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SUMMARY

There is a paucity of human models to study immune-mediated host damage. Here, we utilized the GeoMx
spatial multi-omics platform to analyze immune cell changes in COVID-19 pancreatic autopsy samples,
revealing an accumulation of proinflammatory macrophages. Single-cell RNA sequencing (scRNA-seq) anal-
ysis of human islets exposed to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) or coxsack-
ievirus B4 (CVB4) viruses identified activation of proinflammatory macrophages and B cell pyroptosis. To
distinguish viral versus proinflammatory-macrophage-mediated B cell pyroptosis, we developed human
pluripotent stem cell (hPSC)-derived vascularized macrophage-islet (VMI) organoids. VMI organoids ex-
hibited enhanced marker expression and function in both B cells and endothelial cells compared with sepa-
rately cultured cells. Notably, proinflammatory macrophages within VMI organoids induced B cell pyroptosis.
Mechanistic investigations highlighted TNFSF12-TNFRSF12A involvement in proinflammatory-macrophage-
mediated B cell pyroptosis. This study established hPSC-derived VMI organoids as a valuable tool for study-
ing immune-cell-mediated host damage and uncovered the mechanism of B cell damage during viral
exposure.

INTRODUCTION and exacerbated complications in patients with pre-existing dia-

betes. Moreover, a rise in type 1 diabetes (T1D) incidence
A strong connection between coronavirus disease 19 (COVID-  has been observed.” A study from the Centers for Disease Con-
19) and diabetes is now recognized. Since the beginning of the  trol and Prevention reported that persons aged <18 years with
pandemic, there have been reports of new-onset diabetes’™ COVID-19 were more inclined to receive a new diabetes
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Figure 1. Macrophage accumulation in islets of COVID-19 pancreatic autopsy samples
(A) Representative images illustrating morphology marker and selection of ROls using GeoMx platform. 004, islet area; 005, ductal area; 006, exocrine area. Scale
bars, 1 mm or 50 um.

(legend continued on next page)
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diagnosis compared with those without COVID-19. Studies re-
ported a heightened T1D and type 2 diabetes (T2D) incidence
rates after the beginning of pandemic, surpassing the pre-
pandemic period.”™ In addition to severe acute respiratory syn-
drome coronavirus (SARS-CoV-2), a number of studies suggest
the correlation between viral infections and T1D,'® including en-
teroviruses'' such as coxsackievirus B,'>'® as well as rota-
virus, " mumps virus,'® and cytomegalovirus.'® Coxsackievirus
B4 (CVB4), a positive-sense single-stranded RNA virus, isolated
from newly diagnosed T1D patients, could infect and induce
destruction of human islet cells in vitro."”

In infectious diseases, multiple mechanisms contribute to
the observed host injury. Our group and others discovered
that SARS-CoV-2 infection induces the transdifferentiation of
human B cells'® and damage of B cells.'®?° In addition, the
accumulation of macrophages has been reported in the
lung®" and heart®® of COVID-19 patients. Further insight would
benefit from robust human models to explore immune-cell-
mediated host damage. Human pluripotent stem cells
(hPSCs)?® provide a powerful in vitro platform for studying
disease mechanisms, developing cell therapy approaches,
and drug screening.’*?® Many efforts have applied hPSC-
based platforms to study SARS-CoV-2 tropism?” and host re-
sponses. Recently, we performed a two-dimensional (2D) co-
culture system utilizing hPSC-derived cardiomyocytes and
macrophages and identified a Janus kinase (JAK) inhibitor
that effectively thwarts macrophage-mediated damage to car-
diac cells.?

In this study, we applied spatial multi-omics assays to
comprehensively analyze pancreatic autopsy samples of
COVID-19 patients and identified the accumulation of proinflam-
matory macrophages in COVID-19 samples. Single-cell RNA
sequencing (scRNA-seq) analysis confirmed the activation of
proinflammatory macrophages and enrichment of the pyroptotic
pathway in B cells of human islets exposed to SARS-CoV-2 or
CVB4 viruses. Next, we developed a vascularized macro-
phage-islet (VMI) organoid model containing hPSC-derived
endocrine cells, macrophages, and endothelial cells and found
that proinflammatory macrophages induced B cell pyroptosis
through the secretion of interleukin-1p (IL-18) and interaction
with B cells via the TNFSF12 (TNF superfamily member 12)-
TNFRSF12A (the TNF receptor superfamily member Fn14)
pathway. This study not only establishes a VMI organoid model

Cell Stem Cell

to study macrophage-mediated host damage but also identifies
the previously unknown role of TNFSF12-TNFRSF12A-mediated
pyroptosis in B cell damage in infectious diseases.

RESULTS

Spatial multi-omics analysis to identify the activation of
proinflammatory macrophages in pancreatic autopsy
samples of COVID-19 patients
To systematically analyze the pancreatic damage of COVID-19
patients, we collected pancreatic autopsy samples from 7
COVID-19 patients and 8 age- and gender-matched control sub-
jects (Table S1). GeoMx multi-omics assays were applied to
analyze two adjacent tissue sections of each donor, providing
paired analysis of changes at both transcriptome and protein
levels (Figure S1A). For GeoMx analysis, we selected 6 regions
of interests (ROIs) in the islet area, 3 ROIs in ductal area, and 3
ROls in exocrine area per sample (Figures 1A and S1A). Through
morphology marker staining (insulin [INS]/pan cytokeratin [Pan-
CK]/TOTO-3 [Thiazole Red Homodimer]), we observed no
obvious change of islet areas, but a lower percentage of INS*
cells within islets of COVID-19 samples compared with control
samples (Figures 1B and 1C), which is consistent with the previ-
ous reports.'® Three-dimensional (3D) principal-component
analysis (PCA) of whole transcriptome sequencing data from
ROls in the islet areas showed distinct transcriptional profiles
in COVID-19 samples separated from control samples (Fig-
ure 1D). Pathway analysis of differentially expressed (DE) genes
between ROls in islet areas from COVID-19 and control samples
highlighted viral-infection-associated pathways, such as viral
mRNA translation, influenza infection, interferon (IFN) o/p
signaling pathways, and stress-associated pathways, such as
cellular response to stress or external stimuli pathways,
and Toll-like receptor 2 (TLR2) cascade pathway (Figure 1E).
Consistently, PCA of ROIs in ductal and exocrine areas also
showed separation between COVID-19 and control samples
(Figures S1B and S1C). Moreover, pathway analysis of DE genes
between ROls in ductal and exocrine areas in COVID-19 and
control samples also revealed the enrichment of IFN signaling
pathways in COVID-19 samples (Figures S1D and S1E).

To further analyze the changes in immune cell composition, we
conducted CIBERSORT analysis (an analytical tool to impute
gene expression profiles and estimate the abundances of cell

(B) Representative images illustrating the insulin (INS) staining in COVID-19 (N = 7) and control (N = 8) pancreatic autopsy samples. Dotted lines encircle the islet

regions. Scale bars, 75 pm.

(C) Quantification of areas of islets and percentages of INS* B cells per islet in COVID-19 (N = 7) and control (N = 8) pancreatic autopsy samples.
(D) 3D PCA plot of data from human islet areas of COVID-19 (N = 7) and control (N = 8) pancreatic autopsy samples.
(E) Volcano plot of transcriptome sequencing data highlighting the pathways enriched in human islet areas of COVID-19 (N = 7) versus control (N = 8) pancreatic

autopsy samples.

(F) Heatmap of the CIBERSORT analysis of immune cells (LM22) using the GeoMx whole transcriptome sequencing data of human islet areas of COVID-19 (N =7)

and control (N = 8) pancreatic autopsy samples.

(G) Normalized counts (log,) of marker proteins associated with macrophages from human islet areas of COVID-19 (N = 7) and control (N = 8) pancreatic autopsy

samples. Each dot represents one count in each ROI.

(H) Boxplot of normalized counts of macrophage-associated targets in human islet areas of COVID-19 (N = 7) and control (N = 8) pancreatic autopsy samples.

Each dot represents one count in each ROI.

(land J) Immunohistochemistry staining (l) and quantification (J) of CD80 in COVID-19 (N = 3) and control (N = 3) pancreatic autopsy samples. Dotted lines encircle

the regions of the islets. Scale bars, 20 um.

p values were calculated by unpaired two-tailed Student’s t test. n.s., no significance; *p < 0.05, **p < 0.01, **p < 0.001.

See also Figure S1.
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Figure 2. Single-cell RNA-seq analysis of human islets upon SARS-CoV-2 or CVB4 exposure
A) UMAP of immune cell populations in human islets exposed to mock, SARS-CoV-2 (MOI = 1), or CVB4 (2 x 10° PFU/mL).
B) UMAP and violin plots of immune cell markers.
C) Dot plot analysis of proinflammatory-macrophage-associated genes in macrophages of human islets exposed to mock or SARS-CoV-2 (MOI = 1).

MOI = 0.5). The white arrows highlight the CD68*CD80" cells. Scale bars, 50 um.
F) Pathway enrichment analysis of cell death pathways in B cell cluster of human islets exposed to mock or SARS-CoV-2 (MOI = 1).

04
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(D and E) Confocal images (D) and quantification (E) of the relative expression of CD80 in CD68* cells in human islets exposed to mock or SARS-CoV-2
(
(
(

G) Dot plot analysis of pyroptosis-associated genes in B cell cluster of human islets exposed to mock or SARS-CoV-2 (MOI = 1).

(legend continued on next page)
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types within a mixed cell population, using gene expression data)
of transcriptome profiles from COVID-19 and control samples.
Within the ROls in islet areas of the 7 COVID-19 samples, we
found 4 samples (#4-#7) enriched with proinflammatory macro-
phages and 2 samples (#2-#3) enriched with monocytes (Fig-
ure 1F). The enrichment of monocytes or proinflammatory
macrophages was not dependent on the pre-existing T2D con-
dition of the subjects (Figure S1F). Consistently, we detected
enrichment of proinflammatory macrophages in ductal ROIls
in 4 (#4-#7) out of 7 COVID-19 samples, and monocyte enrich-
ment in ductal ROls in 1 (#3) out of 7 COVID-19 samples (Fig-
ure S1G). In exocrine ROIs, we observed enrichment of proin-
flammatory macrophages in 4 (#4-#7) out of 7 COVID-19
samples (Figure STH).

