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inflammation and could potentially be
used to test B cell protection strategies,
including PDL1 overexpression.
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SUMMARY

Autoimmune destruction of pancreatic 8 cells underlies type 1 diabetes (T1D). To understand T cell-mediated
immune effects on human pancreatic  cells, we combine B cell-specific expression of a model antigen, CD19,
and anti-CD19 chimeric antigen receptor T (CAR-T) cells. Coculturing CD19-expressing B-like cells and CD19
CAR-T cells results in T cell-mediated p-like cell death with release of activated T cell cytokines. Transcriptome
analysis of B-like cells and human islets treated with conditioned medium of the immune reaction identifies up-
regulation of immune reaction genes and the pyroptosis mediator GSDMD as well as its activator CASP4. Cas-
pase-4-mediated cleaved GSDMD is detected in B-like cells under inflammation and endoplasmic reticulum
(ER) stress conditions. Among immune-regulatory genes, PDL 1 is one of the most upregulated, and PDL 1 over-
expression partially protects human B-like cells transplanted into mice. This experimental platform identifies

potential mechanisms of B cell destruction and may allow testing of therapeutic strategies.

INTRODUCTION

Type 1 diabetes (T1D) is caused by destruction of pancreatic B
cells by self-reactive immune cells.” The majority of risk loci
for T1D map to genes and enhancer elements active in T cells,
suggesting that T cells play important roles in the disease.” In
addition to genetic predisposition, environmental factors could
contribute to T1D progression by engaging immune cells.’
Although B-like cells differentiated from T1D patient-derived
induced pluripotent stem cells (iPSCs) did not show an apparent
phenotype compared with control B-like cells,®’ they could
contribute to immune responses by mechanisms such as ex-
pressing antigenic fusion peptides.® Therefore, a better under-
standing of how pancreatic B cells are affected by autoimmune
T cells is important for understanding the disease.

T1D can progress over a long period without detectable symp-
toms, resulting in extensive B cells loss at the time of diagnosis,
making it difficult to study and modulate the interactions be-
tween human B cells and T cells during early T1D."~® Multiple B
cell proteins, including insulin, glutamic acid decarboxylase,
and SLC30A8, have been identified as B cell autoantigens.® '?
The variety of B cell autoantigens and the complex interactions
between different immune components make human T1D pro-
gression challenging to investigate. Therefore, robust and trac-
table systems are needed to study (3 cell responses caused by
autoimmunity.

Gheck for
Updates

Human pluripotent stem cells (PSCs), with their virtually unlim-
ited replicative capability and remarkable developmental poten-
tial, can differentiate into diverse cell types, facilitating basic and
translational research.’®'* Additionally, PSCs provide opportu-
nities to model human diseases either in vitro or in humanized
mice.'® Human PSCs have been differentiated into B-like cells
with gene expression and functional similarities to primary B
cells.®'®2 Human PSC based models could contribute to un-
derstanding the general mechanisms related to human T1D
and for developing potential therapeutic approaches.

As an initial step to investigate mechanisms regulating the hu-
man B cell response during T cell-mediated B cell destruction, we
developed a tractable experimental system by combining B cell-
specific expression of CD19 as a model antigen and anti-CD19
chimeric antigen receptor (CAR) T cells.?® Upon activation by
the extracellular antigen-binding domain, intracellular compo-
nents of the intracellular domains of CARs provide activating
and costimulatory signals through fusion of CD28 and CD3 ¢
chain signaling domains, which are activated separately in
T cells.?* The similar signaling components of CAR-T cells and
T cells prompted us to use CAR-T cells and a model antigen
as a proxy to infer T cell-mediated effects on B cells under highly
defined conditions. Bypassing the mechanisms leading to 8 cell-
reactive T cell activation enabled us to develop a disease-simu-
lating model. We focused on studying interactions between
human T cells and B-like cells in vitro and in humanized mice.
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This tractable system recapitulated the prediabetic transcrip-
tional program in T cell-mediated f cell response, such as rapid
upregulation of inflammation genes, antigen presentation com-
ponents, and immune-regulatory genes, including PDL1
(CD274), CD47, and the CD277-encoding BTN3A1, BTN3A2,
and BTN3A3. Overexpression of one of the most upregulated im-
mune checkpoint genes, PDL 1, partially protected B-like cells in
mice that received transplants. Furthermore, we found that the
pyroptosis components GSDMD?>*® and its enzymatic activator
CASP4 were upregulated in B-like cells and primary islets when
treated with activated T cell-conditioned medium, implicating
pyroptosis as a possible process in disease progression and a
possible target for treatment.

RESULTS

Differentiation of INS:tdT and INS:CD19 Reporter PSCs
into Functional B-like Cells

To trace insulin-producing B cells in vitro and in vivo, we
generated a multicistronic vector with a constitutive CAGGS
(CMV enhancer, chicken B-actin promoter, rabbit B-globin
intron) promoter-driven CRIPSR/Cpf1?’ and U6 promoter-
driven single guide RNA (sgRNA) targeting the human insulin
(INS) locus (sgINS). H1 human PSCs®® were electroporated
with the Cpf1/sgINS construct and one of two targeting con-
structs (Figure S1A). The first targeting construct introduced
a T2A-luciferase-T2A-tdTomato (tdT) cassette into the 3’ end
of the INS coding sequence (INS:tdT) to generate a control
cell line (Figure S1A, control [CTL]) that would express
tdTomato controlled by the endogenous INS regulatory
element (Figure 1A), and the second construct utilized a
T2A-luciferase-T2A-CD19-T2A-GFP cassette (INS:CD19) (Fig-
ure S1A, experiment [EXP]) to generate cells with cell surface
expression of CD19 (Figure 1A). We identified edited clones by
genotyping PCR (Figure S1A, bottom right panel) and South-
ern blotting (Figures S1B and S1C). The CTL and experimental
cells are referred to as INS:tdT and INS:CD19, respectively.
Both cell lines formed teratomas consisting of all three germ
layers (Figure S1D), indicating that gene editing did not inter-
fere with pluripotency of the PSCs.
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Based on previous differentiation protocols,® '8 92122 e

developed an in vitro B-like cell differentiation system composed
of 2D culture (stages 1-4) followed by 3D suspension culture
(stages 5-7) (Figure S2A). Flow cytometry analyses demon-
strated expression of stage-specific marker proteins (Figures
S2B-S2E). As expected, quantitative RT-PCR (Figure S2F) and
RNA sequencing (RNA-seq) (Figures S2G and S2H) showed
gene expression similar to that of B cells. Moreover, vesicles
with characteristics of insulin-containing secretory granules
were detected in B-like cells (Figure S2I).

INS:tdT PSCs showed a tdTomato fluorescence signal at day
2 of stage 5, a stage of pancreatic endocrine precursor differen-
tiation characterized by upregulation of NGN3."%?° At the end of
differentiation, B-like cells differentiated from the INS reporter
cells showed C-peptide expression similar to parental cells (Fig-
ure 1B). In addition, flow cytometry revealed that the tdTomato
fluorescence signal increased as INS:tdT PSCs differentiated
(Figure 1C, top panel). Similarly, INS:CD19 cells gained cell sur-
face expression of CD19 as cells differentiated into B-like cells
(Figure 1C, bottom panel). The proportion of INS reporter-ex-
pressing cells were similar in differentiation to INS:tdT or
INS:CD19 PSCs (Figure 1D). Furthermore, we detected a signif-
icant increase in luciferase signals in differentiated cells from
INS:tdT and INS:CD19 PSCs (Figure 1E). Glucose-stimulated in-
sulin secretion in in-vitro-differentiated B-like cells showed no
significant difference between tdTomato- and CD19-expressing
B-like cells (Figure 1F).

To examine the correlation between INS marker expression
and expression of INS, we performed immunofluorescence
staining and confocal microscopy. We detected expression of
C-peptide only when the INS:tdT PSCs were differentiated into
tdTomato-positive B-like cells (Figure 1G). Similarly, CD19 and
C-peptide were expressed in B-like cells differentiated from
INS:CD19 cells (Figure 1H). Importantly, CD19 expression did
not significantly affect expression of the B cell marker genes
INS, PDX1, NKX6-1, and NEUROD1 (Figure 1l). Finally, immuno-
fluorescence staining of in-vitro-differentiated cells and cells
transplanted into immunocompromised mice did not show
obvious differences between B-like cells differentiated from
INS:tdT or INS:CD19 PSCs (Figure S3A), and C-peptide-positive

Figure 1. Differentiation of Human PSC INS Reporter Cells

(A) A diagram showing control (left panel) and experimental (right panel) INS reporter cells.
(B) Immunohistochemistry (IHC) staining with an anti-human-C-peptide antibody in B-like cells differentiated from INS:tdT, INS:CD19, and parental PSCs (right

three panels) and undifferentiated PSCs (left panel). Scale bar, 50 pm.

(C) Representative flow cytometry results of PSCs (left panels) and B-like cells (right panels) differentiated from INS:tdT (top panel) and INS:CD19 (bottom panel),
showing the GFP signal on the vertical axis and the tdTomato fluorescence signal (top panel) or anti-CD19 signal on the horizontal axis (bottom panel).

(D) Quantifications of the proportion of INS reporter-expressing cells at the end of differentiation (n = 3).

(E) Quantification of the luciferase signal in undifferentiated ESCs and B-like cells differentiated from the INS reporter cells (n = 4).

(F) In vitro glucose-stimulated insulin secretion (GSIS) assays of PSC-differentiated p-like cells. The stimulation index shows the ratio of the amounts of secreted
human insulin released when B-like cells were treated with 20 mM glucose compared with 2.5 mM glucose (n = 4).

(G) Confocal micrographs with an anti-tdTomato antibody (red) and an anti-C-peptide antibody (green) of p-like cells differentiated from INS:tdT PSCs. Scale bar,

10 pm.

(H) Confocal micrographs with an anti-CD19 antibody (red) and an anti-C-peptide antibody (green) of INS:tdT B-like cells (top panel), INS:CD19 PSCs (center

panel), and differentiated B-like cells (bottom panel). Scale bar, 10 um.

(I) Quantitative RT-PCR analysis of the B-cell marker genes on RNA samples extracted from sorted INS marker-expressing cells differentiated from INS:tdT and

INS:CD19 PSCs (n = 4).
*p < 0.05, **p < 0.01, ***p < 0.0001, non-paired t tests.
See also Figures S1-S3.
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Figure 2. Gene Expression of B-like Cells Differentiated from INS:tdT and INS:CD19 PSCs

(A) Principal-component analysis (PCA) of undifferentiated human pluripotent stem cells (PSCs), CD19-expressing B-like cells (INS:CD19 B-like cells 1 and 2),
tdTomato-expressing B-like cells (INS:tdTomato B-like cells 1 and 2), and human primary islets. Primary islet 1 RNA was extracted from primary islets, and primary
islet 2 RNA was extracted from pseudoislets reaggregated from sorted endocrine cells. The boxed area was magnified for better sample separation.

(B) Keygene plots of RNA-seq samples, showing islet identity of tdTomato- and CD19-expressing B-like cells and primary islets but not for PSCs.

(C) Scatterplot of log10 (read counts) values for transcripts present in tdTomato-expressing B-like cells (x axis) and CD19-expressing B-like cells (y axis). The most
differentially expressed genes, CD19 and tdTomato, are labeled in green and magenta, respectively.

(D) Heatmap and hierarchical clustering of the approximately 1,500 most differentially expressed genes between ESCs, primary islets, and B-like INS reporter

cells.

