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Introduction: Type 1 diabetes (T1D) is characterized by the immune-mediated
destruction of insulin-producing B-cells in pancreatic islets. The peri-islet
extracellular matrix (ECM) is a complex protein barrier that is lost in T1D, in part
due to infiltrating immune cells. The contribution of stressed B-cells to ECM
degradation during T1D remains unclear.

Methods: To bridge this gap, we used 12-15-week-old NOD mice and pancreas
sections from healthy, >2 autoantibody positive (Aab+), and recent onset T1D
donors. We focused on MMP-3 due to its role in degrading type IV collagen (COL
IV) in the peri-islet ECM.

Results: Treatment with proinflammatory cytokines or hyperglycemia increased
MMP-3 gene expression and protein levels in mouse and human islets. In NOD
pancreas sections, increased MMP-3 expression in B-cells correlates with loss of
COL IV during insulitis and hyperglycemia; however, this was independent of
insulitis score. We observed similar increases in MMP-3 and loss of COL IV in
islets and exocrine tissue from Aab+ and recent onset T1D donors.
Conclusion: These results suggest that stressed B-cells degrade the ECM during
preclinical T1D, further weakening the peri-islet ECM barrier and facilitating islet
infiltration and death. Inhibiting expression of MMP-3 may represent a novel
treatment to prevent islet death in T1D.

KEYWORDS

type 1 diabetes (T1D), cytokines, hyperglycemia, extracellular matrix (ECM), islet beta
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1 Introduction

The peri-islet extracellular matrix (ECM) provides structural and biochemical support
to pancreatic islets that maintains cellular function and homeostasis (1, 2). Islets are
surrounded by two forms of specialized ECM: the basement membrane (BM) that forms a
capsule directly around the islet and the interstitial matrix (IM) that connects the exocrine
and endocrine compartments around peri-islet BM, major ducts, and arteries (3-5). BM is
primarily composed of laminin-10, type IV collagen (COL IV), fibronectin, and IM is
composed of fibrillar collagens and highly sulfated proteoglycans (3, 6-8). Together, the
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BM and IM provide biochemical and mechanical cues that promote
islet viability and function (6, 9-11).

Type 1 diabetes (T1D) is an autoimmune disease characterized
by the immune-mediated destruction of insulin-producing B-cells,
leading to chronic hyperglycemia (12, 13). The disease progresses
through defined stages, beginning with the presence of islet-directed
autoantibodies (stage 1), followed by dysglycemia due to impaired
insulin secretion (stage 2), and ultimately clinical diagnosis (stage
3), when 60%-90% of 3-cell mass has been lost (12, 14). While the
immune-mediated attack on B-cells has been extensively studied
within the context of T1D, emerging evidence suggests that loss of
the peri-islet ECM plays a crucial role in disease onset and
progression. Degradation of the ECM is mediated by proteolytic
enzymes, like matrix metalloproteinases (MMPs), A Disintegrin
and Metalloproteinase with Thrombospondin Motifs (ADAMTS)
proteases, and heparanases (5, 15-19). These enzymes play crucial
roles in tissue repair and disease progression by degrading
structural ECM components, such as COL IV and laminin-10 as
found in the peri-islet BM, which allows for immune infiltration
and progression of T1D (3, 4, 6, 20). Activated immune cells have
been implicated in the secretion of heparinases and gelatinases,
which degrade fibrillar collagens (type I and type III), elastin, and
fibronectin (20-25). Previous work has shown that treating
prediabetic NOD mice with a heparinase inhibitor, aimed at
preventing heparan sulfate degradation in the peri-islet BM, led
to preservation of heparan sulfate within the islet and protected
islets from destructive autoimmunity and T1D (5). This strongly
suggests that loss of the peri-islet ECM is a critical step in the
pathogenesis of T1D.

Although changes to the peri-islet ECM have been well
characterized in NOD mice and human donors with T1D 2+
autoantibodies, how these changes contribute to T1D
pathogenesis, particularly the sharp increase in B-cell death from
stage 1 to stage 3 of T1D, remains poorly understood. Previous
studies have characterized loss of ECM proteins, including COL IV,
laminin, nidogen, and perlecan in NOD mice and human donors
with 2 or more Aab+ as well as longstanding T1D (3, 4). Moreover,
ECM loss during immune infiltration has been attributed to matrix-
degrading enzymes secreted by immune cells (3). However, B-cells
have also been implicated in expressing these enzymes upon
chemical stress and interactions with immune cells, though their
role in matrix degradation in T1D-associated stress has yet to be
investigated (24). While it has been observed that islets with higher
levels of immune cell infiltration have greater loss of peri-islet ECM,
this does not fully explain the global loss of ECM components in
both the exocrine and endocrine compartments of the pancreas in
T1D (15-20). The observed loss of ECM proteins leads to the
elimination of critical signaling pathways associated with islet
function and survival (3, 6). Therefore, it is critical to understand
the cells responsible for degrading the ECM in T1D to preserve islet
function and potentially prevent disease progression. Additionally
during islet infiltration, T-cells and macrophages produce high
levels of pro-inflammatory cytokines, including interferon-o
(IFN-), interleukin-1B (IL-1B), and interferon-y (IFN-y), that
cause islet stress, dysfunction, and death (26, 27). Cytokine
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induced cellular stress causes upregulation of tissue degrading
proteases in a number of cell types, but cytokine-induced ECM
degradation by the B-cell has not been explored (28). Together,
these findings suggest that peri-islet BM degradation contributes to
[-cell destruction and that preserving BM could be a potential
therapeutic strategy for preventing T1D.

It is currently unknown if B-cells have a role in degrading the
peri-islet ECM in T1D and if they contribute to the degradation of
their ECM. This study aims to investigate the temporal aspects of
ECM loss during T1D pathogenesis and the role of stressed [3-cells
in actively degrading their ECM. The focus of our study is MMP-3,
a broad substrate stromelysin-1 that degrades COL IV and is known
to activate other MMPs, thus amplifying ECM remodeling in
inflammatory conditions (15, 18, 28, 29). We investigated the
contributions of B-cell stress driven by hyperglycemia, insulitis,
and cytokine exposure, to the degradation of COL IV in the peri-
islet ECM during T1D. Determining if -cells actively remodel their
microenvironment will provide evidence that they may contribute
to their own decline in T1D and that this may contribute to the
sharp decline in B-cell mass that is observed prior to clinical
diagnosis of T1D. A deeper understanding of this process could
open new avenues for therapeutic intervention, potentially slowing
or halting disease progression, preserving remaining B-cells, and
creating conditions that support their regeneration.