We further conducted GeoMx protein assays and found that
macrophages were enriched in islet ROIs of COVID-19 samples
compared with control samples (Figures 1G and 1H), while
T cells, NK cells, B cells, and neutrophils were not enriched
(Figure S1l). Moreover, the proteins related to T cell activation
were not increased in islet ROIs of COVID-19 samples
compared with control samples (Figure S1J). Notably, CD44,
previously reported to regulate the TLR2-mediated macro-
phage activation and proinflammatory responses,”®?° was
also found to be significantly increased in ROlIs in islet, ductal,
and exocrine areas of COVID-19 samples (Figures 1G and
S1K). CD163, which functions as the scavenger receptor, is
highly upregulated in infiltrating macrophages in sites of inflam-
mation.®>*' Soluble CD163 was also identified as a biomarker
of macrophage activation and associated with T2D mellitus
(T2DM), INS resistance, and § cell dysfunction.®® Finally, immu-
nohistochemistry validated the accumulation of both CD163*
macrophages and CD80" proinflammatory macrophages in
pancreatic tissues of COVID-19 patients (Figures 11, 1J, S1L,
and S1M).

scRNA-seq analysis identifies activation of
proinflammatory macrophages and 3 cell pyroptosis in
SARS-CoV-2- or CVB4-exposed human islets

To further explore the status of macrophages upon virus expo-
sure in human islets, we performed scRNA-seq of human islets
upon exposure of SARS-CoV-2 or CVB4. Uniform manifold
approximation and projection (UMAP) analysis revealed nine
cell clusters within human islets (Figures S2A and S2B). In our
previous publication, we have already characterized the SARS-
CoV-2-infected human islets.'® Here, we further characterized
the CVB4-infected human islets. UMAP and violin plot showed

Cell Stem Cell

the high expression of CVB4 virus polyprotein in endocrine cells
(B cells, o cells, and 3 cells), as well as mesenchymal cells, im-
mune cells, and endothelial cells (Figures S2C and S2D). Immu-
nostaining confirmed the colocalization of enterovirus (CVB4)
and endocrine cell markers, including INS (B cells), glucagon
(GCG, a. cells), and somatostatin (SST, 3 cells) (Figures S2E-S2I).

We then focused on the immune cell population and per-
formed sub-clustering analysis, identifying five sub-clusters (Fig-
ure 2A). UMAP and violin plots confirmed the expression of
marker genes for each subpopulation (Figure 2B). We compared
the transcriptional profiles of macrophages and found increased
expression of proinflammatory-macrophage-associated genes,
including IL1B, IL6, CXCL8, and TNF in macrophages of human
islets upon SARS-CoV-2 exposure (Figure 2C). Immunostaining
also confirmed the activation of proinflammatory macrophages
in human islets upon SARS-CoV-2 infection (Figures 2D, 2E,
and S2J-S2M). We further analyzed several cell-death-associ-
ated pathways within B cell cluster of human islets exposed to
SARS-CoV-2 virus. Interestingly, we found the activation of py-
roptosis and apoptosis pathways in B cells of human islets
exposed to SARS-CoV-2 (Figure 2F). Our previous studies
have reported the activation of apoptosis of SARS-CoV-2-
infected B cells.?” In the current study, we focused on B cell
pyroptosis. Dot plot analysis showed increased expression
levels of pyroptosis-associated genes in both SARS-CoV-2+
and SARS-CoV-2— B cells of human islets exposed to SARS-
CoV-2 (Figures 2G and S3A). Immunostaining further confirmed
the increased expression of cleaved caspase-1 (CASP1) in B
cells of human islets upon SARS-CoV-2 infection (Figures 2H
and 2I). In addition, we found enrichment of pyroptosis pathway
in other endocrine cell clusters (o and d cell clusters) of human
islets exposed to SARS-CoV-2 (Figure S3B). Moreover, the auto-
phagy pathway was enriched in mesenchymal cell cluster,
while ferroptosis and apoptosis pathways were enriched in
endothelial cell cluster of human islets exposed to SARS-
CoV-2 (Figure S3B).

Next, we analyzed human islets exposed to CVB4 virus.
Similar to SARS-CoV-2 virus, CVB4 virus exposure also induced
activation of proinflammatory macrophages (Figures 2J-2L
and S3C-S3F). Furthermore, dot plots showed increased
expression of pyroptotic-pathway-associated genes in both
CVB4+ and CVB4-— B cells of human islets upon CVB4 infection
(Figures 2M and S3G). Finally, immunostaining confirmed the
increased expression of CASP1 in B cells of human islets upon
CVB4 infection (Figures 2N and 20). Together, these data
demonstrate the activation of proinflammatory macrophages

(H and I) Confocal images (H) and quantification (1) of the relative expression of CAPS1 in human islets exposed to mock or SARS-CoV-2 (MOI = 0.5). The yellow
arrows highlight the expression of CASP1 in SARS-N*INS* cells while the white arrows highlight the expression of CASP1 in SARS-N"INS* cells. Scale

bars, 50 pm.

(J) Dot plot analysis of proinflammatory-macrophage-associated genes in macrophage cluster of human islets exposed to mock or CVB4 (2 x 10° PFU/mL).
(K and L) Confocal images (K) and quantification (L) of the relative expression of CD80 in CD68* cells in human islets exposed to mock or CVB4 (2 x 10° PFU/mL).

The white arrows highlight the CD68*CD80™ cells. Scale bars, 50 pm.

(M) Dot plot analysis of pyroptosis-pathway-associated genes in B cell cluster of human islets exposed to mock or CVB4 (2 x 10° PFU/mL).
(N and O) Fluorescent images (N) and quantification (O) of the relative expression of CAPS1 in human islets exposed to mock or CVB4 (2 x 108 PFU/mL). The
yellow arrows highlight the expression of CASP1 in SARS-N*INS™ cells while the white arrows highlight the expression of CASP1 in SARS-N'INS* cells. Scale

bars, 50 um.

n = 3 independent biological replicates. Data were presented as mean + STDEV. p values were calculated by unpaired two-tailed Student’s t test.

*p < 0.05, *p < 0.01.
See also Figures S2 and S3.
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Figure 3. Construction of hPSC-derived VMI organoids
(A) Schematic representation of VMI organoids construction.
(B) Phase contract images of VMI organoids at day 14 after reaggregation and human islets. Scale bars, 200 um.

(legend continued on next page)
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and B cell pyroptosis in human islets exposed to SARS-CoV-2 or
CVB4 viruses.

To further analyze the changes of immunogenicity profiles of
B cells in response to viral infection, we analyzed the expression
of human leukocyte antigen (HLA) molecules and autoantigen-
associated genes. We observed a pattern of the increased
expression of HLA class | genes in B cells of human islets
exposed to SARS-CoV-2 versus mock (Figure S3H). In contrast,
there was a trend of reduced expression of HLA class | genesin
cells of human islets exposed to CVB4 versus mock (Figure S3I).
In terms of autoantigen expression, we observed a similar in-
crease in the expression of GAD2 and IAPP in $ cells of human
islets exposed to SARS-CoV-2 or CVB4 compared with mock
conditions. For CHGA and SLC30A8, we noted different trends
of expression, which increased in  cells of human islets exposed
to SARS-CoV-2 but decreased in  cells of human islets exposed
to CVB4 (Figures S3J and S3K). Moreover, we also examined the
genes related to antigen presentation and found an increased
expression of antigen-presentation-associated genes in f§ cells
of human islets exposed to SARS-CoV-2 and a reduced expres-
sion of them in B cells of human islets exposed to CVB4
(Figures S3L and S3M).

Construction of a VMI organoid

To determine whether B cell pyroptosis is caused by proinflam-
matory macrophages activation, we constructed a VMI organoid
model (Figure 3A). First, we differentiated MEL-1N/GFP human
embryonic stem cells (hESCs) into pancreatic endocrine cells
(Figure S4A). At day 16, we detected the robust generation of
INS* B cells, GCG* « cells, and SST* 5 cells (Figure S4B). H9
hESCs were differentiated toward macrophages that expressed
CD11B, CD14, and CD206, but not CD80 (Figures S4C and S4D).
Functional assays confirmed that hESC-derived macrophages
can engulf bacteria, indicating that they exhibited phagocytic ac-
tivity similar to primary human macrophages (Figure S4E). Hu-
man islets are highly vascularized and endothelial cells play an
important role in systemic inflammatory responses®*** as well
as pancreatic cell development.®>” Thus, we decided to add
endothelial cells to VMI organoids. ETV2 was reported to pro-
mote the development of endothelial cells.***° Here, we overex-
pressed ETV2 to promote the differentiation and function of
endothelial cells from H1 hESCs***" (Figure S4F). Reverse-tran-
scriptase quantitative PCR (RT-gPCR) confirmed the overex-
pression of ETV2 in H1 hESCs (Figure S4G) and immunostaining
confirmed that differentiated endothelial cells expressed latelet
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endothelial cell adhesion molecule-1 (PECAM1, also known as
CD831) (Figure S4H).

After optimizing the culture medium and cell ratios, we mixed
the hESC-derived endocrine cells, unstimulated macrophages,
and endothelial cells in 3D culture to form organoids (Figure 3A).
The VMI organoids exhibited similar size and morphologies as
primary human islets (Figure 3B). To perform live imaging of
the VMI organoid, we labeled cells with fluorescent reporters
or CellTrace dye. Pancreatic endocrine cells were derived from
MEL-1"N/6FF hESCs, allowing real-time monitoring of INS-
GFP* B cells. Macrophages were derived from red fluorescent
protein-labeled H9 (RFP-H9) hESCs and purified using magnetic
sorting before organoid formation. Additionally, H1-hESC-
derived endothelial cells were selected by magnetic sorting
and the purified endothelial cells were labeled with CellTrace
proliferative far-red dye before forming 3D organoids. 3D live
cell imaging confirmed the presence of INS-GFP* B cells, RFP*
macrophages, and far red* endothelial cells in VMI organoids
(Figure 3C; Video S1). Immunostaining of VMI organoids
confirmed the presence of INS* B cells, CD68" macrophages,
and PECAM1™* endothelial cells (Figure 3D; Video S2). Most of
the INS* B cells in VMI organoids co-expressed NKX6.1, a key
transcription factor of B cells (Figure S4l; Video S3). Immuno-
staining further confirmed the presence of GCG" o cells and
SST* 5 cells in VMI organoids (Figure 3E; Videos S4 and S5).

