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DISEASES AND DISORDERS

Transcription and splicing regulation by NLRC5 shape
the interferon response in human pancreatic p cells
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Stéphane Demine®, Maikel Luis Colli', Anne Op de Beeck', Sofia Thomaidou®, Lorella Marselli®,
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IFNa is a key regulator of the dialogue between pancreatic B cells and the immune system in early type 1 diabetes
(T1D). IFNa up-regulates HLA class | expression in human g cells, fostering autoantigen presentation to the

Copyright © 2022

The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

immune system. We observed by bulk and single-cell RNA sequencing that exposure of human induced pluripotent-
derived islet-like cells to IFNa induces expression of HLA class | and of other genes involved in antigen presentation,
including the transcriptional activator NLRC5. We next evaluated the global role of NLRC5 in human insulin-
producing EndoC-$H1 and human islet cells by RNA sequencing and targeted gene/protein determination. NLRC5
regulates expression of HLA class |, antigen presentation-related genes, and chemokines. NLRC5 also mediates
the effects of IFNa on alternative splicing, a generator of B cell neoantigens, suggesting that it is a central player of
the effects of IFNa on B cells that contribute to trigger and amplify autoimmunity in T1D.

INTRODUCTION

Type 1 diabetes (T1D) is caused by an autoimmune attack against
pancreatic B cells that provokes islet inflammation and progressive
B cell loss. This takes place in the context of a dialogue between in-
vading immune cells and the targeted B cells that culminate with
CD8" T cell-mediated B cell death (I1-4). Recent evidence suggests
that stress pathways triggered within B cells initiate and/or acceler-
ate autoimmune B cell destruction (3, 5). Multiple layers of evidence
implicate interferon o (IFNo) signaling as a key component of the
early stages of T1D pathophysiology (6). Type I IEN is expressed in
pancreatic islets from people with T1D, and islets obtained from
living donors with recent-onset T1D show an IFN-stimulated gene
signature (3, 7). IFNa induces endoplasmic reticulum (ER) stress,
insulitis, and a massive human leukocyte antigen (HLA) class I
overexpression in human [ cells—three histological hallmarks of
T1D (8, 9). This induction of HLA class I is long-lasting, persisting
for several days after the removal of IFNo and, together with induc-
tion of ER stress and changes in mRNA splicing, may contribute to
neoantigen presentation (10). However, the molecular mecha-
nisms regulating HLA class I expression in B cells and neoantigen
presentation—decisive steps for CD8-mediated B cell death—have
never been clarified.

The functional maturation of pancreatic B cells and other
nutrient-sensing cells is acquired during the first months of life, a
period when the organism must adapt to both a changing environ-
ment and a changing source of nutrients (i.e., from the supportive
intra utero environment to the mother’s breast milk and subsequently to
solid foods) (11). These environmental and nutritional cues affect
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B cell maturation and function (12, 13). This is also the period when,
in many cases, the autoimmunity process against the pancreatic
cells that will eventually lead to T1D starts. How the B cell's maturation/
adaptation to the new challenges described above cross-talks with
the initial steps of autoimmunity [which probably starts with local
triggering of an innate immune response (3)] is not known. Most
modeling of the interplay between B cells and the immune cells is
based on studies of adult human islets. To obviate this limitation
and gain knowledge on the cross-talk between immune media-
tors and maturing P cells, we presently took advantage of B-like
cells derived from induced pluripotent stem cells (iPSCs) (14-17).
These cells already express Insulin and Pancreatic And Duodenal
Homeobox 1 (PDX1) mRNAs, receptors to IFNa and other key
proinflammatory cytokines (18) but are not yet fully mature (14-18).
Thus, iPSCs provide an interesting model to study the impact of “early
cytokines” such as IFNo on the developing B cells and to improve
our understanding of T1D pathogenesis. Against this background,
and to define the global pattern of IFNo-induced gene expression
on these cells, we performed in parallel bulk and single-cell RNA
sequencing (scRNA-seq) of iPSC-derived islet-like cells at the latest
stage of in vitro development, i.e., stage 7 in the protocol used in our
laboratory (19, 20). The data obtained (see Results) indicate rele-
vant differences in the o and B cell responses to inflammation and a
major impact of IFNa on the expression of HLA class I and other
key genes involved in antigen processing and presentation by f cells.
The bulk RNA-seq identified I[FNo-induced expression of the tran-
scription activator HLA class I transactivator (CITA), also known
as “NLRC5” [NOD-like receptor (NLR) family, caspase recruitment
(CARD) domain containing], a key regulator of HLA class I expres-
sion (21). NLRC5 expression is up-regulated in B cells from organ
donors with T1D (22).

Nlrc5-deficient mice have impaired constitutive and inducible
expression of both the classical murine major histocompatibility
complex (MHC) class I genes and of critical genes involved in the
antigen presentation pathway, including B2-microglobulin (B2m),
immunoproteasome component 2 (Lmp2), and transporter associated
with antigen processing 1 (Tap1), suggesting a critical role of Nlrc5 in
regulating the expression of genes involved in the MHC class I
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antigen presentation machinery and in triggering MHC class
I-dependent CD8" T cell activation (23). NLRC5 is involved in nu-
clear factor kB (NF-kB) activation and type I IFN-regulated path-
ways during innate immune response. On the other hand, silencing
NLRCS5 suppresses the induction of IFNa after virus infection or
polyinosinic:polycytidylic acid [poly (I:C)] treatment, while overex-
pression of NLRC5 protein results in up-regulation of IFNa (24-26).
These diverse roles of NLRC5 on type I IFN signaling are cell- and
context-dependent, and the available information is mostly based
on murine data. Against this background, we further investigated
the global role of NLRC5 expression in human insulin-producing
EndoC-BH1 cells (a model that enables the study of B-like cells only
without interference by other islet cells). We depleted NLRC5 gene
expression using specific small interfering RNAs (siRNAs) and then
performed deep RNA-seq (>200 million reads), followed by confirma-
tion in EndoC-BHI cells, iPSC-derived islet-like cells, and primary
human islets. We observed that NLRC5 silencing not only down-
regulates IFNo-induced expression of HLA class I and other genes
involved in antigen presentation and recruitment of immune cells
(e.g., chemokines) but also attenuates the alternative splicing
changes triggered by IFNa. This double role of NLRC5 on HLA
class I expression and regulation of alternative splicing suggests
that this transcriptional activator may play a key role both in the
generation of neoantigens and in their presentation to the im-
mune system.

RESULTS

scRNA-seq of IFNa-treated iPSC-derived islet-like cells shows
overexpression of genes related to antigen presentation

in the context of HLA class |

Human iPSC-derived islet-like cells at stage 7 of differentiation
(Fig. 1A) had around 50% insulin positive and 10% glucagon or
polyhormonal positive cells (fig. SIA). Similar to our previous ob-
servations (19, 20), these iPSC-derived B-like cells were not yet fully
mature, as indicated by a 2-fold only increase in insulin release at
20 mM glucose but a >5-fold increase in insulin release following
exposure to 20 mM + forskolin (fig. S1B). As previously described
by our group (18), exposure of these cells to IFNa (2000 U/ml) for
24 hours induced a mild (~5%) increase in apoptosis (fig. S1C) and
up-regulation of HLA-ABC, CXCL10, and PDLI expression (fig. S1,
D to F). The global gene expression of these iPSC-derived islet-like
cells was characterized in parallel by bulk and scRNA-seq (Fig. 1A). There
was a predominance of IFNa up-regulated genes (761 up-regulated
versus 302 down-regulated) as indicated by the bulk RN A-seq data.
Several key genes related to antigen presentation in the context
of HLA class I are among the most overexpressed genes (Fig. 1B).
Globally, gene set enrichment analysis (GSEA) using Kyoto Encyclopedia
of Genes and Genomes (KEGG) and REACTOME (Fig. 1, C and D)
databases showed an enrichment in antigen processing and presen-
tation pathways. As expected, pathways related to IFN signaling,
Janus kinase (JAK)-signal transducer and activator of transcription
(STAT) signaling, and antiviral responses were also identified (Fig. 1,
E and F). These pathways, including “type 1 diabetes mellitus,” were
in general similar to previous observations made in P cells obtained
from patients affected by T1D, from adult human islets, or from
EndoC-BHI1 cells exposed to IFNa (9, 27, 28). Among the down-
regulated pathways (Fig. 1, D and F), there were pathways related to
mitochondrial function and oxidative phosphorylation and pathways
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related to mRNA splicing, indicating the impact of IFNa on
this B cell function (9, 29).