2 Results

2.1 Proinflammatory cytokines and
hyperglycemia lead to upregulation of
ECM degrading enzyme MMP-3 in mouse
and human islets

To understand how cytokine stress in T1D affects islet function,
we used qPCR to analyze gene expression of MMP-3, the broad
substrate stromelysin which degrades COL IV (30). Mouse and
human islets were treated with and without a 0.1X proinflammatory
cytokine cocktail (1ng/ml TNF-a, 0.5ng/ml IL-1f3, 10ng/ml IFN-y) for
up to 72h. This concentration of cytokine cocktail has been shown to
cause dysfunction to insulin secretion without significant impacts on
islet viability in previous studies (31). In cytokine-treated mouse islets,
there is a 23.92 + 3.85 and 33.04 + 6.89-fold increase in MMP-3 gene
expression at 48h and 72h, respectively, when compared to the control
(p=0.027, p=0.043, Figure 1A). In cytokine-treated human islets, there
is a 167.7 + 45.08 and 208.7 + 23.66-fold increase in MMP-3 gene
expression at 48h and 72h, respectively, when compared to the control
(p=0.066, p=0.013, Figure 1B). These findings support that
proinflammatory cytokine stress upregulates MMP-3 gene
expression in both mouse and human islets. To further demonstrate
that MMP-3 expression is elevated in islets with T1D, 12-15-week-old
normoglycemic NOD mouse islets and age matched NOD-RAG1KO
control mouse islets were isolated for gPCR. Our data demonstrates a
4.57 *
normoglycemic NOD mice normalized to the immunodeficient
NOG-RAG control (Figure 1C).

1.99-fold increase in MMP-3 gene expression in
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Cytokine treatment upregulates MMP-3 gene expression in both mouse and human islets. (A) MMP-3 fold change between 0.1X cytokine (CYK)
treated mouse islets and untreated mouse islets (n=3). (B) MMP-3 fold change between 0.1X CYK treated human islets and untreated human islets
(n=3). (C) MMP-3 fold change between normoglycemic NOD mouse islets and immunodeficient, age-matched NOD-RAG1KO mouse islets (n=4).
(D) MMP-3 fold change between hyperglycemic human islets and untreated control human islets at 24h and 48h (n=3). The AACt method was used
to calculate fold change between treatment groups. HPRT1 is the housekeeping gene for all qPCR experiments. Error bars represent the mean +/-
SEM. * indicates statistical significance as determine by the 95% confidence interval.

To understand how hyperglycemia, associated with the
symptomatic phase of T1D, affects islet function, human islets were
cultured with excess 20mM glucose for up to 72h to induce
hyperglycemia. Glucose-stimulated insulin secretion (GSIS) was
used to determine hyperglycemia induced islet stress
(Supplementary Figures S1A, B). The presented GSIS data is a
measure of insulin secreted to the bulk media normalized to insulin
content in the islets. In the 72h hyperglycemic (HG) condition, there
is an increase in insulin secreted at 2mM glucose and a decrease in
insulin secretion at 20mM glucose compared to untreated controls,
where this dysfunction was most notable at 24h for the 20mM
glucose treatment and at 72h for the 2mM glucose treatment,
indicating dysfunction to GSIS (Supplementary Figure S1A). We
also calculated the stimulation index (SI), which is the ratio of insulin
secreted at 20 mM versus 2 mM glucose, to assess B-cell
responsiveness to glucose. The SI decreased from the control group
to the HG group across all time points (p<0.0005, Supplementary
Figure S1B). Specifically, at 72h, the SI in the HG condition was
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significantly lower than the 72h control (p=0.0053, Supplementary
Figure S1B), which further demonstrates dysfunction to insulin
secretion. Our GSIS findings are supported by previous studies
showing that islets cultured in excess (16-28 mM) glucose exhibit
increased insulin release at low (2-4 mM) glucose levels and fail to
further increase insulin release when exposed to high (16.7 mM)
glucose (32, 33). These results confirm that culturing islets in high
glucose is a useful model for mimicking the effects of chronic
hyperglycemia on human B-cell function. Having established (3-cell
dysfunction under hyperglycemia, we next examined how this stress
affects MMP-3 gene expression. The qPCR data demonstrates a 2.20
+ 0.31 fold increase at 24h and a 2.25 + 0.40-fold increase at 48h in
MMP-3 gene expression in HG treated islets compared to control
(Figure 1D). Together, the gPCR data supports a role for cytokine
treatment and hyperglycemia in mediating the upregulation of
MMP-3 in mouse and human islets.

We next assessed MMP-3 protein levels to confirm whether
transcriptional upregulation resulted in increased protein
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expression. Mouse and human islets were treated with and without
a 0.1X proinflammatory cytokine cocktail for up to 72h as described
above. At 48 and 72h, MMP-3 protein levels increased by 1.48 +
0.05 and 1.22 + 0.04 fold respectively in cytokine treated mouse
islets compared to untreated controls (p=0.048, p=0.042,
Figures 2A, B). Similar results were found in human islets, where
we observed a 1.02 + 0.33, and 2.02 + 0.86-fold increase in MMP-3
protein expression at 48h and 72h between cytokine-treated and
control conditions, respectively (Figures 2C, D). When human islets
were treated with excess 20mM glucose in a hyperglycemic
condition, there was a 1.17 = 0.17 and 1.25 + 0.08-fold increase
in MMP-3 protein expression at 48h and 72h between
hyperglycemic and control conditions, respectively (Figures 2E,
F). Together, this data supports that proinflammatory cytokine
stress and hyperglycemic conditions can lead to islet-specific MMP-
3 protein expression in mouse and human islets.

2.2 Hyperglycemia-induced expression of
MMP-3 and degradation of COL IV in
mouse pancreas sections

After establishing that stressed islets express MMP-3 at the gene
and protein level in vitro, we next sought to evaluate expression of
MMP-3 in the NOD mouse, which spontaneously develops T1D
after 12 weeks of age and exhibits insulitis starting from as early as 4
weeks of age. We examined MMP-3 and COL IV in pancreas
sections from 12-15-week-old normoglycemic (NG) NOD mice, age
matched hyperglycemic (HG) NOD mice, and age matched
immunodeficient NOD-Scid mice using immunohistochemical
staining of fresh frozen pancreas sections. MMP-3 and COL IV
were stained in subsequent sections. Dense populations of cyan
nuclear staining on the islet periphery were used to assign insulitis
scores in combination with insulin staining (Figure 3A). The 12-15-
week normoglycemic NOD mice had heterogeneous levels of
insulitis both within a single animal as well as between animals.
In the NG NOD and HG NOD, we see an expected decrease in
insulin-positive area and an increase in immune infiltration
indicating the onset of T1D in these animals (Figure 3A).
Furthermore, there is evident MMP-3 expression that is increased
in islets from NG NOD and HG NOD sections compared to NOD-
Scid controls evidenced in the areas pointed out by white arrows in
Figure 3A. We also noticed increases in exocrine MMP-3 expression
in NG NOD and HG NOD compared to NOD-Scid controls;
however islet staining for MMP3 appeared stronger than in the
exocrine tissue (Figure 3A).