Next, we used different assays to determine whether the cells
in VMI organoids closely resembled the cells in primary islets.
Initially, electron microscopy (EM) was used to observe fenes-
trae, which are transcellular pores found in endothelial cells facil-
itating the transfer of substances between blood and the extra-
vascular space.42 Indeed, the fenestrations were detected in
the endothelial cells of both primary human islets and VMI orga-
noids, but not in separately cultured endothelial cells (Figure 3F).
We performed an acetylated low-density lipoprotein (Ac-LDL)
uptake assay to assess the function of endothelial cells in VMI or-
ganoids. Ac-LDL can bind to the receptor on the surface of
vascular endothelial cells, facilitating the delivery of cholesterol
via endocytosis.*>** We found colocalization of Ac-LDL with
PECAM1* endothelial cells (Figure S4J). Then, we performed dy-
namic glucose-stimulated INS secretion (GSIS) to examine the
secretion of INS upon glucose or KCI stimulation. We found
increased INS expression in VMI organoids compared with
separately cultured hESC-derived endocrine cells under both
high-glucose and KCl-stimulation conditions. The amount of
INS secreted upon KCI stimulation was significantly higher in

(C) Composite z stack confocal images of live VMI organoids at day 14 after reaggregation. B cells, INS-GFP; macrophages, RFP; and endothelial cells, far red.
Scale bars, 200 pm.

(D) Composite z stack confocal images of VMI organoids at day 14 after reaggregation stained with antibodies against INS, CD68, and PECAM1 (CD31). Scale
bars, 100 pm.

(E) Composite z stack confocal images of VMI organoids at day 14 after reaggregation stained with antibodies against INS, CD68, GCG, SST, and PECAM1
(CD31). Scale bars, 100 um.

(F) Transmission electron microscope (TEM) images of human islets, VMI organoids at day 14 after reaggregation, and endothelial cells without reaggregation.
Arrows indicate fenestrae. Scale bars, 500 nm.

(G) Dynamic glucose stimulated insulin secretion of VMI organoids at day 14 after reaggregation and hPSC-derived endocrine cells. Low glucose (LG), 2 mM
D-glucose; high glucose (HG), 20 mM D-glucose; KCI, 30 mM KCI. Quantification was performed using the areas under curve of KClI stimulation from 86 to 90 min.
(H) Composite z stack confocal images of VMI organoids at day 7 after reaggregation upon CVB4 infection (2 x 10° PFU/mL). B cells, INS-GFP; macrophages,
RFP. Scale bars, 50 um. Arrows highlight RFP* macrophages that have phagocytosed damaged INS-GFP* § cells.

n = 3 independent biological replicates. Data were presented as mean + STDEV. p values were calculated by unpaired two-tailed Student’s t test. *“p < 0.01.
See also Figure S4.
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VMI organoids than separately cultured hESC-derived endocrine
cells (Figure 3G). Besides, we also found a decrease in GCG
secretion in VMI organoids compared with separately cultured
endocrine cells (Figure S4K). To further elevate the function of
B cells upon low-glucose and high-glucose stimulation, we per-
formed dynamic calcium Flu4 imaging. We detected dynamic
calcium mobilization in cells of VMI organoids upon high-glucose
stimulation (Figure S4L; Video S6). Together, the data indicate
that the pancreatic f cells and endothelial cells in VMI organoids
are functionally more mature than cells that are cultured
separately.

Finally, we exposed the VMI organoids to CVB4 virus and
found macrophages engulfing the damaged B cells upon virus
infection (Figure 3H; Video S7). To examine monocyte infiltration,
we created organoids containing endocrine cells and endothelial
cells (VI organoids) and monitored monocyte infiltration upon
CVB4 infection. We first added monocytes to VI organoids,
then introduced CVB4 and conducted live cell imaging at 24
and 48 hours post infection (hpi). We did not find obvious infiltra-
tion of monocytes into VI organoids (Figure S4M).

Single-cell multi-omics analysis of VMI organoids

We then performed scRNA-seq and single-nucleus assay for
transposase-accessible chromatin using sequencing (SnATAC-
seq) to compare the cell compositions and transcriptional and
epigenetic profiles of VMI organoids and separately cultured
cells®® (Figure 4A). Cells that were cultured in separate plates
but mixed together before library preparation were compared
with cells in VMI organoids (Figure S4N). UMAP analysis
identified 9 cell clusters (Figure 4A). Dot plot of scRNA-seq anal-
ysis (Figure 4B) and integrative genomics viewer (IGV) plot of
snATAC-seq (Figure S40) confirmed the marker gene expres-
sion in each cluster. Consistent with previous studies,*®*®
GCG expression was detected in B cell cluster and INS expres-
sion was detected in o and 3 cell clusters, suggesting the imma-
ture status of hESC-derived endocrine cells. Next, we compared
the cells in VMI organoids with separately cultured cells (Fig-
ure 4C). The pie chart shows the relative proportions of major
cell types in VMI organoids (Figure 4D). Volcano plot analysis
of gene expression in B cell cluster showed decreased expres-
sion of non-B cell-associated genes, AFP,*° GCG, SST, ACTB,
and PRSS2, and increased expression of B cell-associated
genes RPL13A°° and SMIM32°" in the B cell cluster of VMI orga-
noids compared with separately cultured cells (Figure 4E).
Dot plots and violin plots analysis also showed that genes asso-
ciated with B cell identity and function, including SLC2A7,°%~>*
PIK3CB,>®> HNF1B, PAX6, PDX1, and INS, are relatively
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increased in the B cell cluster of VMI organoids (Figures 4F and
S4P). Consistently, snATAC-seq analysis showed increased
open chromatin accessibility peaks of SLC2A1,°2* INS, and
PDX1 in B cells of VMI organoids compared with separately
cultured cells, which might indicate the potential of increased
gene expression of SLC2A7, INS, and PDX1 (Figure 4G). In addi-
tion, dot plots and violin plots also revealed the upregulation of
genes associated with endothelial cell function in endothelial
cell cluster of VMI organoids compared with separately cultured
cells, including INSR,** VWF,*® PDGFB,°” EDN1,°® S1PR1,*°
and RSPO3%° (Figures 4H and S4Q).

Proinflammatory macrophages cause 3 cell pyroptosis
We have shown the activation of proinflammatory macrophages,
as well as upregulation of the pyroptotic pathway in 3 cell cluster
of human islets exposed to SARS-CoV-2 or CVB4 viruses. Here,
we also detected the activation of proinflammatory macro-
phages as well as B cell pyroptosis in VMI organoids exposed
to SARS-CoV-2 or CVB4 viruses (Figures S5A-S5D). To deter-
mine whether proinflammatory macrophages cause B cell pyrop-
tosis, we constructed the VMI organoids with proinflammatory or
unstimulated macrophages. First, LPS and IFN-y were used to
stimulate macrophages into a proinflammatory status (Fig-
ure S5E). Both RNA-seq and ELISA analysis confirmed the
increased expression of proinflammatory-associated genes
and cytokines, including IL-18 and IL-6 in proinflammatory
macrophages (Figures S5F and S5G). Then, we constructed
VMI organoids using either unstimulated or proinflammatory
macrophages. VMI organoids containing proinflammatory mac-
rophages showed decreased expression levels of INS compared
with VMI organoids containing unstimulated macrophages
(Figures 5A and 5B; Videos S8 and S9). We collected the super-
natant of VMI organoids containing proinflammatory or unstimu-
lated macrophages and confirmed the increased expression of
IL-1B, IL-6, and tumor necrosis factor alpha (TNF-a) in the super-
natant of VMI organoids containing proinflammatory macro-
phages (Figure 5C).

Next, scRNA-seq and snATAC-seq were performed to analyze
the VMI organoids containing proinflammatory or unstimulated
macrophages. Consistent with the previous analysis, 9 cell clus-
ters were identified in VMI organoids. UMAP showed a decrease
of the B cell cluster in VMI organoids with proinflammatory mac-
rophages, which was also confirmed by quantification of the per-
centage of B cells (Figures 5D and 5E). Moreover, a volcano
plot comparing the B cell cluster of VMI organoids containing
proinflammatory macrophages to that of organoids containing
unstimulated macrophages showed the downregulation of

Figure 4. Single-cell multi-omics analysis of VMI organoids

(A) Integrative UMAP of scRNA-seq and snATAC-seq analysis of VMI organoids at day 7 after reaggregation and separately cultured cells.

(B) Dot plot displaying cell markers of each cluster using scRNA-seq dataset.

(C) Individual UMAP of scRNA-seq and snATAC-seq analysis of VMI organoids at day 7 after reaggregation and separately cultured cells.

(D) Pie chart shows the relative percentages of each cell types in VMI organoids at day 7 after reaggregation.

(E) Volcano plot of DE genes in B cell cluster of VMI organoids at day 7 after reaggregation versus separately cultured cells.

(F) Dot plot analysis of B cell-associated genes in B cell cluster of VMI organoids at day 7 after reaggregation and separately cultured cells.

(G) Chromatin accessibility signals of SLC2A7, INS, and PDX1 in B cell cluster of VMI organoids at day 7 after reaggregation and separately cultured cells. The
normalized signal shows the averaged frequency of sequenced DNA fragments within a genomic region. The fragment shows the frequency of sequenced

fragments within a genomic region for individual cells.

(H) Dot plot analysis of endothelial-cell-associated genes in endothelial cell cluster of VMI organoids at day 7 after reaggregation and separately cultured cells.

See also Figure S4.
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Figure 5. Construction and multi-omics analysis of VMI organoids containing unstimulated and proinflammatory macrophages
(A and B) Composite z stack confocal images (A) and quantification (B) of INS intensity in INS* cells of VMI organoids at day 7 after reaggregation containing
unstimulated or proinflammatory macrophages stained with the antibodies against INS, CD68, and PECAM1 (CD31). Scale bars, 50 pm.