(E) Volcano plot showing genes differentially expressed in B-like cells (right) and in primary islets (left). Genes with a log2 fold change of more than 2 and p < 10~

are shown in red.

(F) Selected KEGG pathways enriched in genes upregulated in B-like cells compared with primary islets (green) and in genes downregulated in B-like cells

compared with primary islets (red).
See also Figures S2 and S3 and Tables S1 and S2.

B-like cells did not express the proliferation marker Ki-67
(Figure S3B).

To further characterize the B-like INS reporter cells, we ex-
tracted RNA from human primary islets and pseudoislets formed
by reaggregating sorted HPi2-positive endocrine cells®° for
RNA-seq. Principal-component analysis showed that INS:tdT
and INS:CD19 B-like cells overlapped with the pseudoislets
formed from primary pancreatic endocrine cells and away from
PSCs (Figure 2A). Sorted INS reporter cell samples showed the
highest similarities to islets rather than other tissue types, based
on the Keygenes analysis (Figure 2B), a test for cell type identity

4 Cell Reports Medicine 7, 100097, September 22, 2020

and specificity.® The most differentially expressed genes in
INS:CD19 and INS:tdT B-like cells were CD19 and tdTomato
(Figure 2C), indicating that expression of CD19 did not interfere
with expression of B cell-specific genes. This was confirmed
by hierarchical clustering of the approximately 1,500 most differ-
entially expressed genes between embryonic stem cells (ESCs),
primary islets, and B-like INS reporter cells, showing gene
expression similarity between primary islets and B-like INS re-
porter cells (Figure 2D).

Gene expression analysis demonstrated that approximately
1,500 genes were differentially expressed (log2 fold change >
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2 and p <10~ Figure S2G; Table S1) between undifferentiated
PSCs and differentiated B-like cells. KEGG (Kyoto Encyclopedia
of Genes and Genomes) analysis showed that the most upregu-
lated genes in the B-like cells were maturity onset of diabetes of
the young (MODY) genes, INS secretion, Ca®* signaling
pathway, circadian entrainment, protein processing in the endo-
plasmic reticulum, and type 2 diabetes (Figure S2H). In contrast,
the downregulated genes were in DNA replication, cell cycle, and
Hippo signaling and PSC pathways (Figure S2H). These results
are consistent with differentiation from PSCs to pancreatic
B-like cells. Compared with primary islets, approximately 290
genes were differentially expressed in B-like cells (log2 fold
change > 2 and p < 10~ '%; Figure 2E; Table S2), which were en-
riched in diabetes pathogenesis signature genes. Many B cell
marker genes were expressed at similar levels (Figure 2E). Other
genes, such as the age-dependent B cell maturation factor
SIX3,°? were expressed at lower levels in B-like cells compared
with primary islets (Figure 2E). KEGG pathways of differentially
expressed genes include ion channels activities, T1D, and lyso-
somes (Figure 2F). These results suggest that, even though there
were gene expression differences between PSC-differentiated
B-like cells and primary islets, the B-like cells generated here
showed transcriptional similarities to primary islets.

To characterize B-like cells in vivo, we transplanted the cells
under the kidney capsule of immunocompromised diabetic
non-obese diabetic (NOD).Cg-Rag1™Mom |ns2Akita jiorgtm Wiy
SzJ (NRG-Akita) mice,*® and their ability to rescue the elevated
glucose levels was assessed (Figure 3A). After a 2-week surgery
recovery period, NRG-Akita mice with kidney capsular trans-
plantation of 5 million B-like INS reporter cells showed reduced
blood glucose levels under ad libitum feeding conditions
compared with CTL NRG-Akita mice (Figure 3B). ELISA mea-
surement of human insulin in the mouse blood circulation
showed increased human insulin secretion after glucose injec-
tion compared with mice before glucose injection (Figure 3C).
Although the blood glucose levels were still higher than in nondi-
abetic NRG CTL mice 2 weeks after transplantation, the ad libi-
tum feeding glucose levels reduced further over time and
became similar to NRG CTL mice 6 weeks after transplantation
(Figure 3B). Likewise, although between 2-4 weeks after trans-
plantation when the ad libitum feeding glucose levels in NRG-
Akita mice that received the transplant were still statistically
significantly higher than in NRG CTL mice, intraperitoneal
glucose tolerance tests (IPGTT) showed that transplanted mice
were able to efficiently clear introduced glucose (Figures 3D
and 3E). We also noted that the fasting glucose levels of some
NRG-Akita mice 2-4 weeks after transplantation appeared to
be very similar to the fasting glucose levels of NRG CTL mice
(Figure 3D). These results are consistent with the in vitro
glucose-stimulated insulin secretion (GSIS) results (Figure 1F)
and gene expression analysis (Figure 2). Thus, the in vitro and
in vivo data suggest that the B-like INS reporter cells are
functional.

In Vitro Interaction between CD19-Expressing Human
B-like Cells and CD19 CAR-T Cells

To establish a model system for studying the interaction between
B-like cells and cytotoxic T cells, we generated CD-19 CAR-T

¢ CellP’ress

cells and CTL cells carrying a truncated CAR with a disrupted
CD19-binding ectodomain from primary human T cells (Fig-
ure S4A and S4B). Although CD19 CAR-T cells showed CD19-
mediated cytotoxicity, CTL CAR-T cells did not show significant
lysis of CD19-expressing cells (Figures S4C and S4D), demon-
strating CD19-specific cytotoxic effects conferred by CD19
CAR-T cells.

To test whether the cytotoxic effect of CD19 CAR-T could be
directed against B-like INS cells, we cocultured CD19-express-
ing B-like cells with CD19 CAR-T or CTL CAR-T cells, followed
by luciferase imaging, a lactate dehydrogenase (LDH) release-
based cytotoxicity assay, cytokine screening, and immunofluo-
rescence and flow cytometry analyses (Figure 4A). Coculture
of CD19 CAR-T cells, but not CD19-binding domain-truncated
CTL CAR-T cells, in vitro reduced the luciferase signal from
CD19-expressing B-like cells (Figure 4B). Furthermore, coculture
of CD19 CAR-T cells and CD19-expressing B-like cells resulted
in significantly reduced luciferase activity compared with cocul-
ture of CD19 CAR-T cells and tdTomato-expressing B-like cells
(Figure 4C). To verify cytotoxicity in in vitro coculture experi-
ments with a different assay, we quantified the enzymatic activity
of released LDH, a large protein complex present in most cells
whose leakage indicates cell membrane disruption and cell
lysis.®* Although coculture of CTL-CAR-T cells with CD19-ex-
pressing B-like cells yielded LDH levels similar to coculture
with tdTomato-expressing B-like cells, coculture of CD19-
CAR-T cells with CD19-expressing f-like cells released
significantly higher levels of LDH than coculture with tdTo-
mato-expressing B-like cells (Figure 4D). Similar to luciferase
signal reduction, LDH release increased with a higher effector:-
target (E:T) ratio. Coculture experiments of CD19-expressing
B-like cells with CD4 CAR-T cells and CD8 CAR-T cells showed
that CD8 CAR-T cell-mediated cytotoxicity was more pro-
nounced than that of CD4 T cells (Figures S4E-S4G). These re-
sults demonstrate that in vitro coculture between CD19-CAR-T
cells and CD19-expressing B-like cells provides an antigen-spe-
cific immune response.

T cell-mediated B cell death is considered to be mostly medi-
ated by apoptosis.®® To test B-like cell apoptosis in the in vitro
coculture system, we collected cells after coculture and
performed immunofluorescence analysis with an antibody
recognizing cleaved and activated caspase-3.°¢ Under CTL con-
ditions, we observed background levels of cleaved caspase-3,
and similar levels of apoptosis were observed with B-like cells
incubated with CTL CAR-T cells (Figure 4E). However, apoptosis
was increased more when CD19-expressing B-like cells and
CD19-CAR-T cells were cocultured than when tdTomato-ex-
pressing B-like cells and CD19-CAR-T cells were cocultured
(Figure 4E). These results suggest apoptosis as a mechanism
through which B-like cells died in the coculture system.

To identify secreted cytokines, we collected conditioned me-
dium from coculture of CD19-CAR-T cells and CD19-expressing
B-like cells and of CD19-CAR-T cells and tdTomato-expressing
B-like cells. The cytokine assay with conditioned medium
showed release of T cell cytokines, including interferon y
(INFy), tumor necrosis factor alpha (TNF-a), and interleukin-2
(IL-2) (Figure 4F). In addition, CD19-expressing B-like cells,
when cocultured with CD19-CAR-T cells, secreted more CCL1,
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Figure 3. Restoration of Glucose Homeostasis in Diabetic NRG-Akita Mice upon Transplantation of INS Reporter B-like Cells

(A) A schematic representation of the experimental design.

(B) Biweekly glucose measurements of ad libitum-fed NRG mice (green, n = 3), NRG-Akita mice transplanted with 5 million hPSC-differentiated B-like cells
(orange, n = 8 from weeks 0-4, n = 7 from weeks 5-12), or CTL NRG-Akita mice (red, n = 3) before transplantation (week 0) to 12 weeks after transplantation. Data
are plotted as mean + SD.

(C) Measurement of human insulin in mice transplanted with B-like cells 2-4 weeks after transplantation in in vivo GSIS experiments (n = 8).

(D) Intraperitoneal glucose tolerance test (IPGTT) results of NRG mice (green, n = 3), NRG-Akita mice transplanted with hPSC-differentiated B-like cells (orange,
n = 6), or CTL NRG-Akita mice (red, n = 3) between 2-4 weeks after transplantation.

(E) The area-under-the-curve analysis of (D).

In (C): *p < 0.05, paired t test. Other: *p < 0.05, **p < 0.01, **p < 0.001, non-paired t tests.
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Figure 4. In Vitro Interaction between CD19-CAR-T Cells and CD19-
Expressing B-like Cells

(A) Experimental design to study interaction between CD19-CAR-T cells and
CD19-expressing B-like cells in vitro.

(B) CD19-expressing B-like cells were cocultured with CAR-positive T cells at
different effector:target (E:T) ratios or with CTL CAR-T cells (CTL-T). Re-
maining luciferase activities were normalized to signals from samples without
T cell treatment (n = 3).

(C) Quantification of coculture experiments with CD19-CAR-T cells and B-like
cells (n = 5).

(D) LDH release assay after coculture of B-like cells differentiated from INS:tdT
PSCs (black bars) or from INS:CD19 cells (gray bars) with CTL-CAR-T cells or
CD19 CAR-T cells (n = 3).

(E) Representative confocal microscopy analyzing active caspase-3 (green) in
B-like cells after coculture with T cells. Scale bar, 20 pm.

(F) Cytokine array-based (layout on the top panel) screening of secreted cy-
tokines during coculture of CD19-CAR-T cells and B-like cells differentiated
from INS:tdT PSCs (center) or from INS:CD19 PSCs (bottom).

(G) Top panel: experiment design. Bottom panel: quantification of INS re-
porter-expressing cells after coculture experiments. *p < 0.05, non-paired
t tests (n = 4).

*p < 0.05, **p < 0.01, **p < 0.001, non-paired t tests.

See also Figure S4.

CCL5, CXCL10, IL-8, IL-5, GM-CSF, IL-13, and MIP1a/B than
when tdTomator-expressing B-like cells were cocultured with
CD19-CAR-T cells (Figure 4F).