To quantify changes in MMP-3 in the tissue sections we
calculated the total MMP-3 staining as the MMP-3 fluorescence
intensity multiplied by staining area, normalized to insulin positive
area, and found an increase in MMP-3 staining in both NG and HG
NOD mice compared to NOD-Scid controls, where HG NOD mice
had the highest levels of B-cell specific MMP-3 expression
(p<0.0001, p<0.0001, Figure 4A). Stratification of MMP-3 levels
by insulitis score yielded an increase in B-cell MMP-3 levels with
increasing insulitis score for both the NG and HG NOD (p=0.034,
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Figure 4B). However, 3-cell MMP-3 levels were consistently higher
in HG NOD sections compared to NG NOD sections and this effect
was independent of insulitis score (Figure 4B). Overall, our data
suggests that the expression of MMP-3 in insulin-producing {3-cells
is driven by insulitis and to a larger degree hyperglycemic stress in
the pre-diabetic NOD mouse.

In contrast to MMP-3 staining, we saw a decrease in COL IV
staining in NG NOD and HG NOD sections compared to NOD-
Scid controls, where areas of high immune infiltration have a lack of
COL 1V staining as indicated by white arrows in Figure 3B.
Specifically, in the HG NOD, there is a decrease in COL IV in the
insulin positive islet area as well as the infiltrated islet periphery.
The COL IV within the vasculature appeared intact in NG and HG
NOD mice; however, staining intensity is reduced suggesting that
there is less BM surrounding vasculature compared to NOD-Scid
controls (Figure 3B).

We next quantified COL IV staining as the total COL IV
positive area normalized to total islet area including any immune
infiltrates. We found a slight decrease in COL IV-stained area
normalized to total islet area in the NG NOD sections compared to
the NOD-Scid controls and a significant decrease in COL IV
staining in the HG NOD (p=0.0011, Figure 4C). Stratification by
insulitis score further revealed a progressive decline in COL IV-
stained area from low (score 0-1) to high (score 3) infiltration
across both normoglycemic and hyperglycemic conditions
(Figure 4D). While at low insulitis scores (0-1) there were not
significant differences in COL IV area, likely due to low numbers of
islets with this score in the HG NOD sections, in islets with high
insulitis scores (2-3) the HG NOD sections had significantly less
COL IV than NG NOD mice with the same insulitis score
(Figure 4D). Together with the MMP-3 results, this supports that
hyperglycemic stress upregulates -cell MMP-3 expression leading
to a loss of peri-islet COL IV that is independent of insulitis.

2.3 Hyperglycemia-induced expression of
MMP-3 and degradation of COL IV in
human pancreas sections

To determine if human islets are also capable of remodeling the
ECM in T1D, MMP-3 and COL IV were stained in human pancreas
sections from healthy, two or more autoantibody-positive (Aab+),
and recent onset (<6 months) T1D donors to determine whether
similar trends in MMP-3 expression and COL IV degradation are
conserved across species. Human donors were age-, sex-, and BMI-
matched as closely as possible (Table 1). T1D donors were within
six months of diagnosis and were likely hyperglycemic based on
HbAlc levels 210. nPOD pathological analysis confirmed the
presence of insulitis in Aab+ and T1D donor tissue blocks where
sections were requested. Similar to our observations in NOD mice,
we saw an increase in MMP-3 expression in human islets from Aab
+ and T1D donors, where MMP-3 signal was also increased in the
exocrine tissue (Figure 5A). In both Aab+ and T1D donors we also
observed a decrease in COL IV staining both in the islet and
exocrine tissue, where loss of the peri-islet BM was consistently
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Cytokine treatment and hyperglycemia lead to islet-specific MMP-3 protein expression in mouse and human islets. (A) Representative western blot
of MMP-3 and housekeeping protein B-actin in whole mouse islets untreated or treated with 0.1X cytokine (CYK) cocktail (n=3). (B) Western blot
quantification for MMP-3 expression in mouse islets. (C) Representative western blot of MMP-3 and B-actin in whole human islets untreated or
treated with 0.1X cytokine (CYK) cocktail (n=3). (D) Western blot quantification for MMP-3 expression in human islets. (E) Representative western blot
of MMP-3 and B-actin in hyperglycemic (HG) or control human islets (n=3). (F) Western blot quantification for MMP-3 expression in human islets.
For all western blot experiments, MMP-3 expression was normalized to B-actin expression and BCA assay total protein results. Error bars represent
the mean +/- SEM. * indicates statistical significance as determine by the 95% confidence interval.

observed in all samples (Figure 5B). In islets from T1D donors, we
observed an increase in COL IV specifically in the islet vasculature
(white arrows, Figure 5B); however, peri-islet and exocrine COL IV
also slightly recovered around insulin positive islets in T1D donors
(Figure 5B). Quantification of the images as described above
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confirmed that islet MMP-3 intensity multiplied by staining area
normalized to insulin positive area was increased in Aab and T1D
donors compared to healthy controls, where MMP-3 levels were
highest in T1D donors that were presumed hyperglycemic
(p<0.001, p<0.001, Figure 6A). The opposite trend is seen for
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MMP-3 and COL IV IHC analysis in TID mouse pancreas sections. Representative confocal microscopy images of (A) MMP-3 and (B) COL IV in
immunodeficient NOD-Scid, normoglycemic (NG) NOD, and hyperglycemic (HG) NOD mouse pancreas sections. White arrows in (A) are pointing to
positive MMP-3 staining within the islet and the white arrows in (B) are pointing to areas without COL IV. MMP-3 and COL IV staining was done on
consecutive sections of tissue in each condition. Insulin staining in green was used to identify pancreatic islets. All scale bars are 20um

COL IV-stained area normalized to total islet area where there is a
decrease in COL IV in Aab+ donors (p<0.001) and T1D donors
(p=0.017, Figure 6B) compared to healthy controls. Further, we see
a slight increase in COL IV levels in the islet in T1D donors
compared to Aab+ donors (p=0.017, Figure 6B) that corresponds to
the increase in vascular COL IV observed within the islet and is not
associated with recovery of the peri-islet BM (Figure 5B). We also
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quantified exocrine COL IV outside of the islet in the IM and found
a decrease in exocrine COL IV-stained area normalized to total
exocrine area in Aab+ (p<0.0001) and T1D donors (p<0.001,
Figure 6C) compared to healthy controls. Overall, our results
support a role for B-cell-specific expression of MMP-3 and the
degradation of both exocrine and endocrine COL IV during T1D
pathogenesis in humans.
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Hyperglycemia and insulitis-induced expression of MMP-3 and degradation of COL IV in mouse pancreas sections. (A) Quantification of MMP-3
intensity multiplied by staining area normalized to insulin positive area in the confocal images from Figure 3A for NOD-Scid, NG NOD, and HG NOD
mouse sections. (B) NG NOD and HG NOD data in A stratified by insulitis score. (C) Quantification of COL IV-stained area normalized to total islet
area in the confocal images from Figure 3B for NOD-Scid, NG NOD, and HG NOD mouse sections. (D) NG NOD and HG NOD data in C stratified by
insulitis score. p<0.05 indicates statistical significance as determine by ANOVA with Tukey's post hoc analysis.