(legend continued on next page)
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genes associated with B cell identity and function, including
the decreased expression levels of IGF2,°' IGFBP3,%? and
SLC2A3,%° and upregulation of genes associated with non-p
cell identity and function, GCG, ALDH1A1,°* FGB,®® and AFP*°
(Figure 5F). Dot plot analysis further confirmed the downregula-
tion of genes associated with B cell identity and function,
including SLC2A1,°>* PIK3CB,>® HNF1B, PAX6, PDX1, and
INS, in the B cluster of VMI organoids containing proinflamma-
tory macrophages compared with VMI organoids containing un-
stimulated macrophages (Figure 5G). Consistently, snATAC-seq
analysis also showed decreased open chromatin accessibility
peaks of INS and PDX1 in B cells of VMI organoids containing
proinflammatory macrophages (Figure S5H). Furthermore, dot
plot analysis of scRNA-seq analysis also showed increased
expression of pyroptotic-pathway-associated genes in the
B cluster of VMI organoids containing proinflammatory macro-
phages (Figure 5H). Consistent with increased expression of
pyroptotic-pathway-associated genes, snATAC-seq analysis
showed increased open chromatin accessibility peaks of
CASP1, CASPY9, IL1B, and NLRP3 in the B cell cluster of VMI or-
ganoids containing proinflammatory macrophages (Figure 5I).
Upregulation of the pyroptotic pathway in the B cell cluster of
VMI organoids containing proinflammatory macrophages was
further confirmed by immunostaining using an antibody against
CASP1 (Figures 5J and 5K). Apart from B cell pyroptosis, we
did not observe B cell dedifferentiation in VMI organoids with
proinflammatory macrophages (Figure S5I). Together, these
data suggest that proinflammatory macrophages can induce
B cell pyroptosis.

Mechanistic studies identify pathways contributing to
proinflammatory-macrophage-mediated f cell
pyroptosis

To determine the potential mechanisms by which proinflamma-
tory macrophages induce B cell pyropotosis, we performed
cell-cell interaction (cell-chat) analysis and focused on the inter-
actions between macrophages to B cells. First, when comparing
differential signaling from macrophages to f§ cells in VMI organo-
ids containing proinflammatory macrophages to VMI organoids
containing unstimulated macrophages, we identified four
enhanced macrophage-to-f cell interaction pathways, including
TNFSF12-TNFRSF12A, SPP1-ITGAV+ITGB1, F11R-F11R, and
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DSC2-DSG2 (Figure 6A). Next, we examined cell-cell interac-
tions from macrophages to B cells in human islets exposed to
CVBA4 virus and also found increased communication probability
of the TNFSF12-TNFRSF12A pathway (Figure 6B). Furthermore,
the expression level of TNFSF12 was increased in macrophages
of human islets exposed to SARS-CoV-2 (Figure 6C). Immuno-
staining confirmed the increased expression of TNFSF12 in
both human islets exposed to viruses and VMI organoids con-
taining proinflammatory macrophages (Figures S6A and S6B).
These data indicate that the TNFSF12-TNFRSF12A pathway
might contribute to proinflammatory-macrophage-mediated
cell pyroptosis.

To validate the role of TNFSF12-TNFRSF12A in proinflamma-
tory-macrophage-mediated B cells pyroptosis, we treated hu-
man islets and VMI organoids containing unstimulated macro-
phages with TNFSF12 protein and detected increased CAPS1
expression in INS* B cells in both cases (Figures 6D-6G).
Next, we tested TNFSF12 neutralization antibody and found
that it partially blocked B cell pyroptosis caused by SARS-
CoV-2 or CVB4 exposure (Figures 6H and 6l), suggesting that
other factors might also contribute to this process. One candi-
date is IL-1B, which was detected in the supernatant of VMI
organoids containing proinflammatory macrophages and mac-
rophages of human islets exposed to SARS-CoV-2 or CVB4
(Figures 2C, 2J, 5C, S2J, S2K, S3C, and S3D) and was reported
to contribute to cell pyroptosis.®®®” Indeed, IL-1B neutralization
antibody partially blocked the increased B cell pyroptosis in hu-
man islets exposed to SARS-CoV-2 or CVB4. Furthermore, the
combination of IL-1B and TNFSF12 neutralization antibodies
showed an add-on/synergistic effect to further decrease the
CASP1 expression levels in human islets exposed to SARS-
CoV-2 or CVB4 (Figures 6H and 6l) and VMI organoids with
proinflammatory macrophages or VMI organoids exposed to
SARS-CoV-2 or CVB4 (Figures 6J, 6K, and S6C-S6F). Finally,
we stained the pancreatic autopsy samples and confirmed the
increased CASP1 expression in COVID-19 samples compared
with control samples (Figures 6L and 6M). Moreover, the
increased CASP1 expression was independent of T2D condi-
tions (Figures 6L and 6M). GeoMx transcriptomic data also
showed increased expression of pyroptosis-associated genes
in ROIs of islets in COVID-19 samples compared with control
samples (Figure S6G).

(C) Measurements of cytokine secretions in the supernatant of VMI organoids at day 5 after reaggregation containing unstimulated or proinflammatory mac-

rophages.

(D) Integrative UMAP of VMI organoids at day 7 after reaggregation containing unstimulated or proinflammatory macrophages.
(E) Percentage of cells in B cell cluster in VMI organoids at day 7 after reaggregation containing unstimulated or proinflammatory macrophages.
(F) Volcano plot of DE genes in B cell cluster of VMI organoids at day 7 after reaggregation containing proinflammatory versus unstimulated macrophages.

(G) Dot plot analysis of B cell-identity-associated genes in B cell cluster of VMI organoids at day 7 after reaggregation containing unstimulated or proinflammatory
macrophages.

(H) Dot plot analysis of pyroptosis-pathway-associated genes in B cell cluster of VMI organoids at day 7 after reaggregation containing unstimulated or proin-
flammatory macrophages.

(I) Chromatin accessibility signals of CASP1, CASPY, IL1B, and NLRP3 in B cell cluster of VMI organoids at day 7 after reaggregation containing unstimulated or
proinflammatory macrophages. The normalized signal shows the averaged frequency of sequenced DNA fragments within a genomic region. The fragment
shows the frequency of sequenced fragments within a genomic region for individual cells.

(J and K) Immunostaining (J) and quantification (K) of CASP1 staining in INS+ cells of VMI organoids at day 7 after reaggregation containing unstimulated or
proinflammatory macrophages. B cells, INS-GFP; macrophages, RFP; endothelial cells, far red. CASP1, gray. Scale bars, 25 um.

n = 3 independent biological replicates. Data were presented as mean + STDEV. p values were calculated by unpaired two-tailed Student’s t test. *o < 0.01,
**p < 0.05, **p < 0.001.

See also Figure S5.
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Figure 6. TNFSF12-TNFRSF12A as a candidate pathway that contributes to proinflammatory-macrophage-mediated B cell pyroptosis
(A) Dot plot showed the differential signaling from macrophages to § cells in VMI organoids containing unstimulated or proinflammatory macrophages at day 7
after reaggregation.

(legend continued on next page)
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DISCUSSION

Although several spatial transcriptomic analyses have been
applied to study COVID-19 autopsy samples, they have focused
on lung,’® " liver,”" heart,”? and placenta.”® In this study, we
used the GeoMx spatial transcriptomics and proteomics plat-
form to comprehensively analyze changes in the immune cell
composition and endocrine cell damage of COVID-19 pancreatic
samples. Our findings revealed accumulation of proinflamma-
tory macrophages in islets of COVID-19 samples, which high-
lights the critical role of macrophages in pathological changes
observed in host tissues in COVID-19 patients. Previous study
has shown that SARS-CoV-2 induces a pro-fibrotic signature
in monocytes, which includes CD163, a marker not expressed
in homeostatic monocytes.”* We also see an increase of
CD163" macrophages in islets of COVID-19 samples, which
could be an indication of fibrogenic monocyte infiltration.
Fibrosis might also play a role in pancreatitis, new-onset dia-
betes, and thus B cell damage.’® Fibrotic alterations might be
another potential driver of tissue dysfunction besides f cell py-
roptosis. Surprisingly, in our spatial transcriptomics data, we
did not see an increase of T cells in islets of COVID-19 samples,
although both CD4 and CD8 T cells contribute to T1D develop-
ment.”®”” Upon thorough examination of published studies, no
reports were identified regarding T cell infiltrations in the islets
of COVID-19 samples. This underscores the need to impartially
assess immune cell accumulation and expand the scope of
investigation by examining additional COVID-19 pancreas
samples.

In our study, we found that B cells in VMI organoids showed
improved maturity. Islet vascular endothelial cells were reported
to promote INS production and secretion, as well as B cell prolif-
eration, survival, and maturation, by secreting a variety of growth
factors, components of the extracellular matrix (ECM), and other
molecules.”® % Macrophages exist in the pancreas from the em-
bryonic stage onward. Although the role of macrophages in islet
morphogenesis is not well understood, various observations un-
derscore their significance in the formation of the endocrine
pancreas, especially in the development of f cells.?’#?

Although immune-mediated host damage is recognized as a
critical factor in various diseases, there is a scarcity of suitable
human in vitro models. Here, we constructed a hPSC-derived
VMI organoid model, which allowed us to dissect molecular
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mechanisms of macrophage-mediated host damage. Through
cell-cell interaction analysis, we found that proinflammatory
macrophages induce B cell pyroptosis through the TNFSF12-
TNFRSF12A pathway. Previous studies in the context of chole-
stasis demonstrated that bile acids induce TNFRSF12A expres-
sion, subsequently initiating hepatocyte pyroptosis through
the nuclear factor kB (NF-«B)/CASP1/gasdermin (GSDMD)
signaling pathway.® Persistent TNFSF12-TNFRSF12A signaling
has been implicated in the pathogenesis of numerous diseases,
including atherosclerosis, ischemic stroke, rheumatoid arthritis
(RA), and inflammatory bowel diseases.®**® Some of the
TNFSF12-TNFRSF12A-targeted therapeutic agents are under
development for these conditions.?® Enavatuzumab, BIIB036,
and RG7212, the humanized monoclonal antibodies targeting
TNFSF12-TNFRSF12A signaling, were tested in patients with tu-
mors.?”%° BIIB023 was also tested in patients with RA
(NCT00771329) and lupus nephritis (NCT01499355) in clinical tri-
als.® Here, we identified a previously unknown role of TNFSF12-
TNFRSF12A in macrophage-induced B cell pyroptosis. Besides,
we also explored the cell-cell interactions from B cells to immune
cells (Figure SEH).

