.

(A) Differential gene expression heatmap comparing pericytes and islet-associated fibroblasts within the
endocrine vascular compartment. Genes enriched in pericytes are shown in magenta, and genes
enriched in islet-associated fibroblasts are shown in orange.

(B) Multiplexed RNA in situ hybridization image of ND human pancreatic tissue, showing expression of
COL6A1 (green), COL4A1 (orange), and COL6A2 (magenta) transcripts; nuclei are stained with DAPI in
white. Representative positive cells (outlined in dashed while lines) were selected for inspection at higher
magnification to verify presence of ECM-expressing cells. 63x; scale bars: 40 ym (top), 20 um (bottom) in
large image and 5 pym in higher-magnification insets.

In contrast, islet-associated fibroblasts showed enrichment of a broader ECM
program defined by interstitial and fibrillar collagens including COL6A1, COL1A1, and
COL1AZ2 (Fig. 2-27A), reflecting a matrix-producing phenotype distinct from the
vascular basement membrane. To validate the spatial distribution of these ECM-
producing cells within intact pancreatic tissue, we next performed multiplexed RNA in

situ hybridization targeting representative basement membrane and interstitial matrix
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genes. Multiplexed RNA in situ hybridization analysis further identified COL4A 7+,
COL6A 1+, COL6A2+ cells along the islet boundary and occasionally within the intra-
islet interior (Fig. 2-27B); however, we could not exclude the possibility that these

interior cells were artifacts of 2D segmentation or sectioning.
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Figure 2-28: Pericyte BM and ECM programs are maintained across endocrine and exocrine
compartments.

(A) UMAP of pericytes colored by endocrine- or exocrine-associated location, with BM and ECM gene set
scores projected onto the same embedding.

(B) Donor-level comparison of the percentage of BM-high and ECM-high pericytes in exocrine and islet
compartments. Box plots show donor-level distributions with individual donors shown as points.

Lastly, to investigate whether pericyte transcriptional programs were conserved
between the endocrine and exocrine compartments, we subsetted pericytes by location
(Fig. 2-28A, left). Qualitative projection of gene set scores onto the subsetted UMAP
suggested that basement membrane and ECM transcriptional activity was broadly
consistent across both compartments, with gene set scores distributed relatively
uniformly across the UMAP (Fig. 2-28A, right). To better resolve potential differences,
we performed donor-paired analysis. This revealed no significant difference in basement

membrane or ECM gene set scores in islet-associated pericytes relative to their

exocrine counterparts (Fig. 2-28B).
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Figure 2-29: Endocrine and exocrine pericytes display compartment-specific transcriptional
programs.

(A) Volcano plot showing differentially expressed genes between endocrine-associated and exocrine-
associated pericytes in the MERFISH dataset. Red points indicate genes enriched in endocrine-
associated pericytes, purple points indicate genes enriched in exocrine-associated pericytes, and gray
points indicate non-significant genes.

(B) Bar plot showing selected differentially expressed genes ranked by log2 fold change between
endocrine- and exocrine-associated pericytes.

DE analysis did, however, identify significant niche-specific tuning of broader
ECM-related gene programs (Fig. 2-29A). Exocrine-associated pericytes were enriched
for genes linked to interstitial matrix remodeling and inflammatory signaling, including
IGFBP2, C1R, C1S, COL12A1, COL6A1 [12, 42]. In contrast, islet pericytes exhibited
enrichment of ACE2, RGS5, FLT1, SERPINA1, FGA and LAMC2 (Fig. 2-29B). These
findings indicate that while pancreatic pericytes maintain a conserved core cell identity

and vascular maintenance program, they also undergo substantial niche-dependent

specialization.
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Figure 2-30: Differential gene expression between islet and exocrine pericytes in the Craig-
Schapiro dataset.

(A) UMAP plots showing pericytes classified by compartment, with islet-enriched pericytes shown in red
and exocrine-enriched pericytes shown in blue.

(B) Volcano plot comparing gene expression between islet and exocrine pericytes. Red points indicate
genes enriched in islet pericytes, and purple points indicate genes enriched in exocrine pericytes.

(C) Bar plots showing selected genes differentially expressed between islet and exocrine pericytes.
Positive log2 fold-change values indicate enrichment in islet pericytes, while negative values indicate
enrichment in exocrine pericytes.

Importantly, these niche-associated transcriptional programs were independently
supported using the anatomically annotated Craig-Schapiro single-cell reference
dataset, providing orthogonal validation of the spatial transcriptomic findings (Fig. 2-30).
Cells annotated as islet- and exocrine-associated pericytes occupied distinct
transcriptional states that segregated according to their anatomical compartment (Fig.
2-30A). Differential expression analysis identified endocrine-enriched genes, including
canonical islet hormones (CHGA, GCG, SST, IAPP, and PPY), together with vascular-
associated genes such as ACE2 and LAMA4, whereas exocrine-associated pericytes
preferentially expressed extracellular matrix and complement-related genes including
IGFBP2, C1R, C1S, COL6A3, COL12A1, and LAMC2Z (Fig. 2-30B). Direct comparison
of the most differentially expressed genes further demonstrated enrichment of vascular-
associated markers, including FLT1, RGS5, FGA, and SERPINA1, in islet pericytes,

while exocrine pericytes exhibited increased expression of matrix-remodeling and

structural ECM genes (Fig. 2-30C). Together, these independent analyses demonstrate
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that pericytes adopt anatomically distinct transcriptional programs that are conserved
across complementary single-cell and spatial transcriptomic datasets, supporting the
existence of specialized vascular niches within the adult human pancreas.

2.2.5: Pericyte and Fibroblast Transcriptional Remodeling in the Type 2
Diabetes PancDB Dataset

Having established the cellular organization of the healthy pancreatic vascular
niche, we next leveraged the CONCORD-reintegrated PancDB atlas to include type 2
diabetic donors. This integrated reference enabled systematic comparison of endothelial
cells, pericytes, and fibroblast populations across health and disease, allowing us to
identify diabetes-associated changes in transcriptional state and ECM remodeling.
Using the same quality control and filtering parameters outlined in the initial PancDB
non-diabetic dataset, low-quality cells and donors were identified for removal to have a

clean dataset for downstream analysis.
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Figure 2-31: Quality control and annotation of the CONCORD re-integrated PancDB atlas.

(A) UMAP of the initial integrated PancDB dataset colored by donor identity.

(B) UMAP of the filtered dataset after removal of the low-quality donor HPAP109, colored by donor
identity.

(C) UMAP of the filtered dataset colored by major pancreatic cell type.

(D) Subset of mesenchymal stromal populations annotated as MSL1/fibroblast and MSL2/pericyte.
(E) MSL1 and MSL2 populations colored by disease status.
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After cell filtering and CONCORD re-integration, donor HPAP109 did not embed cleanly
with the remaining donors, suggesting that its transcriptional profile was driven more by
sample quality than biological variation (Fig. 2-31A). Therefore, HPAP109 was excluded
prior to downstream comparisons, and the final re-integrated PancDB dataset included
only donors that passed quality control (Figs. 2-31B, 2-31C). This dataset was then
subset for mesenchymal cells and used to map MSL1 (fibroblast) and MSL2 (pericyte)

populations across non-diabetic and type 2 diabetic donors (Figs. 2-31D, 2-31E).
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Figure 2-32: Type 2 diabetes-associated remodeling programs in MSL1 and MSL2 mesenchymal
populations.

Heatmap showing scaled expression of differentially expressed genes across MSL1 and MSL2
populations from control and type 2 diabetic donors in the PancDB reference atlas.

To characterize how these populations respond transcriptionally to disease, we
first performed pseudobulk DE analysis comparing type 2 diabetic and non-diabetic
samples within each vascular-associated population (Fig. 2-32). Unsupervised
clustering of the resulting differentially expressed genes resolved four largely non-
overlapping gene modules, each defined by a distinct combination of cell identity (MSL1

vs MSL2) and disease state, indicating that fibroblast-like and pericyte-like
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mesenchymal populations undergo largely independent, rather than convergent,
transcriptional remodeling in type 2 diabetes. The first gene module, comprising
TNRC18, HMOX1, LSAMP, TMEM158, MYO10, ICOSLG, NCS1, THBD, EGR1, TGM?2,
FSTL1, and FAM20C was selectively upregulated in the type 2 diabetic MSL1
population relative to all other groups, including non-diabetic MSL1 cells, indicating a
fibroblast-specific transcriptional response to the diabetic environment that is largely
absent from the non-diabetic fibroblast state and from either pericyte condition. A
second module including COL14A1, DDIT4, IFI35, GDF15, DHCR24, TM4SF4, LY96,
SDF2L1, and LIMA1 was enriched in non-diabetic MSL1 cells. A smaller, third module
comprising UPP1, DEF8, and FJX1 showed a distinct pattern, with the strongest
enrichment appearing in non-diabetic MSL2 cells rather than in the type 2 diabetic
group, suggesting that this small gene set marks a baseline pericyte identity feature that
is attenuated with disease rather than induced by it.

The largest and most striking module, spanning PNP, LAMAS, RBM?24,
OLFML2A, SLC7A5, TMEM160, LRPAP1, HOTAIRM1, ID3, CSPG4, SEC11C, PROCR,
ADAM9Y, CELA3B, CTRB2, IFI6, and NMT1, was selectively upregulated in type 2
diabetic MSL2 cells and comparatively low across non-diabetic MSL2 and MSL1 cells,
and type 2 diabetic MSL1 cells. Notably, this module includes LAMAS, a basement
membrane laminin subunit, together with several genes linked to vascular and stress-
response biology (PROCR, ADAMY, IFI6), suggesting that the type 2 diabetes-

associated pericyte transcriptional shift extends beyond the contractile and inflammatory
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genes already discussed to include additional matrix and vascular-regulatory
components.

Together, this pattern indicates that MSL1 and MSL2 populations mount largely
distinct, non-redundant transcriptional programs in response to type 2 diabetes, with
disease-associated gene sets that are, for the most part, unique to each cell type rather

than shared across the mesenchymal compartment.
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Figure 2-33: Diabetes-associated pathway score changes in MSL1 and MSL2 populations.
(A) Bar plots showing mean pathway score differences between type 2 diabetic and ND control cells in
MSL1 populations. Positive pink values indicate pathways increased in T2D, while negative brown values
indicate pathways decreased pathway.
(B) Bar plots showing mean pathway score differences between type 2 diabetic and ND control cells in
MSL2 populations. Positive pink values indicate pathways increased in T2D, while negative brown values
indicate pathways decreased pathway.

To interpret the biological significance of these gene-level changes, we ranked
the resulting DEG lists by signed statistical significance and applied gene set
enrichment analysis (GSEA) against the MSigDB Hallmark collection [30]. MSL1
showed enrichment for proliferative and stress-response programs in type 2 diabetes,

with Myc Targets V1/V2, G2-M Checkpoint, E2F Targets, and the unfolded protein

response among the most upregulated pathways, while oxidative phosphorylation, the
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pancreas beta cell gene set, and the reactive oxygen species pathway were the most
strongly downregulated (Fig. 2-33A). MSL2 showed a distinct pattern, with epithelial-
mesenchymal transition, angiogenesis, IL-6/JAK/STAT3 signaling, and TGF-beta
signaling among the most upregulated pathways in type 2 diabetes, while the pancreas

beta cell gene set was again the most strongly downregulated pathway (Fig. 2-33B).