Finally, we tested the effects of coculturing T cells with B-like
cells on INS reporter expression by flow cytometry. We incu-
bated B-like cells in base medium as CTL and with CTL CAR-T
or anti-CD19 CAR-T cells, followed by cell sorting for CD19 or
tdTomato expression (Figure 4G, top panel). Coculturing
CD19-expressing B-like cells with CD19-CAR-T cells reduced
the ratio of CD19-expressing cells significantly more than tdTo-
mato-expressing B-like cells cocultured with anti-CD19 CAR-T
cells or CD19-expressing B-like cells cocultured with CTL
CAR-T cells (Figure 4G, bottom panel). Thus, different methods
characterizing the effect of T cells on B-like cells under coculture
conditions demonstrated a robust in vitro culture system to
examine human T cell and human B-like cell interactions in an an-
tigen-specific manner.

Inflammatory Response of p-like Cells to T Cell
Cytokines

In T1D, direct contact between B cells and responsive CD8
T cells has been shown to result in  cell destruction by perforin
and granzyme-containing cytotoxic granules.2 In addition, B cells
may be affected by exposure to cytokines released from T cells
during the prediabetic insulitis phase.>®° To understand the
transcriptional response in PSC differentiated B-like cells upon
exposure to T cell cytokines, we added conditioned medium
from T cells cocultured with target cells or CTL medium to pseu-
doislets formed by aggregating sorted INS:tdTomato-positive
B-like cells (Figure 5A). We also treated primary human islets or
pseudoislets formed from sorted pancreatic endocrine cells
with activated T cell-conditioned medium or CTL medium and
performed RNA-seq experiments after 1 day of treatment (Fig-
ure 5A). Differential gene expression analysis showed predomi-
nant upregulation of approximately 370 genes (log2 fold change
>1and p < 1074 Table S3), whereas about 20 genes (log2 fold
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change < —1 and p < 107%; Table S3) showed downregulation
(Figure 5B). Pathway analysis with GSEA showed a cohort of
cell marker genes®’ that were coordinately downregulated (Fig-
ure 5H). Motif analysis of the promoter regions of approximately
260 downregulated genes (log2 fold change < —1) showed
enrichment of motifs for NEUROD1 and HNF1B (Figure 5I).

Consistent with the similar pattern in the PCA analysis upon
T cell cytokine treatment (Figure 5A), genes differentially
expressed in PSC-differentiated B-like cell islets and primary is-
lets upon T cell cytokine treatment showed a high degree of cor-
relation (Figure 5C), indicating that B-like cells responded to
T cell cytokines similarly as primary islets. Analysis of differen-
tially expressed genes suggested upregulation of inflammation
response genes upon treatment with conditioned medium from
activated T cells, with multiple factors in the antigen presentation
process among the most upregulated. These included major his-
tocompatibility complex (MHC) class | molecules such as HLA-
B, HLA-C, HLA-E, and B2-microglobulin (Figure 5C), which
were overexpressed in T1D islets compared with CTLs.*® In
addition, multiple inflammation response genes (including the
cytokine genes CXCL10 and CXCL11, the multiple guanylate
binding proteins GBP1 and GBP4, and the IFN-regulatory tran-
scription factors IRF1 and IRF2) were upregulated (Figure 5C).
KEGG analysis placed the significantly upregulated genes in
T1D pathogenesis, antigen processing and presentation, the
JAK-STAT pathway, the immune checkpoint pathway, and the
TNF signaling and nuclear factor kB (NF-«kB) pathways (Figures
5D and 5E). Upregulated pathways in the gene set enrichment
analysis (GSEA) included INFy response and TNF-o signaling
(Figure 5F). These results are consistent with the in vitro interac-
tion and cytokine release results (Figures 4F and 4G). As ex-
pected, motif analysis of the promoter regions of upregulated
genes showed enrichment of motifs of NF-kb, IRF, and STAT
transcription factors (Figure 5G). Significantly upregulated genes
also included PDL1, GSDMD, and CASP4 (Figure 5C) and will be
discussed below.

In Vivo Modeling of Human T Cell-Mediated $ Cell
Destruction

We generated an experimental platform to examine the interac-
tions between human B-like cells and T cells in immunocompro-
mised NSG mice. CD19- and tdTomato-expressing B-like cells
were transplanted into mice with similar luciferase signals (Fig-
ure 6A). To test the interaction between CD19-CAR-T cells and

¢ CellP’ress
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CD19-expressing B-like cells, we infused human CAR-T cells
into the tail vein, which resulted in a reduction of the lumines-
cence signal in mice injected with CD19-expressing B-like en-
grafted cells but not in mice injected with tdTomato-expressing
B-like CTL cells (Figure 6A). In contrast, infusion of CTL-CAR-T
cells into mice transplanted with CD19-expressing B-like cells
did not result in a luminescence reduction (Figure 6A). These
data suggest that this experimental platform allows studying an-
tigen-specific interactions of human B-like cells with human
CAR-T cells in mice.

To assess whether the interactions between transplanted
B-like cells and infused CAR-T cells would mimic aspects of
T1D pathology, we performed immunofluorescence staining on
mice transplanted with B-like cells. The morphology of INS-
producing B-like cells clusters was compromised in mice
transplanted with CD19-expressing B-like cells followed by
CD19-CAR-T cells infusion but not in mice transplanted with
tdTomato-expressing B-like cells and infused with CD19-
CAR-T cells (Figure 6B). To examine infiltration of donor human
T cells, we performed immunostaining with an anti-human-CD8
antibody. CD8 T cells were enriched in regions with remaining
human C-peptide-expressing B-like cells in mice transplanted
with CD19-expressing B-like cells and CD19-CAR-T cells (Fig-
ure 6C, right panel). In contrast, no enrichment of human CD8
T cells was observed in B-like cell clusters in mice transplanted
with tdTomato-expressing B-like cells and CD19-CAR-T cells
(Figure 6C, left panel). Thus, this experimental platform provides
an animal model to characterize interactions of human T cells
and B-like cells.

PDL1 Partially Protects B-like Cells from Cytotoxic

T Cells

The results summarized in Figures 5B and 5C suggest that expo-
sure of B-like cells and primary islets to activated T cell-condi-
tioned medium stimulated expression of multiple immunomodu-
latory genes, including IDO1, BTN3A1, BTN3A2, BTN3A3, and
CD47, consistent with B cells actively recruiting immune-protec-
tive mechanisms that may modify the course of T1D progression.
Among the activated immunomodulatory genes, the immune
checkpoint gene PDL1/CD274 was one of the most upregulated
(Figures 5B and 6D). Human primary islets and PSC-differenti-
ated B-like cells treated with activated T cell-conditioned me-
dium showed upregulation of PDL1, as measured by gRT-PCR
experiments (Figure 6E). PDL1 upregulation was confirmed in

Figure 5. RNA-Seq Analysis of Transcriptional Changes of B-like Cells and Primary Islets upon Treatment with Medium Conditioned by

Reactive T Cells

(A) Top panel: experimental design. Bottom panel: PCA plot showing gene expression changes of PSC-differentiated B-like cells and primary islets upon
treatment with conditioned medium of CD19-expressing B-like cells and CD19-CAR-T cells. Representative results of two experiments are shown.

(B) Volcano plot of genes up- and downregulated in primary islets and PSC-differentiated B-like cells treated with CTL medium versus treated with reactive T cell-
conditioned medium. Genes with a log2 fold change of more than 1 and p < 102 are shown in red.

(C) Heatmap and hierarchical clustering of representative genes, showing differential expression upon treatment with medium conditioned by reactive T cells.
(D and E) Selected KEGG pathways enriched in genes upregulated in human islets (D) or human PSC (hPSC)-differentiated B-like cells (E) treated with reactive

T cell-conditioned medium compared with CTL medium.

(F) GSEA of upregulation of TNF-«, INFy, and inflammation genes upon exposure to reactive T cell-conditioned medium.

(G) Transcription factor binding motifs enriched in the promoter regions of genes upregulated upon treatment with reactive T cell-conditioned medium.
(H) GSEA of downregulation of B cell marker genes upon exposure to reactive T cell-conditioned medium.

(I) Transcription factor binding motifs enriched in the promoter regions of genes downregulated upon treatment with reactive T cell-conditioned medium.

See also Table S3.
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Figure 6. Interaction between CD19-CAR-T Cells and CD19-Ex-
pressing B-like Cells in Transplanted Mice

(A) Top panel: in vivo detection of B-like INS reporter cells engrafted under the
kidney capsule of immunocompromised NSG mice. Bottom panel: luciferase
signal changes in mice that received a transplant upon infusion of CD19-CAR-
T cells or CTL-CAR-T cells, as labeled.

(B) Representative confocal microscopy of transplanted B-like cells. Scale bar,
20 um.

(C) Infiltration of human CD8-T cells (red) in the kidney transplanted with
INS:tdT B-like CTL cells (left panel) or with INS:CD19 B-like cells (right panel).
Scale bar, 20 pm.

(D) Representative RNA-seq results of the CD274 (PDL1) locus in B-like cells
(top two panels) and primary islets (bottom two panels) when treated with CTL
medium (black tracks) or reactive T cell-conditioned medium (red tracks).

(E) qRT-PCR analysis of PDL1 expression in primary human islets (left panels)
and B-like cells (right panels) when treated with CTL medium (open bars) or
reactive T cell-conditioned medium (filled bars) (n = 4).

(F) Left panel: experimental design. Right panels: representative immunoflu-
orescence micrographs of CD19-expressing B-like cells engrafted in mice
without CD19 CAR-T cell infusion (top panels) and upon CD19-CAR-T cell
infusion (center panels). Bottom panels: mice engrafted with PDL1- and CD19-
expressing B-like cells. Scale bar, 10 um.

(G) Left panel: experimental design. Right panels: in vivo luciferase imaging
before T cell infusion (day 0) or 10 days after T cells infusion (day 10). The
results are quantified in (H) (n = 4).

(I) Representative confocal micrographs of C-peptide-expressing B-like cells
(green) and infiltrating human CD8+ T cells (red). Scale bar, 20 um.

(J) Coculture of PDL1- and CD19- expressing B-like cells with CD19-CAR-T
cells showed reduced IL-2 secretion compared with CD19-expressing B-cells
that do not overexpress PDL1 (n = 4).

In (H): *p < 0.05, Wilcoxon-Mann-Whitney test. Other: *p < 0.05, **p < 0.01,
**p < 0.001, non-paired t test.

See also Figures S5 and S6.

engrafted CD19-expressing B-like cells after infusion of CD19-
CAR-T cells (Figure 6F), which is similar to PDL1 upregulation
in B-cells observed in early-onset T1D patients.39 To test whether
PDL1 expression in B-like cells would protect against destruction
by CD19-CAR-T cells, we inserted a PDL1 expression cassette
into the AAVST locus (Figure S5A). Correct insertion was verified
by Southern blotting (Figure S5B), and transgene expression
was confirmed by PDL1 cell surface staining (Figure S5C), and
the presence of PDLT mRNA (Figure S5D). PDL1-expression
did not interfere with pluripotency, as shown by formation of ter-
atomas (Figure S5E). When PDL1-overexpressing INS:CD19
cells were differentiated, PDL1 protein was detected in B-like
cells (Figure S5F) and immunofluorescence analysis confirmed
proper expression of  cell marker proteins upon in vitro differen-
tiation or after transplantation into immunocompromised mice
(Figures S5G and S5H).