B cell death constitutes a pathophysiological cornerstone in
the natural progression of diabetes. Previous investigations
into B cell death have primarily centered on apoptosis, necrosis,
and autophagy. In this study, we uncovered a previously un-
known mechanism in which proinflammatory macrophages
induce B cell pyroptosis. An expanding body of research has
linked B cell pyroptosis to diabetes.”"° These findings suggest
that macrophage-mediated B cell pyroptosis may contribute to
the increased incidence of diabetes among COVID-19 patients.

Limitations of the study

In this study, we analyzed the pancreatic autopsy samples from
control and COVID19 subjects. COVID-19 subjects might have
experienced bed resting and starvation (intensive care unit,
ICU), which could have influenced the B cell phenotype,
including INS content. Additionally, the inherent variability/het-
erogeneity of studying pancreatic autopsy samples could pose
analytical challenges in distinguishing genuine disease pathol-
ogy or differences between human donors from experimental
noise.”® The modest sample size and potential confounders in
the clinical samples could also be limitations in this study. In
VMI organoids, we found that some endothelial cells can form

(B) Dot plot showed the differential signaling from macrophages to § cells in human islets exposed to mock or CVB4 virus (2 x 10° PFU/mL).
(C) Dot plot of the expression level of TNFSF12 in macrophage of human islets exposed to mock or SARS-CoV-2 virus (MOI = 1).

(D and E) Confocal images (D) and quantification (E) of CASP1 expression in INS* cells in control or 10 ng/mL TNFSF12-treated human islets. Scale bars, 25 um.
(F and G) Confocal images (F) and quantification (G) of CASP1 expression in INS* cells in control or 10 ng/mL TNFSF12-treated VMI organoids at day 7 after
reaggregation. Scale bars, 50 pm.

(H and I) Confocal images (H) and quantification (I) of CASP1 expression in INS* cells of SARS-CoV-2-exposed (MOI = 0.5) or CVB4-exposed (2 x 10° PFU/mL)
human islets treated with control, 10 ng/mL TNFSF12 blocking antibody, 5 pg/mL IL-18 blocking antibody, or 10 pg/mL TNFSF12 + 5 pg/mL IL-18 blocking
antibodies. Scale bars, 25 um.

(J and K) Confocal images (J) and quantification (K) of CASP1 expression in INS* cells of VMI organoids containing proinflammatory macrophages at day 7 after
reaggregation and treated with control, 10 pg/mL TNFSF12 blocking antibody, 5 ng/mL IL-1 blocking antibody, or 10 ng/mL TNFSF12 + 5 ng/mL IL-18 blocking
antibodies. Scale bars, 50 um.

(Land M) Confocal images (L) and quantification (M) of the CASP1 expression in INS* cells of pancreas autopsy samples from control (N = 3) and COVID-19 (N = 4)
subjects. The insert shows a high magnification of cells. Scale bars, 50 pm.

n = 3 independent biological replicates. Data were presented as mean + STDEV. p values were calculated by unpaired two-tailed Student’s t test or one-way
ANOVA with a common control. n.s., no significance; *p < 0.05, **p < 0.01, **p < 0.001.

See also Figure S6.
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small vessels. However, they cannot form intact blood vessels,
which are likely required for monocyte infiltration into tissue.
The vascular structure of VMI organoids is not fully functional
yet, suggesting a need for further modification of the culture con-
ditions. This might also be why we did not find obvious infiltration
of monocytes into organoids containing endocrine cells and
endothelial cells. Using this VMI organoid model, we observed
that proinflammatory macrophage activation induced B cell
death. However, we cannot distinguish whether the observed ef-
fects were derived from monocyte-derived or tissue-resident
macrophages.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Polyclonal Guinea Pig Anti-Insulin Dako Cat #A0564; RRID: AB_10013624
Glucagon Rabbit Ab Cell Signaling Cat #2760; RRID: AB_659831
Polyclonal Rabbit Anti-Somatostatin Dako Cat #A0566; RRID: AB_2688022
Human CD31/PECAM-1 Antibody R&D Systems Cat #AF806; RRID: AB_355617
Purified anti-human CD68 Antibody Biolegend Cat # 333802; RRID: AB_1089058
Cleaved Caspase-1 (Asp297) Cell Signaling Cat # 4199; RRID: AB_1903916
hPDX-1 Affinity purified goat igG R&D Systems Cat # AF2419; RRID: AB_355257
Nkx6.1 (D804R) Rabbit mAb Cell Signaling Cat #54551; RRID: AB_2722625
APC anti-mouse/human CD11b Antibody Biolegend Cat #101212; RRID: AB_312795
APC anti-human CD206 (MMR) Antibody Biolegend Cat #321109; RRID: AB_571884
APC anti-human CD14 Biolegend Cat #301808; RRID: AB_314190

Insulin Monoclonal Antibody (ICBTACLS),
Alexa Fluor™ 488

Cytokeratin, pan Antibody (AE-1/AE-3)
[DyLight 594]

caspase-1 Antibody (14F468)
Enterovirus (Concentrate)

CD163 (D6U1J) Rabbit mAb
Anti-PRSS1 antibody produced in rabbit
Purified anti-Cytokeratin 19

Human B7-1/CD80 MADb (Clone 37711)
Alexa Fluor 488 AffiniPure Donkey Anti-
Guinea Pig IgG (H+L)

Donkey anti-Mouse IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa
Fluor 594

Donkey anti-Rabbit IgG (H+L) Secondary
Antibody, Alexa Fluor 594 conjugate
Donkey anti-Rabbit IgG (H+L) Secondary
Antibody, Alexa Fluor 647 conjugate
Donkey anti-Mouse IgG (H+L) Secondary
Antibody, Alexa Fluor 647

Donkey anti-Goat IgG (H+L) Cross-
Adsorbed Secondary Antibody, Alexa
Fluor 647

Donkey anti-Sheep IgG (H+L) Cross-
Adsorbed Secondary Antibody, Alexa
Fluor 647

Donkey anti-Mouse IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor
Plus 405

Thermo Fisher Scientific

Novus Biological

Santa Cruz

Dako

Cell Signaling

Sigma Aldrich

Biolegend

RnD

Jackson Immunoresearch Labs

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Cat # 53-9769-82; RRID: AB_2574469
Cat # NBP2- 33200DL594; RRID:
AB_2924199

Cat #sc-56036; RRID: AB_781816

Cat #M7064; RRID: RRID: AB_2118128
Cat #93498; RRID: AB_2800204

Cat #HPA063471; RRID: AB_2685017
Cat #628502; RRID: AB_439773

Cat # MAB140-100; RRID: AB_2244549
Cat #706-545-148; RRID: AB_2340472

Cat #A-21203; RRID: AB_2535789

Cat #A-21207; RRID: AB_141637

Cat #A-31573; RRID: AB_2536183

Cat #A-31571; RRID: AB_162542

Cat #A-21447; RRID: AB_2535864

Cat #A-21448; RRID: AB_2535865

Cat #A48257; RRID: AB_2884884

Bacterial and virus strains

SARS-CoV-2: hCoV/USA/WA1/2020
CVB4 E2

WRCEVA (UTMB Health)
Didier Hober lab®*

https://www.utmb.edu/wrceva/viruses
N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples

Human samples and refer to Table S1 for all N/A N/A

further details

Chemicals, peptides, and recombinant proteins

Y-27632 MedchemExpress Cat #HY-10583
CHIR99021 Cayman Chemica Cat #13122
SANT-1 Sigma Aldrich Cat #S4572-25MG
Retinoic acid Sigma Aldrich Cat #R2625-500MG
TPPB Tocris Bioscience Cat #5343

T3 hormone Sigma Aldrich Cat #T6397-100MG
Zinc sulfate heptahydrate Sigma Aldrich Cat #20251-100G
Heparin sodium salt from porcine intestinal Sigma Aldrich Cat #H3149-1MU
mucosa

g-Secretase Inhibitor XX Millipore Cat #565789-1MG
ALKS5 Inhibitor Il Cayman Chemical Cat #14794
L-Ascorbic acid Sigma Aldrich Cat #A4544-100G
R428 MedchemExpress Cat #HY-15150
N-acetyl-L-cysteine Sigma Aldrich Cat #A9165-5G
Trolox Millipore Cat #648471

LDN 193189 hydrochloride - DM 3189
hydrochloride

Poly (vinyl alcohol)

L-Ascorbic acid 2-phosphate
sesquimagnesium salt hydrate

SB431542

1-Thioglycerol

Activin A

Recombinant Human bFGF Protein
Recombinant Human BMP-4 Protein
Recombinant Human VEGF Protein
Recombinant Human SCF Protein
Recombinant Human IL-6 Protein
Recombinant Human IL-3 Protein
Recombinant Human TPO Protein
Recombinant Human M-CSF Protein

Axon Medchem

Sigma Aldrich
Sigma Aldrich

R&D Systems
Sigma Aldrich
N/A

Peprotech

R & D Systems
R & D Systems
R & D Systems
R & D Systems
R & D Systems
R & D Systems
R & D Systems

Cat #Axon 1509

Cat #P8136
Cat #A8960

Cat #1614/50

Cat #M6145

N/A

Cat #100-18B-500UG
Cat #314-BP

Cat #293-VE-500/CF
Cat #7466-SC-100/CF
Cat #206-1L-200/CF
Cat #2083-1L-050/CF
Cat #288-TP-200/CF
Cat #216-MC-025