scRNA-seq of the iPSC-derived islet-like cells (Fig. 1, G to J; fig. S2,
A and B; and data files S1 and S2) showed a predominancy of
not only B- and o-like cells (Fig. 1G and figs. S2A and S3) but also
enterochromaffin-like cells, all identified based on unsupervised
clustering and previously described cell markers (Fig. 1H) (30, 31). In
line with the bulk RNA-seq analysis (see above), GSEA analysis per-
formed on the scRNA-seq data identified, among the top up-regulated
pathways, antigen processing and presentation and antiviral mech-
anisms (Fig. 1I), while among the down-regulated pathways there
were insulin processing and secretion, several pathways related to
mitochondrial metabolism and protein folding, and pathways related
to mRNA and ribosomal RNA (rRNA) processing (Fig. 1]). [IFNa-
induced expression of HLA class I A, B, C, E, and F and of the anti-
viral response gene MX Dynamin Like GTPase 1 (MX1) were present
not only in the B-like cell cluster but also in nearly all other clusters
(fig. S2B). This is in line with the previously described up-regulation
of HLA class I in most islet cells, not only B cells, during insulitis (7).
Notably, functional enrichment analysis indicated that B-like cells,
as compared to a-like cells, had a more significant IFNa-induced
antigen processing but a less significant expression of antiviral
mechanisms (Fig. 1I). Because B cells, but not a cells, are destroyed
by the autoimmune assault in T1D, we examined closely the expres-
sion of selected IFNa-induced genes in both B-like and a-like cells
(Fig. 1H). As expected, PDX1 expression was higher in B-like cells,
while Aristaless Related Homeobox (ARX), a transcription factor spe-
cifically expressed in glucagon-producing o cells, was much higher
in a-like cells. B-Like cells had higher expression of the proapoptotic
ER stress marker DDIT3 (also known as CHOP) [log; fold change
(log,FC) =2.20, adjusted P << 0.0001] and also XBP1 (log,FC = 0.70,
adjusted P << 0.0001) [in line with (32)], while a-like cells showed
higher expression of the protective chaperone HSPA5 (also known
as BiP) (log,FC = 0.13, adjusted P << 0.0001). Compared to B-like
cells, a-like cells also had a higher expression of the antiapoptotic
family member BCL2L1 (also known as Bcl-XL) (log,FC = 0.13, ad-
justed P << 0.0001), of the viral sensor IFIHI (MDA5) (log;FC =
0.97, adjusted P << 0.0001), and of the inhibitory variant HLA-E
(log,FC = 0.76, adjusted P << 0.0001). The higher HLA-E expres-
sion in a-like cells compared to B-like cells is in line with our previous
observations in islets from patients affected by T1D (27). Unexpect-
edly, however, expression of HLA-A, HLA-B, and HLA-C was higher
in a-like cells exposed to IFNa as compared to B-like cells (Fig. 1H),
suggesting a similar impact of IFNo on the capacity of f and o cells
to present antigens to CD8" T cells.

NLRC5 KD decreases IFNa-induced HLA-ABC and related
gene expression in human pancreatic f§ cells
The observations described above emphasized the key role for IFNa
on the up-regulation of genes related to antigen processing and pre-
sentation by B cells in the context of HLA class I, including the
induction of the potentially key regulatory transcriptional activator
NLRCS5. Hence, we further investigated the role of NLRC5 expres-
sion in human insulin-producing EndoC-BH1 cells, selected as a pure
B-like cell model without interference by other islet cell types. Key
findings were confirmed by experiments in primary human islets
and iPSC-derived islet-like cells as described below.

We first performed a time-course and dose-response analysis
of IFNo-treated EndoC-BH1 cells (fig. S4, A to O) to determine the
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Fig. 1. Single-cell and bulk RNA-seq of iPSC-derived islet-like cells. (A) Experimental design of the iPSCs differentiation and subsequent exposure to IFNa. Stage 7 cells
were exposed to IFNa during 24 hours; n = 5. FACS, fluorescence-activated cell sorting. (B) Volcano plot of the differentially expressed genes induced by IFNo after
24 hours of exposure. Paired experiments (n = 5) were analyzed using DESeq2 to determine differentially expressed genes. Each gene was plotted as (log,FC) (x axis)
and —logip(adjusted P) (y axis). The horizontal dashed line indicates cutoff of —logio(adjusted P) > 1.3 (adjusted P < 0.05), and the horizontal dashed lines indicate
[logaFC| > 0.58. (C to F) GSEA analysis following differential gene expression (DGE) analysis of p-like cells exposed to IFNo; REACTOME (C and D) and KEGG (E and F) show
enriched and depleted gene sets. Selected pathways are shown as bar plots with —logso(P) on the x axis. (G) Uniform Manifold Approximation and Projection (UMAP)
embedding of 73,834 integrated cells exposed, or not, to IFNa. (H) Expression of key IFNa-induced genes in B-like and a-like cells. The size of the dots indicates % of cells
expressing the gene of interest, while the color scale indicates level of expression. (I and J) GSEA analysis in iPSC B-like cells following exposure to IFNa shows a
heterogeneous response. After differential gene expression using MAST, results were input in fGSEA to determine enriched (I) or depleted (J) REACTOME pathways. —Log;o(adjusted
P) values were capped at 15. Hierarchical clustering based on those values was performed to highlight the (dis)similarity in response of identified cell types.
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best dose and time point for the follow-up experiments. The IFNo
concentrations with the most intense and long-lasting mRNA ex-
pression were 200 and 2000 U/ml. The first genes to be induced
were the transcription factors STATI and STAT?2 (fig. S4, A and B)
paralleled by the downstream transcription factors IRFI and IRF9
(fig. S4, C and D). IRF9 was responsive to very low doses of IFNo,
showing a significant increase at 0.2 U/mL of IFNa by 8 to 24 hours.
Next, there was up-regulation of two genes previously shown to
provide negative feedback on IFN signaling in B cells, namely,
SOCSI (33-35) and USPI8 (36). SOCSI was already increased by IFNa
at 1 hour, with an expression peak at 2 to 4 hours (fig. S4E), while
USP18 was increased by 2 hours and remained up-regulated up to
24 hours (fig. S4F). USP18 was up-regulated by relatively low con-
centrations of IFNa, namely, by 20 U/ml after 4 hours. The next
“protective” gene to be induced is PDLI, which may inhibit T cell-
induced toxicity to the B cells in T1D (3, 37), and it was up-regulated
by 4 hours with an expression peak at 8 hours for IFNa both at 200
and 2000 U/ml (fig. S4G). Additional genes that were up-regulated
early, i.e., by 4 hours, and at relatively low doses of IFNa (starting
with 2 to 20 U/ml) are genes involved in the antiviral responses (38),
namely, the viral double-stranded RNA receptor MDAS5 (fig. S4H)
and MX1 (fig. S4I). The transcriptional activator NLRC5 peaked at
8 hours and then returned to baseline by 24 hours for all IFNo con-
centrations except for 2000 U/ml (fig. S4)); NLRC5 induction pre-
ceded up-regulation of HLA class I ABC, which was only detected at
16 to 24 hours and at the highest concentrations of IFNo (fig. S4K).
HLA-E (fig. S4L), which plays a protective role in 8 cells against T and
natural killer (NK) cells attack (3), was already induced after 4 hours
and remained up-regulated—at least at the two highest IFNa
concentration—up to 16 to 24 hours (fig. S4L), similar to the other
protective genes discussed above, namely, SOCS1, USP18, and PDL1.
On the other hand, two genes that regulate either antigen presenta-
tion (HLA class I ABG; fig. S4K) or homing of immune cells to the
islets (CXCL10; fig. S4M) (3) were only induced after 8 to 16 hours,
suggesting that a short and/or low-intensity IFNo-mediated innate
immune response will not necessarily translate into a subsequent
adaptive immune response as early and sensitive regulatory/inhibitory
mechanisms may prevail. As previously described, IFNa also induced
expression of mRNAs related to the unfolded protein response,
namely, ATF3 (fig. S4N) and, at late stage and for the highest doses
of IFNa, the chaperone BiP (fig. S40).

On the basis of this time-course/dose-response series, IFNa
(2000 U/ml) at 8 and 24 hours was chosen for the follow-up exper-
iments, focusing on the role for NLRC5. This was also the concen-
tration of IFNo used in our previous experiments (Fig. 1 and figs. S1
to S3) (9), thus enabling data comparison.

After its nuclear translocation, NLRC5 participates in the forma-
tion of the HLA class I enhanceosome together with REX protein
members and ATF1/CREB and NFY complexes. This complex binds
to the SXY module to activate MHC class I transcription. In addi-
tion, IRF1 binds and activates ISRE elements present in the MHC
class I promoter. NF-kB binding to enhancer A region also contrib-
utes to the activation of MHC class I promoter (Fig. 2A) (21, 39).
IFNo, similarly to the observations made in fig. S4], induced NLRC5
mRNA expression at 8 and 24 hours in both EndoC-BH1 cells
(Fig. 2B; this was confirmed at the protein level Fig. 2C) and primary
human islets (Fig. 2D). We achieved a 50 to 70% knockdown (KD)
of IFNo-induced NLRC5 mRNA with the use of two separate siRNAs
(Fig. 3A). The KD was even more marked at the protein level, with
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the two siRNAs abolishing >80% of IFNa-induced NLRC5 expres-
sion in EndoC-BH1 cells (Fig. 3B). As previously described (8, 9),
IFNa alone did not induce apoptosis in EndoC-BH1 cells (Fig. 3C),
but the first siRNA (siNL#1) induced an increase in cell death inde-
pendently of the presence of IFNa; this deleterious effect was not
present with the second siRNA (siNL#2). Both siRNAs induced a
significant but partial inhibition of HLA-ABC expression (Fig. 3D).
siRNAs #1 and #2 also inhibited NLRC5 mRNA expression in hu-
man islets (Fig. 3E), without significantly affecting viability (Fig. 3F)
but leading to a decrease in HLA-ABC expression (Fig. 3G). These
siRNAs induced a similar effect on iPSC-derived islet-like cells ex-
posed to IFNa (Fig. 3, H to K). Notably, and as observed with the
EndoC-BHI cells (Fig. 3, A and B), the siRNAs induced a more marked
effect on NLRC5 protein expression than on the mRNA expression
(compare Fig. 3, H and I). On the basis of the facts that both siRNAs
effectively inhibited NLRC5 expression but that siNL#2 did not affect
cell viability in any of the models tested, all subsequent experiments
in the study were performed with siNL#2.