2.4 Proinflammatory cytokine treatment
influences ECM-related transcripts in
human islets

Bulk RNA sequencing data from Wu et al. was previously
generated from cadaveric human donor islets treated with or
without 50 units/mL IL-1 and 1,000 units/mL IFN-y for 24h
(34). All raw sequencing counts were obtained from the Gene
Expression Omnibus under the accession number GEO
GSE169221. Sequencing counts were filtered to remove genes
with more than 1 zero read across samples. The fold change in
counts of cytokine treated samples compared to untreated controls
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and p-values were calculated for all donors as well as separate
analysis of male and female donors. Additionally, p-values were
adjusted using the Benjamini-Hochberg False Discovery Rate
(FDR). The log, fold change and the -log;, false discovery rate
(FDR) adjusted p-value of the data was plotted on a volcano plot for
female and male donors (Supplementary Figure S4). Female donors
showed a reduced response to pro-inflammatory cytokines with
only 165 differentially expressed transcripts compared to males
where 6784 differentially expressed transcripts were identified
(Supplementary Figure S4). In both male and female donors
cytokines upregulated transcripts associated with response to
inflammation, including GBP1, 2, 4, and 5 (Supplementary Figure
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TABLE 1 Human cadaveric islet donor demographics and isolated islet viability and purity for islets obtained through the Integrated Islet Distribution

Program (IIDP).

RRID# Viability (%) Purity (%) Age range Sex HbAlc BMI
SAMN43474066 95 95 50-55 Male 5.3 223
SAMN43463688 95 90 50-55 Male 5.9 28.4
SAMN43897604 95 90 40-45 Male 53 27.8
SAMNA45149991 95 94 65-70 Male 5.6 32
SAMNA47416577 95 90 55-60 Male 5.4 293

S4). To further determine if cytokine stress upregulates ECM
remodeling in human islets, transcripts were filtered using gene
ontology (GO) analysis to identify transcripts associated with

>

“extracellular matrix” across all donors (male and female
combined) and plotted only these transcripts on a volcano plot
(Figure 7A). We identified several significantly upregulated
transcripts with function related to collagen catabolism including
MMP-1, MMP-3, MMP-10, and MMP-25, with a 3.72, 7.44, 9.52,
and 18.75-fold increase in the cytokine treated group compared to
the control, respectively (p=0.0088, p=0.0210, p=0.0071, p=0.0005,
Figure 7A). Other ECM-modifying proteases include ADAMTSI,
ADAMTS4, and ADAMTSY, which all increased 3.41, 4.72, and
3.98-fold, respectively, in the cytokine treated condition compared
to the control (p=0.0005, p=0.0035, p=0.0015, Figure 7A).
Additionally, transcripts related collagen production were
significantly reduced in cytokine treated islets compared to
healthy controls, including COL 4A5 (COL IV), COL 26A1, and
COL 14A1 with a 0.31, 0.24, and 0.25-fold decrease in expression
respectively (p=0.0051, p=0.0028, p=0.0019, Figure 7A). Further
analysis of GO results filtered by extracellular matrix related
pathways revealed that the top three upregulated biological
processes in cytokine treated human islets compared to the
control were extracellular matrix organization, cell adhesion, and
proteolysis (Figure 7B). Additional upregulated processes include
collagen catabolic process, extracellular matrix disassembly, and
collagen fibril organization. The following statistically significant
transcripts fell into the upregulated extracellular matrix
organization and proteolysis biological processes: ADAMTSI, 3,
4,9, ADAMTS18, MMP-1-3, MMP-9, 10, 12, 19, and MMP-25. The
top three downregulated biological processes in cytokine treated
human islets compared to the control were extracellular matrix
organization, cell adhesion, and collagen fibril organization
(Figure 7C). Additional downregulated processes of interest
include cell-matrix adhesion and basement membrane
organization. The following statistically significant transcripts fell
into the downregulated extracellular matrix organization and cell
adhesion biological processes: ADAMTS2, 10, 12, 14-17, COL1Al,
COL3A1, COL4A1-5, and MMP-7, 11, and MMP-28.

To investigate the mechanism driving cytokine-induced
upregulation of ECM degrading enzymes in the B-cell, GO results
from above were filtered by stress related pathways, as cell stressors
have been shown to upregulate ECM degradation in several cell
types (35-37). Significantly upregulated genes associated with cell
stress included BATF2, RIPK2, SOD2, MAPKS, JUNB, and CEBPf}
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with 4.52, 4.40, 3.80, 3.53, 3.26, and 3.21 fold increases in expression
respectively (Figure 8A). The top upregulated biological processes
identified with GO analysis of cell stress included response to
oxidative stress, response to ER stress, the integrated stress
response, and stress-activated MAPK signaling cascade
(Figure 8B). No significantly downregulated processes were
identified with this analysis. The following statistically significant
transcripts fell into the upregulated stress related biological
processes: ATF3, ATF6, EIF2S1, IKBKf, JUN, MAP3K13, TRAF2,
and XBP1. Overall, these findings suggest that human islets are
capable of remodeling of their ECM in response to stressors such as
cytokine exposure, providing strong evidence in support of 3-cells
degradation of the peri-islet ECM during the progression of pre-
clinical T1D.