INS:CD19 or PDL1-overexpressing INS:CD19 B-like cells were
transplanted into immunocompromised mice, followed by CAR-
T cell infusion. CD19 CAR-T cells efficiently eliminated luciferase
signals from transplanted INS:CD19 B-like cells, whereas PDL1
expression conferred partial protection (Figures 6G and 6H). His-
tological analysis of engrafted cells showed improved
morphology of B-like cell clusters and less infilirating CD8
T cells for PDL1 CD19 B-like cells compared with the CD19 coun-
terpart (Figure 6l). We also performed in vitro coculture of T cells
and B-like cells differentiated from INS:tdT, INS:CD19, or PDL1-
overexpressing INS:CD19 PSCs. Quantification of the secreted
cytokines showed that PDL1 significantly reduced IL2 secretion
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Figure 7. Caspase-4-Mediated Cleavage of GSDMD in B-like Cells

(A) Representative RNA-seq results of GSDMD, CASP4, and CASP1 loci in B-like cells (top two panels) and primary islets (bottom two panels) when treated with
CTL medium (black tracks) or with reactive T cell-conditioned medium (red tracks).

(B) Top panel: experimental design. Bottom panel: representative immunofluorescence staining with anti-C-peptide antibody (red) and anti-cleaved GSDMD
(Asp275) antibody (green). Scale bar, 20 pm.

(C) Top panel: experimental design. Bottom panel: representative immunofluorescence staining with anti-C-peptide antibody (red) and anti-cleaved GSDMD
(Asp275) antibody (green). Scale bar, 20 pm.

(D) Quantification of the percentage of cleaved GSDMD (Asp275)-positive cells in C-peptide-expressing cells from (B) and (C). The number of C-peptide-ex-
pressing cells from three experiments are labeled (n = 3).

(E) A diagram showing caspase-4-mediated, ER stress-regulated cleavage of GSDMD during B cell inflammation. Inflammation leads to upregulation of GSDMD
and its activator CASP4. Furthermore, concomitant upregulation of MHC class | and IAPP contributes to ER stress, activatinges caspase-4, which cleaves and
activates GSDMD. The amino-terminal fragment of GSDMD could form membrane-destructing oligomers, which results in autoimmunity, propelling pyroptosis.
*p < 0.05, **p < 0.01, **p < 0.001, unpaired t test.

See also Figure S7.

during the in vitro coculture experiment (Figure 6J), whereas lets (Figure 7A, left panel). GSDMD is proteolytically cleaved by
other tested cytokines also showed some reduction but not at caspase-1 or caspase-4/5 in the canonical and noncanonical in-
significant levels (Figure S6). In summary, our results demon-  flammasome activation pathways, respectively, and the cleaved
strate that overexpression of PDL1 conferred partial protection amino-terminal fragment of GSDMD oligomerizes and forms pores
against reactive T cells. on the plasma membrane, resulting in pyroptosis and inflamma-

tory pathology.?>?%“° In addition to GSDMD, increased expres-
Induction of Caspase-4-Mediated Cleavage of GSDMD sion of CASP4 and CASP1 was detected upon reactive T cell-
by Activated T Cell Cytokines conditioned medium treatment in B-like cells and in human islets,
In addition to PDL1, expression of the Gasdermin family genes  with CASP4 showing higher expression levels than CASP1 (Fig-
GSDMB, GSDMD, and GSDME was highly induced, with GSDMD  ures 5C and 7A). To test whether cleaved GSDMD was expressed
showing the highest expression level (Figures 5B and 5C). Upregu-  in B-like cells, we performed immunofluorescence with an anti-
lation of GSDMD, a component regulating inflammatory pyroptotic ~ body specific for GSDMD when cleaved at Asp275 and detected
cell death in macrophages,?**° was detected upon treatment with  cleaved and activated GSDMD in some C-peptide-expressing
activated T cell-conditioned medium of B-like cells and primary is-  B-like cells (Figures 7B-7D).

Cell Reports Medicine 7, 100097, September 22, 2020 11




¢ CellPress

We hypothesized that inflammation-mediated endoplasmic
reticulum (ER) stress leads to caspase-4 activation,*’ resulting
in GSDMD cleavage. To test this hypothesis, we treated B-like
cells with activated T cell-conditioned medium for 24 h, fol-
lowed by treatment with the ER stress compound tunicamycin.
Compared with the CTL, tunicamycin treatment resulted in a
significant increase in cleaved GSDMD in B-like cells (Figures
7B and 7D). Furthermore, treatment with activated T cell-
conditioned medium and tunicamycin resulted in an increased
proportion of C-peptide-expressing cells with cleaved GSDMD
(Figures 7B and 7D), demonstrating that inflammation and ER
stress regulate GSDMD cleavage in B-like cells. Also, immuno-
fluorescence staining revealed increased levels of cleaved
GSDMD in pancreatic islets of NRG-Akita mice compared
with NRG littermate CTLs (Figure S7). To test the contribution
of caspase-4 and caspase-1, we treated the cells with the
caspase-1 inhibitor VX-765 or the caspase-4 inhibitor Z-
LEVD-fmk and observed that the caspase-4 inhibitor more
effectively reduced the proportion of B-like cells positive for
activated GSDMD than the caspase-1 inhibitor (Figures 7C
and 7D), suggesting that ER stress activation of caspase-4
rather than CAPS1 activation mediates activation of GSDMD.
Our results suggest the presence of caspase-4 mediated
cleavage of GSDMD in B-like cells under conditions of inflam-
mation and ER stress (Figure 7E).

DISCUSSION

Here we established an experimental platform to study the
interaction of activated human T cells and human pancreatic
B-like cells. We generated human PSCs carrying a B-cell-spe-
cific CD19-expression cassette. CD19-expressing B-like cells
displayed B cell signature genes and, upon transplanted into
diabetic NRG Akita mice, rescued the elevated glucose levels.
When cocultured with human CD19 CAR-T cells, CD19-ex-
pressing B-like cells elicited a strong T cell response, resulting
in secretion of immune-stimulatory cytokines. Also, GSDMD, a
component regulating inflammatory pyroptotic cell death,?>°
was upregulated. Similarly, human CD19 CAR-T cells, when
infused into humanized mice transplanted with B-like cells, infil-
trated the transplants and caused their destruction. In addition
to inflammatory cytokines, PDL71 was induced in B-like cells
exposed to activated T cell-conditioned medium, and PDL1
overexpression in transplanted CD19-positive B-like cells
partially protected against CD19 CAR-T cells.

Gene expression analysis of B-like cells and primary islets
upon treatment with activated T cell-conditioned medium re-
vealed upregulation of genes involved in the immune
response. Upregulated genes included the immunomodula-
tory molecules PDL1 and CD47. This is consistent with a
recent study where human primary islets or a B cell line
were treated with INFy and IL1B.%? Thus, the model exhibited
features of human islet inflammation and identified a caspase-
4-mediated inflammation- and ER stress-promoted cleavage
and activation of pyroptosis mediator, GSDMD, as a potential
additional immune response mechanism of B-like cells.
CASP4 transcription was also upregulated, corroborating
previous results.”’ Our data suggest a model of caspase-4-
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mediated cleavage and activation of GSDMD via inflamma-
tion— ER stress — caspase-4 activation — GSDMD activa-
tion (Figure 7E).

The role of pyroptosis in non-immune cells, such as termi-
nally differentiated B cells, in diabetes remains to be
defined. Upregulation of cleaved GSDMD in B cells suggests
that pyroptosis might be a mechanism mediating § cell
death during the initial phase of T1D. We postulate that, un-
der inflammation conditions, B cells may undergo inflamma-
tory pyroptosis, leading to leakage of cellular components
including insulin granules, which could be presented to im-
mune cells, which further propel the inflammation process
of autoimmunity against B cells. The function of B cells to
produce insulin and islet amyloid polypeptide (IAPP), exac-
erbated by ER stress, which can be caused by obligatory
ER-mediated antigen presentation, could lead to activation
of caspase-4 and activation of GSDMD, enhancing inflam-
matory cell death and accelerating autoimmunity.

Substantial progress in cancer treatment is based on im-
mune checkpoint blockade therapies using antibodies against
CTLA4- or PD1/PDL1."*** However, PDL1 expression is not
restricted to cancer cells, and mice with defects in PD1/
PDL1 pathways develop autoimmune diseases.*>"® Anti-
PDL1 therapy in patients has been reported to result in auto-
immune diabetes,*” and genetic variants in PDL1 have been
linked to diabetes.”® A study of patient islets showed
upregulation of PDL1 in T1D patients but not in non-T1D
individuals.>®> These results are consistent with PDL1 being
upregulated in pB-like cells when treated with activated
T cell-conditioned medium or cocultured with cognitive
T cells (Figure 6). Because PDL1 overexpression did not
interfere with human B-like cell differentiation and function,
PDL1 induction in B-cells may have therapeutic effects by
reducing B-cell-targeted autoimmunity.

Studying pancreatic islets from patients at the onset of T1D
would be valuable to provide insights into the initiating events
of the chronic disorder if not for the dangerous consequences
associated with biopsy procedures.*® By combining genome ed-
iting in human PSCs and CAR-T cells, this study provides a trac-
table platform to study human B-like cell/T cell interactions
in vitro and in vivo. Complementing other systems to investigate
interactions of B cells and immune cells (Table S4), the experi-
mental platform established here is an initial step to understand
T1D mechanisms and may provide insights important for poten-
tial therapies.

Limitations of Study

Several model systems have been established for studying B
cell/T cell interactions (Table S4). Although using CAR-T cells
allows a robust immune response in a timely manner that is
conducive for experimentation, whether B cell responses are
similar in our model and in patients remains to be carefully
evaluated. We detected increased levels of cleaved GSDMD
in islets of NRG-Akita mice carrying an ER stress-causing
mutation in the Ins2 gene (Figure S7), but we did not test
whether cleaved GSDMD could be detected in islets of T1D
patients. Additionally, future studies are needed to examine
whether pyroptosis contributes to T1D progression in patients
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and whether inhibiting caspase-4 could be a safe and effec-
tive therapeutic strategy for patients.
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Alexa Fluor 488 conjugated donkey anti-
rabbit |gG secondary antibody

Novus Biologicals
Novus Biologicals
Affymetrix

DBHB

DBHB

R & D Systems

Cell signaling

Rockland

Abcam

Abcam

BD biosciences

Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

BD biosciences
Thermo Fisher
Cell signaling

Life Technologies

Life Technologies

Life Technologies

Life Technologies

Life Technologies

Life Technologies

Life Technologies

Life Technologies

NBP1-18946AF647; RRID:AB_2868415
NBP1-18951G; RRID:AB_1723850
12-0199-42; RRID:AB_1834376
GN-I1D4; RRID:AB_2255626
F55A12; RRID:AB_532379
AF2419; RRID:AB_355257
D16G10; RRID:AB_10859908
600-401-379; RRID:AB_2209751
134114; RRID:AB_2801636
205921; RRID:AB_2687878
BD561787; RRID:AB_2868414
RM-9116-S0; RRID:AB_149958
BDB555634; RRID:AB_2868416

BDB555347; RRID:AB_2868417

557194; RRID:AB_2152663
PA1-26938; RRID:AB_794668
36425; RRID:AB_2799099
A21450; RRID:AB_141882

A21247; RRID:AB_141778

A21209; RRID:AB_2535795

A21203; RRID:AB_141633

A31571; RRID:AB_162542

A11055; RRID:AB_2534102

A21207; RRID:AB_141637

A21206; RRID:AB_2535792

DPAI Life Technologies D3571
Bacterial and Virus Strains

Stable 3 Chemically Competent E. coli Invitrogen C737303
Anti-CD19-282-2A-LNGFR retrovirus Eyquem et al.”° N/A
28z-2A-LNGFR retrovirus This study N/A
Biological Samples