Pathway Enrichment: T2D vs Control

s MSL1

Epithelial Mesenchymal Transition- s MSL2

TGFBR3 PTM Regulation

Non-integrin membrane-ECM Interactions-
FGFR1b Ligand Binding and Activation-
Regulation of Apoptosis-

ECM Proteoglycans-

Collagen Degradation-

Anchoring Fibril Formation
Crosslinking of Collagen Fibrils-
Assembly of Collagen Fibrils and Other
Collagen Chain Trimerization-

Collagen Formation

=002 000 002
Mean score (T2D - Control)

Figure 2-34: Gene set enrichment analysis comparing PancDB T2D and non-diabetic fibroblasts
and pericyte populations.

Differentially expressed genes were ranked by log fold change and analyzed using curated Reactome,
GO, and ECM-associated pathways. T2D-associated populations exhibited enrichment of collagen
organization, ECM proteoglycan, collagen fibril assembly, and TGFB-related pathways, consistent with
matrix remodeling and fibrotic activation.

Reactome analysis shows that fibroblast-associated populations exhibited reduced
enrichment of collagen formation, matrix crosslinking, and fibril assembly pathways,
whereas pericyte-associated populations showed increased enrichment of these same
pathways, suggestive of a less differentiated pericyte state and a shift towards a more

fibrotic phenotype (Fig. 2-34) [43].
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Figure 2-35: Differential gene expression and ECM/ basement membrane changes in T2D
mesenchymal populations.

(A) Blue, Spatial gene subset volcano plots showing significant ECM and basement membrane gene
changes in MSL1 between T2D and ND conditions. Positive log fold-change values indicate increased
expression in T2D, while negative values indicate decreased expression in T2D.

(B) Red, Spatial gene subset volcano plots showing significant ECM and basement membrane gene
changes in MSL2 between T2D and ND conditions. Positive log fold-change values indicate increased
expression in T2D, while negative values indicate decreased expression in T2D.

To further characterize these transcriptional changes, we performed DGE
analysis between non-diabetic and type 2 diabetic populations to include only genes in
the spatial transcriptomic panel. Fibroblast-associated populations exhibited reduced
expression of several basement membrane -associated collagens, including COL4A1
and COL4AZ2 (Fig. 2-35A). In contrast, pericyte populations exhibited increased
expression of contractile, fibrillar ECM and angiogenic-related genes including MYL9,
COL1A2, COL14A1, and SERPINF1, together with reduced expression of PDGFRB, a
receptor critical for pericyte survival and perivascular retention (Fig. 2-35B) [44—48].
2.2.6 Type 2 Diabetes MERSCOPE Analysis Reveals Altered Vascular
Composition and Spatial Remodeling in Type 2 Diabetic Islets

Having established these transcriptional signatures through pseudobulk DE and

pathway enrichment using droplet data, we next asked whether these disease-

associated changes could also be resolved at single-cell resolution while preserving

118



their native spatial context. We therefore performed MERSCOPE spatial transcriptomic
profiling on pancreatic sections from type 2 diabetic donors, generating single-cell-
resolution expression data using the same custom 300-gene panel applied to the non-

diabetic cohort.
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Figure 2-36: Spatial distribution of endothelial cells and pericytes in the adult human pancreas.

Representative MERSCOPE image showing an annotated human islet. Endocrine marker transcripts are
shown for GCG, CHGA, and SST, with the manually annotated islet boundary outlined in green. The
corresponding cell segmentation map shows assigned major cell types. Scale bars = 10,000, 100 um.
This enabled direct comparison of cell type composition, spatial organization, and gene
expression between healthy and diabetic pancreas while preserving the anatomical
relationships between endocrine, exocrine, vascular, and stromal compartments.
Reconstruction of whole-tissue sections revealed that major pancreatic cell populations

could be readily identified and mapped back to their native spatial locations within the

tissue (Fig. 2-36; representative sample shown).
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Figure 2-37: Integrated spatial vascular cell annotations across T2D MERSCOPE samples.

CONCORD integrated UMAP visualizations of T2D spatial transcriptomics cells colored by sample ID,

tissue compartment, and major cell type.

CONCORD integration of type 2 diabetes sample datasets demonstrated

preservation of the major pancreatic cell types across endocrine and exocrine-

associated regions (Fig. 2-37).
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Figure 2-38: Integrated spatial vascular cell annotations across ND and T2D MERSCOPE samples.

(Top) UMAP visualizations of CONCORD integrated ND and T2D spatial transcriptomics cells colored by

sample ID and vascular cell annotation.

(Bottom) UMAP visualizations of CONCORD integrated ND and T2D spatial transcriptomics cells colored

by disease status and tissue compartment.

We next sought to determine how vascular-associated cell types are compositionally,

transcriptionally, and spatially remodeled in type 2 diabetes. To resolve these changes
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at higher resolution than the broad cell type annotations allowed, mesenchymal and
endothelial cells were subset from a non-diabetes and type 2 diabetes integrated
dataset. From this integrated dataset, cells were reclustered and annotated allowing

canonical cell markers described previously in the non-diabetic vascular cell analysis

(Fig. 2-38).
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Figure 2-39: T2D MERSCOPE vascular-associated population marker gene expression.

Dot plot showing expression of known EC (PECAM1, PLVAP, VWF), pericyte (PDGFRB, CSPG4, RGS5),
or fibroblasts (DCN, LUM) markers confirms cell identities.

Using this targeted analysis again resolved pancreatic pericytes, islet-associated
fibroblasts, exocrine-associated fibroblasts, and endothelial cells across type 2 diabetic
samples, each expressing canonical markers consistent with their non-diabetic

counterparts (Fig. 2-39).

Endothelial Cells

Islet-associated Fibrablasts

Mean expression
in group

| — |

0.0 0.5 1.0

Pericytes

<
Z
—
o]

COL4A2
OL4A3
LAMAS
LAMB1
LAMB2
LAMC1
LAMA4

C
C

Figure 2-40: Heatmap of BM genes across T2D vascular-associated populations.

Heatmap showing mean expression of selected basement membrane genes in endothelial cells, islet-
associated fibroblasts, and pericytes.
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Basement membrane gene expression across islet-specific populations was
broadly similar to that observed in non-diabetic tissue, except for islet-associated
fibroblasts, which showed increased expression of COL4A1/COL4AZ2 in type 2 diabetes
(Fig. 2-40). Compositional analysis revealed a significant shift in the type 2 diabetes
islet vascular niche, characterized by expansion of islet-associated fibroblasts and a

corresponding reduction in pericytes.
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Figure 2-41: Spatial vascular cell composition and islet stromal remodeling in T2D.

(A) Stacked bar plots showing the fraction of vascular-associated cell types in endocrine and exocrine
compartments from ND and T2D samples.

(B) Donor-level quantification of islet vascular-associated cell composition, including endothelial cells,
islet-associated fibroblasts, and pericytes.

(C) Ratio of islet-associated fibroblasts to pericytes in ND and T2D samples, showing increased islet
stromal remodeling in T2D. Data points represent individual donors. *p < 0.05; **p < 0.01.

These changes were significant at the donor level, whereas the composition of the
exocrine vascular compartment remained largely unchanged (Figs. 2-41A, 2-41B). To
further assess changes within the endocrine niche, we directly compared islet-
associated fibroblasts and pericytes and observed a significant increase in the islet
fibroblast-to-pericyte ratio in type 2 diabetes islets relative to non-diabetic controls (Fig.

2-41C),
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Figure 2-42: Islet vascular composition and pericyte positioning in T2D.

(A) Ratio of endothelial cells to pericytes in ND and T2D islets. ns, not significant.

(B) Islet vascular coverage, quantified as the fraction of endothelial and pericyte cells among endocrine
cells. ns, not significant.

(C) Fraction of pericytes among all vascular niche cells in ND and T2D islets. ns, not significant.

(D) Distance of islet pericytes to the nearest vessel edge in ND and T2D samples. Data points represent
individual donors. ns, not significant.

In contrast, the endothelial-to-pericyte ratio, the combined vascular-to-endocrine cell
ratio, and the relative contribution of pericytes to the total vascular compartment were

not significantly altered between non-diabetes and type 2 diabetes islets (Fig. 2-42).

Table 2-1: Gene programs derived from differential expression analysis between ND and T2D
PancDB.

Includes Contractile, ECM Remodeling, Vascular BM, Interstitial ECM, Cell Stress/Inflammatory
programs. Representative genes contributing to each transcriptional program are shown. (*) Asterisks
represent genes significantly differentially expressed in T2D.

Gene Programs Dysregulated in T2D

Contractile MYL9*, CALD1, TPM2, MGP*

THBS1, ADAM9*, TGFB1*, HES1*, FBN1*,
SDC4* TINAGL1, MMP2

COL4A1*, COL4A2*, LAMB2*, LAMC1,
COL18A1*, HSPG2

COL14A1* COL1A2*, COL1A1*, COL3AT*
COL5A1*, COL5A2*, COL6A3, POSTN

Cell Stress/ Inflammatory SERPINF1*, C1R*, JUN*, CTSB* FOS* C3*

ECM Remodeling

Vascular BM

Interstitial ECM

To better define vascular niche remodeling at the gene program level, we curated
five transcriptional modules from genes differentially expressed between type 2

diabetes and non-diabetes vascular-associated populations in the PancDB dataset. To
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enable direct evaluation in the spatial dataset, only genes represented within the
MERFISH panel were included and were assigned to modules based on Reactome and
Gene Ontology annotations, and established markers of pericytes, fibroblast, and ECM
programs [43, 49, 50]. This process generated five transcriptional modules: Contractile,
ECM Remodeling, Vascular Basement Membrane, Interstitial ECM, and Cell

Stress/Inflammatory (Table 2-1).
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Figure 2-43: Heatmap showing z-score normalized enrichment of transcriptional programs.

(A) Heatmap plotted across spatial pericyte populations stratified by disease state and anatomical
location. Program scores were calculated independently for each condition and subsequently scaled by z-
score across groups to visualize relative enrichment patterns.

(B) Heatmap plotted across spatial fibroblast populations stratified by disease state and anatomical
location. Program scores were calculated independently for each condition and subsequently scaled by z-
score across groups to visualize relative enrichment patterns.

Within type 2 diabetes islet pericytes, stress/inflammatory and contractile
program scores were increased relative to non-diabetic controls, whereas vascular
basement membrane, interstitial ECM, and ECM-remodeling module scores were
reduced (Fig. 2-43A). Exocrine pericytes similarly exhibited increased contractile
program scores together with reduced vascular basement membrane interstitial ECM,

and ECM-remodeling signatures. In contrast to islet pericytes, however,

stress/inflammatory signaling was increased in type 2 diabetes exocrine pericytes
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relative to non-diabetic controls. We next examined islet-associated fibroblasts in type 2
diabetes and observed broad reductions across most transcriptional modules,
accompanied by increased contractile and stress/inflammatory program scores,
mirroring the pattern observed in islet pericytes. Exocrine fibroblasts displayed a similar
overall profile but additionally showed increased ECM-remodeling and interstitial ECM

program scores. (Fig. 2-43B).

To validate the upregulation of interstitial collagens identified by spatial
transcriptomics, we performed COL1A2 immunofluorescence staining in non-diabetes

and type 2 diabetes pancreatic sections (Fig. 2-44).
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Figure 2-44: IF validation of increased intra-islet COL1A2 protein expression in type 2 diabetic
human islets.

Additional representative images of immunofluorescence staining for COL1A2 (magenta), CHGA
(orange), COL4A1 (green), and DAPI (blue) in ND and T2D human pancreatic islets. Dashed lines
indicate CHGA-defined islet boundaries used for quantification. Bottom rows show additional
representative merged images from each condition. All images were acquired using identical staining,
imaging, and acquisition settings. Scale bars = 40 ym.
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Consistent with MERFISH analyses, COL1A2 fluorescence intensity within
chromogranin A (CHGA)-defined islet regions was increased in type 2 diabetes islets
compared with non-diabetic controls (Figs. 2-45A, 2-45B). Together, these findings
support coordinated remodeling of the islet vascular niche in type 2 diabetes through

both ECM accumulation and altered vascular transcriptional states.
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Figure 2-45: Inmunofluorescence of ND and T2D pancreatic tissue sections.