The global impact of NLRC5 on IFNa-modulated genes
The effects of NLRC5 are cell/tissue specific and may go beyond the
regulation of HLA class I and related genes (24-26). To address its
role in a pure human J cell line, we next evaluated by bulk RNA-seq
the mRNA expression of EndoC-BH1 cells exposed for 8 or 24 hours
to IFNa (2000 U/ml) with or without KD of NLRC5 by siNL#2
(Fig. 4A). The inhibitory effects of the siRNA against NLRC5 were
evaluated by Western blot ahead of the RNA-seq analysis, confirm-
ing near total inhibition of IFNoa-induced NLRC5 expression at
24 hours (fig. S5). Analysis of the RNA-seq data indicated that
the most marked effects of NLRCS5 inhibition were observed after
24 hours of IFNa exposure (Fig. 4, B and C), with the differential
gene expression (DGE) analysis showing that NLRC5 KD prevented
the up-regulation of not only HLA class I A, B, C, and F but also
TAPI and TAP2, two key peptide transporters that help to load
antigens on HLA class I molecules and to stabilize HLA at the cell
surface (40). GSEA analysis based on REACTOME database (Fig. 4,
D and E) indicated that decreasing NLRC5 expression prevented the
inhibitory effects of IFNa on mitosis and insulin processing, among
others (Fig. 4D). NLRC5 depletion ahead of IFNa exposure prevented
IFN signaling, antigen processing and presentation, rRNA processing, and,
of particular relevance, antigen presentation including folding assem-
bly and peptide loading of MHC class I (Fig. 4E), which is in line with
the observed decrease of TAPI and TAP2 gene expression (Fig. 4C).
In B cells obtained from patients affected by T1D and normogly-
cemic individuals, NLRC5 expression was positively correlated with
the expression HLA class I A, B, and C, TAPI, TAP2, B2M, and
PSMBS, all genes that contribute to antigen presentation in the con-
text of MHC class I (fig. S6, A to C). In agreement with these find-
ings, NLRC5 expression was also correlated with the expression of
the same genes in EndoC-BH1 cells exposed to IFNo with or with-
out previous KD of NLRC5 (fig. S6B). To further evaluate whether
there is an induction of NLRC5 in B cells during T1D, we downloaded
scRNA-seq samples from T1D and normoglycemic donors (table S1)
publicly available via the Human Pancreas Analysis Program (HPAP)
portal (41). After reduction of the scRNA-seq data into “pseudo-
bulk,” we detected the expression of NLRC5 in 16 of the 23 samples;
NLRCS5 expression was higher in B cells from patients affected by
T1D when compared to normoglycemic donors (log,FC = 2.23; P <
0.0006) (fig. S6C).
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Fig. 2. NLRC5 is a key MHC class | enhanceosome member, and it is induced by IFNa in human pancreatic B cells. (A) Schematic representation of the MHC class |
promoter region. (B to D) Cells were left untreated or exposed to IFNo (2000 U/ml) for 2, 8, and 24 hours (EndoC-BH1) (B and C) or for 8 and 24 hours (dispersed human
islets) (D). mRNA (B) and protein (C) expression of NLRC5 were analyzed by RT-PCR and Western blotting in EndoC-BH1 cells, respectively. mRNA expression of NLRC5 was
analyzed by RT-PCR in dispersed human islets (D). mRNA expression was analyzed by RT-PCR and normalized by the geometric mean of GAPDH and B-actin and then by
the nontreated (NT) condition for each time point considered as 1. NLRC5 protein was quantified by densitometry and normalized by the housekeeping protein B-actin
and then by the highest value of each experiment considered as 1. Results are means + SEM of four to seven independent experiments. #*P < 0.001 and *##P < 0.0001
versus same condition at 2 hours; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 versus each untreated condition [analysis of variance (ANOVA) followed by

Bonferroni correction for multiple comparisons].

Rank-rank hypergeometric overlap (RRHO) analysis of the data
from Fig. 4 indicated that inhibition of NLRC5 ahead of IFNa expo-
sure induced a highly significant anticorrelated signature with genes
up-regulated by IFNa in EndoC-BH1 cells exposed to IFNa (fig.
S6D), confirming a partial reversion of the IFNa-induced signature
by NLRCS5 inhibition. The analysis of the RNA-seq data confirmed
the impact of NLRC5 KD on preventing IFNa-induced genes related
to loading of antigens on HLA class I and their expression at the
surface of pancreatic f cells, particularly after 24 hours of treatment
with the cytokine (fig. S7, A to J). These effects were confirmed in
independent experiments involving both EndoC-BHI1 cells (Fig. 5,
A to]) and, at least for some of the genes, primary human islets (fig.
S7, K to O). Inhibition of NLRC5 expression decreased by >50%
HLA-ABC at the pancreatic B cell surface, as evaluated by flow cy-
tometry (Fig. 5, K and L), confirming that the observed changes in
HLA-related genes had an impact on the subcellular localization of
HLA class I.

The role of NLRC5 is not, however, limited to the regulation of
HLA-related genes. Inhibition of NLRC5 prevented IFNo-induced
expression of the chemokine CXCLI0 mRNA and its secretion to
the medium at both 8 and 24 hours following addition of IFNa in
EndoC-BH1 cells (Fig. 6, A to D), and led to a 55% inhibition on
CXCLI0 expression in dispersed human islets (n = 6, P < 0.001).
NLRC5 KD did not affect PDL1I expression at 8 hours of IFNa exposure

Szymczak et al., Sci. Adv. 8, eabn5732 (2022) 14 September 2022

but induced a partial (24%) decrease on the expression of this mRNA
at 24 hours (Fig. 6, E and F). PDLI expression is up-regulated in
B cells from patients affected by T1D (37) and plays a protective role
against infiltrating CD8" T cells (3), and it is of interest that its
expression can be partially dissociated from the proinflammatory
HLA class I or CXCL10 expression by NLRC5 inhibition. On the
other hand, NLRC5 KD led to decreased expression of HLA-E,
another potentially B cell protective gene (9), at both 8 and 24 hours
after IFNo exposure in EndoC-BH1 (Fig. 6, G and H), and in
human islets (45% decrease at 24 hours, n = 6, P < 0.001).

NLRC5 inhibition on B-like cells decreases T cell activation

in a coculture experiment

Using preproinsulin (PPI)-directed CD8" T cells (42), we have as-
sessed the effect of NLRC5 KD on the immunogenicity of HLA-A2
H1-derived islet-like cells. As observed in 1023A-derived islet-like
cells, silencing of NLRC5 in H1-derived islet-like cells led to >90%
decrease of NLRC5 protein expression (Fig. 7A) and decreased ex-
pression of both the HLA-ABC gene expression and its protein cell
surface expression (Fig. 7, B and C). In addition, expression of the
protective molecules HLA-E and PDLI were reduced after NLRC5
silencing (Fig. 7, D and E). After coculture with PPI-directed T cells,
we observed an increased T cell activation following IFNa treatment
(determined by the percentage of CD107a" CD8" T cells) despite an
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Fig. 3. NLRC5 KD decreases IFNa-induced HLA-ABC expression in human pancreatic g cells. (A to D) EndoC-BH1 cells, (E to G) dispersed human islets, and (H to K)
iPSC-derived B-like cells were transfected with siRNA control (siCTL, white bars) or with two different siRNAs targeting NLRC5 (siNL#1 and siNL#2, gray bars). Cells were left
untreated or treated with IFNo (2000 U/ml) for 24 hours. Expression of NLRC5 mRNA was measured by RT-PCR (A, E, and H), and NLRC5 protein was determined by Western
blotting (B and I). The percentage of dead cells was counted by Hoechst and propidium iodine staining (C, F, and J). NLRC5 depletion decreased IFNo-induced expression
of HLA-ABC (D, G, and K). The mRNA expression was analyzed by RT-PCR and normalized by the geometric mean of GAPDH and B-actin and then by siCTL treated with IFNa
considered as 1. NLRC5 protein was quantified by densitometry and normalized by the housekeeping protein B-actin and then by the highest value of each experiment
considered as 1. Results are means + SEM of four to seven independent experiments. *P<0.05,"P<0.01, and "**P < 0.0001 versus untreated and transfected with the
same siRNA; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, as indicated by bars (ANOVA followed by Bonferroni correction for multiple comparisons).
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Fig. 4. RNA-seq of EndoC-BH1 cells after IFNa exposure preceded or not by NLRC5 depletion. (A) Methodologic approach for the RNA-seq experiments. EndoC-BH1
were transfected with siRNA control (siCTL) or with an siRNA targeting NLRC5 (siNL#2). The cells were left untreated or treated with IFNo (2000 U/ml) for 8 or 24 hours. The
RNA-seq was performed for all the conditions (n = 6), and DGE and alternative splicing analysis were performed as described in Materials and Methods. (B and C) Volcano
plot of differentially expressed genes in EndoC-BH1 after 8 hours (B) and 24 hours (C) of exposure to IFNa with KD of NLRC5. Quantification of the RNA-seq data was per-
formed using Salmon with GENCODE v36 as the genome reference. DGE was performed using DESeq_2. (D and E) GSEA analysis. Results from the DGE analysis were input
in fGSEA. Selected enriched pathways (D) showed a functional recovery of EndoC-BH1 cells, while selected depleted pathways (E) indicated that the previously IFNo-induced
signature was reversed following KD of NLRC5. The output of the fGSEA analysis is provided in data file S3.
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Fig. 5. NLRC5 depletion prevents the expression on IFNa-induced genes related to the antigen presentation machinery in EndoC-gH1 cells. EndoC-BH1 cells were
transfected with an siRNA control (siCTL, white bars) or with an siRNA targeting NLRC5 (siNL#2, gray bars). EndoC-BH1 cells were then left untreated or treated with IFNa
(2000 U/ml) for 8 or 24 hours. NLRC5 depletion decreased the expression of (A and B) TAP1 gene, (C and D) TAP2, (E and F) PSMBS, (G and H) PSMBY, and (1 and J) B2M after
exposure to IFNa for 8 and 24 hours. (K) The HLA-ABC expression at the B cell surface was evaluated by flow cytometry. (L) HLA-ABC quantification of five independent
experiments. The mRNA expression was analyzed by RT-PCR and normalized by geometric mean of GAPDH and B-actin and then the condition of siCTL treated with IFNa
considered as 1. Results are means + SEM of five to six independent experiments. ##P < 0.001 and ***P < 0.0001 versus untreated and transfected with the same siRNA;
*P<0.05, **P < 0.01, *** P<0.001, and ****P < 0.0001, as indicated by bars (ANOVA followed by Bonferroni correction for multiple comparisons).