Human primary islets Prodo labs HP-19226-01
Human buffy coat Research blood components 002
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, Peptides, and Recombinant Proteins

DEME-F12 medium Life Technologies 11330-057
KSR Lift Technologies 10828-028
FGF Lift Technologies PHG0261
2-Mercaptoethanol Lift Technologies 21985-023
100x L-glutamine Lift Technologies 25030-081
100x glutamax Lift Technologies 35050-061
100X MEM-NEAA Lift Technologies 11140-050
100X penicillin/streptomycin Lift Technologies 15140-122
100X Insulin-transferrin-selenium- Lift Technologies 51500-056
ethanolamine

Collagenase IV Lift Technologies 17104019
mTeSR1 medium STEMCELL Technologies mTeSR1
Accutase STEMCELL Technologies 07920
MCDB131 medium Life Technologies 10372019
Y-27632 Thermo Fisher Scientific 688000-100MG
Puromycin Sigma Aldrich P7255-100MG
CHIR99021 Cayman Chemical 252917-06-9
Matrigel Thermo Fisher Scientific CB40234
Versene Life Technologies 15040066
Activin A R & D Systems 338-AC-050
KGF PeproTech 100-19-250UG
Vitamin C Sigma Aldrich A4544-25G
Retinoic acid Sigma Aldrich R2625-100MG
SANT-1 Sigma Aldrich S4572-5MG
LDN193189 Sigma Aldrich SML0559-5MG
Heparin Sigma Aldrich H3149

TPB Tocris 5343

EGF PeproTech AF-100-15

T3 EMD 64245

ALKS inhibitor Il Axxora ALX-270-445-M005
Gamma secretase inhibitor XX VWR 82602-300
Trace Elements A Corning 25-021-Cl
Trace Elements B Corning 25-022-Cl
Fatty acid free BSA Thermo Fisher Scientific 50412870
D-Luciferin potassium salt Perkin Elmer 122799

RPMI 1640 GIBCO 31800-089
Human serum A/B Gemini Bio 100512
Phytohaemagglutinin Remel R30852801
IL2 Miltenyi Biotec 130-097-745
Ficoll-Paque Plus GE healthcare 17-1440-02
Retronectin Takara Bio T100A
Tunicamycin Sigma Aldrich T7765

VX-765 Thermo Fisher Scientific 508389
Z-LEVD-FMK VWR 10187-344
Critical Commercial Assays

CytoTox 96 Non-Radioactive Cytotoxicity Promega G1780

Assay

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Pan-T cells purification kit Miltenyi Biotec 130-096-535
Luminex assay (custom kit) R&D Systems tHB2I7Hu
Human cytokine array R&D Systems ARY005B
Accu-check Aviva Plus glucometer test kit Roche GTIN: 00365702438101
Ultrasensitive Insulin ELISA kit Mercordia 10-1132-01
RNeasy Plus Micro Kit QIAGEN 74034
SuperScript lll First-Strand Synthesis Life Technologies 18080400
SuperMix

Fast SYBR Green Master Mix Life Technologies 4385618
SMART-Seq v4 Ultra Low Input RNA Kit Takara Bio R400752
Nextera XT Library Preparation kit lllumina FC-131-1024
Prime-It Il Random Primer Labeling Kit Agilent 300385
AmpliTaq Gold 360 Master Mix Life Technologies 4398881
Deposited Data

RNA-seq data This paper GSE155713

Experimental Models: Cell Lines

H1 human pluripotent stem cells (Thomson
et al.?%)

WiCell Research Institute

NIHhESC-10-0043

H1-INS:tdT This study N/A
H1-INS:CD19 This study N/A
H1-INS:CD19; AAVS1:PDL1 This study N/A

H29 cells (Stephan et al.’") A gift provided by Prof. Sadelain (MSKCC). N/A

PG13 cells (Miller et al.*?) A gift provided by Prof. Sadelain (MSKCC). N/A

HEK293T cells ATCC CRL-11268
Experimental Models: Organisms/Strains

NOD.Cg-Prkdce@ I12rg"™""i/SzJ (NSG) Jackson Laboratory 005557

mice

NOD.Cg-Rag1™m!Mom |ngpAkita || gtmTWil Jackson Laboratory 014568

SzJ (NRG-Akita) mice

NOD.Cg-Rag1™!Mem |12rg'™1Wil/S7 ) (NRG) Jackson Laboratory 007799

mice

Recombinant DNA

pYO010 (Zetsche et al.?’) Addgene Addgene 69982
pX458 (Ran et al.>%) Addgene Addgene 48138
INS-Tdtm (Liu et al.>*) A gift provided by Prof. Deng (Peking N/A

INS-2A-luciferase-2A-tdT
INS-2A-luciferase-2A-CD19-GFP
CAGGS-AsCpf1-2A-GFP-UB-sgRNA-
cloning vector
CAGGS-AsCpf1-U6-INS-sgRNA
AAVS1-PDLA1

AAVS1-tdTomato (Ma et al.*®)
SFG-1928z-P2A-LNGFR (Zhao et al.*)
SFG-28z-P2A-LNGFR

CAGGS: Cre-2A-tdTomato

University).
This study
This study
This study

This study
This study
Addgene

A gift provided by Prof. Sadelain (MSKCC).

This study
This study

Addgene 159348
Addgene 159349
Addgene 159281

Addgene 159283
Addgene 159280
Addgene 159275
N/A
N/A
N/A

Software and Algorithms

Prism (Version 8)

Graphpad Prism
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REAGENT or RESOURCE SOURCE IDENTIFIER

Living Image (Version 4.5.4) Perkin Elmer https://www.perkinelmer.com/
lab-products-and-services/resources/
in-vivo-imaging-software-downloads.html

Zeiss ZEN software Carl Zeiss https://www.zeiss.com/microscopy/us/
products/microscope-software/zen.
html#downloads

STAR (Version 2.7.1a; Dobin et al.”") Github https://github.com/alexdobin/STAR

featureCounts (Version 1.6.2; Liao et al.”®) SourceForge http://subread.sourceforge.net/

DEBrowser (Kucukural et al.>°)

DEseq? (Love et al.?®)

Homer (Version 4.11; Heinz et al.®")
R (Version 3.5.2)
Adobe lllustrator (CC)

GSEA (Version 4.0.1; Subramanian et al.®?)

Flowdo (Version 10.5.3)

Bioconductor
Bioconductor
http://homer.ucsd.edu/homer/

R project
Adobe

https://www.gsea-msigdb.org/gsea/index.

Isp
FlowJo

https://www.bioconductor.org/packages/
release/bioc/html/debrowser.html

https://bioconductor.org/packages/
release/bioc/html/DESeqg2.html

N/A
https://www.r-project.org/

https://www.adobe.com/products/
illustrator.html

N/A

https://www.flowjo.com/solutions/flowjo/

Other

AggreWell 400 plates

Ultra-Low Attachment Multiple Well Plates
(flat bottom, 6-well)

Ultra-Low Attachment Multiple Well Plates

Stem Cell Technology
Corning

Sigma Aldrich

34415
3471

CLS7007

(round bottom, 96-well)

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Rudolf
Jaenisch (jaenisch@wi.mit.edu).

Materials Availability

Plasmids generated in this study have been deposited to Addgene (INS-2A-luciferase-2A-tdT: 159348, INS-2A-luciferase-2A-CD19-
GFP: 159349, CAGGS-AsCpf1-2A-GFP-U6-sgRNA-cloning vector: 159281, CAGGS-AsCpf1-U6-INS-sgRNA: 159283, AAVS1-
PDL1: 159280). Cell lines generated in this study are available from the Lead Contact with a completed materials transfer agreement.

Data and Code Availability
The accession number for the RNA-seq data reported in this paper is GEO: GSE155713.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Primary human islets

Primary human islets from a healthy donor were obtained from Prodo Laboratories (HP-19226-01). After recovery by culturing in PIM
complete medium (Prodo Laboratories) in 6-well ultra-low attachment plates (Corning 3471) overnight, islet samples were washed
with PBS-, incubated with 1:1 PBS diluted Accutase in 37°C for 2 min, and at room temperature for 5 min, with gentle agitation.
Then 6 mL PBS with 1% BSA was added, and islets clusters were gentle dissociated with a 1 mL pipette. After centrifugation, cells
were resuspended in PBS with 1% BSA, and stained with 1:100 diluted A647-conjugated HPi2 antibody (Novus Biologicals NBP1-
18946AF647) and DyLight 488 conjugated HPx1 Antibody (Novus Biologicals NBP1-18951G), for 30 min at 4°C. After washing, HPi2
positive and HPx1 negative endocrine cells were sorted with a FACSAria (BD Biosciences) cell sorter, and about 2000 cells were
plated in 0.1 mL PIM medium supplemented with 10 uM Rho kinase (ROCK) inhibitor Y-27632 to each well of 96-well round bottom
ultra-low attachment plates (Sigma Aldrich, CLS7007) to form aggregated pseudoislets.
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Human PBMC isolation, T cell enrichment, and preparation of CAR-T cells

PBMCs were isolated from buffy coat samples (Research blood components, item number 002) from healthy volunteers with Ficoll-
paque plus (GE Healthcare) centrifugation. T cells were enriched from PBMC with Pan-T cells purification kit (Miltenyi 130-096-535)
and Miltenyi LS MACS columns. T cells were stimulated with R-10 medium (RPMI medium supplemented with 10% human serum A/
B (Gemini Bio # 100512), 1x penicillin/streptomycin, 1x glutamax, 1x MEM-NEAA) supplemented with 50 unit/mL IL2 (Miltenyi 130-
097-745), and PHA (5 ng/mL) for 2 days, before spin transduction with 0.45 um filter filtered viral supernatant from PG13 viral pro-
duction cells® (a gift generously provided by Prof. Sadelain, MSKCC) in Retronectin (Takara Bio T100A) coated non-tissue culture
treated plates for two days. Then cells were passaged for 3-4 days before analysis of CAR-expression and infusion to animals. For
examining CAR expressing, mouse anti-LNGFR antibody (BD 557194) was used to incubate with T cells for 10 min at 4°C (1:200)
dilution. After washing, Alexa Fluor-647 conjugated anti-mouse IgG secondary antibody (1:400, 10 min incubation at 4°C) was
used to detect primary antibody. After washing, the samples were analyzed with a BD LSRFortessa analyzer, and results were
analyzed with FlowJo software (Version 10.5.3).

Human PSC culture

For gene targeting, H1 human pluripotent stem cells®® were maintained in DMEM-F12 (Life Technologies cat# 11330-057) supple-
mented with 20% KSR (Life Technologies cat# 10828-028), 4 ng/mL FGF (Life Technologies cat# PHG0261), 0.1 mM 2-mercaptoe-
thanol (Life Technologies cat #21985-023), 1x L-glutamine (Life Technologies cat# 25030-081), 1x MEM-NEAA (Life Technologies
cat# 11140-050), 1x penicillin/streptomycin (Life Technologies cat# 15140-122). Cells were passaged with 1 mg/mL collagenase
IV (Life Technologies cat# 17104019) every 4-6 days on mitomycin C inactivated MEF feeders cultured in DMEM medium supple-
mented with 10% FBS, 1x MEM-NEAA, 1x penicillin/streptomycin, and 1x L-glutamine. For differentiation to B-like cells, H1 cells
and targeted H1 cells were adapted for feeder-free conditions by culturing in Matrigel (Corning) coated tissue culture plates in mTeSR
(Stem Cell Technology). For coating plates, Matrigel (Corning) was 1:100 diluted in cold DMEM-F12 medium, and 2 mL of diluted
Matrigel solution was added to one well of a 6-well plate well, and coat for overnight at room temperature before pre-warming in
a 37°C incubator for 1 hour before using. Cells were cultured in mTeSR medium in 6-well plates and passaged very 3-4 days with
a 1:4-6 passage ratio.