3 Discussion

The goal of this study was to determine if stressed B-cells
contribute to remodeling and breakdown of the peri-islet ECM
during the progression of preclinical T1D. Our study focused
primarily on COL IV, one of the primary components of the
peri-islet ECM capsule and MMP-3 because of its ability to
degrade COL IV and its activation of other MMPs, thus
amplifying ECM remodeling in inflammatory conditions (15, 18,
28, 29). We utilized mouse models of T1D, isolated mouse and
human islets exposed to cytokine and hyperglycemic stress, and
human donor pancreas from Aab+ or recent onset T1D donors
compared to healthy controls. In vitro, MMP-3 gene and protein
expression increased in both mouse and human islets under
cytokine and hyperglycemic stress. In addition, we observed a
striking increase in human MMP-3 gene expression during
cytokine stress; however, this was not reflected to the same extent
at the protein level in cell lysates. We suspect this discrepancy is due
to MMP-3 being a secreted matrix metalloproteinase, and thus
MMP-3 was likely released into the media in response to cytokine
stress or hyperglycemia (38, 39). These results highlight the ability
of stressed islets to remodel their environment and contribute to the
degradation of the peri-islet BM. This supports a role for the B-cell
in maintaining the peri-islet ECM in the healthy pancreas and
challenges the current paradigm that infiltrating immune cells are
the primary mediator of ECM loss in T1D (4, 6). Additionally, our
results support a potential role for stressed 3-cells in remodeling the
pancreas environment in other pancreatic diseases, such as type 2
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MMP-3 Merged

MMP-3 and COL IV IHC analysis in human pancreas sections. Representative confocal microscopy images of (A) MMP-3 and (B) COL IV in healthy,
autoantibody positive (Aab+, 2+), and recent onset (<6 months) T1D human donor pancreas sections. MMP-3 and COL IV staining was done on
consecutive sections of tissue in each condition. Insulin staining in green was used to identify pancreatic islets. White arrows indicate COL IV staining

in islet vasculature. All scale bars are 20um

diabetes, where significant cytokine and hyperglycemic stress may
occur (32).

In the NOD mouse model of T1D, MMP-3 expression
progressively increased from normoglycemia to hyperglycemia,
independent of insulitis score. This was accompanied by a
corresponding reduction in COL IV, suggesting that COL IV
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degradation may occur independently of overt immune
infiltration because of B-cell MMP-3 secretion. COL IV was
preserved in NOD-Scid mice, indicating that autoimmune stress
is a key driver of ECM disruption. However, in hyperglycemic NOD
mice, COL IV degradation was more extensive and MMP-3
expression was greater than in age-matched normoglycemic
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FIGURE 6

Hyperglycemia and insulitis-induced expression of MMP-3 and degradation of COL IV in human pancreas sections. (A) Quantification of MMP-3
intensity multiplied by staining area normalized to insulin positive area in the confocal images from Figure 5A for healthy, Aab+, and T1D human
donor sections. (B) Quantification of COL IV-stained area normalized to total islet area in the confocal images from Figure 5B for healthy, Aab+, and
T1D human donor sections. (C) Quantification of exocrine COL IV-stained area normalized to exocrine area in the confocal images from Figure 5B
for healthy, Aab+, and T1D human donor sections. p<0.05 indicates statistical significance as determine by ANOVA with Tukey's post hoc analysis.

counterparts, again independent of insulitis score, implying that
hyperglycemia alone may be sufficient to induce ECM degradation
by the B-cell. Notably, MMP-3 expression also increased with
insulitis severity and was particularly elevated in highly infiltrated
islets of hyperglycemic mice, where COL IV loss was most
pronounced. Consistent with our findings, previous studies have
shown that islet BM degradation coincides with intra-islet immune
infiltration, marking the transition from non-destructive to
destructive insulitis (3, 4, 6, 40). These findings suggest that -
cells may upregulate MMP-3 in response to inflammatory cues
from infiltrating immune cells, contributing to local ECM
breakdown. As the ECM barrier deteriorates, activated immune
cells may more readily access insulin-producing -cells, potentially
accelerating B-cell destruction. We believe this provides an
explanation for the rapid decline in -cells from stage 1 to stage 3
of T1D pathogenesis (3, 4, 12). The contributions of stressed B-cells
to loss of COL IV in the per-islet ECM was particularly evident
under conditions of severe immune infiltration and hyperglycemia,
suggesting that hyperglycemia may exacerbate ECM degradation
when immune activity is already heightened. Collectively, these
findings support a multifactorial process of peri-islet COL IV
degradation, where inflammatory and hyperglycemic stress on -
cells causes them to compromise ECM integrity, which may
contribute to the transition from early to more destructive stages
of T1D progression (4).

Due to the heterogeneous nature of human islet architecture,
more rare occurrence of insulitis in Aab+ and recent onset T1D
donors, and variability in tissue section quality, there was greater
variability in insulin and nuclear staining, which presented
challenges for our ability to score insulitis analogous to the mouse
data. Despite these challenges, MMP-3 and COL IV staining in
human pancreas sections revealed trends consistent with those
observed in our mouse models where MMP-3 expression
increased and COL IV staining decreased in both Aab+ and T1D
donors, reinforcing the translational relevance of our findings.
Furthermore, our data suggest that B-cells degradation of COL IV
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occurs in Aab+ donors prior to significant loss of B-cell mass,
implicating COL IV degradation as a feature beginning before T1D
clinical diagnosis. While several studies have identified a loss of
ECM in Aab+ donors, our results provide the first evidence to
support a role for the 3-cell in contributing to loss of the ECM (3, 6,
40). In our human sections, we also observed recovery of COL IV in
the islet pervading microvasculature, while the peri-isletCOL IV
capsule generally remained compromised even in sections with
demonstrated recovery of exocrine COL IV. A recent study found
that resident pericytes within the islet microvasculature of human
donors are active ECM contributors both in physiological and
pathophysiological conditions, but in T1D, they contribute
enhanced COL IV production in the islet vasculature (41). This
reported pericyte dysfunction supports our observations and may
further stress the islet by impairing its ability to regulate blood flow
in response to metabolic demands, like during hyperglycemia,
potentially compromising insulin secretion. Beyond the islet,
exocrine COL IV, including the peri-islet capsule and
surrounding IM, also exhibited progressive degradation as disease
advanced from healthy to Aab+ and T1D donors. This finding
aligns with prior literature documenting a global loss of both peri-
islet BM and IM components at sites of immune infiltration and
during T1D in humans (3, 6). Islet interactions with the ECM
provide critical cues to support islet survival that when lost during
T1D may make islets more susceptible to immune-mediated killing
(10). Together, these observations highlight that stressed B-cells
remodel the peri-islet ECM and that expression of MMP-3
throughout the development of T1D contributes to loss of COL
IV in the peri-islet ECM. One limitation of the current study is that
the use of frozen sectioned tissue prohibits investigating functional
changes in [-cell death and immune migration that would further
add to our results; however, future studies utilizing live pancreas
sections may provide additional insight into -cell mediated loss of
ECM and if this accelerates immune infiltration and B-cell death.
Transcriptomics analysis of cytokine-treated human islets
revealed the upregulation of several ECM-degrading enzymes,
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FIGURE 7