overrepresentation of PPI-derived peptides in basal condition (Fig. 7F).
In line with our observations on the role of NLRC5 in regulating
HLA expression in IFNa conditions, NLRC5 KD decreased the IFNo
effect on T cell activation (Fig. 7F). The fact that the decrease in

Szymczak et al., Sci. Adv. 8, eabn5732 (2022)

14 September 2022

CD8" T cell activation was not complete may be at least, in part, due
to the parallel inhibition of PDLI in the NLRC5 KD islet-like cells
(Fig. 7E). The presently observed protective effects of NLRC5 in-
hibition are in line with a very recent publication, indicating that
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Fig. 6. Independent confirmation that NLRC5 depletion prevents induction of several key genes induced by IFNa in EndoC-BH1 cells. (A to H) EndoC-BH1 cells
were transfected with an siRNA control (siCTL, white bars) or with an siRNA targeting NLRC5 (siNL#2, gray bars). The cells were then left untreated or treated with IFNo
(2000 U/ml) for 8 or 24 hours. NLRC5 depletion prevented IFNa-induced CXCL10 gene expression after 8 hours (A) and 24 hours (B) of IFNa exposure. CXCL10 secretion
was evaluated by enzyme-linked immunosorbent assay (ELISA) (C and D). NLRC5 depletion did not affect PDLT mRNA expression after 8 hours of IFNo exposure (E) but
decreased PDLT mRNA expression at 24 hours of IFNo, exposure (F). NLRC5 depletion prevented IFNa-induced HLA-E gene expression after 8 hours (G) and 24 hours (H) of
IFNo exposure. The mRNA expression levels were analyzed by RT-PCR and normalized by geometric mean of GAPDH and B-actin and then by siCTL treated with IFNa
considered as 1. Results are means + SEM of four to seven independent experiments. P < 0.01, ##P < 0.001, and #*P < 0.0001 versus untreated and transfected with the

same siRNA; *P < 0.05 and ****P < 0.0001, as indicated by bars (ANOVA followed by Bonferroni correction for multiple comparisons).

NLRC5 KD partially protects stem cells (SC)-derived islet-like cells
(previously cultured at high glucose and in the presence of a cytokine
mix and a chemical ER stressor) against apoptosis induced by allo-
genic T1D peripheral blood mononuclear cells (PBMCs) (43).

NLRCS5 inhibition prevents IFNa-induced alternative splicing
Exposure of EndoC-BH1 cells to IFNo induced a major change on
the expression of RNA binding proteins (RBPs), particularly after
8 hours as compared to 24 hours (Fig. 8, A and B, and fig. S8), sug-
gesting that early changes in splicing regulation, as we previously
observed for chromatin opening (9), may be important in the innate
immunity and antiviral effects of type I IFNs. Of the nearly 200 RBPs
whose expression was modified by IFNa at 8 hours, 70% of them
were restored to baseline or even expressed in the opposite way
(i.e., changed from up- to down-regulated, or the other way around)
when NLRC5 was KD ahead of IFNo exposure (Fig. 8, A to G). Of
particular relevance were NOVA I and 2, which were down-regulated
by IFNa alone (Fig. 8B) but become up-regulated when exposure
to IFNa was preceded by NLRC5 KD (Fig. 8, C to E). NOVALI and
NOVA2 are key regulators of splicing in B cells, and their inhibition
contribute to B cell apoptosis (44). In the context of IFNo exposure,
the depletion of NOVAI increased EndoC-BH1 apoptosis (fig. S9, A
and D), while the parallel depletion of NLRC5 and NOVAI reverted
NOVAI KD-induced apoptosis, suggesting that NLRC5 depletion
attenuates NOVA1 KD-induced toxicity (fig. S9D). RBFOX1 fol-
lowed an inverse pathway, i.e., it was up-regulated by IFNa alone
(Fig. 8B) and then down-regulated in the case of NLRC5 KD plus

Szymczak et al., Sci. Adv. 8, eabn5732 (2022) 14 September 2022

IFNo (Fig. 8C). Inhibition of the splicing regulator RBFOX1 in-
creases insulin synthesis and secretion (45), and this up-regulation
by IFNa—an effect prevented by NLRC5 KD—may contribute to
progressive P cell dysfunction in the early stages of T1D. We addi-
tionally confirmed the impact of NLRC5 KD on two other RBPs modified
by IFNa, namely, MBNL2 (Fig. 8F) and HNRNPLL (Fig. 8G).

The IFNa-induced changes in RBPs were translated into major
changes in mRNA splicing, with a total of 1375 alternative splicing
events modified at 8 hours (Fig. 8H) and 844 events modified at
24 hours (fig. S8, A to D) following IFNa exposure. The most common
alternative splicing event was skipped exons (SEs) followed by
mutually exclusive exons (MXEs) (Fig. 8H and fig. S8D). Gene
Ontology enrichment analysis of the genes with modified splicing
at 8 hours showed, among others, pathways related to immune ef-
fector processes, defense responses against viruses, responses to
IFNs, etc. (Fig. 81). Many of these pathways, including defense re-
sponses against viruses, were not maintained at 24 hours (fig. S8E),
reinforcing the concept that alternative splicing changes may be
part of the arsenal of early innate immunity/antiviral responses
induced by type I IFNs. The KD of NLRC5 had a major impact on
the number of IFNo-modified events, decreasing them by 97% at
8 hours (Fig. 8H) and by 80% at 24 hours (fig. S8D), which is in
agreement with the observation that inhibition of NLRC5 decreases
the impact of IFNa on the expression of RBPs (Fig. 8, A to G, and
fig. S8A).

Some of the observed splicing modifications affected STATI, STAT?2,
and HLA-F coding transcripts (Fig. 8, ] to L). The splicing modification
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Fig. 7. NLRC5 KD in H1-derived islet-like cells decreases the T cell activation in coculture experiments. H1-derived islet-like cells were transfected with an siRNA
control (siCTL, white bars) or with an siRNA targeting NLRC5 (siNL#2, gray bars). Cells were then left untreated or treated with IFNo (2000 U/ml) for 24 hours. (A) NLRC5
protein expression was determined by Western blotting. NLRC5 protein was quantified by densitometry and normalized by the housekeeping protein B-actin and then
by the highest value of each experiment considered as 1. NLRC5 depletion decreased the mRNA expression of HLA-ABC (B) and its cell surface expression, evaluated by
flow cytometry (C). NLRC5 depletion decreased the mRNA expression of (D) HLA-E and (E) PDL1. mRNA expression was analyzed by RT-PCR and normalized by the geo-
metric mean of GAPDH and B-actin and then by siCTL-treated cells exposed to IFNa and considered as 1. (F) T cell activation determined by the percentage of CD107a*
CD8* T cells. Results are means + SEM of four to seven independent experiments. #P < 0.01, ##P < 0.001, and *##P < 0.0001 versus untreated and transfected with the

same siRNA; *P < 0.05, ***P < 0.001, and ****P < 0.0001, as indicated by bars (ANOVA followed by Bonferroni correction for multiple comparisons).

involving the STATT transcript is predicted to generate an alternative
first exon, and the inclusion of this exon was potentiated by NLRC5
KD after 8 hours of exposure to IFNa (Fig. 8]). The splicing modi-
fication affecting STAT2 involved the exclusion of exon 16. After
8 hours of exposure to IFNa, the depletion of NLRC5 induced the
skipping of this exon (Fig. 8K). Using the software Exon Ontology
(46), exon 16 is predicted to affect the coding of STAT2 protein binding
domain. Regarding HLA-F splicing modifications, NLRC5 depletion
followed by the exposure to IFNo during 24 hours led to a significant
decrease in the retention of the first intron from the HLA-F pre-mRNA
(Fig. 8L). As a “nonclassical” HLA class I molecule, HLA-F harbors
some structural differences from the other HLA class I members,
namely, the antigen recognition site (47). In addition, and contrary
to the classical HLA class I members, HLA-F depends on its cyto-
plasmic tail to exit the ER, pointing to a potential functional impact
of this splicing modification (48). Detailed functional studies are
needed to clarify the functional impact of the splicing modifications
described in Fig. 8 (J to L).