(A) Representative immunofluorescence images of COL1A2, CHGA, COL4A1, and DAPI staining in ND
and T2D human pancreatic islets. Dashed lines indicate CHGA-defined islet boundaries used for
quantification. Images were acquired at 63x magnification. Scale bar = 40 uym.

(B) Mean COL1A2 fluorescence intensity (arbitrary units, a.u.) was quantified within CHGA-defined islet
regions. Each point represents the mean COL1A2 fluorescence intensity of an individual donor; 30 islets
were analyzed from 2 ND and 2 T2D donors. COL1A2 fluorescence intensity appeared higher in islets
from T2D donors than in ND controls.

2.3 Discussion

In this study, we combined donor-resolved MERFISH spatial transcriptomics with
computational integration of public human pancreas single-cell RNA-sequencing
datasets to build a high-resolution atlas of ECM gene expression in the adult human
pancreas. Profiling matrix-producing cells within their native tissue architecture, and
validating each observation across independent datasets, allowed us to resolve several
open questions about the cellular organization of the pancreatic vascular niche and its

remodeling in type 2 diabetes.

127



The central conclusion is that the human islet basement membrane is built and
maintained not by endothelial cells alone but through coordinated contributions from
several vascular-associated populations, and that this multicellular niche is selectively
remodeled in metabolic disease. Four findings support this conclusion. First, pericytes,
not endothelial cells, are the predominant transcriptional source of vascular basement
membrane genes, including COL4A1, COL4A2, LAMA4, and LAMBZ2, while endothelial
cells contribute the complementary components HSPG2 and LAMAS. Second, a
transcriptionally and spatially distinct islet-associated fibroblast population
predominately occupies the endocrine boundary and expresses a peri-islet matrix
program enriched for LAMB1 and LAMC1. Third, pericytes retain a conserved mural cell
identity while specializing their matrix and signaling programs according to whether they
reside in the endocrine or exocrine compartment. Fourth, type 2 diabetes remodels the
endocrine vascular niche at both the compositional and transcriptional level, shifting the
fibroblast-to-pericyte balance and reducing basement membrane programs while

increasing contractile, stress, and inflammatory signatures.

These results address the knowledge gaps outlined in Chapter 1 and motivate a

revised, cooperative model of basement membrane assembly, developed below.

2.3.1 A Revised Model of Human Vascular Basement Membrane Assembly
For more than two decades, islet basement membrane biology has centered on
endothelial cells as the principal architects of the vascular matrix [6]. This view
originated in mouse developmental studies, where disrupting 8 cell VEGFA signaling to
endothelial cells prevented formation of intra-islet basement membranes [4]. Because

the surrounding peri-islet and acinar basement membrane was unaffected, endothelial
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cells were assumed to be the dominant, and perhaps sole, source of islet basement

membrane.

Those studies were not designed to apportion matrix synthesis among
neighboring stromal populations in mature human tissue. Endothelial cells, pericytes,
and fibroblasts occupy an exceptionally compact niche, residing within microns of one
another and sharing a common matrix [51]. Conventional histology can localize a matrix
protein but cannot identify the cell that produced it, and dissociation-based sequencing
recovers transcriptional identity at the cost of the spatial context needed to distinguish
endocrine- from exocrine-associated cells [17, 52]. Integrating single-cell profiling with

spatial transcriptomics, as done here, was designed to overcome that limitation.

Our data support a model in which the mature human vascular basement
membrane is assembled through the coordinated output of several specialized
populations rather than a single dominant producer. Endothelial cells remain essential
but act primarily as providers of specific components, while regulating permeability,
angiocrine signaling, and barrier function [19, 53]. Pericytes supply most of the
structural collagen IV transcript together with the vascular laminins, positioning them as
the principal organizers of the scaffold immediately surrounding the capillary wall. At the
endocrine boundary, islet-associated fibroblasts contribute the complementary laminins
LAMB1 and LAMC1 that define the peri-islet basement membrane [41]. The combined
output of these three populations accounts for the double-layer architecture that

distinguishes the adult human islet.

Cooperative basement membrane assembly of this kind is increasingly

recognized across vascularized organs [6, 54]. In the central nervous system, pericytes
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contribute to basement membrane production and are required for blood-brain barrier
integrity through coordinated signaling with endothelial cells and astrocytes [55]. In the
kidney, multiple vascular-associated populations supply distinct components of the
glomerular basement membrane, and in the retina, pericyte dysfunction is a central
driver of diabetic microvascular disease affecting both matrix organization and vascular
stability [47, 56, 57]. Comparable contributions from mural and stromal cells to matrix
deposition have been described in the lung and other highly vascularized tissues [13,

58]. The adult human pancreas appears to follow the same principle.

This model has implications beyond matrix composition. Because the basement
membrane governs growth factor presentation, integrin signaling, endothelial
maturation, and endocrine cell polarity, identifying the cellular source of each
component clarifies how the endocrine microenvironment is established and maintained
[51, 59]. It also implies that pathological remodeling of any single vascular-supportive
population, pericyte or islet-associated fibroblast, can alter the shared matrix and affect

neighboring cells well beyond its own lineage.

2.3.2 Pericytes as Specialized Basement Membrane-Producing Cells

The strongest single line of evidence for this cooperative model is the behavior of
pericytes. Across both the integrated single-cell atlas and the spatial data, pericytes
showed high transcriptional enrichment of canonical basement membrane components,
particularly the network-forming collagen IV genes COL4A1 and COL4A2 [19, 24].
Collagen IV differs from the fibrillar collagens in assembling into two-dimensional
networks rather than fibers, providing the scaffold on which laminins, nidogens, and

heparan sulfate proteoglycans are subsequently organized [60]. Because collagen IV
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polymerization is among the earliest steps in basement membrane assembly, strong
collagen IV expression by islet pericytes suggests that these cells may play an
important role in organizing and stabilizing the vascular basement membrane[61]. The
finding that pericytes, rather than endothelial cells, dominate collagen IV expression
may position them as active organizers of the vascular basement membrane, rather

than passive mural support cells.

This functional role for pericytes would also fit their anatomical position. As mural
cells embedded within the vascular basement membrane on the abluminal surface of
capillaries, pericytes share a matrix with the endothelium and sit at the interface
between the vessel and surrounding tissue [62]. Unlike interstitial fibroblasts or luminal-
facing endothelial cells, pericytes are positioned along the abluminal vascular surface,
where their collagen IV expression could directly contribute to basement membrane

organization, local matrix remodeling, and vascular stability [63].

Pericyte identity and retention depend on platelet-derived growth factor signaling
through the PDGF-B/PDGFR@ axis [64]. Loss of either PDGFB or PDGFRB produces
pericyte deficiency, vascular instability, microaneurysm, and embryonic lethality [65].
The pathway remains active in the adult, where continued signaling sustains mural cell
identity and vascular quiescence and supports the reciprocal endothelial-pericyte
communication that maintains the shared basement membrane [64]. This dependence
becomes directly relevant to the diabetic remodeling discussed below, where PDGFRB

expression is reduced in diabetic pericytes, as discussed below.

The conclusion that pericytes are major matrix expressors is strengthened by its

reproducibility across experimental datasets. Basement membrane enrichment was first
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detected in the re-integrated PancDB single-cell atlas, confirmed with spatial resolution
by MERFISH, and recovered independently in the Craig-Schapiro human pancreas
atlas. Agreement across platforms and donor cohorts argues that the signal reflects

genuine biology rather than a platform-specific artifact.

Positioning pericytes as central organizers of the vascular matrix has
consequences for how the endocrine niche is understood. Because the basement
membrane regulates endothelial differentiation, growth factor availability, vascular
permeability, and B cell polarity, changes in pericyte function can influence the islet
through several routes at once [5, 7, 66]. Preserving pericyte identity and matrix-
producing capacity may therefore be as important to endocrine integrity as preserving
the endocrine cells themselves, a point the diabetic remodeling data suggest directly [5].

2.3.3 Islet-Associated Fibroblasts Define a Specialized Endocrine Stromal
Niche

The second pillar of the model is a fibroblast population dedicated to the
endocrine compartment. Fibroblasts have long been treated as a relatively uniform
source of interstitial matrix, but our combined single-cell and spatial analysis identified a
transcriptionally distinct subset enriched along the islet boundary that expresses a peri-
islet matrix program rather than a generic interstitial one, extending the principle of

fibroblast specialization into the endocrine niche [19, 67, 68].

This specialization fits a broader reappraisal of fibroblast biology. Single-cell
studies across many tissues have shown that fibroblast identity is dictated largely by
anatomical location and local signals rather than a single conserved program:

subepithelial fibroblasts in the intestine supply Wnt ligands and matrix that maintain
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epithelial stem cells, papillary and reticular fibroblasts impose distinct properties on the
dermis, and compartment-specific fibroblasts have been described around alveoli, portal
tracts, and nephrons [69-72]. Boundary-associated fibroblasts therefore appear to
represent a recurring stromal organizational strategy across tissues, and the pancreas
may follow this broader pattern through the presence of islet-associated fibroblasts at

the endocrine-exocrine interface [73-76].

The islet-associated population fits this pattern closely. Roughly two-thirds of
these cells localized within five microns of the islet boundary across non-diabetic
donors, placing them directly against the peri-islet basement membrane [67, 77-79].
Their transcriptional profile matched this position: alongside canonical fibroblast
markers, they preferentially expressed LAMB1 and LAMC1, laminin subunits previously
localized to the human peri-islet basement membrane [7, 41]. Because laminins are
among the earliest proteins incorporated during matrix assembly and show strongly
tissue-specific distributions, selective enrichment of these subunits suggests that islet-
associated fibroblasts build a basement membrane distinct from the vascular one

produced by pericytes and endothelial cells [80, 81].

This assignment offers a cellular explanation for a long-standing morphological
observation. Ultrastructural studies established that human islets are surrounded by a
double-layer basement membrane comprising distinct peri-islet and vascular
compartments, but the cellular origin of each layer remained uncertain [7, 41, 82]. Our
data support a division of labor in which pericytes specialize in structural vascular
collagens, endothelial cells add complementary laminins and proteoglycans, and islet-

associated fibroblasts supply peri-islet laminins, a partitioning that accounts for the
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molecular diversity of the endocrine matrix despite the close physical proximity of the

cells that build it.

An alternative interpretation is that this population reflects activated pancreatic
stellate cells, which are reported to deposit matrix following injury and share several
markers with fibroblasts, including PDGFRB, COL1A1, COL1A2, DCN, and LUM [83,
84]. This overlap is precisely why stromal annotation is inconsistent across pancreas
atlases, where similar populations are variously labeled fibroblasts, stellate cells,
mesenchymal cells, or pericytes. Spatial transcriptomics contributes information that
transcription alone cannot: the highly reproducible localization of this population at the
endocrine boundary supports its designation as a specialized endocrine-associated

fibroblast, regardless of the label applied in earlier dissociation-based datasets.

The strategic location of these cells suggests functions beyond matrix deposition.
Fibroblasts communicate with epithelial, endothelial, immune, and mural neighbors
through secreted factors and matrix-bound signals, and a population stationed at the
islet boundary is well placed to influence immune trafficking into islets, endocrine
polarity, and vascular maturation [85]. Their coordinated remodeling in type 2 diabetes,
discussed below, reinforces their status as integral components of the endocrine niche

rather than incidental interstitial cells.