Mice

Immunodeficient NOD.Cg-Prkdcs I12rg'™""i'/SzJ (NSG) mice were obtained from the Jackson Laboratory and housed in auto-
claved cages with autoclaved food and water in environmentally controlled rooms at the Whitehead Institute animal facility.
NOD.Cg-Rag1™m"™M°m |ns2Akita j1orgtm1Wil/Sz) (NRG-Akita) mice were purchased from Jackson Laboratory, and housed under con-
ditions similar to NSG mice except high absorbance bedding was used. NRG-Akita mice were maintained by crossing male
NRG-Akita with female NOD.Cg-Rag1™"M°™ Ji2rg"™"™i/SzJ (NRG) mice. For genotyping NRT-Akita mice, DNA were extracted
from mouse tail tissues with proteinase K digestion and isopropanol precipitation. A total of 0.5-1 pg of DNA was used in PCR re-
actions with the primers (5- TGCTGATGCCCTGGCCTGCT-3’, and 5'-TGGTCCCACATATGCACATG) with 57°C annealing and
68°C extension for 30 s, and amplify for 35 cycles with AmpliTag Gold DNA Polymerase (Life Technology). PCR products were pu-
rified and sequenced with 5'- TGCTGATGCCCTGGCCTGCT-3'. Animals showing the following sequence were identified as NRG-
Akita mice: GGGAGCAGATGCTGGTG(C/T)AGCACTGATCTACAATG. Both male and female mice (6-8 weeks) were used for
B-like cell clusters transplantation experiments. Both male and female mice (8-16 weeks) were used for teratoma assays. All mice
experiments were in accordance with the protocols approved by the Animal Research Regulation Committee at the Whitehead Insti-
tute and guidelines from the Department of Comparative Medicine at Massachusetts Institute of Technology.

METHOD DETAILS

Molecular cloning
To generate a multicistronic plasmid with CAGGS:As-Cpf1-2A-GFP and U6:sgRNA cassettes,

PCR products using pcDNA3.1-hAsCpfi1 (pY010 Addgene 69982°") as the template and the oligoes (5-TAACCGGTCCAC
CATGGCCCCAAAGAAGAAGCGGAAG-3' and 5'-GCCTTAATTAATCAGGCATAGTCGGGGACATCATATGGGTATG-3') as primers
were cloned between the Agel and Pacl sites of the AAVS1-tdTomato targeting construct,®® generating the AAVS1-AsCpf1 targeting
construct (#66). The annealed oligos (5'-CACCGTAATTTCTACTCTTGTAGATGTCTTCGAGAAGACTTTTTTTT-3' and

5 -AAACAAAAAAAAGTCTTCTCGAAGACATCTACAAGAGTAGAAATTAC-3') were cloned into pX458 (Addgene 48138°°%) between
the Bbsl sites. Then the resulted plasmid was used as a temple to generate PCR products with the following primers (5'-GACGA
GATCCTCGCCGTCGGCATGCCTAGAGCCATTTGTCTGCAGAATTG-3' and

5-ACGTGCCTGATTATGCATACCCATATGATGTCCCCGACTATGCCGGCAGTGGAGAGGGCA-3). The purified PCR products
were ligated to the 6.6 kb Sphl and Nsil fragment from #66 by Gibson assembly,®® generating CAGGS-AsCpf1-2A-GFP-U6-
sgRNA-cloning vector containing the CAGGS-AsCpf1-2A-GFP and U6:sgRNA cassettes. For Cpf1 sgRNAs targeting the INS loci
(CAGGS-AsCpf1-UB-INS-sgRNA), annealed products from the following oligos, were cloned between the Bbsl sites of CAGGS-
AsCpf1-2A-GFP-UB-sgRNA-cloning vector based on previous cloning methods®*:

INS: 5'-GTAGATTTCCATCTCTCTCGGTGCAGGAG-3’ and 5'- AAAACTCCTGCACCGAGAGAGATGGAAAT-3'.
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Generation of INS targeting constructs:

The puromycin resistance gene was cloned into the AAVS1-tdTomator plasmid®®> under CAGGS promoter control between the
Agel and Pacl site using the following primers: 5-TAACCGGTCCACCATGACCGAGTACAAGCCCAC-3/, and 5'-GCCTTAATTAAT
CAGGCACCGGGCTTGCGG-3' to generate an intermediate vector CAGGS:puro. Then the PCR product from CAGGS:puro as a
template and the primers (5-GGAGGGGCGCGGCGGCCCCCGGAGC-3, and 5-CGCTATGTCCTGATAGCGTCAGGCA
CCGGGCTTGCGGG-3') were ligated to the ~17.8 kb Rsrll-SgrAl fragment from INS-Tdtm targeting construct® by Gibson assembly,
giving rise to INS-tdTomato-puro (#82). The firefly luciferase-T2A-CD19-T2A-GFP cassette was cloned between the Agel and Pacl
sites of AAVS1-tdTomato targeting construct,”® generating the AAVS1-Luciferase-T2A-CD19-t2A-GFP targeting construct (#95).
The PCR product was generated with #95 as template with the following primers: 5’- TACTTCGAAATGTCCGTTCGGTTGGCA-3/,
and 5'-AAGTTAACAACAACAATTGTTAATTAATTACTTGTACAGCTCGTCC-3'. The purified PCR products, the Kpnl and Mfel frag-
ment from #82, and the geneblock (synthesized by IDT:

CTGGAGAACTACTGCAACGGTACCTACCCATACGATGTTCCAGATTACGCTGGCAGTGGAGAGGGCAGAGGAAGTCTGCT

AACATGCGGTGACGTCGAGGAGAATCCTGGCCCAATGGAAGACGCCAAAAACATAAAGAAAGGCCCGGCGCCATTCTATCCG
CTGGAAGATGGAACCGCTGGAGAGCAACTGCATAAGGCTATGAAGAGATACGCCCTGGTTCCTGGAACAATTGCTTTTACAGATG
CACATATCGAGGTGGACATCACTTACGCTGAGTACTTCGAAATGTCCGTTCGGTTGGCA) were ligated by Gibson assembly, giving
rise to INS-2A-luciferase-2A-CD19-GFP.

A luciferase-tdTomato-t2A cassette was generated by cloning the PCR product (with AAVS-tdTomato®® construct as template and
the following primers 5-ACGATGCATATGGTGAGCAAGGGCGAGGAGGTCATCAAAG-3', and 5-ACGCGGCCGCTTACTTGTA
CAGCTCGTCCATGCCGTACAGG-3') to #95 between Nsil and Notl site, giving rise to an intermediate plasmid #98. Then the PCR
product was generated with #98 as template with the following primers: 5'- TACTTCGAAATGTCCGTTCGGTTGGCA-3', and 5'-
AAGTTAACAACAACAATTGTTAATTAATTACTTGTACAGCTCGTCC-3'. The purified PCR products, the Kpnl and Mfel fragment
from #82, and the geneblock (synthesized by IDT:

CTGGAGAACTACTGCAACGGTACCTACCCATACGATGTTCCAGATTACGCTGGCAGTGGAGAGGGCAGAGGAAGTCTGCT

AACATGCGGTGACGTCGAGGAGAATCCTGGCCCAATGGAAGACGCCAAAAACATAAAGAAAGGCCCGGCGCCATTCTATCCG
CTGGAAGATGGAACCGCTGGAGAGCAACTGCATAAGGCTATGAAGAGATACGCCCTGGTTCCTGGAACAATTGCTTTTACAGATG
CACATATCGAGGTGGACATCACTTACGCTGAGTACTTCGAAATGTCCGTTCGGTTGGCA) were ligated by Gibson assembly, giving
rise to INS-2A-luciferase-2A-tdT.

To generate a control CAR construct SFG-28z-P2A-LNGFR that lacks the CD19-binding domain, the ~7.9 kb Afel-Mfel fragment
from SFG-1928z-P2A-LNGFR (a gift provided by Prof. Sadelain from MSKCC) was purified and ligated to the annealed products of
primers 5'-GCTTCTCCTGCATGCACGGGCGGCCGC-3' and 5'-AATTGCGGCCGCCCGTGCATGCAGGAGAAGC-3'.

PCR products generated from the human PDL1 coding sequence as template with the primers 5- TAACC
GGTCCAACCATGAGGATATTTGCTGTCTTTATATTC-3' and 5'- GCCTTAATTAATTACGTCTCCTCCAAATGTGTATCA

—3' were cloned between Agel and Pacl sites of AAVS1-tdTomato targeting construct,® giving rise to AAVS1-PDL1.

T7EIl assay

Indel formation was tested in HEK293T cells by the T7El assay. HEK293T cells were cultured in DMEM high glucose medium (GIBCO)
supplemented with 10% FBS, 1X L-glutamine, 1X MEM-NEAA, and 1X penicillin/streptomycin (Life Technologies) in 37°C incubators
under 5% CO2. Cells cultured in 12-well plates to 60%-80% confluence were transfected with 0.5 ng CAGGS-AsCpf1-U6-INS-
sgRNA plasmids using FUGENE 6 transfection reagent (Promega) based on the manufacturer’s guideline. Two to three days post
transfection, cells were dissociated with trypsin, and GFP positive cells were sorted on a FACSAria (BD Biosciences), followed by
DNA purification with DNeasy Blood & Tissue Kit (QIAGEN). For T7El assay, PCR reactions were performed with 0.5 ug genomic
DNA as template, and PCR with AmpliTag Gold DNA Polymerase (Life technology) with the following primers:

INS: 5'-TGGGGCAGGTGGAGCTGGGCGG-3', and 5'-ACCACCCCTGGCCCCTCAGAGACC-3'.