Critical commercial assays

LEGENDplex Human Inflammation Panel 1 Biolegend Cat #740808

Deposited data

scRNA-seq, snATAC-seq, RNA-seq This study GSE247809

Deposited custom code This study DOI: https://doi.org/10.5281/zenodo.
13231249

Experimental models: Cell lines

hESC line MEL-1 University of Queensland 0139

hESC line H1 Harvard University 0014

293T ATCC Cat #CRL-11268

hESC line H9 Harvard University 0022

Vero E6 ATCC Cat # CRL-1586 RRID: CVCL_0574

Oligonucleotides

Primers for real-time quantitative PCR and N/A N/A

refer to Table S3 for all further details
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Rstudio Rstudio https://rstudio.com

Seurat R package v3.1.4 N/A https://satijalab.org/seurat/

Dplyr package LHRI https://dplyr.tidyverse.org/
Adobe illustrator CC2017 Adobe https://www.adobe.com/product/

Graphpad Prism 6

Graphpad software

photoshop.html
https://www.graphpad.com

Other

StemFlex GIBCO Thermo Fisher Cat #A3349401
MCDB 131 Medium, no glutamine Thermo Fisher Scientific Cat #10372019
STEMdiff APEL2 Medium Stem Cell Technologies Cat #05270

Endothelial Cell Growth Medium MV2
(Readyto-use)

F12

Lipids

Penicillin-Streptomycin (5,000 U/mL)
MEM Non-Essential Amino Acids
Solution (100X)

IMDM

GlutaMAX Supplement
ITS-X

Accutase

ReleSR

Matrigel

PromoCell

GIBCO Thermo Fisher
GIBCO Thermo Fisher
GIBCO Thermo Fisher
GIBCO Thermo Fisher

GIBCO Thermo Fisher
Thermo Fisher Scientific
Thermo Fisher Scientific

StemCell Technologies, Inc.
StemCell Technologies, Inc.

Corning

Cat #C-22022

Cat #31765035
Cat #11905031
Cat #15070063
Cat #11140050

Cat #21056023
Cat #35050079
Cat #51500056
Cat # 07920
Cat # 05872
Cat #354234

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human subjects

Human pancreas

Pancreas tissues from COVID-19 samples were provided by the Weill Cornell Medicine Department of Pathology using protocols
approved by the Tissue Procurement Facility of Weill Cornell Medicine. Experiments using samples from human subjects were con-
ducted in accordance with local regulations and with the approval of the IRB at the Weill Cornell Medicine. The autopsy samples were
collected under protocol 20-04021814. For GeoMx RNA and protein analysis, seven COVID19 human pancreas samples were
deceased upon tissue acquisition and were provided from Weill Cornell Medicine as fixed samples. Eight control human pancreas
samples were obtained from the Human Islet Core at the University of Pennsylvania. The pancreatic organs were obtained from the
organ procurement organization under the United Network for Organ Sharing. The organs were kept in the University of Wisconsin
solution at 4°C before the tissue samples biopsies. The freshly dissected tissues (<3mm thick) were fixed with 10% formalin for 8
hours at room temperature. The tissue samples were rinsed with running tap water for 5 min then through 80% and 95% alcohol
for 1 hour each, followed with 2 rinses of 100% alcohol for 1 hour each for dehydration. The tissues were cleared in xylene 3 times
for 1 hour each. The tissues were immersed in paraffin 3 times for 1 hour each before being embedded in a paraffin block. The
paraffin-embedded tissue blocks were sectioned at 5 pm thickness on a microtome and floated in a 40°C water bath containing
distilled water. The sections were transferred onto glass slides which were suitable for immunohistochemistry and the slides were
dried at room temperature before use. See Table S1 for age, gender and more information.

Human islets

The pancreatic organs were obtained from the local organ procurement organization under the United Network for Organ Sharing
(UNOS). The islets were isolated in the Human Islet Core at the University of Pennsylvania following the guidelines of Clinical Islet
Transplantation consortium protocol.?® Briefly, the pancreas was digested following intraductal injection of Collagenase & Neutral
Protease in Hanks’ balanced salt solution. Liberated islets were then purified on continuous density gradients (Cellgro/Mediatech)
using the COBE 2991 centrifuge and cultured in CIT culture media and kept in a humidified 5% CO, incubator. See Table S1 for
age, gender and more information.
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Sample size estimation

For spatial multiomics analysis, 8 control human pancreas samples and 7 COVID-19 human pancreas samples were used. For
scRNA-seq analysis of human islets, 4 islets samples were used for control or virus exposure. For assays using VMI organoids, three
independent experiments were performed expect scRNA-seq and snATAC-seq.

How subjects/samples were allocated to experimental groups

The experiments using human pancreas and islets were carried out in a blinded manner. Briefly, the investigators performing exper-
iments were blinded to the patient information. The human pancreas and islets samples were used upon available. For organoids with
different treatments, all organoids from the same experiments were grown on the same batch and were randomly assigned to each
experimental group.

Virus strains

SARS-CoV-2 Viruses

SARS-CoV-2, isolate USA-WA1/2020 was obtained from World Reference Center for Emerging Viruses and Arboviruses located at
University of Texas Medical Branch via the CDC. Vero E6 cells (ATCC) served as the culture system for SARS-CoV-2 propagation,
utilizing EMEM with a supplement of 10% FCS, 1 mM Sodium Pyruvate, and 10 mM HEPES (citation). All work involving live SARS-
CoV-2 was performed in the CDC/USDA-approved BSL-3 facility at Aaron Diamond AIDS Research Center located at Columbia Uni-
versity. The Aaron Diamond AIDS Research Center’s BSL-3 facility at Columbia University prepared the SARS-CoV-2 WAT1 strain,
subsequently stored at -70°C.

CVB4 Viruses

The aliquots of CVB4 E2, the diabetogenic strain of coxsackievirus B4 virus were provided by Didier Hober and were then stored
frozen at —80°C.

Cell Lines

HEK293T (human [Homo sapiens] fetal kidney) and Vero E6 (African green monkey [Chlorocebus aethiops] kidney) were obtained
from ATCC). Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FBS and 100 |.U./mL peni-
cillin and 100 pg/mL streptomycin. All cell lines were incubated at 37°C with 5% CO..

METHOD DETAILS

hPSC maintenance and pancreatic differentiation

INSCFPW MEL-1 cells were used to generate pancreatic endocrine cells using a previously reported strategy.®® In brief, INSGFP/W
MEL-1 cells were cultured on Matrigel-coated 6-well plates in StemFlex medium (Gibco Thermo Fisher) and maintained at 37°C
with 5% CO,. At stage 1-day 1, cells were exposed to basal RPMI 1640 medium supplemented with 1x Glutamax (Thermo
Fisher Scientific), 50 ng/mL Normocin, 100 ng/mL Activin A (R&D systems), and 3 uM of CHIR99021 (GSK3 inhibitor 3, Cayman
Chemical) for 24 hours. At stage 1-day 2 and 3, the medium was changed to basal RPMI 1640 medium supplemented with 1 x
Glutamax, 50 pg/mL Normocin, 0.2% fetal bovine serum (FBS, Corning), 100 ng/mL Activin A for 2 days. At stage 2-day 4 and 5,
the resulting definitive endoderm cells were cultured in MCDB131 medium (Thermo Fisher Scientific) supplemented with 1.5 g/L
sodium bicarbonate, 1x Glutamax, 10 mM glucose (Sigma Aldrich) at final concentration, 2% bovine serum albumin (BSA,
Lampire), 0.25 mM L-ascorbic acid (Sigma Aldrich) and 50 ng/ml of fibroblast growth factor 7 (FGF-7, Peprotech) to acquire
primitive gut tube. At stage 3-day 6 and day 7, cells were induced to differentiate to posterior foregut in MCDB 131 medium
supplemented with 2.5 g/L sodium bicarbonate, 1x Glutamax, 10 mM glucose at final concentration, 2% BSA, 0.25 mM
L-ascorbic acid, 50 ng/ml of FGF-7, 1 uM Retinoic acid (RA; Sigma Aldrich), 100 nM LDN193189 (LDN, Axon Medchem),
1:200 ITS-X (Thermo Fisher Scientific), 200 nM TPPB (Tocris Bioscience) and 0.25 uM SANT-1 (Sigma Aldrich) for 2 days. At
stage 4-day 8-day 10, cells were differentiated to pancreatic endoderm in MCDB 131 medium supplemented with 2.5 g/L so-
dium bicarbonate, 1x Glutamax, 10 mM glucose at final concentration, 2% BSA, 0.25 mM L-ascorbic acid, 2 ng/ml of FGF-7,
0.1 uM RA, 200 nM LDN193189, 1:200 ITS-X, 100 nM TPPB and 0.25 pM SANT-1 for 3 days. At stage 5-day 11-day 13, cells
were differentiated to pancreatic endocrine precursors in MCDB 131 medium supplemented with 1.5 g/L sodium bicarbonate,
1x Glutamax, 20 mM glucose at final concentration, 2% BSA, 0.05 uM RA, 100 nM LDN, 1:200 ITS-X, 0.25 uM SANT-1, 1 mM
T3 hormone (Sigma Aldrich), 10 uM ALKS5 inhibitor Il (Cayman Chemical), 10 uM zinc sulfate heptahydrate (Sigma Aldrich) and
10 ng/ml of heparin (Sigma Aldrich) for 3 days. At day 14, cells were exposed to MCDB 131 medium supplemented with 1.5 g/L
sodium bicarbonate, 1x Glutamax, 20 mM glucose at final concentration, 2% BSA, 100 nM LDN193189, 1:200 ITS-X, 1 uM T3,
10 uM ALKS inhibitor I, 10 uM zinc sulfate, 10 ug/ml of heparin, 100 nM gamma secretase inhibitor XX (Millipore) for 7 days.
Then, cells were exposed to MCDB 131 medium supplemented with 1.5 g/L sodium bicarbonate, 1x Glutamax, 20 mM glucose
at final concentration, 2% BSA, 1:200 ITS-X, 1 uM T3, 10 uM ALKS inhibitor I, 10 uM zinc sulfate heptahydrate, 10 pg/ml of
heparin, 1 mM N-acetyl cysteine (Sigma Aldrich), 10 uM Trolox (Millipore), 2 uM R428 (MedchemExpress) for another
7-15 days. The medium was subsequently refreshed every day.
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hPSC differentiation toward endothelial cells