Transcriptomics analysis implicates cytokine treated human islets in ECM degradation. (A) Volcano plot of all statistically significant transcripts
associated with changes in the ECM. Transcripts represented by a red dot are upregulated and blue dots are downregulated upon cytokine
treatment in human islets. (B) Gene ontology (GO) biological process bubble chart of all statistically significant upregulated proteins in the cytokine
treated group relative to the control group. The size of the bubble represents the number of transcripts associated with that GO term plotted versus
the gene ration (humber of pathway associated transcripts/total transcripts of interest) and the adjusted p-value is shown on a color scale. (C) GO
biological process bubble chart of all statistically significant downregulated proteins in the cytokine treated group relative to the control group. The
GO phrase "extracellular matrix” was used to filter proteins of interest in (B, C).

including MMPs and ADAMTS family members, which target a
broad range of BM and IM components (30, 42). Together with our
previous findings, these results suggest that inflammatory signals may
trigger a transcriptional program within islets that promotes ECM
remodeling. Significant sex-based differences were observed in
response to cytokines in male versus female donors, where female
donors were more resistant to inflammation induced transcriptional
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changes compared to males. This is consistent with previous studies
that found islets from female donors are more resistant to dysfunction
and ER stress in type 2 diabetes (43). While our transcriptomics
analysis was underpowered (n=4 compared to n=6 for males) to detect
significantly altered transcripts related to ECM remodeling in female
donors, our predominantly female nPOD Aab+ donors support
similar ECM degradation and B-cell specific expression of MMP-3
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Transcriptomics analysis of cytokine-induced cell stress pathways. (A) Volcano plot of all statistically significant transcripts associated with ER or cell
stress. Transcripts represented by a red dot are upregulated and blue dots are downregulated upon cytokine treatment in human islets. (B) Gene
ontology (GO) biological process bubble chart of all statistically significant upregulated proteins in the cytokine treated group relative to the control
group. The size of the bubble represents the number of transcripts associated with that GO term plotted versus the gene ration (number of pathway
associated transcripts/total transcripts of interest) and the adjusted p-value is shown on a color scale. The GO phrase “stress” was used to filter

proteins of interest.

in males and females. While many of the upregulated transcripts (sex
exclusive) are associated with collagen remodeling, several transcripts,
including members of the ADAMTS family that target proteoglycans
(aggrecan and versican), glycoproteins, and laminin in addition to
collagen, provide evidence for broad B-cell remodeling of the peri-islet
microenvironment (42). Additionally, MMP-10 and MMP-12 which
target fibronectin and laminin respectively, were found to be
upregulated and have been shown to activate other MMPs that may
promote further remodeling of the ECM (18).

To further determine how cytokine stress may regulate islet
expression of ECM degrading enzymes, we further analyzed the
transcriptomics dataset from cytokine treated human islets to focus
around cell stress pathways that are upregulated with ECM degrading
enzymes. As has been previously reported, islet treatment with pro-
inflammatory cytokines resulted in upregulation of ER stress
pathways, including significant upregulation of CEBPf, JUN,
TRAF2, ATF6, and XBP1 (44-46). In macrophages and neurons,
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ER stress increases expression of MMP-9 and MMP-3 respectively,
supporting a role for ER stress in regulating MMP expression in 3
cells (47, 48). Further, we found evidence to support cytokine-
induced upregulation of NF-xB and MAPK stress related signaling
cascades, as indicated by upregulation of IKBKP and MAPKS
respectively (45). In chondrocytes, cytokine activated NF-xkB and
MAPK signaling increases expression of ADAMTS-5, MMP-13,
MMP-1, and MMP1 directly leading to ECM degradation (35, 37).
These results strongly support a role for cytokine-induced ER stress
and stress signaling in mediating [3-cell expression of ECM degrading
enzymes; however, one limitation of our transcriptomics analysis is
that verification at the protein level for activation of ER stress and
MAPK signaling is still required to confirm these results. Overall,
these changes in ECM remodeling and (3-cell stress pathways support
a scenario in which stressed B-cells compromise the structural
integrity of the ECM in early stages of T1D, potentially
compounding immune infiltration into the islet.
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Conversely, downregulated transcripts included collagens
critical to BM and IM structure, as well as ECM remodeling
enzymes that are less degradative or are primarily involved in
matrix assembly and maintenance. For instance, ADAMTS2 and
ADAMTS14 are known to contribute to collagen maturation and
fibril stabilization through their roles in procollagen processing (42,
49). MMP-7, MMP-11, and MMP-28 are associated with tissue
repair and wound healing, and are not typically categorized as
major ECM-degrading enzymes (18, 30). Their downregulation
suggests a reduction in ECM repair or synthesis capacity,
potentially limiting the islet’s ability to preserve or restore its
protective niche. However, this pro-degradative phenotype may
shift in recent onset or longstanding T1D where expression of these
MMPs may shift B-cells to a pro-repair phenotype that could
contribute to the increase in exocrine COL IV that was observed
in T1D donors compared to Aab+ donors. Additional studies with
T1D donors are needed to confirm this hypothesis. Altogether,
these data suggest that cytokine stress drives destructive ECM
remodeling by islets, weakening the local microenvironment.
Future studies utilizing live pancreas slices are needed to
determine if this weakening of the ECM contributes to the
acceleration of P3-cell loss observed during T1D pathogenesis.

In summary, the results of our study are supported by previous
studies that have demonstrated global loss of key ECM components
at sites of immune infiltration in human T1D donor samples (3, 4,
6, 20). Our study not only reinforces these observations but also
builds upon prior work to define several newly identified events in
the pathogenesis of T1D. First, we provide direct evidence that
stressed B-cells themselves contribute to ECM remodeling by
upregulation of MMP-3 and a host of other ECM degrading
enzymes mediated primarily by ER stress, suggesting that f-cells
aid in their own demise. This supports and expands upon prior
hypotheses that -cells may actively participate in creating a
permissive environment for immune invasion (24). Second, our
findings demonstrate that ECM degradation begins during the
preclinical stages of T1D and that B-cell contributions to ECM
degradation are independent of immune infiltration degree.
Additionally, we demonstrate that recovery of COL IV is limited
to the vasculature and to a lesser extent the exocrine pancreas and is
generally not recovered in the peri-islet ECM capsule in patients
with recent onset T1D. Overall, our data demonstrates that stressed
B-cells are contributing to the remodeling of the peri-islet ECM,
specifically the degradation of COL IV. We postulate that the
degradation of this protective barrier reduces pro-survival
signaling from the ECM to the islet and permits a rapid influx of
activated immune cells, thereby accelerating the decline of insulin-
producing B-cells during T1D pathogenesis. By clarifying the spatial
and temporal dynamics of ECM degradation, as well as the role of
stressed B-cells in this process, we gain a deeper understanding of
peri-islet ECM barrier loss during T1D pathogenesis. This insight,
along with future studies, could be leveraged to develop therapeutic
strategies aimed at preserving ECM integrity and preventing
immune infiltration, ultimately protecting -cells before the rapid
decline that leads to clinical diagnosis of T1D.