DISCUSSION

IFNo plays a key role on the early stages of T1D. This cytokine, to-
gether with its downstream signaling molecules, are now being tested
in preclinical models as therapeutic targets to prevent and/or revert
the disease (6). A key effect of IFNa is to up-regulate HLA class I
expression in human B cells (4, 49), which augments the number

Szymczak et al., Sci. Adv. 8, eabn5732 (2022) 14 September 2022

and breadth of autoantigens presented to the immune system (50).
We presently observed by bulk and scRNA-seq that exposure of
iPSC-derived islet-like cells to IFNa induces expression of HLA
class I and of several other genes involved in antigen presentation
and attraction of immune cells to the islets.

IFNa induced a slightly higher up-regulation of HLA-A and
HLA-B expression in o-like cells as compared to B-like cells. There
were also important differences between these two cell types regard-
ing expression of the following: (i) Bcl-XL, a key antiapoptotic gene
that has a higher expression in a-like cells than in B-like cells; this is
in agreement with our previous findings in rat islet cells, where high
Bcl-xl expression renders o cells resistant to metabolic ER stress—
induced apoptosis (51); (ii) ER stress-related genes, with the
proapoptotic CHOP showing higher expression in B-like cells, while
the protective chaperone BIP is higher in a-like cells; this may con-
tribute to the a cell endurance to ER stress (51); (iii) viral recognition
and innate immune response genes, such as MDA5, have higher ex-
pression in a-like cells; this is again in line with previous findings in
rat islets showing that a cells are much more resistant than B cells to
coxsackievirus B group 5 (CVB5) infection (52). It thus seems that
the capacity for antigen presentation, as evaluated by HLA expres-
sion, is similar between B and a cells, but either o cells are somehow
“less antigenic” than B cells [and it is of interest that CD8" T cells
invading the islets of patients affected by T1D are reactive to PPI but
not to glucagon (53)] for reasons that remain to be clarified
and/or a cells’ enhanced capacity to endure viral infections and
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Fig. 8. NLRC5 depletion attenuates the impact of IFNa-induced (8 hours) alternative splicing modifications in EndoC-gH1 cells. (A) Venn diagram of the overlap
between RNA binding proteins (RBPs) modified by exposure to IFNo with or without NLRC5 silencing. (B and €) mRNA expression of RBPs in cells exposed to IFNa alone
(B) or with NLRC5 silencing (C). Bar charts depict log,-transformed FC (adjusted P < 0.05). Arrows indicate relevant RBPs modified by IFNa (B) but prevented by NLRC5 KD
(O). (D and E) mRNA expression analyzed by quantitative RT-PCR of selected RBPs regulated by IFNo: and NLRC5 depletion: (D) NOVAT, (E) NOVA2, (F) MBNL2, and (G) HNRNPLL;
mRNA expression was normalized by the geometric mean of GAPDH and B-actin; means + SEM of four to seven independent experiments. *P < 0.05 (paired t test). (H) Cells
were exposed to IFNa or to IFNa following NLRCS silencing (NLRC5 KD). A3ss, alternative 3’ splice site; A5ss, alternative 5' splice site; MEX, mutually exclusive exons; R,
intron retention; SE, skipped exons. (I) Gene Ontology (GO) enrichment of the genes with modified alternative splicing events in cells treated with IFNo for 8 hours. Gene
ratio indicates % of total genes with AS modifications in the given GO term (adjusted P < 0.05). (J to L) Confirmation by semiquantitative RT-PCR of IFNa and NLRC5
KD-regulated splicing in selected genes (STAT1, STAT2, and HLA-F). Representative digital gel images (top) and quantifications with paired individual data points for five
to seven independent experiments (bottom) are shown for each splicing event. *P < 0.05 (paired t test).
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ER stress allows them to better survive early stresses that may cause
cell death and consequently amplify antigen presentation to the im-
mune system.

The above-described increase in HLA class I expression in islet-
like cells was accompanied by the increased expression of the tran-
scriptional activator NLRCS5, a regulator of HLA class I expression.
We next evaluated the global role of NLRC5 in human insulin-
producing EndoC-BH1 cells by RNA-seq, followed by confirmation
experiments in both EndoC-BH1 cells and human islets. We ob-
served that NLRC5 regulates not only HLA class I expression but
also expression of genes involved on peptide loading and stabilization
of HLA class I at the cell surface, as well as chemokines that may
attract immune cells. The down-regulation of HLA class I mediated
by NLRC5 KD led to a reduction in the percentage of activated CD8"
T cells in coculture experiments, suggesting that NLRC5 inhibition
may protect B cells against CD8" T cell attack. In line with this pos-
sibility, a very recent study indicates that inhibition of NLRC5 par-
tially protects stressed SC-derived islet-like cells against apoptosis
induced by allogenic PBMCs (43).

NLRC5 works similarly to the MHC class II transactivator pro-
tein CIITA (54): CIITA does not bind directly to DNA, but it is
instead recruited to the MHC class II promoter region through
protein-protein interaction with a promoter binding complex, the
MHC class II enhanceosome (55). Similarly, NLRC5 induces gene
expression in an MHC class I enhanceosome-dependent manner—
its binding is indirect and dependent on the highly cooperative pro-
tein complex, the MHC class I enhanceosome (54).

Unexpectedly, we found that NLRC5 is a major mediator of
the effects of IFNo on alternative splicing, a potential generator
of B cell neoantigens (3, 50). These observations raise the intriguing
possibility that NLRC5 is a central mediator of many of the key
effects of IFNa on B cells that contribute to trigger and amplify
autoimmunity in T1D. This effect on mRNA splicing might be
explained by the direct or indirect impact of NLRC5 on the ex-
pression of different RBPs. We presently observed that NLRC5
depletion modifies IFNa-induced splicing changes in STATI-,
STAT2-, and HLA-F-encoding transcripts, supporting the RNA-
seq data.

We confirmed the relevance for NLRC5 on the regulation of
HLA class I and related gene expression in our three experimental
models at different degrees of human B cell differentiation, namely,
iPSC-derived B-like cells, insulin-producing EndoC-BH1 cells, and
adult human islets. This NLRC5 up-regulation was also observed
in pseudo-bulk data from scRNA-seq of B cells from T1D donors
compared to normoglycemic donors (fig. S6C), although this has
been difficult to confirm by histology (7, 56) perhaps due to issues
with the available antibodies. As a whole, these observations suggest
an early role of NLRC5 in P cell antigen presentation, starting
during the first months of life, a period when the autoimmunity
process against these cells is probably triggered in many of the
individuals that will later develop T1D (57). NLRC5 is already
induced by relatively low concentrations of IFNa, e.g., 20 U/ml, a
concentration that also induces the protective protein PDLI but
not HLA class I or chemokines (present data). This, and the fact
that a nearly complete KD of NLRC5 at the protein level only
decreases HLA class I expression by around 50%, indicates that
the regulation of HLA class I in B cells involves additional media-
tors besides NLRC5. This observation raises the hypothesis that
deleterious signals (i.e., HLA class I and chemokine expression)

Szymczak et al., Sci. Adv. 8, eabn5732 (2022) 14 September 2022

can be potentially dissociated from the beneficial (i.e., PDL1) ef-
fects of IFNa exposure (see below). In line with this possibility, KD
of the upstream transcription factor STAT2 inhibits IFNa-
induced HLA class I expression (8) while inducing a paradoxical
increase in PDLI (37).

Potential limitations of the study include first its in vitro nature,
i.e., all findings are based on three models of human B cells or
human B-like cells under culture conditions. Models of systemic
Nlrc5 KO mice have been generated (23-26, 58), but major lim-
itations of using these models include the species-specific nature of
mRNA splicing [i.e., alternative splicing findings observed in human
islets are often not reproduced in rodent islets (59)], the absence of
a B cell-specific NLRC5 KO model, and the difficulties of translat-
ing results obtained in mouse models of T1D to the human disease
(60), which emphasizes the need for research on human B cells and,
when available, fully humanized mouse models. Second, the RNA-
seq following NLRC5 inhibition was performed in a human f cell
line, namely, EndoC-BH1 cells. Although cytokine-induced whole
gene expression is well conserved between EndoC-BH1 cells and
primary human islets (9, 61), future validation of our global find-
ings in primary human islets is important particularly in the con-
text of specific alternative splicing. Some of the specific findings made
in EndoC-BH1 cells were presently confirmed in human islets, but
all donors were older than 60 years, and we cannot exclude that
donor’s age affected the data obtained. Third, it would be crucial
to identify the specific splice variants regulated by NLRC5 in human
B cells that are recognized by CD8" T cells obtained from T1D
patients. This would serve as a “proof of concept” for the role for
NLRC5-regulated splicing in human T1D. This will require the com-
bination of deep RNA-seq with peptidomics (50) in human B cells
KD, or not, to NLRC5 followed by exposure to IFNa, a highly time-
and resource-demanding approach that goes beyond the objectives
of the present study. Last, the dual role of NLRC5, which makes
data interpretation difficult, must be considered. On one hand,
NLRCS5 depletion decreases IFNa-induced HLA class I expression
and alternative splicing, which may be P cell protective by potentially
decreasing neoantigen presentation to the immune system. On the
other hand, we observed that NLRC5 KD decreases IFNo-induced
expression of protective molecules such as HLA-E and PDL1, which
may hamper the ability of B cells to evade—at least for a time—the
immune assault. Future work should aim to determine how to ther-
apeutically dissociate the potentially beneficial from deleterious ef-
fects of NLRCS5 inhibition.