To derive endothelial cells from hPSCs, we optimized a previously reported strategy.’” Briefly, H1 hESCs were passaged onto Ma-
trigel-coated 6-well plates in StemFlex medium. Before differentiation, we infected H1 hESCs with lentivirus carrying ETV2. After two
days selection with 1 ug/ml puromycin and 1 day recovery in StemFlex medium, hESCs will be switched to StemDiff APEL medium
(STEMCELL Technologies) with 6 uM CHIR99021 for 2 days. Then, cells were cultured in StemDiff APEL medium with an additional of
25 ng/ml BMP-4, 10 ng/ml bFGF and 50 ng/ml VEGF (R&D Systems) for another two days. On day 4, cells were dissociated with
Accutase (Innovative Cell Technologies) and reseeded onto p100 culture dishes in EC Growth Medium MV2 (Promocell) with an addi-
tional 50 ng/ml VEGF for 4-6 days. Finally, endothelial cells were generated and passaged every 3-5 days in EC Growth Medium MV2
with an additional 50 ng/ml VEGF. Before coculture as organoids or non-coculture as control, hPSCs-derived endothelial cells were
purified by magnetic sorting using anti-CD31 (PECAM1) beads.

hPSCs differentiation towards macrophages

H9 hESCs expressing RFP (RFP-H9) were differentiated using a previously reported protocol.” RFP-H9 cells were dissociated with
ReLeSR (STEMCELL Technologies) as small clusters onto Matrigel-coated 6-well plates at low density. The day after passaging, cells
were cultured in IF9S medium supplemented with 50 ng/ml BMP-4, 15 ng/ml Activin A and 1.5 uM CHIR99021. After 2 days, medium
was refreshed with IF9S medium supplemented with 50 ng/ml VEGF, 50 ng/ml bFGF, 50 ng/ml SCF (R&D Systems) and 10 uM
SB431542 (Cayman Chemical). On day 5 and 7, medium was changed into IF9S medium supplemented with 50 ng/ml IL-6 (R&D Sys-
tems), 10 ng/ml IL-3 (R&D Systems), 50 ng/ml VEGF, 50 ng/ml bFGF, 50 ng/ml SCF and 50 ng/ml TPO (R&D Systems). On day 9, cells
were dissociated with TrypLE (Life Technologies) and resuspended in IF9S medium supplemented with 50 ng/ml IL-6, 10 ng/ml IL-3
and 80 ng/ml M-CSF (R&D Systems). On day 13, medium was changed to IF9S medium supplemented with 50 ng/ml IL-6, 10 ng/mi
IL-3 and 80 ng/ml M-CSF. On day 15, monocytes can be collected at this stage for further experiments. Otherwise, monocytes can be
collected and plated on FBS-coated plates in IF9S medium supplemented with 80 ng/ml M-CSF to generate macrophages. IF9S me-
dium was prepared according to previous publication.?® All differentiation steps were cultured under normoxic conditions at 37 °C,
5% CO.. Before coculture as organoids or non-coculture as control, hPSCs-derived macrophages were purified by magnetic sorting
using anti-CD14 beads.

|.98

GeoMx transcriptomic and protein assays

Human control and COVID-19 pancreas samples were prepared as FFPE slides and applied to the NanoString GeoMx® Digital
Spatial Profiler platform according to the manufacturer’s instructions. In brief, slides from FFPE embedded pancreatic autopsy sam-
ples were prepared two weeks before experiments. Insulin (INS), Pan-ck (Pan Cytokeratin) and nuclear dye (TOTO™-3 lodide) were
used as morphology markers for selecting ROIs. We selected 6 ROls in human islet areas, 3 ROls in exocrine area and 3 ROls in ductal
area for each pancreas sample. The protein assays and transcriptomic assays were performed using adjacent sides. Data analysis
was performed on GeoMx DSP software.

Construction of VMI organoids

The VMI organoids were constructed with hPSC-derived pancreatic endocrine cells, endothelial cells, and macrophages. Briefly,
endocrine cells were dissociated with Accutase (Innovative Cell Technologies) at Day 16- 19, macrophages were dissociated with
Accutase after day 19 of the differentiation procedure, and endothelial cells were dissociated with Trypsin 0.25% EDTA
(THERMO FISHER) after day 10 of the differentiation procedure. The dissociated single cells were reaggregated with approximately
70-80% pancreatic endocrine cells, 10-20% endothelial cells, and approximately 2-5% macrophages in VMI organoid culture me-
dium containing 80% pancreatic endocrine cells’ stage 6 medium (MCDB 131 medium supplemented with 1.5 g/L sodium bicarbon-
ate, 1x Glutamax, 20 mM glucose at final concentration, 2% BSA, 100 nM LDN193189, 1:200 ITS-X, 1 uM T3, 10 uM ALKS5 inhibitor I,
10 uM zinc sulfate, 10 ng/ml of heparin, 100 nM gamma secretase inhibitor XX) plus 20% endothelial cells’ medium (EC Growth Me-
dium MV2 with an additional 50 ng/ml VEGF) using low-attach U plates. 48 hours later, the cells self-assembled into organoids. Sub-
sequently, the medium was changed every two days.

SARS-CoV-2 infection

Infection assays on human islets or hESCs-derived VMI organoids were conducted in culture medium at specified multiplicity of in-
fections (MOIs) and incubated at 37°C. Post-infection, at predetermined hours post-infection (hpi), the cells underwent triple PBS
washes and a 60-minute fixation in 4% formaldehyde at room temperature. Culture medium alone served as control.

CVB4 infection

Human islets or hESCs-derived VMI organoids were infected with CVB4 E2 at 2 x 10° PFU/mI (2 x 10* PFU/organoid).’* Human islets
or VMI organoids were then incubated in a humidified incubator at 37°C with 5% CO, at predetermined hours post-infection (hpi), the
cells underwent triple PBS washes and a 60-minute fixation in 4% formaldehyde at room temperature. Culture medium alone served
as control.
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Immunohistochemistry

Tissues were fixed overnight in 4% buffered formalin and transferred to 30% sucrose before being snap-frozen in O.C.T (Fisher Sci-
entific, Pittsburgh, PA). Live organoids in culture were directly fixed in 4% paraformaldehyde for 30 min, followed with 60 min of per-
meabilization and blocking in PBS supplemented with 0.2% Triton X-100 and 5% horse serum. For immunofluorescence, cells or
tissue sections were stained with primary antibodies at 4°C overnight and secondary antibodies at RT for 1h. The information for pri-
mary antibodies and secondary antibodies were provided in Table S3. Nuclei were counterstained by DAPI.

Single-cell RNA-seq data analysis of human islets upon SARS-CoV-2 or CVB4 infection

The 10X libraries were sequenced on the lllumina NovaSeq6000 sequencer with paired end reads (28 bp for read 1 and 90 bp for
read 2). Subsequently, the sequencing data were primarily analyzed using the 10X cellranger pipeline v6.1.1 in a two-step process.
In the initial step, cellranger mkfastq demultiplexed the samples and generated fastq files. In the subsequent step, cellranger count
aligned the fastq files to a customized reference genome, extracting a gene expression UMI counts matrix for each library. The
customized reference genome was constructed by integrating the 10X pre-built human reference GRCh38-2020-A, the SARS-
CoV-2 virus genome, and the CVB4 virus genome using the cellranger mkref. The two virus genomes were obtained from the
NCBI Nucleotide database with accession numbers NC_045512.2 (SARS-CoV-2) and AF311939.1 (CVB4).

We applied several filtering criteria, excluding cells with fewer than 500 or more than 6000 detected genes, cells with fewer than
1000 or more than 60000 detected transcripts, and cells with mitochondrial gene content exceeding 15%. Subsequently, we em-
ployed a deconvolution strategy®® for normalizing gene expression UMI counts, utilizing the R scran package (v.1.14.1). Specifically,
we initiated the process by pre-clustering cells with the quickCluster function. We then computed size factors per cell within each
cluster, rescaled these factors by normalization between clusters using the computeSumfFactors function, and normalized the
UMI counts per cell by the size factors, followed by a logarithmic transform using the normalize function. We further normalized
UMI counts across samples using the multiBatchNorm function in the R batchelor package (v1.2.1). We employed solo'?° v0.6 to
identify doublets, which were subsequently excluded from the downstream analysis.

We identified highly variable genes using the FindVariableFeatures function in the R Seurat package v3.1.0, selecting the top 3000
variable genes after excluding mitochondria genes, ribosomal genes, viral genes, and dissociation-related genes. The list of disso-
ciation-related genes, originally built on mouse data, was converted to human ortholog genes using Ensembl BioMart. Cells from
multiple samples were aligned based on their mutual nearest neighbors (MNNs)'®! using the fastMNN function in the R batchelor
package v1.2.1. This involved performing principal component analysis (PCA) on the highly variable genes and then correcting
the principal components (PCs) according to their MNNs. We chose the corrected top 50 PCs for downstream visualization and clus-
tering analysis.

Uniform Manifold Approximation and Projection (UMAP) dimensional reduction were executed using the RunUMAP function in the
R Seurat package, with the number of neighboring points set to 30 and the training epochs set to 4000. Cells were clustered into
thirteen clusters by constructing a shared nearest neighbor graph and grouping cells of similar transcriptome profiles using the Find-
Neighbors function and FindClusters function (resolution set to 0.2) in the R Seurat package. After reviewing the clusters, we merged
them into nine clusters representing acinar cells, o cells, B cells, 3 cells, ductal cells, mesenchymal cells, PP cells, immune cells, and
endothelial cells for further analysis. Marker genes for the merged nine clusters were identified by performing differential expression
analysis between cells inside and outside each cluster using the FindMarkers function in the R Seurat package. The expressions of
cell type markers within each cell population were depicted through violin plots, utilizing the VinPlot function in the R Seurat package.
The expression of CVB4-polyprotein were visualized either through UMAP plot, employing the Seurat DimPlot function, or via jitter
plot created with R ggplot2 package v3.2.1.