2.3.4 Endocrine Versus Exocrine Vascular Niche Specialization

The pancreas houses two compartments with fundamentally different jobs. The
exocrine pancreas secretes digestive enzymes into a ductal network, while the
endocrine pancreas is a densely vascularized tissue that senses circulating nutrients

and releases hormones directly into the blood. These distinct demands are reflected in
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the vasculature. Although endothelial cells and pericytes retain a conserved vascular-
supportive identity throughout the organ, their matrix and signaling programs are tuned
to local tissue context, indicating that the pancreatic vasculature is organized into

distinct endocrine and exocrine niches rather than a uniform capillary bed [86—89]

These functional demands are reflected transcriptionally. Endocrine- and
exocrine-associated pericytes exhibited similar basement membrane scores, yet
differential expression revealed clear niche-dependent tuning of broader programs:
endocrine pericytes favored vascular-regulatory genes including ACE2, FLT1, RGS5,
LAMC2, SERPINA1, and FGA, while exocrine pericytes favored interstitial-remodeling
and inflammatory genes including C1R, C1S, COL12A1, COL6A1, and IGFBP2 [45, 90—
93]. These differences were reproduced in the anatomically resolved Craig-Schapiro
dataset, arguing that they are conserved features of human pancreatic vascular

organization rather than technical artifacts [19].

The pattern itself is informative since basement membrane integrity is essential
to vascular stability everywhere, so its preservation across both compartments is
expected, whereas matrix-remodeling, inflammatory, and vascular-regulatory programs
are free to track local cues [5, 94]. Pericytes thus appear to maintain a conserved
vascular-maintenance program onto which regional specialization is superimposed,
mirroring the way endothelial cells preserve a core identity while diversifying across
organs [95]. Local signals likely responsible for this tuning, including endocrine
hormones, 3 cell-derived VEGFA, and the metabolic and mechanical environment of
pulsatile islet blood flow, plausibly shape pericyte identity throughout adult life [54, 96,

97].
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Endocrine specialization is not confined to pericytes. Exocrine-associated
fibroblasts expressed interstitial ECM-rich programs, elevated fibrillar collagen and
matrix-remodeling gene expression. This compartment-restricted distribution suggests
that exocrine fibroblasts primarily support the broader stromal architecture of the

exocrine pancreas rather than the peri-islet niche.

2.3.5 Type 2 Diabetes Remodels the Endocrine Vascular Niche

A central result of this work is that type 2 diabetes remodels the endocrine
vascular niche, and that this remodeling extends well beyond the endocrine cells
themselves. Increased metabolic demand and peripheral insulin resistance has long
defined the disease, but the surrounding vascular and stromal microenvironment also
changes substantially, in both cellular composition and transcriptional state [21, 98]. The
coordinated nature of these changes across pericytes and islet-associated fibroblasts
indicates that the niche behaves as an integrated unit whose homeostasis is
progressively disrupted. One of the most informative transcriptional changes in diabetic
pericytes was reduced expression of PDGFRB. Given the central role of PDGF-
B/PDGFR signaling in mural cell survival and retention described above, lower
PDGFRB is widely regarded as a marker of pericyte dysfunction, and disrupted
endothelial-pericyte communication underlies pericyte loss, microaneurysm, and
capillary loss in diabetic retinopathy, with parallel abnormalities reported in diabetic
nephropathy and the diabetic brain [99]. The same signaling vulnerability appears to

operate in the human pancreas.

Reduced PDGFRB occurred alongside increased contractile genes, including

MYLY, and stress-responsive genes such as JUN, FOS, and CTSB, a combination
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suggesting a shift from a homeostatic vascular-supportive state toward an activated,
dysfunctional phenotype [100—102]. Increased pericyte contractility has been reported
under chronic hyperglycemia and inflammation and can impair capillary perfusion [96,
103, 104]. Because B cells depend on rapid, precisely regulated blood flow for glucose
sensing and insulin delivery, even modest changes in pericyte contractility may carry
physiological weight. The stress signature was more pronounced in endocrine than
exocrine pericytes, implying that the endocrine microenvironment exposes vascular

cells to metabolic or inflammatory pressure.

The accompanying reduction in basement membrane and broader matrix
programs may seem at odds with the matrix thickening classically seen in diabetic
microvascular disease, but the two observations are reconcilable [105, 106].
Histological thickening is the cumulative product of years of altered synthesis, reduced
turnover, and increased crosslinking, whereas transcriptomic profiling captures the
instantaneous state of living cells [107, 108]. Reduced matrix gene expression may
therefore reflect impaired maintenance of the normal program rather than reduced
matrix abundance, a discordance also reported in other fibrotic tissues where long-lived

proteins persist as their transcripts decline [109-111].

Diabetic pericytes also increased expression of COL18A1, the basement
membrane collagen that yields the anti-angiogenic fragment endostatin [112]. Although
we did not measure collagen XVIII processing, increased COL18A1 raises the
possibility that pancreatic pericytes participate in angiostatic remodeling that could

further limit the capacity of endocrine capillaries to adapt to metabolic stress.
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Remodeling was not confined to pericytes. Islet-associated fibroblasts showed
changes that closely paralleled their pericyte neighbors, with reduced basement
membrane programs and increased contractile and stress signatures, indicating that
diabetes drives convergent adaptation across the vascular-supportive populations that
share the matrix. The composition of the niche changed as well: islet-associated
fibroblasts expanded relative to pericytes, raising the islet fibroblast-to-pericyte ratio.
Fibroblast expansion is a common feature of chronic fibrotic and metabolic tissue
remodeling, and whether it reflects proliferation, altered survival, or phenotypic
conversion of resident cells, it is likely to alter matrix organization and tissue mechanics

within the endocrine niche [113].

A consistent theme was the compartmental selectivity of the diabetes-associated
stromal response. Although endocrine and exocrine compartments are both exposed to
systemic hyperglycemia, islet-associated pericytes and fibroblasts showed substantially
stronger induction of stress-, inflammatory-, and contractility-related transcriptional
programs than their exocrine counterparts. This compartment-specific vulnerability may
help explain why endocrine dysfunction can develop even when the surrounding

exocrine architecture remains relatively preserved.

The picture that emerges is not isolated 3 cell failure but coordinated,
multicellular remodeling of the endocrine vascular niche, in which altered endothelial-
pericyte communication, impaired matrix maintenance, increased contractility,
inflammatory activation, and a shifted stromal balance combine to destabilize the

environment on which endocrine function depends.
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2.3.6 Implications for Regenerative Medicine and Disease Modeling

The findings presented here reframe a central problem in the field of cell
replacement therapy for patients with diabetes. Human pluripotent stem cells now
reliably yield glucose-responsive (3 cells, yet these cells often fall short of the functional
maturity, stability, and vascular integration of native islets [114]. Increasing evidence
attributes this gap not only to incomplete endocrine maturation but to the absence of the
specialized matrix and vascular-supportive niche that surrounds B cells in vivo [59, 114].

Defining the cellular sources of that matrix is a prerequisite for rebuilding it.

Most strategies for vascularizing engineered islets have focused on endothelial
cells, on the assumption that they construct the vascular basement membrane [115,
116]. Our data indicate that this is insufficient: endothelial cells contribute LAMAS and
HSPGZ2, but pericytes supply most collagen IV and islet-associated fibroblasts add peri-
islet laminins, so faithful reconstruction of the endocrine matrix will require the
multicellular interactions that generate native basement membrane architecture rather
than endothelial vascularization alone. For stem cell-derived islet organoids, this argues
for including pancreatic pericytes or equivalent mural cells in engineered vascular

networks.

The islet-associated fibroblast widens the set of stromal cells worth incorporating.
Fibroblasts are often excluded from engineered tissues because of their association
with fibrosis, but the boundary population identified here is transcriptionally distinct from
conventional interstitial fibroblasts and is enriched for peri-islet laminins, suggesting it
could help recreate the matrix that separates endocrine from exocrine tissue [115]. More

broadly, defining the components made by each population provides a blueprint for
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tissue-specific matrices and hydrogels that better mimic the human pancreas than

generic collagen scaffolds or commercial basement membrane extracts [117-120].

The same logic applies to clinical islet transplantation, where enzymatic isolation
strips away the native matrix along with its pericytes and stromal cells, and
revascularization rarely restores the original basement membrane [121, 122].
Preserving or co-transplanting vascular-supportive populations may improve graft
integration and survival [123, 124]. Finally, because diabetic remodeling involves the
whole niche rather than {3 cells alone, microphysiological models that incorporate
endothelial cells, pericytes, specialized fibroblasts, and tissue-specific matrix are likely
to model disease progression more faithfully and to provide better platforms for testing

interventions [125].

2.4 Strengths of the Study

Several features strengthen confidence in these conclusions. Previously, our
understanding of islet basement membrane biology was derived largely from rodent
models, despite important species differences in islet architecture, vascular
organization, and matrix composition. By focusing specifically on adult human
pancreatic tissue, this study addresses a major gap in our understanding of the human
islet microenvironment. The double-layer vascular basement membrane of human islets
has no direct murine equivalent, so the use of human tissue from both non-diabetic and
type 2 diabetic donors makes the findings directly relevant to human physiology and

disease.
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The work also pairs complementary technologies with a replication-aware design.
Dissociation-based single-cell sequencing supplies transcriptional breadth but loses
spatial context, while MERFISH preserves architecture across a focused gene set. By
integrating the two, the strengths of each technology were used, enabling accurate
annotation of vascular populations within intact tissue. Wherever possible, comparisons
have used donor-paired, pseudo-bulk testing rather than treating individual cells as
independent replicates, which guards against the influence of uneven cell numbers and

supports the biological reproducibility of the differences observed.

Spatial resolution is particularly important for matrix biology. Because matrix
proteins are secreted, conventional immunostaining cannot reliably identify the cells in
which they were synthesized. In contrast, MERFISH permits visualization of matrix
transcripts in situ, and manual segmentation of more than two thousand islets allowed
direct comparison of endocrine and exocrine niches that tissue dissociation cannot

provide.

The major conclusions also rest on extensive orthogonal validation. Populations
identified by MERFISH were supported by the PancDB reference atlas, by the
anatomically resolved Craig-Schapiro dataset, and by immunofluorescence and RNA in
situ hybridization for selected genes. By combining transcriptional enrichment, spatial
organization, neighborhood analysis, differential expression, pathway enrichment, and
disease-associated remodeling in a single framework, the study offers one of the more
comprehensive accounts to date of vascular-associated matrix programs in the human

pancreas.
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2.5 Limitations

Several limitations qualify the interpretation of these findings, many of them
inherent to studies of adult human pancreas rather than specific to this work. Although
these limitations do not alter the central conclusion that multiple vascular and stromal
populations cooperate to maintain the endocrine niche and are altered in type 2
diabetes, they limit the extent to which the findings can be generalized beyond the

donors, cell populations, genes, and experimental methods examined in this study.

The first is the modest number of donors. High-quality adult pancreatic tissue
suitable for spatial transcriptomics is difficult to obtain because RNA integrity depends
on tightly controlled procurement, ischemic time, and fixation, and well-characterized
type 2 diabetic tissue is scarcer still [126, 127]. The cohort here is comparable to many
spatial studies of the human pancreas, and we mitigated the constraint of tissue
availability by designing analyses around donor-level replication and by validating
findings against two external reference atlases [128, 129]. Even so, larger cohorts will
be needed to capture variation associated with age, sex, ethnicity, disease duration,

glycemic control, and medical history.