Perhaps the most intriguing finding of the present study is the
discovery that NLRCS5 is a key mediator of the effects of IFNa on
alternative splicing. KD of NLRC5 prevented by more than 80%
IFNa-induced changes in the expression of RBPs and, most impor-
tantly, downstream splicing events. Among the identified RBPs
that are regulated by IFNa via NLRC5 are NOVAI, NOVA2, and
RBFOX1, previously shown by us to modulate B cell viability and
function (44, 45). Splicing alterations might contribute to pancreatic
B cell demise and its recognition by the immune system in the
context of T1D (29, 50, 62) and other autoimmune diseases (6, 63)
and may also have an impact on the role for candidate genes in T1D
and other diseases (29, 64, 65). Alternative splicing plays also a reg-
ulatory role for B cell identity, development, function, and survival
(29, 44, 64, 66-69). It will be thus of high interest to further charac-
terize the potential role for NLRCS5 in B cell neoantigen generation
and presentation in the early stages of T1D.
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MATERIALS AND METHODS

Experimental model and subject details

Human islets

Human islets were isolated from nondiabetic (ND) organ donors by
collagenase digestion and density gradient purification with the ap-
proval of the local ethical committee in Pisa, Italy. The islets were
characterized as previously reported (70) and cultured in M199 cul-
ture medium (5.5 mM glucose) ahead of transport to the Brussels’
laboratory for additional experiments. On arrival, the islets were
dispersed and cultured in Ham’s F-10 medium containing 6.1 mM
glucose (Gibco, Thermo Fisher Scientific), 10% fetal bovine serum
(Gibco, Thermo Fisher Scientific), 2 mM GlutaMAX (Gibco,
Thermo Fisher Scientific), 50 mM 3-isobutyl-1-methylxanthine
(Sigma-Aldrich), 1% fatty acid—free bovine serum albumin (BSA)
fraction V (Roche), and penicillin (50 U/ml) and streptomycin
(50 mg/ml) (Lonza, Verviers, Belgium) (7I). All the experimental
replicates are from different donors. The characteristics of the dif-
ferent donors are listed in table S2.

EndoC-BH1 human B cell line

The human pancreatic B cell line EndoC-BH1 was provided by
R. Scharfmann (Institut Cochin, Université Paris, Paris, France)
(72). The EndoC-BH1 cells were cultured in Dulbecco’s modified
Eagle medium with 5.6 mM glucose (Gibco, Thermo Fisher Scien-
tific), 2% fatty acid-free BSA fraction V, 50 uM 2-mercaptoethanol
(Gibco, Thermo Fisher Scientific), 10 mM nicotinamide (Sigma-
Aldrich), transferrin (5.5 ug/ml; Sigma-Aldrich), selenite (6.7 ng/ml;
Sigma-Aldrich), and penicillin (100 U/ml) + streptomycin (100 pg/ml)
in Matrigel-fibronectin—coated plates (71). All the experiments per-
formed with EndoC-BH1 cells refer to independent experiments, i.e.,
EndoC-BH1 cells from different passages.

SClines

The iPSC lines HEL115.6 and 1023A were derived from human
healthy fibroblasts and bone marrow, respectively. The human em-
bryonic SC line H1 was obtained from WiCell, Wisconsin Mate-
rials [provider scientist: M. Sander, University of California; stock
WAO1 (H1)] and was used for coculture experiments because it
expresses the HLA-A2. The SCs had normal karyotype (both XY),
classical SC colony morphology, and expressed pluripotency mark-
ers, as shown in (19, 20, 73). SCs were maintained in E8 medium
(Life Technologies) in matrigel-coated plates. SCs were differentiated
into pancreatic B-like cells using a seven-step protocol as previously
described (18, 20, 73, 74). After differentiation, stage 7 aggregates
were dispersed. Briefly, aggregates were incubated in phosphate-
buffered saline (PBS; Lonza) solution with 0.5 mM EDTA at room
temperature for 6 min, exposed to Accumax (Sigma-Aldrich) for
8 min, and then dispersed by gentle pipetting. Knockout serum
(Gibco, Thermo Fisher Scientific) was added to quench the dissociation
process, and cells were seeded at 5 x 10 cells per 6.4-mm well in stage
7 medium. All the results shown for SC-derived B-like cells refer to
independent biological samples, i.e., independent differentiations.
Immunofluorescence

The percentage of B cells in primary human islets and in SC-derived
islet-like cells was assessed by immunofluorescence. The cells were
fixed in 4% formaldehyde for 20 min, permeabilized with 0.5%
Triton X-100 for 10 min, blocked with UltraV block (Thermo Fisher
Scientific) for 10 min, and incubated with primary antibodies (table
S$3) diluted in 0.1% Tween in PBS overnight at 4°C. Following
incubation with secondary antibodies for 1 hour at room
temperature, samples were mounted with Vectashield with 4',6-
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diamidino-2-phenylindole (DAPI) (Vector Laboratories) and covered
with glass coverslips.

Insulin secretion and content

Forty stage 7 aggregates were washed with glucose-free Krebs buffer
(Univercell Biosolutions) in low-adhesion plates and preincubated
in Krebs buffer for 30 min. Aggregates were exposed to 0 mM glucose,
20 mM glucose, or 20 mM glucose plus 10 uM forskolin for 1 hour.
Aggregates were lysed by sonication and acid ethanol for determi-
nation of insulin content. Supernatants were stored at —80°C, and
human insulin levels were measured by ELISA (Mercodia) accord-
ing to the manufacturer’s instructions.

Cell preparation and sequencing for the scRNA-seq
HEL115.6-derived islet-like aggregates were washed once with Ham’s
F-10 medium containing 3.75 g of free fatty acid—free BSA, 2.5 ml
of GlutaMAX, and penicillin-streptomycin (100 U/ml) and trans-
ferred into a new 10-cm low-adherence dish containing 20 ml of the
medium. Dishes were kept under constant agitation on an OrbiShaker
CO, (Benchmark Scientific). After 1 hour of rest, IFNo (2000 U/ml;
PeproTech) was added or not (negative control). After 24 hours,
aggregates were dispersed as described above. After that, cells were
filtered using a 30-um cell strainer (Corning) and resuspended in
200 pl of Dead Cell Removal MicroBeads (Dead Cell Removal kit,
Miltenyi Biotec). The dead cells were removed according to the
manufacturer’s instructions, using LS columns and MidiMACS
separator (Miltenyi Biotec). The final cell suspension was centri-
fuged at 300 relative centrifugal force (RCF) for 3 min and resus-
pended into 1 ml of PBS + 5% BSA. The cell count and the cell
viability were determined using a Countess II Automated Cell Count-
er and trypan blue solution (Thermo Fisher Scientific). The cells were
used for scRNA-seq only if the following conditions were met: cell
viability equal or superior to 80% and cell density between 700 and
1200 cells/pl. The single-cell gene expression analysis was conducted
using a 10X Chromium single-cell system (10X Genomics Inc.) and
a NovaSeq 6000 sequencer (Illumina Inc.) at the Center for Genomics
and Bioinformatics, Indiana University, School of Medicine. More
than 10,000 targeted cell recovery per sample were applied to a
single-cell master mix with lysis buffer and reverse transcription re-
agents, following the Chromium NextGEM Single-Cell 3" Reagent
Kits User Guide, CG000204 Rev D (10X Genomics Inc.). Along
with the single-cell gel beads and partitioning oil, the single-cell
master mixture containing the single-cell suspension was dis-
pensed onto Single-Cell Chip G in separate wells, and the chip was
loaded to the Chromium Controller for GEM generation and bar-
coding, followed by cDNA synthesis and library preparation. At
each step, the quality of cDNA and library was examined by Bioan-
alyzer (Agilent Technologies) and Qubit (Thermo Fisher Scientific).
The resulting library was sequenced in a custom program for 28b
plus 91b paired-end sequencing on Illumina NovaSeq 6000. This re-
sulted in the sequencing of a range of 21,000 to 49,000 reads per cell
over 8000 to 16,000 cells, depending on the sample.

Bulk RNA-seq from iPSC-derived islet-like cells

Total RNA was extracted from at least 200,000 cells collected at the
end of dead cell removal step, using an RNeasy Plus mini kit ac-
cording to the manufacturer’s instructions (Germantown). Total
RNA was eluted in 30 ul of RNA-free water. Genomic DNA was
removed by using deoxyribonuclease I (Thermo Fisher Scientific),
and the purified RNA was recovered using the SurePrep RNA Cleanup
and Concentration Kit, according to the manufacturer’s instructions
(Fisher Scientific). The genomic DNA removal and cleanup step
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was repeated a second time. The purity of the finally obtained total
RNA was evaluated using Bioanalyzer. Sequencing was performed
on NovaSeq 6000 at the Center for Genomics and Bioinformatics,
Indiana University, School of Medicine.