To assess cell death associated pathways within varied cell types following SARS-CoV-2 infection, we compared gene expres-
sions in «. cells, B cells, d cells, mesenchymal cells and endothelial cells between mock and SARS-CoV-2 infected conditions using
the Wilcoxon rank-sum test via the FindMarkers function in the R Seurat package. Subsequently, we ordered the genes based on log,
fold change and performed gene set enrichment analysis on cell death associated pathways using the GSEA function in the R clus-
terProfiler'° package v4.6.2. The expressions of pyroptosis pathway associated genes in f cells under mock and SARS-CoV-2 in-
fected conditions were visualized using the DotPlot function in the R Seurat package. The expressions of HLA genes and autoantigen
associated genes in B cells under mock, SARS-CoV-2 infection or CVB4 infection conditions were represented using violin plots
generated with the VInPlot function in the R Seurat package.

To investigate the immune cell population, we extracted immune cells and performed a sub-clustering analysis. Highly variable
genes were identified using the FindVariableFeatures function in the R Seurat package, and the top 3000 variable genes were
selected, excluding mitochondria genes, ribosomal genes, viral genes and dissociation-related genes. Cells from multiple samples
were aligned using the fastMNN function in the R batchelor package, as described above. The top 50 corrected PCs were selected for
UMAP dimensional reduction using the RunUMAP function in the R Seurat package, with the number of neighboring points set to 30
and training epochs setting to 200. The immune cell population was clustered into seven clusters using the FindNeighbors function
and FindClusters function (resolution set to 0.8) in the R Seurat package. After reviewing these clusters, we merged them into five
clusters representing macrophages, dendritic cells, immune progenitor cells, T cells and B cells.

UMAP and violin plots were generated to illustrate the cell clusters and highlight expressions of selected genes using the R ggplot2
package v3.2.1. Dot plots were generated to show gene expression changes in the mock and infected conditions using the DotPlot
function in the R Seurat package.
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Single-cell RNA-seq data analysis of VMI organoids

The 10X scRNA-seq libraries underwent sequencing on the lllumina NovaSeq6000 sequencer with pair-end reads (28 bp for read
1 and 90 bp for read 2). Subsequently, the sequencing data were primarily analyzed using the 10X cellranger pipeline v7.1.0 in a
two-step process. In the initial step, cellranger mkfastq demultiplexed the samples and generated fastq files. In the subsequent
step, cellranger count aligned the fastq files to the 10X pre-built human reference GRCh38-2020-A reference, extracting a gene
expression UMI counts matrix for each library.

Several filtering criteria were applied, excluding cells with fewer than 300 or more than 9000 detected genes, cells with fewer than
600 or more than 75000 detected transcripts, and cells with mitochondrial gene content exceeding 10%. Doublet cells in each sam-
ple were identified, assuming a doublet rate 0.8% per 1000 recovered cells, as reported by 10X Genomics, using the R
DoubletFinder'?® package v2.0.3. The doublet cells were subsequently excluded from downstream analysis.

We employed a deconvolution strategy®® for normalizing gene expression UMI counts, utilizing the R scran (v.1.22.1), scuttle
(v1.4.0) and batchelor (v1.10.0) packages. The process involved pre-clustering cells with the quickCluster function in the R scran
package, computing size factors per cell within each cluster, rescaling these factors by normalization between clusters using the
computeSumFactors function in the R scran package, normalizing the UMI counts per cell by the size factors, followed by a logarith-
mic transform using the logNormCounts function in the R scuttle package. Further normalization of UMI counts across samples was
performed using the multiBatchNorm function in the R batchelor package. Cells from multiple samples were aligned based on their
MNNSs using the quickCorrect function in the R batchelor package. This involved identifying highly variable genes, performing PCA on
the highly variable genes and then correcting the PCs according to their MNNs. The corrected top 50 PCs were chosen for down-
stream clustering analysis. The corrected gene expression values on variable genes were reconstructed based on the corrected
PCs and were used for coembeding scRNA-seq and snATAC-seq data.

UMAP dimensional reduction were executed using the RunUMAP function in the R Seurat package'®* av4.1.0, with the number of
neighboring points set to 30 and the training epochs set to 500. Cells were clustered into fourteen clusters by constructing a shared
nearest neighbor graph and grouping cells of similar transcriptome profiles using the FindNeighbors function and FindClusters func-
tion (resolution set to 0.5) in the R Seurat package. After reviewing the clusters, we merged them into nine clusters representing acinar
cells, a cells, B cells, d cells, ductal cells, endocrine progenitor cells, endothelial cells, macrophages and proliferation cells for further
analysis.

DE analysis was performed on B cells between VMI organoids and non-coculture cells, and between VMI organoids with and
without proinflammatory macrophages using the Wilcoxon rank-sum test via the FindMarkers function in the R Seurat package. Vol-
cano plots were generated to illustrate DE genes using the R ggplot2 package v3.4.2. Dot plots were generated to show gene expres-
sion changes in different clusters or conditions using the DotPlot function in the R Seurat package. Pie charts were utilized to visualize
cell type compositions within VMI organoids using the R ggplot package v3.4.2.

To determine the mechanisms by which proinflammatory macrophages induce  cell pyropotosis, we conducted cell-cell interac-
tion analysis between macrophage and B cell populations using the R CellChat'’® package v1.5.0. Bubble plots were generated to
illustrate the communication probabilities mediated by ligand-receptor pairs in between macrophage and § cell populations using the
netVisual_bubble function.

Single-nuclear ATAC-seq data analysis of VMI organoids
The 10X snATAC-seq libraries underwent sequencing on the lllumina NovaSeg6000 sequencer with pair-end reads (51bp for read 1
and 51bp for read 2). Subsequently, the sequencing data were primarily analyzed using the 10X cellranger-atac pipeline v2.1.0in a
two-step process. In the initial step, cellranger-atac mkfastqg demultiplexed the samples and generated fastq files. In the subsequent
step, cellranger-atac count aligned the fastq files to the 10X pre-built GRCh38 2020-A-2.0.0 reference, performed peak calling, and
extracted a barcoded and aligned fragment file for each library.

We ultilized the R Signac'’® package v1.10.0 to analyze snATAC-seq data. Specifically, we created a common set of peaks across
all samples using the reduce function and generated a peaks x cell matrix for each sample by quantifying the common peaks using
the FeatureMatrix function. We applied several filtering criteria, excluding cells with fewer than 3000 or more than 30000 peaks de-
tected, cells with fewer than 20% of reads in peaks, cells with more than 5% of reads in blacklist regions, cells with the ratio of mono-
nucleosomal to nucleosome-free fragments greater than 4, and cells with TSS enrichment score smaller than 3. Term frequency-in-
verse document frequency (TF-IDF) normalization was performed using the RunTFIDF function. We selected the top-ranked peaks
using the FindTopFeatures function and ran singular value decomposition (SVD) to obtain latent semantic indexing (LSI) components
using the RunSVD function. The top 50 LS| components, excluding the first LSI component, were used for downstream clustering
analysis.

We classified cells into the nine cell types based on clustering results from scRNA-seq data. This was achieved by quantifying gene
expression activity from the snATAC-seq data using the GeneActivity function, identifying anchors between scRNA-seq and
snATAC-seq data using the FindTransferAnchors function, and transferring the cell clustering labels from scRNA-seq to snATAC-
seq data using the TransferData function.

We co-embeded the scRNA-seq and snATAC-seq cells in the same UMAP plot. This was done by imputing gene expressions for
the snATAC-seq cells based on the corrected gene expression values from the scRNA-seq cells using the TransferData function,
merging cells from scRNA-seq and snATAC-seq, scaling the expression values and performing PCA using the ScaleData and
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RunPCA functions, and selecting the top 30 PCs for UMAP dimensional reduction using the RunUMAP function with the number of
neighboring points setting to 30 and training epochs setting to 500.

UMAP plots were generated to illustrate the cell clusters using the R ggplot2 package v3.4.2. Aggregated chromatin accessibility
signals were visualized for multiple groups of cells within a given genomic region using the CoveragePlot function. Chromatin acces-
sibility signal for individual cells were visualized using the TilePlot function. Pie charts were utilized to visualize cell type compositions
within VMI organoids using the R ggplot package v3.4.2.

Bulk RNA-seq data analysis

The libraries underwent sequencing with single-end 50 bps on the lllumina NovaSeq6000 sequencer. Raw sequencing reads in BCL
format were processed through bcl2fastq 2.20 (lllumina) for FASTQ conversion and demultiplexing. After trimming the adaptors with
cutadapt v1.18, the sequencing reads were mapped to the human GRCh37 reference by STAR'?” av2.5.2b. Read counts per gene
were extracted using HTSeg-count v0.11.2,"'%® and normalized through a regularized log transformation with the DESeq2 package
v1.26.0."%°

RNA-Seq

Total RNA was extracted in TRIzol (Invitrogen) and DNase | treated using Directzol RNA Miniprep kit (Zymo Research) according to
the manufacturer’s instructions. RNAseq libraries of polyadenylated RNA were prepared using the TruSeq RNA Library Prep Kit v2
(lumina) or TruSeq Stranded mRNA Library Prep Kit (lllumina) according to the manufacturer’s instructions. cDNA libraries were
sequenced using an lllumina NextSeq 500 platform. The resulting single end reads were checked for quality (FastQC v0.11.5) and
processed using the Digital Expression Explorer 2 (DEE2)''° workflow. Adapter trimming was performed with Skewer (v0.2.2)."""
Further quality control done with Minion, part of the Kraken package.''> The resultant filtered reads were mapped to human reference
genome GRCh38 using STAR aligner'®” and gene-wise expression counts generated using the “-quantMode GeneCounts” param-
eter. BigWig files were generated using the bamCoverage function in deepTools2 (v.3.3.0)." ' After further filtering and quality control,
R package edgeR"''* was used to calculate RPKM and Log, counts per million (CPM) matrices as well as perform differential expres-
sion analysis. Heatmap was generated using online tool: http://www.heatmapper.ca/.

QUANTIFICATION AND STATISTICAL ANALYSIS
n=3 independent biological replicates were used for all experiments unless otherwise indicated. P-values were calculated by un-

paired two-tailed Student’s t-test or one way ANOVA with a common control unless otherwise indicated. n.s. indicates a non-signif-
icant difference. *p<0.05, **p<0.01 and ***p<0.001.
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