Frontiers in Endocrinology

13

10.3389/fendo.2025.1675043

4 Materials and methods
4.1 Animal care

All experiments using mice were performed at the University of
Colorado Anschutz Medical Campus and in compliance with the
guidelines and relevant laws set by the University of Colorado and
the National Institutes of Health guide for the care and use of
Laboratory animals. All performed procedures were approved by
the University of Colorado Institutional Animal Care and Use
Committee (Protocol 00929). Mice were housed in a temperature-
and light-controlled environment with 12-hour light-dark cycles,
and they were provided with access to food and drink ad libitum.
C57Bl/6, NOD, and NOD-Scid mice were purchased from the
Jackson Laboratories (strain #000664) at 8 weeks of age.

4.2 Human islets

Human islets were obtained from the Integrated Islet
Distribution Program (IIDP) from the following donors as
outlined in Table 2.

4.3 Islet isolation and culture

Islets were isolated from 8—16-week-old female C57BL/6 mice, 12-
week-old female normoglycemic NOD mice, and 12-week-old female
NOD-Scid mice. Only female NOD mice were used for this study as
they have a higher incidence of disease (~70%) at 17 weeks of age
compared to males which have a lower disease incidence (~30%) and
develop disease at a much later age than females (~25-30 weeks). NOD
mouse diabetes progression was monitored by weekly ad lib glucose
measurements taken from the tail vain. Mice with a blood glucose level
>250 mg/dl for three consecutive measurements were considered
hyperglycemic and euthanized. Animals were injected with 100mg/
kg ketamine and 8mg/kg xylazine and euthanized via exsanguination.
Islets were isolated by injecting the pancreas with 12.5mg/mL
collagenase, pancreas removal, and enzymatic digestion at 37°C.
Islets were handpicked into 1640 RPMI Medium with 1X with L-
glutamine and 25 mM HEPES (Fisher Scientific, Hampton, NH) with
10% fetal bovine serum (Fisher Scientific, Hampton, NH), 10,000 U/
mL Penicillin and 10,000pg/mL Streptomycin (Sigma-Aldrich, St.
Louis, MO) and incubated at 37°C and 5% CO, for a minimum of 3
hours before commencing experiments. Islets that were clear of any
excess pancreatic tissue and were consistent in color and shape based
on inspection through a microscope were selected for use
in experiments.

4.4 Quantitative polymerase chain reaction

C57BL/6 mouse islets and human islets were treated with or
without a 0.1X (Ing/ml TNF-o, 0.5ng/ml IL-1f, 10ng/ml IFN-y)
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TABLE 2 gPCR primer sequences for mouse and human experiments.

10.3389/fendo.2025.1675043

Forward (5'—3’) Reverse (5'—3’) Source
MMP-3 TTGTTCTTTGATGCAGTCAGC GATTTGCGCCAAAAGTGC (16)
HPRT1 CTGGTGAAAAGGACCTCTCGAAG =~ CCAGTTTCACTAATGACACAAACG NM_013556
Human
MMP-3 CCTGCTTTGTCCTTTGATGC TGAGTCAATCCCTGGAAAGTC (51)
HPRT1 CATTATGCTGAGGATTTGGAAAGG | CTTGAGCACACAGAGGGCTACA NM_000194

proinflammatory cytokine cocktail for 48h and 72h. This cytokine
cocktail was chosen for its synergistic effects on islet dysfunction
and death, as well as its high abundance in the T1D pancreatic
environment (26, 31, 50). All qPCR samples were purified for
mRNA by using RNeasy® Mini kit (74104; Qiagen, Germantown,
MA) following the manufacturers’ instruction. Reverse
transcription was performed on mRNA samples using Applied
BiosystemsTM High-Capacity ¢cDNA Reverse Transcription Kit
(43-688-14; Fisher Scientific, Hampton, NH) following the
manufacturers’ instruction. The resulting cDNA was used to
analyze the expression of MMP-3 and housekeeping gene HPRT1
by real-time quantitative PCR (Roche 480) in 10-pL reactions
containing 2X Applied BiosystemsTM PowerUpTM SYBR™ Green
Master Mix (A25776; Fisher Scientific, Hampton, NH) and 20uM
primers. Table 3 lists all primer sequences used. All gPCR primers
were purchased from Integrated DNA Technologies (Coralville,
IA). The results were calculated using Equations 1, 2, 3 below (n=3).

ACt = Ct(gene of interest) — Ct(housekeeping gene) (1)
AACt = ACt(treatment) — ACt(control) (2)
Fold expression = gaact (3)

4.5 Western blotting

C57BL/6 mouse islets and human islets were treated with or
without a 0.1X (1ng/ml TNF-o,, 0.5ng/ml IL-1f, 10ng/ml IFN-Y) or
1X (10ng/ml TNF-o, 5ng/ml IL-1B, 100ng/ml IFN-v)
proinflammatory cytokine cocktail for 24, 48, and 72h. Islets were
collected and lysed in lysis buffer containing 1X protease and
phosphatase inhibitors (ThermoFisher Scientific, Waltham, MA).
Protein content was measured using the Pierce BCA Protein Assay
Kit (PI23225; Fisher Scientific, Hampton, NH) according to the
manufacturer’s instructions. Samples were run on 4-15% mini-
PROTEAN® TGX protein gels (Bio- Rad, Hercules, CA) and
transferred to a PVDF (Azure Biosystems, Dublin, CA)
membrane. PVDF membranes were blocked in chemi-blot
blocking buffer (Azure Biosystems, Dublin, CA) for 2hr and
probed with anti-MMP-3 (17873-1-AP; Proteintech, Rosemont,
IL) at a dilution of 1:500 for >12hr at 4°C. Blots were washed in
washing buffer (1X PBS with 0.1% Tween) 3x prior to the addition
of secondary anti-rabbit (102649-670; VWR, Radnor, PA)
horseradish peroxidase-conjugated antibody diluted to 1:10,000
for 2hr at room temperature. The membranes were washed in
washing buffer 3x and incubated with Radiance Plus (Azure
Biosystems, Dublin, CA) for 2 min in the dark. All samples were

TABLE 3 Clinical characteristics of controls, AA+ patients, and patients with type 1 diabetes.