A total of 200 ng PCR products were annealed in NEB buffer 2 and processed with 5 units of T7EI (NEB) for 1 hour at 37°C before
resolved on 10% TBE PAGE gels (BioRad) run at 100 V for about 2 hours. The PAGE gels were stained with ethidium bromide, and
images were taken with an Alphalmager gel documentation system (Alpha Innotech). Mutation efficiency were measured as previ-
ously reported.®*

CRISPR-mediated genome editing in human PSCs

Targeting of the H1 pluripotent cell line was performed using modified protocols based on established methods.®® One day before
electroporation, cells were cultured in medium supplemented with 10 uM Rho kinase (ROCK) inhibitor Y-27632 (Thermo Fisher Sci-
entific). About 10 million PSCs were dissociated into single cells with Accutase (StemCell Technologies, Inc.), filtered with 40 um cell
strainers (Corning), washed with medium containing Y-27632, spun down, and resuspended in 800 pl of PBS with 100 ng CAGGS-
AsCpf1-UB-INS-sgRNA, and 40 ng donor construct (INS-2A-luciferase-2A-tdT or INS-2A-luciferase-2A-CD19-GFP). The mixture
was loaded into a 0.4-cm cuvette (BioRad), incubated on ice for 5 minutes before electroporation with a Gene Pulser Xcell System
(Bio-Rad) with 1 pulse of 250 V, 500 pF. Then the cuvette was incubated on ice for 5 minutes before plating cells on 2 6-well plates of
DR4 MEF.®® Puromycin containing medium (0.5 pg/mL) was added 3-4 days after electroporation. Individual colonies were manually
passaged onto MEF coated 12-well plate wells, expanded and genotyped with PCR.
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About 0.3-1 ng genomic DNA was used for each genotyping reaction with Kapa HiFi 2X ready mix. For identifying clones with po-
tential knockin at the INS locus, the primers 5'-GGCCTTTGGTGCAGTGACCAGAGTGTCAGG-3', and 5-GATTCTCCTCGACGT
CACCGCATGTTAGC-3" were used with the PCR condition: 95°C 3 min; 40 cycles of 98°C 20 s, 58°C 30 s, 72°C 5.5 min; 72°C
for 10 min. Amplicons of 5 kb were purified with gel purification kit (Omega Biotech) and sequenced with the primer: 5'-
GGCCTTTGGTGCAGTGACCAGAGTGTCAGG-3'. Clones that yielded amplicons with correct sequences were subjected to South-
ern blotting analysis. In clones with correctly targeted INS locus, the untargeted INS allele was amplified with primers 5'-
TGGGGCAGGTGGAGCTGGGCGG-3, and 5-ACCACCCCTGGCCCCTCAGAGACC-3' and sequenced to verify that the allele
without knockin was not altered.

Generation of PD1L1 expressing cells

To remove the floxed puromycin-resistance cassette from heterozygous INS knockin cells, the cells were electroporated with a
CAGGS: Cre-2A-tdTomato plasmid with the electroporation condition described above. Then tdTomato-expressing cells were
sorted 1-2 days post electroporation and clonally expanded. Clones that had lost puromycin-resistance were used for PDL1 knockin
at the AAVS1 locus with a similar procedure as described above. Expression of PDL1 was visualized with 1:5 diluted PE-conjugated
anti-CD274 (BD561787) antibody according to manufacturer’s guideline.

Southern blot

For INS targeted cells, 15 pg of genomic DNA was digested with Spel and Hindlll-HF followed by agarose gel electrophoresis and
transfer to Hybond-XL membrane (GE Healthcare Life Sciences RPN203S). Then the membrane was hybridized with 5" and 3’ DNA
probes randomly primed with 32P- dCTP (50 uCi). For AAVST locus targeted cells, Southern blots were carried out by digesting 15 pg
of genomic DNA with Sphl, followed by hybridization with random primed 5’ and 3’ DNA probes with 32P- dCTP (50 nCi).

Probes for Southern blot

AAVST internal probe was generated by PCR using AAVS1-tdTomato plasmid as template and the following primers: 5'-
GAATTCGCCCTTTGCTTTCTCTGAC-3', and 5- TGAGCTCTCGGACCCCTGGAAGAT-3'. AAVST external probe was generated
by PCR with H1 genomic DNA and the following primer: 5-ACAGGTACCATGTGGGGTTC-3’, and 5'- CCCTTGCCTCACCTGGC
GAT-3'. A fragment from firefly luciferase coding sequence was amplified with the following primers: forward (5'-ATGGAAGACG
CCAAAAACATAAAGAAAGGCCC-3/, and reverse: 5-CACGGCGATCTTTCCGCCCTT-3'), and was used as 5' internal probe for
the INS locus. H1 ES cells genomic DNA was used to generate INS 3’ external probe by PCR with the following primers: 5'-
GACTCCCCACTTCCTGCCCATCT-3', and 5'-TCTTCTCCCAGCCCCGTCCTCAC-3'.

Teratoma assay

Teratoma assays of targeted PSCs cells were performed as before® with slight modifications. Briefly, PSCs harvested from two near
confluent six-well plates were dissociated with collagenase, washed, and resuspended in DMEM without serum. The suspension
(about 100-200 plL) was injected subcutaneously or intramuscularly into NSG mice between 8-16 weeks of age using 1-mL syringes
with 23-gauge needles. Formation of teratomas was monitored twice-weekly for about 2 months. After palpable tumors reached be-
tween 7 and 10 mm in diameter, teratoma tissues were dissected and fixed in buffer-neutralized formalin solution. Paraffin embed-
ding and histological analysis (H&E staining) were performed with standard protocols®’.

Differentiation of PSCs to B-like cells

PSCs were treated with mTeSR medium supplemented with 10 uM Y-27632 for overnight, then the cells were dissociated into single
cells with Accutase (Stem Cell Technology). Cells were dislodged by tapping the sides of the plates. Then Y-27632-supplemented
mTeSR was added to dissociate cells to single cells. After cell counting with Countess (Invitrogen), about 1.8-2 million live cells were
plated to each well of a 6-well Matrigel-coated plates in mTeSR medium supplemented with 10 uM Y-27632. After overnight culture,
Y-27632-containing mTeSR medium was replaced by mTeSR medium. Differentiation was initiated when cells reach around 90%-
95% confluency (usually between 1-2 days after plating cells). The cells were washed with PBS-, and then daily medium changes
were the following (Figure S2A).

S1 (3 days) base medium: MCDB131 with 0.5% FAF-BSA, 1.5 g/L NaHCO3, 10 mM glucose, 1x glutamax, 1x penicillin/strepto-
mycin. Freshly supplemented factors: 100 ng/mL Activin A, and 3 uM CHIR99021 (day 1); 100 ng/mL Activin A, and 0.3 uM
CHIR99021 (day 2); 100 ng/mL Activin A (day 3).

S2 (2 days) base medium: MCDB131 with 0.5% FAF-BSA, 1.5 g/L NaHCOS, 10 mM glucose, 1x penicillin/streptomycin, 1x glu-
tamax, and 0.25 mM Vc. Freshly supplemented factors: 50 ng/mL KGF.

S3 (2 days) base medium: MCDB131 with 2% FAF-BSA, 1.5 g/L NaHCO3, 10 mM glucose, 1x penicillin/streptomycin, 1x gluta-
max, 0.25 mM Vc, and 0.5x insulin-transferrin-selenium-ethanolamine. Freshly supplemented factors: 50 ng/mL KGF, 0.25 uM
SANT-1, 1 uM retinoic acid, 100 nM LDN193189, and 200 nM TPB.

S4 (4 days) base medium: MCDB131 with 2% FAF-BSA, 1.5 g/L NaHCO3, 10 mM glucose, 1x penicillin/streptomycin, 1x gluta-
max, 0.25 mM Vc, and 0.5x insulin-transferrin-selenium-ethanolamine. Freshly supplemented factors: 50 ng/mL KGF, 50 ng/mL
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EGF, 0.25 uM SANT-1, 0.1 uM retinoic acid, 200 nM LDN193189, and 100 nM TPB. For the last medium change, 10 uM Y-27632
was added to the S4 medium.

S5 (3 day) started with transition from 2D culture to 3D culture. Cells were washed with PBS-, dissociated with Accutase (Stem Cell
Technology), washed with H1 S5 base medium (see below), and about 6 million live cells were plated in 3 mL S5 medium (see
below) supplemented with 10 uM Y-27632 in each well of 6-well AggreWell 400 plates (Stemcell Technology, 34415). After over-
night culture, the clusters were moved to 6-well ultralow adherent culture plates placed on an orbital shaker set at 95-100 rpm for 2
more days in S5 medium, and the rest of the differentiation were carried out in ultralow attachment plates placed on an orbital
shaker with the same setting.

S5 Base medium: MCDB131 with 2% FAF-BSA, 1.5 g/L NaHCOS3, 20 mM glucose, 1x penicillin/streptomycin, 1x glutamax,
0.25 mM V¢, 0.5x insulin-transferrin-selenium-ethanolamine, 10 pg/mL heparin, and 10 uM ZnSO4. Freshly supplemented fac-
tors: 10 uM ALKS inhibitor II, 0.25 uM SANT-1, 0.05 uM retinoic acid, 100 nM LDN193189, and 1 uM T3.

S6 (7 days) base medium: MCDB131 with 2% FAF-BSA, 1.5 g/L NaHCO3, 20 mM glucose, 1x penicillin/streptomycin, 1x gluta-
max, 0.25 mM Vc, 0.5x 100X insulin-transferrin-selenium-ethanolamine, 10 ng/mL heparin, 10 uM ZnSO4. Freshly supplemented
factors: 10 uM ALKS5 inhibitor II, 100 nM gamma secretase inhibitor XX, 100 nM LDN193189, and 1 uM T3.

S7 (7-14 days) medium: MCDB131 with 2% FAF-BSA, 1.5 g/L NaHCOS3, 8 mM glucose, 1x penicillin/streptomycin, 1x glutamax,
1x MEM-NEAA, 10 pg/mL heparin, 10 uM ZnS0O4, 1x trace element A, and 1x trace element B.

In vitro glucose induced insulin secretion (GSIS)

Differentiated stage 7 clusters were washed with KRB medium (128 mM NaCl, 5 mM KCl, 2.7 mM CaCl2, 1.2 mM MgS04, 1 mM
NaHPO4, 1.2 mM KH2PO4, 5 mM NaHCOS3, 10 mM HEPES (pH 7.2), 0.1% FAF-BSA) twice, with KRB medium with 2.5 mM glucose
once. Then the cell clusters were incubated in KRB with 2.5 mM glucose for 30 minutes on an orbital shaker set at 95-100 rpmin a cell
culture incubator. The conditioned KRB buffer was collected, and clusters were incubated in KRB 20 mM glucose for 30 minutes
followed by buffer collection. For some experiments, clusters were washed twice with KRB with 2.5 mM glucose, followed by another
round of incubation and buffer collection. Lastly, the clusters were incubated in KRB buffer with 2.5 mM glucose and 30 mM KCI for
30 minutes followed by buffer collection. All collected KRB buffers were centrifuged at 3000 g for 3 min, and the clear supernatants
were diluted 1:10 with KRB buffer, and human INS concentrations were determined with Ultrasensitive Human Insulin ELISA kits
(Mercodia) based on the manufacturer’s protocol. Standard curves were fitted with a linear model.

Transmission electron microscopy (TEM)

Differentiated Stage 7 B-like cells were fixed in 2.5% glutaraldehyde, 3% paraformaldehyde with 5% sucrose in 0.1M sodium caco-
dylate buffer (pH 7.4), pelleted, and post fixed in 1% OsO4 in veronal-acetate buffer. The cells were stained overnight with 0.5% ura-
nyl acetate in veronal-acetate buffer (pH 6.0), then dehydrated and embedded in Embed-812 resin. Sections were cut on a Reichert
Ultracut E microtome with a Diatome diamond knife at a thickness setting of 50 nm, stained with uranyl acetate, and lead citrate. The
sections were examined using a FEI Tecnai spirit at 80KV and photographed with an AMT CCD camera.