A second limitation is the use of formalin-fixed, paraffin-embedded tissue [130,
131]. Fixation fragments RNA and reduces transcript recovery, an effect that is relevant
for the large, low-abundance transcripts typical of matrix genes, so some components
may be underrepresented despite ongoing expression. The same preservation,
however, retains the native architecture that is essential for assigning matrix-producing

cells to anatomical locations, which for secreted proteins matters more than maximal
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transcript recovery, and modern probe chemistry has substantially improved detection

from archival tissue.

The MERFISH panel was also targeted, rather than transcriptome wide [132]. A
predefined panel cannot discover unanticipated transcripts, but it offers sensitivity and
quantitative accuracy, and the 300-gene panel was designed to capture all major
pancreatic populations together with ninety-eight curated matrix genes. It therefore
covered the basement membrane and vascular-supportive programs central to the
questions posed here, even though additional matrix regulators certainly remain to be

identified.

Matrix biology also poses an interpretive challenge unique to transcriptomics [16,
133]. Because matrix proteins are secreted, assembled extracellularly, and generally
long-lived, the cell nearest a given protein need not be the one that made it, and
transcript abundance does not directly report protein secretion, assembly, or stability.
Expression data therefore index the capacity for matrix synthesis at the time of

collection rather than the deposited matrix itself.

For the same reason, key features of matrix assembly lie beyond RNA
measurement. Collagen crosslinking, laminin polymerization, proteolytic processing,
and matrix stiffness are set post-transcriptionally and cannot be inferred from
expression [134]. Integrating spatial proteomics, quantitative immunohistochemistry,
second harmonic generation imaging, and biomechanical measurements will be needed
to connect the transcriptional programs described here to matrix composition and

function [135].

143



A further consideration is transcript assignment in densely vascularized regions,
where endothelial cells and pericytes are separated only by a shared basement
membrane. Despite the resolution of MERFISH, segmentation can occasionally
misassign transcripts across these boundaries. We limited this by combining
transcriptional identity with anatomical location, validating vascular populations through
neighborhood and proximity analyses, and reproducing the major observations in
dissociation-based data not subject to diffusion or segmentation artifacts. The
convergence of these approaches argues that the cell type-specific programs are

genuine.

Finally, the study is cross-sectional and observational [136]. Single time points
from donors with established phenotypes cannot establish whether vascular remodeling
precedes, accompanies, or follows 3 cell dysfunction, and transcriptomic data alone
cannot prove that the changes observed alter vascular function. Reduced PDGFRB,
increased contractile programs, and altered matrix expression are consistent with
impaired endothelial-pericyte communication, but direct measures of perfusion,
permeability, contractility, and matrix mechanics, together with targeted perturbation of
islet-associated fibroblasts, lie beyond what is feasible in fixed human tissue and define

clear objectives for future work.

2.6 Future Directions

These findings open several lines of investigation. They establish the major
transcriptional cellular sources of basement membrane programs in the adult human

pancreas but leave open the developmental origins, functional interactions, and
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dynamic remodeling of these populations, questions that will require emerging spatial,

molecular, and functional tools applied to intact human tissue.

A priority is functional validation, as transcriptomic association cannot establish
causality. Systems that permit selective manipulation, including human vascular and
pancreas organoids and defined co-culture systems, would allow direct tests of how
pericytes and islet-associated fibroblasts contribute to basement membrane deposition,
endothelial maturation, 3 cell polarity, and insulin secretion [137]. Targeted perturbation
of individual matrix genes identified here, including COL4A1, COL4A2, LAMB1, LAMC1,

and LAMAS, would help resolve the roles of specific components [138].

The diabetic remodeling described here similarly invites functional follow-up. The
coordinated loss of basement membrane programs with gains in contractile and
inflammatory signaling suggests a phenotypic transition whose consequences for
capillary contractility, permeability, and blood flow could be tested directly with live
imaging and perfusable microvascular systems, and the consequences of reduced
PDGFR} signaling could be probed by asking whether restoring pericyte identity

preserves vascular integrity.

Another priority is to define the developmental origins and lineage relationships
of the vascular-supportive populations [139]. Fibroblasts, mural cells, smooth muscle,
and stellate cells share transcriptional features and may derive from common
mesenchymal progenitors, so it remains unclear whether islet-associated fibroblasts are
a stable lineage, a fibroblast subset, or a regulated state. Genetic lineage tracing is

largely confined to animal models, but approaches based on somatic mutations,
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mitochondrial variants, and epigenomic profiling may allow stromal ontogeny to be

reconstructed directly in human tissue [140].

Technological advances will extend the analysis. Higher-plex spatial
transcriptomics now measures thousands of transcripts in situ and could reveal
additional stromal states and the signaling networks linking endothelial cells, pericytes,
fibroblasts, immune cells, and endocrine cells without the constraints of a targeted
panel. Pairing transcriptomics with spatial proteomics is especially important for matrix
biology, since imaging mass cytometry, multiplexed immunofluorescence, and MALDI
imaging report protein localization and modification that RNA-based techniques cannot,
allowing matrix-producing cells and the proteins they deposit to be visualized together

[141, 142].

The mechanical properties of the endocrine matrix also warrant study. The
basement membrane regulates stiffness and mechanotransduction as well as
biochemistry, and crosslinking and fiber organization influence integrin signaling and
endocrine function independently of gene expression [143]. Combining transcriptomics
with biomechanical measurement and collagen imaging would show how the programs

identified here translate into functional changes during diabetes [144].

The multicellular model also guides regenerative strategies, suggesting that
engineered islets may require specialized stromal populations and tissue-specific
matrices rather than endothelial cells alone, and the matrix signatures defined here
provide a starting point for such designs. Larger cohorts spanning prediabetes to
established disease, together with longitudinal models, will be needed to order the

events of niche remodeling in time. More broadly, the integrated single-cell and spatial
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framework used here applies to any vascularized organ, and its extension to the kidney,
liver, lung, retina, and brain may reveal both conserved principles of basement

membrane assembly and organ-specific adaptations.

2.7 Conclusions

The ECM is now understood as a dynamic regulator of tissue organization and
cell communication rather than a passive scaffold, and in the pancreas the basement
membranes surrounding endocrine cells and islet vessels are integral to 3 cell survival,
polarity, and insulin secretion. Despite this importance, the cellular origins of these

matrices and their fate in type 2 diabetes had remained unclear.

By integrating donor-resolved MERFISH spatial transcriptomics with human
single-cell reference atlases, this chapter characterizes the populations that build and
maintain the matrix of the adult human pancreas and shows the endocrine vascular
niche to be more complex than the long-standing endothelial-centric model allows.
Rather than producing the vascular basement membrane alone, endothelial cells
cooperate with pericytes and islet-associated fibroblasts to generate distinct but
complementary matrix programs. Pericytes supply the structural collagens, endothelial
cells add laminins and proteoglycans, and islet-associated fibroblasts define a peri-islet

stromal niche.

These populations are not static. Endocrine- and exocrine-associated pericytes
hold a conserved vascular identity while tuning their matrix and signaling programs to
local demand, and type 2 diabetes remodels the endocrine niche through coupled

changes in cellular composition and transcriptional state. The pathology of the disease
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therefore extends beyond B cells to the multicellular microenvironment that sustains

them.

Beyond pancreatic biology, these results offer a framework for vascular biology,
diabetes pathogenesis, and regenerative medicine, and a basis for engineering
vascularized endocrine tissue, improving islet transplantation, and building more faithful
disease models. Their central contribution is a change in perspective. The human
vascular basement membrane is best understood not as the product of endothelial cells
but as the work of endothelial cells, pericytes, and specialized fibroblasts acting
together to construct, maintain, and remodel the endocrine vascular niche, a view that
more accurately reflects the adult human pancreas and points toward new ways of

investigating how matrix biology shapes endocrine health and disease.

2.8 Materials and Methods

2.8.1 Human pancreas sample acquisition

De-identified blocks of formalin fixed, paraffin-embedded (FFPE) pancreatic
tissue from 12 unremarkable, cancer-free adult cadaveric donors were purchased from
ProteoGeneX (Inglewood, CA; RRID:SCR_013844) or collected by the University of
California San Francisco Diabetes Research Center Islet Production Core Facility
(RRID:SCR_015106). All donors’ families gave informed consent for the use of
pancreatic tissue in research. Of these 12 donors, 7 were classified as non-diabetic,
and 5 had a documented clinical diagnosis of type 2 diabetes. Disease status was
determined from donor clinical metadata provided by the tissue source. One non-

diabetic donor was obtained through UCSF Human Islet Core; the remaining donors
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were obtained from ProteoGeneX. Available donor demographic and clinical information

is provided bellow in Table 2-2.

Table 2-2: Donor characteristics of human pancreatic tissue samples included in this study.

Clinical and demographic information for the 12 human pancreatic tissue donors analyzed by spatial
transcriptomics. The cohort consisted of seven non-diabetic (ND) donors and five donors with type 2
diabetes (T2D). Reported donor characteristics include sample ID, cluster label, sex, age, tissue source
(cohort), ethnicity, tissue preservation method, diagnosis, RNA quality (DV200, %), and body mass index
(BMI, kg/m?). Cluster labels correspond to donor identifiers used throughout the spatial transcriptomic
analyses.

Sample ID [Cluster Labe Sex Age Cohort Ethnicity Type Diagnosis DV200 BMI
121771A(2) HuP-4 M 46 IProteoGeneX| Caucasian FFPE Non-Diabetic| 34.65% 294
121753A(1) HuP-5 F 41 IProteoGeneX| Caucasian FFPE Non-Diabetic| 65.36% 19.3
121467A(5) HuP-3 M 70 IProteoGeneX| Caucasian FFPE Non-Diabetic| 56.55% 293
121431A(4) HuP-6 F 73 IProteoGeneX| Caucasian FFPE Non-Diabetic] 51.25% 33.1
121320A(4) HuP-2 M 46 IProteoGeneX| Caucasian FFPE Non-Diabetic| 65.76% 26.9
121261A(3) HuP-8 M 69 ProteoGeneX| Caucasian FFPE T2D 40.20% 26.8
12997A(1) HuP-9 F 69 ProteoGeneX| Caucasian FFPE T2D 62.93% 31.2
12951A(1) HuP-10 F 74 ProteoGeneX| Caucasian FFPE T2D 69.51% 15.1
12893A(2) HuP-11 M 71 ProteoGeneX| Caucasian FFPE T2D 61.74% 247
12774A(1) HuP-12 F 58 IProteoGeneX| Caucasian FFPE T2D 45.21% 329
121903A(3) HuP-1 M 75 IProteoGeneX| Caucasian FFPE Non-Diabetic| 57.08% 30.2

RHIP156 HuP-7 F 48 UCSF African Ameri FFPE Non-Diabetic 70.50% 241

2.8.2 Python analysis

All computational analyses were performed in Visual Studio Code (v.1.124),
Python (v3.8-v3.13) using Scanpy (v1.12) [145], Squidpy (v1.6.2) [146], scvi-tools
(v0.6)[147], DoubletDetection (v2.5.2), GSEApy (v1.2.1) [148], SciPy (v1.17.1), Shapely
(v2.1.2), CONCORD-sc (v1.11.4) [149], Fiji/lmaged (v2.16) [150], or QuPath (v.0.5.1)

[151].

2.8.3 scRNA-seq Quality Control and Filtering

scRNA-seq data (.h5ad) were downloaded from the PancDB website, and further
filtering using Scanpy quality control was performed to exclude low-quality cells and
technical artifacts. QC score was quantified using a composite score base total counts
and number of detected genes; log10-transformed and z-score normalized. The final

QC score was defined as: QC score = z (log (10(total_counts + 1))) + z
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(log10(n_genes_by counts + 1)). Higher scores indicate cells with greater transcript
detection and gene diversity (higher quality cells). Cells with ‘unknown’ cell label, fewer
than 100 detected gene counts, or greater than 20,000 were removed to eliminate
empty droplets and potential doublets, respectively. Doublets were identified using
DoubletDetection. The expected number of doublets was estimated, and cells were
classified as singlets or doublets using the doubletdetection classification framework.