ScRNA-seq processing and analysis

Raw scRNA-seq data (fastq) were aligned with Cell Ranger v6.0 (75)
on the human genome GRCh38 in accordance with the instructions
provided by 10X Genomics. In total, we obtained on average
390 million reads per sample (reads mapped confidently to ge-
nome > 94%). For each sample, we performed an initial clustering
using the Seurat (76) pipeline, followed by a decontamination of
the ambient mRNA [false discovery rate (FDR) > 0.01] with SoupX
(77) using genes representing the major cell types preidentified in
the initial clustering and other potential contaminant (INS, GCG, SST,
TTR, IAPP, PYY, KRT19, TPH1, FEV, HLA-A, HLA-B, HLA-C,
HLA-E, and B2M). Doublets were removed from the filtered counts
with scDblFinder (78).

The decontaminated data were imported with the following thresh-
olds: number of genes expressed > 1000, fraction of mitochondrial
content < 10%, and total counts per cell > 3000. The new single-cell
gene expression profiles were normalized with scran (79), and we
scaled the data with Seurat. For each biological replicate, the top
1000 variable genes in each condition were identified using the
“vst” method implemented in Seurat. In total, 2032 combined unique
variable genes were used to perform a principal components analy-
sis (PCA) analysis on all samples. The top 50 PCA components
were selected to integrate the data with Harmony (80) with sample
ID and stimulation as confounding factors (max.iter.harmony = 20,
max.iter.cluster = 40). Integrated components were then used to
build a Uniform Manifold Approximation and Projection (UMAP)
(min.dist = 0.05) embedding of the 73,834 integrated cells. Unsu-
pervised clustering of the integrated data was performed with the
Louvain algorithm to determine the major cell types (resolution =
0.2, k = 10). Hallmark genes described in (30, 31) were used to
validate the unsupervised clustering (see Fig. 1, G and H) along the
“FindAllMarkers” function implemented in Seurat as an unbiased
validation.

To evaluate the IFNo-induced changes on the cells, a DGE anal-
ysis was done on each identified cluster with MAST (Model-based
Analysis of Single-Cell Transcriptomics) (81) (via the wrapper func-
tion available in Seurat) over genes expressed in at least 10% of the
cell in either condition (control or IFNo-treated). Output results
from the MAST analysis are available in data file S1.

Small RNA interference and treatment

NLRC5 gene expression was silenced using two independent
siRNAs [Thermo Fisher Scientific; siNL#1 (siRNA HSS130675):
5-GGACACCUGGCAGUCUUUCAUUCAU-3’; siNL#2 (siRNA
HSS130676): 5'-GCAGUUGGCAGAGUCUCUCGUUCUU-3']. AllStars
Negative Control siRNA (siCTL) (Qiagen) was used as a negative
control; the siRNA control does not interfere with B cell gene ex-
pression, function, or viability (82). NOVAI gene expression was
silenced using an siRNA [Thermo Fisher Scientific; siNO1 (siRNA
HSS143142): 5'-UUUGCAACUGAACAAUUGUCUGUCC-3'] (44).
Cells were transfected using the Lipofectamine RNAIMAX lipid
reagent (Invitrogen, Life Technologies) in Opti-MEM (Gibco,
Thermo Fisher Scientific) reduced serum medium, according to
the manufacturer’s instructions. EndoC-BH1 was transfected
using 30 nM of each siRNA, overnight. Dispersed human islets and
SC-derived B-like cells were transfected with 60 nM of each siRNA,

Szymczak et al., Sci. Adv. 8, eabn5732 (2022) 14 September 2022

also during an overnight incubation period. After transfection,
EndoC-BHI, dispersed human islets, and SC-derived B-like cells
were kept in culture for a 48-hour recovery period and subsequently
exposed, or not, to human IFNa (2000 U/ml; PeproTech) for 8
or 24 hours. These conditions are based not only on previously
published time dose-response experiments (8) but also on time
course and dose response experiments presented in this article
(fig. S4).

Cell viability assessment

Cell viability was determined by fluorescence microscopy using
the nuclear dye propidium iodide (10 ug/ml; Sigma-Aldrich) and
Hoechst 33342 (10 ug/ml; Sigma-Aldrich), as previously described
(82, 83). A minimum of 500 cells was counted per condition. Viabil-
ity was evaluated by two independent observers, one of them being
unaware of sample identity. The agreement between the two ob-
servers was >90%. The results are expressed as percentage of apop-
tosis, calculated as the number of apoptotic cells/total number of cells.
Quantitative real-time PCR and validation of splicing events
Poly(A)" mRNA was isolated using the Dynabeads mRNA DIRECT
Kit (Invitrogen) and reverse-transcribed using the Reverse Tran-
scriptase Core Kit (Eurogentec), following the manufacturer’s pro-
tocol. The quantitative RT-PCR amplification reactions were performed
with IQ SYBR Green Supermix (Bio-Rad Laboratories) and ran
in the CFX Connect Real-Time PCR Detection System (Bio-Rad
Laboratories). The product quantification was performed using the
standard curve method (84). The target gene concentration was ex-
pressed as copies per microliter. The cycling conditions used were
95°C from 3 min, followed by 40 cycles of 95°C for 15 s, and 58°C
for 20 s, followed by a final step of 95°C for 1 min, 70°C for 5 s, and
95°C for 50 s. For each gene, the melting curve was analyzed to con-
firm amplification of a single PCR product. Gene expression values
were normalized by the geometric mean of the housekeeping genes B-ac-
tin and GAPDH. The geometric mean of B-actin and GAPDH
was not modified by the IFNa treatment except for a mild de-
crease in human islets after 24 hours, which may be due to cell
loss (EndoC-BH1: 5.47 x 10* + 4.68 x 10° copies/ul in nontreated
condition versus 5.71 x 10* + 4.75 x 10° copies/ul in IFNo condition;
human islets: 1.71 x 10° + 3.37 x 10* copies/ul in nontreated condi-
tion versus 1.18 x 10° + 222 x 10" copies/ul in IFNa condition
(P < 0.01); iPSC-derived B-like cells: 4.77 x 10* + 8.73 x 10> cop-
ies/ul in nontreated condition versus 4.93 x 10* + 7.95 x 10° cop-
ies/ul in IFNa condition). Selected alternative splicing events were
validated by semiquantitative RT-PCR using specifically designed
primers encompassing the putative splicing change as described (67, 68).
The primers were manually designed to target the constitutive flanking
exons of the region of interest, allowing the simultaneous amplifica-
tion of the different splice variants that were further distinguished
based on amplicon size. The semiquantitative-PCR was performed
using the RedTaq DNA polymerase (Bioline) following the manu-
facturer’s recommendations. The resulting PCR products were separated
using the LabChip electrophoretic Agilent 2100 Bioanalyzer system
using the DNA 100 LabChip Kit (Agilent Technologies). The sequence
of primers used for quantitative RT-PCR and semiquantitative-PCR
is shown in table S4.

Protein extraction and Western blotting analysis

Cells were first washed with PBS buffer and then lysed using 1x
Laemmli sample buffer [60 mM tris[hydroxymethyl]Jaminomethane
(pH 6.8), 10% glycerol, 1.5% dithiothreitol, 1.5% 2-mercaptoethanol,
2% SDS, and 0.005% bromophenol blue] with protease and phosphatase
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inhibitor cocktails (Roche). Total protein was resolved on 10%
SDS-polyacrylamide gel electrophoresis and then transferred to
nitrocellulose membranes. The membranes were probed using spe-
cific antibodies against NLRC5 (anti-NLRC5 antibody, clone 3HS,
Sigma-Aldrich), diluted 1:500, and anti-B-actin (Cell Signaling
Technology) as a housekeeping protein, diluted 1:5000. The anti-
bodies were diluted in 1x tris-buffered saline and 0.1% Tween 20 with
5% BSA. The primary antibodies were incubated overnight at 4°C,
and then the membranes were probed with peroxidase-conjugated
secondary antibodies (listed in table S3) for 1 hour at room tem-
perature. The immunoreactive bands were detected using a che-
miluminescent substrate (SuperSignal West Femto, Thermo Fisher
Scientific) in a Bio-Rad ChemiDoc XRS+ system (Bio-Rad Labora-
tories). The ImageLab software (Bio-Rad Laboratories) was used for
densitometric quantification of the bands. The values obtained were
normalized by the housekeeping protein B-actin after background
subtraction and then by the highest value of each experiment con-
sidered as 1.