Co-culture setup between p-like cells and T cells, cytokine profiling, and quantification

CD19-CAR-T cells were washed with RPMI medium supplemented with 5% human serum, 1% glutamax, 1% MEM-NEAA, 1x peni-
cillin/streptomycin (R-5 medium), then resuspended in R-5 medium at a concentration of 1 million/mL. Stage 7 B-like cells differen-
tiated from INS: tdT, INS:CD19, or INS:CD19; PDL1 PSCs were washed with PBS-. Then R-5 medium with different numbers of
CD19-CAR-T cells were added to B-like cells based on designated E/T ratios. After overnight coculture, medium samples were
collected and centrifuged at 1500 g for 5 min, and the supernatant were analyzed with human cytokine array (R&D ARY005B) based
on the manufacturer’s instructions. Cytokines showing difference between CD19-CAR-T cells cocultured with INS:tdt -like cells and
INS:CD19 B-like cells were selected to for quantification with a Luminex assay (custom assay from R&D to analyze IL2, TNFalpha,
INFgamma, GM-CSF, CCL3, CCL4, and CCL5) with a Bio-Rad Bioplex3D Luminex equipment with the cytokine standards and sug-
gested settings provided by the manufacturer.

In vitro luciferase imaging

Coculture of B-like cells differentiated from INS:tdT or INS:CD19 cells and T cells were setup in 96-well black-walled plates. Before
imaging with an IVIS Spectrum system (PerkinElmer), 30 uL 15mg/mL D-luciferin were added and mixed 1 min before imaging acqui-
sition with an exposure of 1 min and mid-bin setting. Imaging quantification were performed with Living Image (Version 4.5.4). The
same sized regions of interest (ROI) of a background well were used to subtract background signal from the measurements of
samples.

LDH (lactate dehydrogenase) release assay

About 80,000 B-like cells (stage 7) were planted in 100 uL R-5 medium. Then different numbers of T cells were added B-like cells in
20 pL R-5 medium. Conditioned medium samples were harvested after 8 hours, centrifuged at 250 g for 4 min, and 50 L cleared
supernatant medium were transferred to a black-walled 96-well plate, followed by CytoTox 96 Non-Radioactive Cytotoxicity Assay
based on the manufacturer’s instructions (Promega G1780). OD490 were measured with a Multiskan Microplate Photometer (Thermo
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Fisher Scientific). R-5 medium, T cells control sample values were used to calculated LDH release. B-like cells not treated with T cells
were lysed with lysis buffer, and used to calculating percentage of maximal lysis.

RNA-seq of human islets samples

RNA samples from islets, reaggregated pseudoislets, or samples treated with cell-depleted T reaction conditioned medium for 1 day
were prepared with RNeasy plus micro kit (QIAGEN), and sequencing library was prepared with SMART-Seq v4 Ultra Low Input RNA
Kit (Clontech) and sequenced with an lllumina HiSeq 2500 sequencer.

Fluorescent activated cell sorting of INS reporter expressing cells, aggregation into pseudo-islets, RNA purification,
quantitative RT-PCR, and RNA-seq

Stage 7 B-like cells differentiated from INS reporter cells were washed twice with PBS-, then dissociated with 1:1 PBS diluted Ac-
cutase in 37°C with gentle agitation until clusters start to disintegrate. After centrifugation collection and resuspension, tdTomato-
expressing B-like cells differentiated from INS:tdt PSCs were sorted on a FACSAria (BD Biosciences) cell sorter. CD19-expressing
B-like cells were stained with an anti-CD19 antibody (PE conjugated Affymetrix # 12-0199-42) at 4°C for 30 min, and sorted with a
FACSAria (BD Biosciences) cell sorter. Approximately 1.2 million sorted cells were plated into 1 well of a 24-well plate in S7 medium
supplemented with 10 uM Y-27632. After overnight clustering formation, the clusters were transferred to 3 mL of S7 medium in an
Ultra-low Attachment 6-well plate (Corning 3471) placed on an orbital shaker set for 95-100 rpm. S7 medium were changed every
other day. Clusters were treated with control RPMI1640 medium with 10% human serum AB, or 0.45 pm filtered conditioned medium
for one day, and collected for RNA extraction with RNeasy plus micro kit (QIAGEN). Reverse transcription was performed using Su-
perScript Il first-strand synthesis Supermix (Invitrogen 18080400). Quantitative PCR experiments were performed with SYBR Green
Master Mix reagent (Life Technologies 4385618) with a QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems). Relative
quantifications were determined with the above primer pairs using delta delta threshold cycle methods with the following primers:

Gene Forward primer Reverse primer

PD1L1 GGTGGTGCCGACTACAAGCGA CCTTGGGGTAGCCCTCAGCCT
ACTB CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT
PDX1 CCTTTCCCATGGATGAAGTCTAC TTCAACATGACAGCCAGCTCC
NKX6-1 CTGGCCTGTACCCCTCATCA CTTCCCGTCTTTGTCCAACAA
NEUROD1 GCGTCTTAGAATAGCAAGGCA GCGTCTTAGAATAGCAAGGCA
INS AAGAGGCCATCAAGCAGATCA CAGGAGGCGCATCCACA
NKX2-2 GGCCTTCAGTACTCCCTGCA GGGACTTGGAGCTTGAGTCCT
MAFB TCAAGTTCGACGTGAAGAAGG GTTCATCTGCTGGTAGTTGCT
OCT4 GTGTTCAGCCAAAAGACCATCT GGCCTGCATGAGGGTTTCT
SOX17 GTGGACCGCACGGAATTTG GGAGATTCACACCGGAGTCA
FOXA2 GGAGCAGCTACTATGCAGAGC CGTGTTCATGCCGTTCATCC
PDCD1 GGCCAGGATGGTTCTTAGACT GAAGCTGCAGGTGAAGGTG

Sequencing library was prepared with SMART-Seq v4 Ultra Low Input RNA Kit (Clontech) and sequenced with an lllumina HiSeq
2500 sequencer.

For co-culture of CD19-CAR-T cells and B-like cells, CD19-CAR-T cells were washed twice with RPMI medium, then resuspended
in RPMI medium at a concentration of 1 million/mL. Stage 7 B-like cells differentiated from INS: CD19 were washed twice with PBS-.
RPMI medium was added to B-like cells as a control, and CD19 CAR-T cells were added to experimental well. After 6 hours, cells were
washed with PBS twice before dissociation into single cells with Accutase. Then cells were stained with a PE-conjugated anti-CD19
antibody and PE positive cells were quantified with a FACSAria (BD Biosciences) cell sorter.

Immunofluorescence staining
Immunostaining were performed with a modified protocol based on previous method.®” Briefly, mouse tissues were fixed in 10%
buffer neutralized formalin solution overnight at 4°C before tissue processing and paraffin embedding. Four-micron thick slices
were cut and attached to glass slides for antigen retrieval followed by immunohistochemistry (IHC) staining orimmunofluorescence.
For differentiated B-like cell clusters, cells were fixed in 4% PFA for 2 hours at room temperature, followed by twice wash with PBS.
Then cells were incubated in PBS for 20 min, then PBS with 0.5% Tx100 for 20 min. Afterward, the samples were blocked in
PBS with 0.1% Tween (PBST) with 5% donkey serum for 1 hour, followed by overnight incubation with primary antibody
(1:150 rat-anti-c-peptide DBHB GN-ID4; 1:2000 rabbit anti-RFP antibody, Rockland 600-401-379; 1:40 mouse-anti-NKX6.1 anti-
body DBHB F55A12; 1: 200 goat-anti-PDX1 antibody, R&D af2419; 1:200 rabbit Anti-CD19 antibody, ab134114; 1:500, rabbit
Anti-PDL1 antibody Ab205921; 1:200 rabbit anti-glucagon antibody, Cell Signaling D16G10; 1:50, rabbit anti-human CD8 antibody,
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Thermo Fisher Scientific, RM-9116-S0; 1:200 rabbit anti-cleaved GSDMD antibody, Cell signaling 36425) overnight at 4°C. After
washing four times with PBST, secondary antibodies were added. Then pellets were washed and mounted in Fluoromount-G
mounting medium (Electron Microscopy Sciences 1798425) with coverslip gently covered on top of samples. Confocal images
were obtained with a Zeiss LSM 710 confocal microscope.

Transplantation and glucose measurements in mice

Stage 7 B-like cell clusters were transplanted under the kidney capsules of NSG mice (6-8 weeks) with a 1 mL syringe and a 23-gauge
butterfly needle (Terumo Corporation SV-23BLK).%® Approximately 5 million cells in about 50 pL were injected. Transplanted mice
were IVIS imaged after rested for about 2-3 weeks for engraftment of cells expressing human insulin. Mice were intraperitoneally in-
jected with D-luciferin (PerkinElmer 122799, 0.195 mg per gram weight). Five to eight min after IP injection, mice were anesthetized
with Isoflurane, and the flanks were shaved with a hair clipper. The IVIS imager (PerkinElmer) was used with mid-bin, and exposure for
5 min. Imaging analyses were performed with Living Image (Version 4.5.4).

After genotyping, 6-8 weeks old NRG-Akita mice were transplanted with about 5 million cells as described above. Transplanted
mice were allowed to recover for 2 weeks after transplantation surgery, then tail blood glucose levels under ad libitum feeding con-
ditions were measured every two weeks with an Accu-Chek glucometer (Roche) for about 3 months. Non-transplanted NRG-Akita
and NRG littermates were used as controls.

For intraperitoneal glucose tolerance test (IPGTT), mice were starved in water-supply only cages for 16 hours, then glucose levels
from tail blood were measured with an Accu-Chek glucometer (Roche) before intraperitoneal injection of glucose (2g glucose/kg
body weight), 15 min, 30 min, 60 min, 90 min and 120 min after IP glucose injection.

Tail vein infusion of T cells

Freshly transduced CD19-28z CAR-T cells, and control CAR-T cells were analyzed with expression of LNGFR. Then about 5 million
cells were washed with RPMI medium and resuspended in RPMI medium. Mice were anesthetized with Avertin and tail vein was
dilated with warming pad before T cells were injected with 1 mL syringes with 30 g needles (injection volume about 200 pL).

Measurement of human insulin levels in mouse blood

Human insulin levels in mouse blood were measured based on a previously reported method.*® Mouse blood samples were collected
into heparin-coated blood collection tubes (Sarstedt Microvette; CB 300 LH). Samples were centrifuged at 3000 g for 3 min, and
plasma samples were collected into PCR tubes. Human insulin level measurements were performed with an Ultrasensitive Human
Insulin ELISA kit (Mercodia) based on the manufacturer’s protocol. Standard curves were fitted with a linear model.

Chemical treatments of pB-like clusters

B-like cells clusters were treated with 1 uM Tunicamycin (Sigma Aldrich T7765) for 16-20 hours, 1 uM VX-765 (Thermo Fisher Scien-
tific 508389) for 2 days, or 2 uM Z-LEVD-FMK (BioVision 1108-100) for 2 days, followed by fixation in 4% PFA, and immunofluores-
cence staining as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

For statistical analyses of RNA-seq data, reads were aligned to the human (GRCh38) genome with tdTomato and Luciferase se-
quences, using STAR V2.7.1a (indexed using Ensembl 93 transcript models and ‘-sjdbOverhang 100’). Gene counts were obtained
using featureCounts®® (with ‘-s 0) and the same Ensembl 93 transcript models (with tdTomato and Luciferase). Then raw counts ta-
bles were imported to DEBrowser®® for KEGG analysis after low count filter of (Max < 1). Volcano plots and heatmaps were generated
in R (Version 3.5.2). Gene set enrichment analysis®® were performed with GSEA 4.0.1 with gene symbols and corresponding DESeq2
normalized counts table as input files. Motif analyses were performed with Homer®' (Version 4.11) with promoter sequences from 264
downregulated genes and 332 upregulated genes. Other statistical analyses were performed using GraphPad Prism software
(Version 8). Statistical significance was reached when p < 0.05.
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