Predicted doublets (score of 1) were excluded from further analysis.

2.8.3.1 Refining Adult Non-Diabetic PancDB dataset

Cells were first filtered to retain those with more than 100 and fewer than 20,000
counts, resulting in 75,763 cells. Cells annotated as unknown were removed.
DoubletDetection was then applied, and cells with a positive doublet prediction score of
1 were excluded, leaving 71,639 cells for CONCORD integration. After integration,
additional low-quality samples were removed, resulting in a final reference dataset of

46,106 cells from 22 donors.

From this dataset, 3,010 mesenchymal cells were subset for further analysis.
Because several small clusters were separated from the main mesenchymal
populations, we examined doublet scores and found that these cells had relatively
higher doublet scores. Therefore, cells with a doublet score greater than 20 were
removed before downstream analysis. Unsupervised clustering was then performed at a
resolution of 0.1, yielding eight clusters. Clusters 7 and 8 were small, containing 118
and 50 cells, respectively. Differential gene expression analysis using
sc.rank_genes_groups showed that cluster 7 was enriched primarily for ribosomal

genes, while cluster 8 expressed fibroblast-like genes. Based on these results, cluster 7
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was removed. Clusters 0, 1, 4, 5, 6, and 8 were merged and annotated as fibroblast-like
MSL1 cells, while clusters 2 and 3 were merged and annotated as pericyte-like MSL2

cells.

2.8.3.2 Refining Adult Non-Diabetic and Type 2 Diabetic PancDB dataset

The combined non-diabetic and T2D PancDB dataset was processed using the
same quality control, filtering, doublet removal, and CONCORD integration workflow
described for the non-diabetic analysis. HPAP109, along with additional low-quality
donors identified during quality control, was excluded prior to downstream analyses.
Mesenchymal populations were then subset and classified using the same clustering
strategy, marker gene criteria, and differential expression framework applied to the non-
diabetic dataset. This approach identified fibroblast-like MSL1 cells and pericyte-like
MSL2 cells for subsequent comparison. Downstream analyses were performed within
each vascular-associated population to assess differences in cell composition, gene
expression programs, and pathway enrichment between non-diabetic and type 2

diabetic samples.

2.8.4 Cross-Reference Validation with External scRNA-seq Datasets

To validate spatially identified stromal and vascular-associated populations,
comparisons were performed against external human pancreas scRNA-seq reference
datasets, including PancDB and the Craig-Schapiro pancreas dataset. Spatial
populations were compared against reference populations using shared genes present
across datasets and restricted to genes included within the spatial transcriptomics panel
where indicated. For transcriptional concordance analyses, average gene expression

profiles were calculated for each annotated spatial and reference population. Pearson
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correlation and Spearman correlation metrics were used to quantify cross-platform
similarity between matched populations. Gene-level comparisons were performed using
normalized mean expression values across shared genes. Differentially expressed
genes identified in spatial analyses were additionally cross-referenced against external
reference datasets to reduce the likelihood that observed transcriptional differences
reflected segmentation artifacts, transcript diffusion, or spatial contamination effects.
Where PancDB lacked explicit anatomical annotations, corresponding stromal
populations were identified computationally based on transcriptional similarity and
marker gene enrichment. Spatially defined islet-associated fibroblasts were
subsequently validated against anatomically annotated stromal populations in the Craig-

Schapiro dataset.

2.8.4.1 PancDB Dataset

MSL1 fibroblast-like cells from PancDB were subset and re-clustered to further
resolve fibroblast heterogeneity. This subset included 1,833 cells and was analyzed
using Leiden clustering at a resolution of 0.5, which identified six transcriptionally
distinct clusters, each containing more than 100 cells. Differential expression analysis

was then performed for each cluster using the Wilcoxon rank-sum test.

Two clusters, clusters 2 and 5, showed increased expression of extracellular
matrix and basement membrane-associated genes and closely resembled the spatially
identified islet-associated fibroblast population. Representative enriched genes included
COL1A1, COL1A2, COL3A1, COL4A1, COL5A1, SPARC, SERF2, LGALS1, PRELP,
and other matrix-associated genes. In contrast, cluster 3 expressed canonical pericyte

markers, including RGS5, CSPG4, MCAM, and PDGFRB. Based on these
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transcriptional profiles, clusters 2 and 5 were merged and annotated as IAF-like cells,
clusters 0, 1, and 4 were merged and annotated as fibroblasts, and cluster 3 was

annotated as pericytes.

Subsequent differential expression analyses showed strong concordance
between the PancDB IAF-like population and the spatially identified IAF population,
including shared enrichment of fibrillar collagen genes, basement membrane-associated
genes, and extracellular matrix remodeling programs. Together, these findings provided
independent support for a transcriptionally distinct endocrine niche-associated fibroblast

population.

2.8.4.2 Craig-Schapiro Dataset

The anatomically annotated human pancreas scRNA-seq dataset generated by
Craig-Schapiro et al. was downloaded from GEO and processed in Scanpy. Major
pancreatic cell populations were reconstructed using the published cell annotations.
Endothelial cells, pericytes, and fibroblasts were then subset and analyzed
independently to cross-reference vascular-associated populations identified in the

spatial MERFISH dataset.

To enable direct comparison with the MERFISH data, the Craig-Schapiro
reference dataset was restricted to genes included in the custom 300-gene spatial
transcriptomics panel. Gene expression values were normalized and log-transformed
prior to downstream analysis. For validation of islet vascular populations, endothelial
cells, pericytes, and fibroblasts were first restricted to cells annotated as originating from
islet tissue. Expression of spatially identified marker genes was then assessed in the

corresponding reference populations and visualized using violin plots and feature plots.
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To examine compartment-specific transcriptional programs, pericytes were
further stratified by anatomical location as either islet-associated or exocrine-
associated. Differential expression analysis between islet and exocrine pericytes was
performed using the Wilcoxon rank-sum test, and results were visualized using volcano
plots. Genes identified as compartment-enriched in the spatial dataset were then
examined in the Craig-Schapiro dataset to determine whether similar location-

associated expression patterns were observed across platforms.

2.8.5 Integration and Batch Alignments with CONCORD

To correct for donor- and dataset-specific batch effects, data were integrated
using the CONCORD framework, incorporating donor/sample identity as a batch

variable

2.8.6 Gene Set Scoring

Gene set scores were calculated using Scanpy's score_genes function. For each
cell, a score was computed as the average expression of genes within the target gene
set minus the average expression of expression-matched control genes. Scores were
calculated using the expression matrix stored in adata.X (use_raw=False) and stored in
adata.obs for downstream analyses. To ensure separation between matrix programs,
genes contained within the basement membrane gene set were excluded from the
broader ECM gene set prior to scoring, such that ECM scores reflected non-basement
membrane matrix components. For visualization, mean gene set scores were scaled

across cell types using Scanpy's standard_scale="var' option.

Table 2-3: Basement membrane and extracellular matrix gene sets used for gene set scoring.

The Naba Basement Membrane (NABA _BM) and Naba Core Matrisome (NABA_CORE_ECM) gene sets
obtained from the MSigDB. To distinguish broader ECM programs from BM-associated programs, genes
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present in the NABA Basement Membrane gene set were excluded from the NABA Core Matrisome gene
set prior to scoring. The resulting spatial BM and spatial ECM gene sets include only genes represented
in the custom 300-gene MERFISH panel.

NABA_BM Genes NABA_CORE_ECM BM Genes — Spatial ECM Genes - Spatial

zp4 FRAS1 ELSPBP1  CCN3 ACAN
usHzA coL6As COL19A1 CHADL  FBLN5S  COL23A1  INTSGL LAMAS N AT Pl || CPARCLIECOLAT
NID2 COL6A6 vwa7 LTBP1 COL3A1  NCAN TNXB LAMB2 COL15A1 LAMB2 AGPS EMILINT
NTN4 NPN MATN3 COL20A1  CRIM1 TNFAIP6  COL1A1 o COL5A3  FBN1 AGRN 0S
NiNGZ AGRN. FGL2 MFAP1  POSTN  SSPOP  COLS5A3 COLIAS FOO N
N1 HSPG2 COL6A3  LAMA2 CLASRP  FBN2
PAPLN LAMAT EFEMP1  EMID1 AMELX COL1A2  CCN2 LAMB1 COLGAZ  THBST NP COL12A7
COL15A1 LAMA2 SBSPON  VWASA PCOLCE2 LTBP2 PCOLCE COL4AT COLEAZ  VIN AMBP COLT4AT
COL18A1 LAMA3 DSPP LuM PODNL1 ~ CTHRC1  PXDNL COLIAT  FN1 HSPG2
coL4at LAMA4 MFAP2  VWA2  FBN1 MFAP3  VWDE Lamcs oAz oo patet Gl
LAMAS ECM1 MXRAS  SRPX IMPG2 COL13A1 LAMAS aMee
COL4A3 LAMB1 COL6A1  FGB ASPN LAMB3
COL4AS Ay RELN FNDC1 TNN zP2 COL9A3 COLIAT  Foa sbct s
COL4AS5 LAMB3 BGN MMRN2 VWA1 IGFBP4 HMCN2 LAmct LGALS4 TINAGL1
L4AG [AMBY VWAS81  BMPER  TSKU PXDN FBN3 CoL4A3 CAMAS LANE4
COL6AT LAMCT ciLp SPOCK2  MATN4 OGN IGFBPS toxia  coLiear  VWAS LAMA3
COL6A2 SFRP2  CcOL11A1  PCOLCE
COL6A3 LAMC2 1BSP EYS NYX ECM2 07106
coL, LAMC3 oroL1 GAS6 DCN KCP RSPO2
NTNG1 NiD1 COL5A1  HAPLN2  THSD4 SRPX2 EMILIN3
NTN5 it HAPLN4  COL11A2  MATN1 EMILINT  IGFBP7
RSPO4 FGA TINAG HAPLN3  COMP FBLN1 SNED1
COL26A1  MMRN1 INTS14 MGP FNDC8 OMD FBLN7
CCNS LTBP4 COL21A1  COL8AT  CCN6 TECTB HAPLN1
LRG1 PRG3 IGFBPLT ~ SPOCK3  FMOD Vit I1GFBP3 COL28A1  zpLp1
ANOS1 TECTA SLIT2 smoc1 MEPE RSPO3 ESM1 FBLN2 SRGN
EGFLAM  EMILIN2  NELL1 THBS4 ABI3BP BSPH1 COLTAL COL16AT  spaRrc
IGSF10 PODN ELN COL22A1  NDNF TGFBI RSPO1 PRG2 CHAD
POMZP3  COL12A1  KERA DMBT1 IGFBP1 THBS1 oG
BGLAP COL5A2  MFGES TSPEAR  VWF VIN PRG4 TINAGLT o) 1741
SPON2 VWA3A EFEMP2  MFAP4 cocP2 VWASB2 (000 IMPG1 AN
CRELDT  VWA38  IGFALS  GLDN CCN4 SPOCK1  C0i5as m’; COL9A2
ST :gur; LGI4 LGI3 o ’sGP:ﬁu CRISPLD2  wpry COL10A1
IGFBP6 AEBP1 COL25A1  BCAN SVEP1 PRELP MATN2 2F1
CceNT et LGz FN1 LG e EPYC COL24A1  COL9A1
AMBN CRELD2  OIT3 ADIPOQ NEiLT SPP1 FGB smMoc2
FNDC7 SLIT3 CRISPLD1 DMP1 ZP3 COL11A1
DPT CILP2 EDIL3 FGL1 COL27A1  COL14A1
AMELY THBS2 oPTC
LTBP3
ASPN

2.8.7 Differential Expression Analysis

Differential gene expression (DGE) analysis was performed using Scanpy’s
sc.tl.rank_genes_groups with the Wilcoxon rank-sum test. Analyses were conducted on
log-transformed expression values (use_raw = False), and p-values were adjusted

using the Benjamini-Hochberg procedure to control the false discovery rate.