Flow cytometry

The expression of HLA-ABC at the B cell surface was quantified by
flow cytometry after transfection with siCTL or siNL#2, under non-
treated condition and after IFNa (2000 U/ml) exposure for 24 hours.
Briefly, the cells were blocked with Hanks’ balanced salt solution
(HBSS; Gibco, Thermo Fisher Scientific) with 2% BSA for 30 min
on ice. After blocking, the cells were incubated with conjugated primary
antibody anti-HLA-ABC [phycoerythrin (PE) mouse anti-human
HLA ABC; BD Biosciences] diluted 1:50 in HBSS + 2% BSA. The
primary antibody was incubated for 30 min at 4°C to prevent
HLA-ABC internalization. The cells were then washed in cold HBSS +
2% BSA and fixed with 4% paraformaldehyde (PFA). The cells were
detached using Accutase (Capricorn) for 5 min at 37°C. Before the
analysis, the cells were resuspended in PBS with 5 mM EDTA. Cells
were analyzed using a BD LSRFortessa X-20 (BD Biosciences) flow
cytometer. Data analysis and graphical representation were per-
formed using FlowJo software version v10 (Tree Star, Ashland). In
summary, the cells were identified on the basis of forward scatter
(FSC) and side scatter (SSC) parameters, which allow the exclusion
of cell debris and nonviable cells, due to the relative differences in,
respectively, size and granularity of the cells. Next, the relation be-
tween FSC width and FSC height was used to eliminate cell doublets.
Last, the number of HLA-ABC-positive cells was assessed in the dot
blots. Positive and negative thresholds were set using an isotype im-
munoglobulin (Ig) control (PE mouse IgG1x isotype control; BD
Biosciences) with the same fluorophore (fig. S10A).

Analysis of CXCL10 secretion by ELISA

ELISA (Human CXCL10/IP-10 Immunoassay, Quantikine ELISA
kit, R&D Systems) was used to quantify CXCL10 secretion to the
culture medium (by 45,000 EndoC-BH1 cells/200 pl of culture me-
dium and by 30,000 human islet cells/200 pl; culture time as indicated
in the legends for the figures). The cell culture supernatants’ were
collected and immediately stored at —80°C until samples’ processing.
EndoC-BH1 and dispersed human islet samples under nontreated
conditions, after transfection with siCTL or siNL#2, at 8- and 24-hour
time points, were diluted twofold. EndoC-BH]1, transfected with
siCTL and siNL#2 after exposure to IFNa for 8 and 24 hours, was
diluted 20-fold. The dispersed human islets transfected with siCTL
and siNL#2 after exposure to IFNa for 8 and 24 hours were diluted
50-fold. The assay procedure and calculation of the results were
conducted following the manufacturer’s recommendation.
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RNA-seq from EndoC-BH1 cell line

Total RNA was isolated from EndoC-BH1 samples using the RNeasy
Plus Micro Kit (Qiagen) and quantified using NanoDrop ND-1000
(Thermo Fisher Scientific). A minimum of 500 ng of high-quality
RNA with RNA integrity number > 9 (as determined by Agilent
Bioanalyzer) per sample and replicate was used for library prepara-
tion. RNA-seq was performed on NovaSeq 6000 (Eurofins).

Bulk RNA-seq processing and analysis

Raw RNA-seq data [2 x 150-bp paired-end with a depth of >200 million
reads for EndoC-BH1 cells (Eurofins Genomics Europe Sequencing
GmbH, Konstanz, Germany) and 2 x 100-bp paired-end with a depth
of >50 million reads for iPSC-derived islet-like cells (Center for
Genomics and Bioinformatics, Indiana University, School of Medi-
cine)] were quality-checked with fastp (85) to remove reads with
poor quality and trim remaining adapters. The quality control (QC)
of the passing reads was assessed with FastQC (Babraham Bioinfor-
matics). One paired experiment for the IFNo treatment at 24 hours
did not pass our QC (insufficient read quality) and was removed
from the subsequent analyses.

Gene expression was quantified in TPM (transcripts per
million) using Salmon v1.4 (86) with additional parameters
“--seqBias --gcBias —validateMappings.” We used GENCODE v35 (87)
as the reference genome and indexed it with default k-mer values.
DGE analysis was performed with DESeq2 v1.30.1 (88). Briefly, for
each gene included in the DESeq2 model, a log,FC value was ob-
tained on the basis of the comparison performed (e.g., EndoC-pH1
cells exposed to IFNo during 24 hours with or without siNL#2).
Each of those values is associated to a Wald test statistic, a P value, and
an adjusted P value (Benjamini-Hochberg correction). The thresholds
to consider a gene as differentially expressed were |log,FC| > 0.58 and
adjusted P < 0.05. As all samples were paired by biological replicates,
we used the experiment number as a confounding factor in the general
linear model of DESeq?2.

The identification of genes associated with splicing regulation
was based on the association with the Gene Ontology term GO:
0008380 “RNA splicing.” No |FC| cutoff was applied for the identi-
fication of differentially expressed splicing regulators.

Gene set enrichment analysis

GSEA was done using the previously generated DGE results in bulk
and scRNA-seq data. The enrichment or depletions in metabolic
pathways were assessed with fGSEA (89) using the KEGG (90) and
REACTOME (91) databases as references. For the bulk RNA-seq
data analysis, genes were preranked according to the value of their
Wald test statistics obtained through the DESeq2 analysis (data file
S2). For scRNA-seq, we preranked the data using the average log,FC
obtained with MAST (81) (data file S3). In both analyses, an up- or
down-regulated pathway (depending on the direction of their en-
richment score) was considered significant when adjusted P < 0.05.

For the genes affected by alternative splicing modifications after
IFNa exposure alone or NLRC5 depletion followed by IFNo expo-
sure at different time points, the functional enrichment analysis
was performed with clusterProfiler (92) for Gene Ontology. Genes
identified by RNA-seq in control or after NLRC5 KD and IFNa with
normalized read counts >1 were considered as expressed and hence
used as background. The standard parameters were applied, and
adjusted P < 0.05 was considered to be statistically significant.
RRHO analysis
The inversion of the IFNa-induced signature in EndoC-pH]1 cells
following NLRC5 KD was computed with the RRHO algorithm
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(93). RRHO is a method to highlight concordance and discordance
between two ranked lists. In short, we ranked genes in each analysis
from the most up-regulated to the most down-regulated. An inter-
section of both lists was then performed to ensure that the same elements
were present and the list of similar length. Last, the analysis of the
order of the ranked genes was performed with a hypergeometric test.
The RRHO map interpretation guidelines are illustrated in fig. S6D.
Pseudo-bulk analysis

Comparison between scRNA-seq of B cells from ND and T1D
donors was performed by reprocessing the raw data available on
the HPAP portal (41). Briefly, we downloaded raw fastq files from
15 ND donors and 8 T1D donors and processed the data with the
scRNA-seq pipeline described above, except for the mRNA decon-
tamination that was performed on another set of genes (INS, TTR,
GCG, IAPP, SST, and KRT19). B Cells were identified after Louvain
clustering (resolution = 0.3), and data were merged into pseudo-
bulk (i.e., aggregation of the counts of the same cell type at the sam-
ple level). DGE was then performed on the preidentified B cell cluster
as described for bulk RNA-seq.

Coculture between SC-derived islet-like cells and CD8" T cells
H1-derived islet-like cells were transfected with siCTL or siNL#2
and were then left untreated or treated with IFNa (2000 U/ml) for
24 hours. The cells were detached using Accutase for 5 min at 37°C,
and then the HLA-ABC expression at the cell surface was evaluated
by flow cytometry and the NLRC5 KD efficiency by Western blot-
ting. For the coculture, 100,000 H1-derived islet-like cells were cul-
tured with 50,000 HLA-A2 PPI-specific CD8" T cells (42) in human
islet medium supplemented with IL-2 (25 U/ml; R&D Systems),
IL-15 (5 ng/ml; PeproTech), and anti-human CD107a-fluorescein
isothiocyanate (Thermo Fisher Scientific) in ultralow attachment
U-bottom plates (Corning). The cocultured cells were then incubated
at 37°C for 4 hours. Cells were washed with flow cytometry buffer
(2% BSA in PBS with 5 mM EDTA) and then incubated with mouse
anti-human CD8 allophycocyanin (APC) (BD Biosciences) at 4°C
for 30 min. Last, the cells were fixed with 4% PFA at 4°C for 20 min
and analyzed using a BD LSRFortessa X-20 flow cytometer (San
Jose, CA, USA).

The percentage of CD107a" of the CD8" T cells was calculated
using Flow]Jo software version v10. Briefly, the single cells were identi-
fied as described above, and then CD8" T cells were first selected to
allow the calculation of the percentage of CD107a" (fig. S10B).
Alternative splicing analysis
Samples were aligned with STAR v2.7.6a (94) to GENCODE v35
reference genome (87), in agreement with the guidelines provided
by rMATS-Turbo (v4.1.1) (95). rMATS-Turbo was run over the BAM
files generated by STAR as paired experiments with the recom-
mended defaults parameters. We specified read type, read length,
and strand specificity with “--variable-read-length --readLength
150 —paired-stats --libType fr-firststrand.”

The alternative splicing events classified by the rMATS software
were identified on the basis of junction-spanning reads. They in-
cluded SE, alternative 5" splice site (A5SS), alternative 3’ splice site
(A3SS), MXEs, and retained intron (RI). The alternative splicing
event significance level was FDR < 0.05. Potential candidates were
further filtered by the absolute change in their “percent spliced-in”
(PSI) value (|APSI| > 0.05).

Statistical analysis
Data are shown as means + SEM. Significant differences between exper-
imental conditions were determined by paired t test or by analysis
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of variance (ANOVA) followed by Bonferroni correction as in-
dicated. P < 0.05 was considered statistically significant. The statis-
tical tools used for the analysis of the RNA-seq experiments are
described above.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn5732

View/request a protocol for this paper from Bio-protocol.
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