Donor id Donor type Aab+ Age range Gender HbAlc BMI
6521 Aab+ GADA/IA2A/ZnT8A 15-20 M 5.8 24.1
6450 Aab+ GADA/ZnT8 20-25 F 5.7 244
6267 Aab+ GADA/IA2A 20-25 F 5 23.5
6414 T1D GADA/mIAA/ZnT$ 20-25 M 14 284
6362 T1D GADA 20-25 M 10 28.5
6578 T1D IA2A/ZnT8 10-15 F 13.6 225
6546 No diabetes 20-25 M 23.7
6605 No diabetes 20-25 F 22.7
6227 No diabetes 15-20 F 26.4

Frontiers in Endocrinology 14 frontiersin.org


https://doi.org/10.3389/fendo.2025.1675043
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Johansen et al.

normalized to protein content by probing with anti-B-actin (sc-
47778; Santa Cruz Biotechnology, Santa Cruz, CA) at a dilution of
1:100 for >12hr at 4°C. Blots were washed in washing buffer (1X
PBS with 0.1% Tween) 3x prior to the addition of secondary anti-
mouse (626520; Fisher Scientific, Hampton, NH) horseradish
peroxidase-conjugated antibody diluted to 1:1000 for 2hr at room
temperature. All membranes were imaged using an Azure c600
imaging system (Azure Biosystems, Dublin, CA) and protein
quantification was performed in Image] using densitometric
analysis (n=3).

4.6 Immunohistochemistry

Frozen, mouse tissue blocks were sectioned at 10-pm intervals.
For each pancreas, a total of 45 consecutive serial sections were
obtained. Three consecutive slices of mouse tissue were placed on
each slide. Frozen sections of human pancreas were provided by the
network of Pancreatic Organ Donors (nPOD). Characteristics of
the donors examined are presented in Table 1.

Tissue sections were defrosted, and a hydrophobic border was
drawn around each tissue slice using a barrier pen. Sections were
permeabilized with permeabilization buffer (5% normal donkey
serum (NDS) and 0.25% Triton-X-100 in 1X phosphate-buffered
saline (PBS)) for 5 min and blocked with blocking buffer (5% NDS
and 0.1% Triton-X-100 in 1X PBS) for 5 min at room temperature.
Sections were incubated overnight at 4°C with a primary antibody
combination of anti-mouse insulin-Alexa 488 (1:100, 50-112-4642;
Fisher Scientific, Hampton, NH) and anti-rabbit MMP-3 (1:100,
17873-1-AP; Proteintech, Rosemont, IL) or (2) anti-mouse insulin-
Alexa 488 (1:100, 50-112-4642; Fisher Scientific, Hampton, NH),
anti-rabbit collagen IV (1:500, ab6586; Abcam, Waltham, MA), and
anti-rat CD3+ (1:100, 14-0032-82; Fisher Scientific, Hampton, NH).
After incubation, the slides were rinsed with 1X PBS and incubated
with appropriate secondary antibodies (goat anti-rabbit Alexa 568
(1:100, A11011; ThermoFisher Scientific, Waltham, MA) for MMP-
3 and collagen IV and goat anti-rat Alexa 647 (1:100, A21247;
ThermoFisher Scientific, Waltham, MA) for CD3+) for 2h covered
with foil at room temperature. All the slides were rinsed with 1X
PBS, mounted with fluoromount containing DAPI, and sealed
for imaging.

Sections were imaged on a Leica STELLARIS 5 Confocal
Microscope with LIAchroic laser supply unit with a 40X water
immersion objective using 405 nm, 488 nm, 514 nm, 647 nm solid
state lasers and HyD spectral detectors. To analyze the amount of
MMP-3 and COL IV expression in pancreas sections from NOD/
NOD-Scid mice and human donor pancreas, IHC images were
analyzed semi-manually in Fiji (Image], NIH). A representative
image of MMP 3 staining is shown in Supplementary Figure S3A,
where the insulin positive area was outlined and the background
was cleared (Supplementary Figure S3B). Next, the channels were
split and the MMP-3 channel was selected (Supplementary Figure
S3C). The 3D Objects Counter in Image] was used to identify
MMP-3 positive areas using a consistent threshold for determining
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positive signal for all channels. An example of the positive areas
after threshold was selected can be seen in Supplementary Figure
S3D. The total surface area, mean fluorescence intensity, and
background fluorescence intensity were recorded. Analysis of
COL 1V positive areas was the same as for MMP-3 positive areas
except for outlining the islet area which was determined by the
presence of the peri-islet COL IV capsule rather than only insulin
positive areas (Supplementary Figures S3E-H). The same process
for insulin was repeated to obtain insulin positive areas. MMP-3
and COL IV signal was calculated by multiplying the total MMP-3
positive area by the average fluorescence intensity and dividing by
the total insulin positive area.

The insulitis score for each islet was recorded for NOD samples
based on CD3+ staining and density of nuclei within the islet;
however, insulitis scoring was not possible for the human samples
as infiltration with CD3+ cells is a rare event in human islets despite
confirmation of insulitis in the tissue blocks utilized for this study.
For NOD islets, an islet was assigned a score of 0 if no infiltration
was observed, a score of 1 if only a thin ring of infiltration outlined
the islet, a score of 2 if less than 50% of the islet was infiltrated, and a
score of 3 if more than 50% of the islet was infiltrated.

4.7 Transcriptomics

RNA sequencing data was obtained from Wu et al. (34). Briefly,
human islets were obtained from the Integrated Islet Distribution
Program (IIDP) or the University of Alberta from n=4 female and
n=6 male donors, with an average age of 33 and average BMI of 28.9
(34). Islets were cultured overnight in standard Prodo medium
(Prodo Laboratories, Aliso Viejo, CA) and treated with or without
50 units/mL IL-1f and 1,000 units/mL IFN-y for 24h.

Raw sequence data was obtained from the Gene Expression
Omnibus under the accession number GEO GSE169221. The log,
fold change and the -log;, false discovery rate (FDR) adjusted p-value
of the raw data was calculated and plotted into a volcano plot using
VolcaNoseR (https://huygens.science.uva.nl/VolcaNoseR2/). Statistical
significance was defined as an FDR p-value < 0.05 for comparison
between cytokine-treated and untreated, control human islets. Gene
Ontology (GO) enrichment analysis was performed with DAVID
(https://davidbioinformatics.nih.gov/summary.jsp) using the
biological processes category. The GO phrases “extracellular
matrix” and “stress” were used to further filter proteins of interest.

4.8 Statistical analysis

Data represents the average over all islets for each measurement
with error bars representing standard error unless otherwise noted.
Statistics were performed using Origin software (OriginLabs,
Northampton, MA). Two sample t-test, one-way and two-way
ANOVA with Tukey’s post hoc analysis were performed as
indicated. A p-value of <0.05 or 95% confidence intervals were
considered statistically significant unless otherwise noted.
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