2.8.8 Hematoxylin and Eosin (H&E) staining

Formalin-fixed paraffin-embedded (FFPE) human pancreatic tissue sections were
evaluated by hematoxylin and eosin (H&E) staining to assess tissue integrity,
morphology, and islet abundance. Briefly, 5-um FFPE sections were deparaffinized in
xylene, rehydrated through graded ethanol solutions, and stained with hematoxylin
followed by eosin using standard histological procedures. Slides were examined by light
microscopy to identify well-preserved pancreatic regions containing intact endocrine

islets with minimal processing artifacts.
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2.8.9 H&E Imaging and Annotation

Following H&E staining, whole-slide images were acquired using a Keyence BZ-
X810 digital microscope at 40x resolution using identical acquisition settings across all
samples. Individual image tiles were automatically stitched to generate whole-section
images and exported for downstream analysis using the QuPath program. Islet and
non-islet annotations were exported, and tissue area regions were quantified and
plotted. Across all samples, 1 to 2% of the tissue area imaged was occupied by islets,

consistent with literature reports.

2.8.10 RNA DV200 Analysis

To assess RNA integrity prior to MERFISH analysis, RNA was extracted from
FFPE tissue using the Zymo Quick-RNA FFPE Miniprep kit (Zymo Research, R1008).
RNA concentration was measured by NanoDrop spectrophotometry. RNA fragment size
distribution and DV200 values were assessed using the Agilent 4200 TapeStation RNA
ScreenTape assay according to the manufacturer’s protocol. DV200 values represent

the percentage of RNA fragments longer than 200 nucleotides.

2.8.11 MERSCOPE Sample Verification

Tissue sections from each donor block were evaluated using the Vizgen
MERSCOPE Sample Verification Kit () according to the manufacturer’s instructions.
This assay employs fluorescent RNA probes targeting two constitutively expressed
human housekeeping genes to assess RNA preservation within FFPE tissue sections
prior to spatial transcriptomic profiling. Slides were processed using the sample
verification workflow and imaged on the MERSCOPE platform to evaluate transcript

detection efficiency and tissue morphology.
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2.8.12 Gene selection for MERFISH

A custom 300-gene MERFISH panel was designed using the Vizgen

MERSCOPE Gene Panel Design Portal (https://portal.vizgen.com). Gene selection was
informed by integration of published human single-cell/nucleus RNA-seq datasets,
proteomic studies of human pancreas, Human Protein Atlas and the CellxGene tool.
Genes were selected based on probe design feasibility (sufficient probe binding sites),
expression abundance thresholds (FPKM), and avoidance of optical crowding during
imaging. Insulin (INS) was excluded due to probe design constraints related to transcript

abundance and sequence composition.

The final 300-gene panel included 3 categories. Category 1 genes comprised 98
ECM genes reported to be expressed in the human pancreas and differentially
expressed in islets and exocrine tissue at the protein level. Category 2 genes were
composed of 25 canonical human endocrine, exocrine, and vascular cell-type markers
widely used in the field to annotate known cell types (e.g., GCG to mark alpha cells,
PECAM1 to mark endothelial cells, KRT19 to mark ductal cells). Category 3 genes were
reported in recently published literature as being expressed by subpopulations of beta
cells and endothelial cells in the pancreas. To serve as a control for nonspecific binding

of probes, we included 15 blank barcodes. The full gene is shown in Table 2-4.
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Table 2-4: Custom MERSCOPE 300 Gene Panel.

Table of the 300 genes used in the MERSCOPE spatial gene panel.

Custom 300-Gene MERFISH Panel

IAPP
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GPRCS5A LGALS38P BN HHEX DLK1 EGFL7 FGG SLC6A2
aroNd LAMB3 PAXE FERMT1 cp93

syP LAMB2 ucL1 CALCA COL5A1 ITGAG MRC1

cD34 AGRN LAMB4 coL14A1

CEACAM1 LIFR PLPP1 SST TRAK2 TSPAN1 MEIS1 MRTFB
CTSA SSTR2 UCN3 ADAM9 TSPANS FCERIG MAFA ks 1P zeally
LGALS2 o LGALS4 GHR SERPINB6 SELENOO AcE2 Al 1A c 1
e cos1 PLG ADCY6 SERPINB1 coL241 o ooz i-;i( = LRRC8A SCAF8 ADCYAP1
CHGA KDR CSPG4 SERPINH1 PDX1 COL6A1 MNXT E5rn Soc4 PCNT LAMA3

LAmc2 ADAM17 TGFBR2 FBXL18 BEND4 LAMAS J1 s oco POALLY
MMP2 AGPS cBx2 PLXNB2 IRX2 TGFBI RAMP2 S1004Y, SFN GLPIR FoxA2 c3
CLASRP CHST10 PDE12 UBAPT LoxL2 PROM1 P CXCL16 Sox18 MAFB ERLINT SELENOW
CD79A SERPINI2 AQP1 CD300A IGKC c108 ‘; NEUROD1 SYNT COL16A1 LAMA2 ITPR3
PcoLCE COL5A3 F2 coL4A2 SHIBP4 ALB e NrEey ATF3 CXCR3 COL12A1 co24
MPO ICAM1 co7 i FEV CDH5 IL2RG ABCCS TNXB
CoLinT TMEM123 CRLF1 CDIE CRP -

F13A1 RGSS KRT19 AMB SERGEF opesy CLECTIA cos2 simct PAX4
PPY CAM o) NKX6-1 coL18A1 c1ac PIGH Ct1orf96
e ANXA3 SLC2A2 CALD1 GRIA2 CTNND1 ANXAT Q IGL of

AMBP SERTM1 paepashli b s ke ITGA2 PRELP coLsA2 SEPTINT HNF18
2 ANLN TCIM viP sPP1 OCLN coL142 VHL coL15A1 EMILINT CLDNS
crsc i s Nl Ay BoaTH prikeg DEFB1 SGK3 ASPN FAT1 GAPDH
MGP MFGES NOST HIFTAN ALDH1A3 OGN HCFC1 SIbT2
LAMA4 TOAX sk POGK RPL14 DCN THBST COL6A2 MyLO COL4AT TNF IF127
B3 1 SLAMFT COL4A3 Lum LOXL4 s et
et TINAGL1 FBLN1 ccoc186 ITIH5 RABS58 ASNSDT e s AIF1 crss FAP
hests avea CRELD2 DKC1 FOXRED2 TUBB3 VW VATIL P ',,‘?:, e ;:Iwen ;’ZZﬁ,’N,,,
s ES, c1s coL11A1 MET TMEM2298 CDH1 okson A ;

FLT1 TPM2 Gor1 1682 FBN1 BMI1 LAMC3 TBLIXR

2.8.13 MERFISH for FFPE tissue samples

A fully detailed, step-by-step guide to the MERFISH sample preparation full
protocol is available at https://vizgen.com/resources/fresh-and-fixed-frozen-tissue-
sample-preparation. Briefly, FFPE samples from selected donors were sectioned using
a microtome (Leica Microtome, HM325) at 4-um thickness and placed on a
MERSCOPE FFPE slide (Vizgen, catalog no. 20400100) in accordance with Vizgen’s
MERSCOPE User Guide for FFPE samples. The tissue sections were then
deparaffinized three times using Deparaffinization Buffer (Vizgen, catalog no. 20300112)
at 55 °C for 5 min and washed three times with 100% ethanol. Each wash was for 2 min,
followed by 2 min in 90% ethanol and a 2-min 70% ethanol rehydration step. The
rehydrated tissue sections were incubated with Decrosslinking Buffer (Vizgen, catalog

no. 20300115) at 90 °C for 15 min and cooled at room temperature for 10 min.

The uncrosslinked tissue sections were then incubated with Conditioning Buffer
(Vizgen, catalog no. 20300116) at 37 °C for 30 min, and Pre-Anchoring Reaction Buffer

(Vizgen, catalog no. 20300113) for 2 h at 37 °C. Following anchoring pretreatment,
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tissue slices were stained for cell boundaries using Vizgen’s Cell Boundary Kit (catalog
no. 10400009) following the user guide. Samples were then washed with Formamide
Wash Buffer (Vizgen, catalog no. 20300002) at 37 °C for 30 min and incubated with
Anchoring Buffer (Vizgen, catalog no. 20300117) at 37 °C overnight. Following overnight
incubation, samples were washed, then gel embedded and cleared. Tissues were
cleared using the resistant-clearing protocol for the allowed maximum time (72 h). After
tissue clearing, samples were treated with MERSCOPE Photobleacher (Vizgen, catalog
no. 10100003) for 4 h, washed with Formamide Wash Buffer at 37 °C for 30 min, and

then incubated with MERSCOPE Gene Panel Mix for 48 h at 37 °C.

2.8.14 Cell Segmentation

Automated cell segmentation was performed on nuclear and cell membrane
stains using Cellpose v2.0 within the MERSCOPE analysis workflow[152].
Segmentation outputs included cell masks and associated cellular metadata stored in
Json files. In addition, stitched mosaic images corresponding to the DAPI, cell

boundary, and poly(A) channels were exported as .jpeg files.

2.8.15 Islet Annotations using MERSCOPE Visualizer

Manual islet annotation was performed in MERSCOPE Visualizer (2.1.2593.1).
Annotations were selected using four criteria: (1) expression of endocrine-associated
transcripts within the candidate region, (2) presence of DAPI signal confirming cellular
localization, (3) presence of cells annotated as endocrine populations based on
transferred cell labels displayed in the Visualizer overlay, and (4) a minimum of three
endocrine cells per annotated islet. Regions meeting all criteria were annotated as

islets. Annotated islet geometries and associated metadata, including transcript
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coordinates, cell identities, and islet assignments for each cell were exported as .csv
files for downstream analyses (Tables S8-S9). Atotal of 2,387 ND islets and 1,311 T2D

islets were annotated.

2.8.16 Spatial Transcriptomics Quality Control and Filtering

Cells with fewer than 10 detected transcripts were removed during quality
control. No genes were excluded from the dataset, and all 300 genes included in the
MERFISH panel were retained for downstream analyses. Raw counts were retained in
adata.raw and adata.layers[‘counts’]. For downstream analyses, transcript counts were
normalized by total counts per cell using Scanpy’s normalize_total function and

subsequently log-transformed using log (1 + x).

2.8.17 Spatial Transcriptomics Clustering and Cell-type Annotation

To construct integrated compartment-level datasets, islet-associated cells from all
donors were concatenated to generate a combined islet dataset. Exocrine-associated
cells from all donors were similarly concatenated to generate a combined exocrine
dataset. Because the exocrine compartment contained substantially more cells than the
islet compartment, exocrine cells were randomly downsampled (2.8%) to achieve
comparable cell numbers between compartments and reduce potential clustering biases
driven by unequal sampling. The balanced islet and exocrine datasets were
subsequently combined into a single AnnData object for downstream integration and
analysis. Spatial datasets were integrated using CONCORD with donor identity
specified as the batch variable. A k-nearest neighbor graph was constructed using 15
neighbors and 30 principal components (n_neighbors = 15, n_pcs = 30). Two-

dimensional embeddings were generated from the CONCORD latent space and graph-
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based clustering was performed using the Leiden algorithm (resolution = 1.0) to identify
major cellular populations. Cluster identities were assigned using canonical marker
genes and differential expression analysis performed with Scanpy’s Wilcoxon rank-sum

test implementation (sc.tl.rank_genes_groups).

2.8.17.1 Spatial mesenchymal and endothelial cell refinement

Endothelial and mesenchymal populations were subsetted from the integrated
spatial transcriptomic dataset and re-clustered using Leiden clustering to resolve
vascular-associated stromal heterogeneity. Initial clustering at a resolution of 0.5 did not
adequately separate populations expressing distinct levels of the canonical pericyte
marker RGS5. Therefore, cells were re-clustered at a higher resolution (resolution =
1.0), resulting in 14 transcriptionally distinct clusters. Cluster identities were assigned
based on differential gene expression and canonical marker genes. Clusters were
classified as ECs, pericytes, fibroblasts, or a distinct fibroblast population characterized
by enrichment of ECM genes, basement membrane-associated genes, and endocrine
niche-associated transcriptional programs. This population remained transcriptionally
distinct from both pericyte and exocrine fibroblast populations and was therefore
annotated as islet-associated fibroblasts (IAFs). To evaluate anatomical localization,
annotated cell populations were intersected with manually defined islet regions of
interest (ROIs). Approximately 93% of IAFs were located within islet ROls, whereas

approximately 93% of exocrine fibroblasts were located outside of islet ROls.

2.8.18 Spatial Distance Calculations

Spatial relationships between vascular-associated cell populations were

quantified using segmentation-derived cell polygons and Shapely geometric operations.
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Cell boundaries generated from MERSCOPE segmentation masks were converted into
polygon geometries and indexed using STRtree spatial indexing to enable efficient
nearest-neighbor queries. Distances were calculated in microns using the native
MERSCOPE coordinate system. For cell-to-cell analyses, the shortest edge-to-edge
distance between cell boundaries was computed using polygon geometry. This
approach measures the minimum physical separation between neighboring cells and
avoids biases introduced by differences in cell size or morphology. Distances between
ECs, pericytes, fibroblasts, and endocrine cells were calculated using nearest-neighbor
searches across annotated cell populations. For islet boundary analyses, manually
annotated islet polygons generated in MERSCOPE Visualizer were used to define
endocrine compartment boundaries. The shortest edge-to-edge distance between each
cell polygon and the nearest islet boundary polygon was calculated. Cells located within
the annotated islet region were assigned negative distance values, whereas cells

located outside the islet boundary were assigned positive values.

Distances were summarized at both the cell level and donor level for downstream
statistical analyses and visualization of vascular niche organization. To quantify vascular
niche organization within pancreatic islets, nearest-neighbor analyses were performed
between ECs, pericytes, and endocrine cells using segmentation-derived cell
boundaries. Endothelial-pericyte interactions were assessed by calculating the shortest
edge-to-edge distance between each endothelial cell and its nearest pericyte. Pericyte
coverage was subsequently calculated as the proportion of ECs satisfying this criterion

and summarized at the donor level.
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2.8.19 Cell Composition Analysis

Vascular-associated cell composition was assessed using annotated endothelial
cells, pericytes, fibroblasts, and islet-associated fibroblasts identified from the integrated
spatial transcriptomics dataset. For each donor, the total number of cells belonging to
each vascular-associated population was quantified and expressed as a proportion of
all vascular-associated cells within the analyzed region (islet or exocrine). Cell
composition was calculated on a donor-by-donor basis prior to statistical testing.
Endothelial-to-pericyte ratios were calculated by dividing the number of islet endothelial
cells by the number of islet pericytes identified within each donor. Islet vascularization
was calculated as the ratio of endothelial cells plus pericytes to the total number of
endocrine cells within each donor. Similarly, the relative abundance of pericytes was
calculated as the percentage of pericytes divided by total islet vascular-associated cells.
For disease-state comparisons, donor-level composition metrics were compared
between non-diabetic and type 2 diabetic samples using Mann-Whitney U tests.
2.8.20 Immunofluorescence (IF) Staining of Human FFPE Pancreatic
Tissue

FFPE human pancreatic tissue sections (4—5 um thick) were baked at 55°C for
15 minutes prior to processing. Sections were deparaffinized in xylene and rehydrated
through graded ethanol washes to distilled water. Antigen retrieval was performed using
heat-mediated retrieval in citrate buffer pH = 6.0 (Vector Labs, H-3300-250) for 15
minutes and then cooled to RT for another 15 minutes. Tissue sections were
permeabilized and blocked in 0.5% PBST with 5% normal donkey serum (Jackson

ImmunoResearch Labs Cat# 017-000-121) for 1 hour at RT. Primary antibodies were
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incubated overnight at 4 °C in a humidified chamber. Following three 1X PBS washes,
sections were incubated with species-specific AlexaFluor-conjugated secondary
antibodies at RT for 1 hour. Nuclei were counterstained with DAPI if needed. Slides
were mounted using antifade mounting media (Vector Labs, H-1000-10). Fluorescence
imaging was performed using a Zeiss LSM800 laser-scanning confocal microscope. For
colocalization analysis, images were processed in Fiji/lmaged and quantified using the
Coloc2 plugin [153]. Mean fluorescence intensity was quantified within manually
annotated CHGA-defined islet regions in Fiji using identical processing, staining,
incubation, and image acquisition settings for all samples. A complete list of antibodies,

vendors, catalog numbers, working dilutions, and RRID’s is shown below in Table 2-5.

Table 2-5: Table of Antibodies used for IF staining.

IF
Primaries

Protein Host Vendor Catalolg Number Dilution RRID

HSPG2 Mouse ThermoFisher 13-4400 1/100 RRID:AB_2533020

CD31 Sheep RD AFB06 1/200 RRID:AB_355617

Ng2 rabbit Abcam ab275024 1/100 RRID:AB_2922401

Collagen 1 A2|rabbit Abcam ab308455 1/100 RRID:AB_3678665

Collagen 4 Al|goat NovusBio NBP1-26549 1/200 RRID:AB_1853202

CHGA mouse NovusBiio NBP2-34674 1/100 RRID:AB_286438

Secondaries

Channel Host Target Vendor Cataolog Number [Dilution RRID

AF 488 donkey sheep ThermoFisher A-11015 1/200 RRID:AB_2534082
AF488 donkey goat ThermoFisher A-11055 1/200 RRID:AB_2534102
AF555 donkey mouse ThermoFisher A-31570 1/200 RRID:AB_2536180
AFB47 donkey rabbit ThermoFisher A-31573 1/200 RRID:AB_2536183
DAPI ThermoFisher 62248 1/1000 RRID:AB_2307445

2.8.21 RNAscope Multiplex Fluorescence Assay on Human FFPE
Pancreatic Tissue

RNAscope multiplex fluorescence in situ hybridization was performed on FFPE
human pancreatic tissue sections using the RNAscope Multiplex Fluorescent Reagent
Kit (Advanced Cell Diagnostics, Cat. No. 323100 & 323270) according to the
manufacturer’s protocol[154]. Target-specific RNAscope probes were hybridized to

tissue sections followed by sequential signal amplification steps according to the

164



manufacturer’s instructions. Fluorescent detection was performed using Opal
fluorophores (Akoya Biosciences). Nuclei were counterstained with DAPI, and slides
were mounted using an antifade mounting medium (Vector Labs, H-1000-10).
Fluorescence imaging was performed using a Zeiss LSM800 laser-scanning confocal
microscope at either 40x or 63x magnification. Table of probes used is shown below in

Table 2-6.

Table 2-6: Table of probes used for RNAscope.

RNAscope

Gene Name Vendor Catalog Number Channel
COL4A1 RNAscope® Probe - Hs-COL4A1{ACDBio 61881-C2 Cc2
COL6A2 RNAscope® Probe - Hs-COL6A2{ACDBio 482611-C3 C3
COL6A1 RNAscope® Probe - Hs-COL6A1{ACDBio 482461 C1
OpalDyes |Vendor Catalog Number |Dilution

Opal 520 Akoya Biosciences FP1487001KT 1/1000

Opal 620 Akoya Biosciences FP1495001KT 1/1000

Opal 690 Akoya Biosciences FP1497001KT 1/1000

2.8.22 Gene set enrichment analysis

We performed gene set enrichment analysis (GSEA) separately for MSL1
(fibroblast-like) and MSL2 (pericyte-like) populations using GSEApy. Pseudobulk
differential expression was first computed by aggregating counts per donor within each
mesenchymal subtype, followed by differential testing using a donor-level t-test on log-
normalized CPM (counts per million) values. Genes were ranked by their pseudobulk t-
statistic, which was chosen as the ranking metric over log-fold change alone to account
for cross-donor variance. The ranked gene list was passed to gseapy.prerank with the
following parameters: min_size=5, max_size=500, permutation_num=1000, and
seed=1. Gene sets were drawn from MSigDB Hallmark (v.2023) and Reactome

Pathways 2024 databases. Terms with a false discovery rate (FDR) g-value < 0.25 were
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considered significant, consistent with standard GSEA reporting thresholds. Normalized
enrichment scores (NES) are reported with direction indicating enrichment in T2D

(positive) or ND (negative). Results were visualized using matplotlib.

2.8.23 ldentification of Islet-Associated Fibroblasts

A distinct islet-associated fibroblast population was identified in the spatial
transcriptomics data that was observed to localize preferentially to the islet boundary
and exhibited elevated expression of fibrillar collagen genes (COL1A1, COL1A2, and
COL3AT1), basement membrane-associated genes (LAMA2, LAMB1, LAMC1, and
LAMC3), and ECM-remodeling genes including PRELP, FBLN1, and COL6A3. These
cells were annotated as islet-associated fibroblasts (IAFs). Independent validation was
subsequently performed using the PancDB and Craig-Schapiro human pancreas

reference datasets.

2.8.24 Manual gene set curating for Type 2 Diabetes spatial analysis

To characterize T2D-associated transcriptional remodeling in vascular-associated
populations, custom gene programs were manually curated using differential expression
results from the PancDB human pancreas single-cell RNA-seq reference dataset (Table
S14-15). Differential expression analyses comparing type 2 diabetic and non-diabetic
pericytes and fibroblasts were used to identify genes consistently associated with
disease-related changes in ECM organization, basement membrane maintenance,
contractility, stress responses, inflammation, and matrix remodeling. Genes exhibiting
significant or strong differential expression, together with genes present in the spatial
gene panel and supported by prior literature, were grouped into biologically coherent

transcriptional modules. Curated gene sets included basement membrane, interstitial
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ECM, ECM remodeling, contractile, and stress/inflammatory programs. Gene program
activity was quantified in spatial transcriptomic datasets using Scanpy's score_genes
function and gene program scores were subsequently Z-score normalized across cells.
These manually curated programs were used to compare healthy and type 2 diabetic
tissues and to identify compartment-specific remodeling signatures within endocrine and

exocrine vascular niches.

2.8.25 Statistical Analysis:
Statistical analyses were performed in Python using SciPy and in GraphPad

Prism (v10.6.1). For donor-level analyses, paired comparisons were assessed using
two-sided Wilcoxon matched-pairs signed-rank tests and unpaired comparisons
between non-diabetic and type 2 diabetic donors were assessed using two-sided Mann-
Whitney U tests. Cell-level comparisons were performed using two-sided Mann-Whitney
U tests. Donors were considered the biological replicate for donor-level analyses,
whereas individual cells were used as the unit of analysis for cell-level comparisons.
Non-parametric statistical tests were selected because they do not require assumptions
of normality and are appropriate for the sample sizes used in this study. Data are
presented as indicated in the figure legends. P values < 0.05 were considered

statistically significant.
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