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RIPK1 and RIPK3 regulate TNFa-induced b-cell
death in concert with caspase activity
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Erica P. Cai 3, Andrew A. Oberst 5, Steven E. Kahn 4, Andrew T. Templin 1,2,3,6,*
ABSTRACT

Objective: Type 1 diabetes (T1D) is characterized by autoimmune-associated b-cell loss, insulin insufficiency, and hyperglycemia. Although
TNFa signaling is associated with b-cell loss and hyperglycemia in non-obese diabetic mice and human T1D, the molecular mechanisms of b-
cell TNF receptor signaling have not been fully characterized. Based on work in other cell types, we hypothesized that receptor interacting protein
kinase 1 (RIPK1) and receptor interacting protein kinase 3 (RIPK3) regulate TNFa-induced b-cell death in concert with caspase activity.
Methods: We evaluated TNFa-induced cell death, caspase activity, and TNF receptor pathway molecule expression in immortalized NIT-1 and
INS-1 b-cell lines and primary mouse islet cells in vitro. Our studies utilized genetic and small molecule approaches to alter RIPK1 and RIPK3
expression and caspase activity to interrogate mechanisms of TNFa-induced b-cell death. We used the b-cell toxin streptozotocin (STZ) to
determine the susceptibility of Ripk3þ/þ and Ripk3�/� mice to hyperglycemia in vivo.
Results: Expression of TNF receptor signaling molecules including RIPK1 and RIPK3 was identified in NIT-1 and INS-1 b cells and isolated mouse
islets at the mRNA and protein levels. TNFa treatment increased NIT-1 and INS-1 cell death and caspase activity after 24e48 h, and BV6, a small
molecule inhibitor of inhibitor of apoptosis proteins (IAPs) amplified this TNFa-induced cell death. RIPK1 deficient NIT-1 cells were protected from
TNFa- and BV6-induced cell death and caspase activation. Interestingly, small molecule inhibition of caspases with zVAD-fmk (zVAD) did not
prevent TNFa-induced cell death in either NIT-1 or INS-1 cells. This caspase-independent cell death was increased by BV6 treatment and
decreased in RIPK1 deficient NIT-1 cells. RIPK3 deficient NIT-1 cells and RIPK3 kinase inhibitor treated INS-1 cells were protected from
TNFaþzVAD-induced cell death, whereas RIPK3 overexpression increased INS-1 cell death and promoted RIPK3 and MLKL interaction under
TNFaþzVAD treatment. In mouse islet cells, BV6 or zVAD treatment promoted TNFa-induced cell death, and TNFaþzVAD-induced cell death was
blocked by RIPK3 inhibition and in Ripk3�/� islet cells in vitro. Ripk3�/� mice were also protected from STZ-induced hyperglycemia and glucose
intolerance in vivo.
Conclusions: RIPK1 and RIPK3 regulate TNFa-induced b-cell death in concert with caspase activity in immortalized and primary islet b cells.
TNF receptor signaling molecules such as RIPK1 and RIPK3 may represent novel therapeutic targets to promote b-cell survival and glucose
homeostasis in T1D.
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1. INTRODUCTION

TNFa is a proinflammatory cytokine associated with b-cell loss, insulin
insufficiency and hyperglycemia in the pathogenesis of type 1 diabetes
(T1D) [1e5]. Previous studies found that TNFa elicits b-cell death in
NIT-1 and MIN6 b-cell lines in vitro, with Fas-associated death domain
(FADD) promoting this process [6] and NFkB signaling inhibiting it [7].
Other studies failed to observe TNFa-induced b-cell death [8] or
observed it only in the presence of cycloheximide [9]. Although primary
islet b cells are less prone to TNFa-induced cell death in vitro, TNFa
and IFNg cotreatment strongly elicits primary b-cell death, which
Irawaty and colleagues found to be caspase-independent [6,10].
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In vivo, overexpression of TNFa in b cells accelerates the onset of
hyperglycemia in the non-obese diabetic (NOD) mouse model of T1D
[3], while either loss of TNF receptor 1 (TNFR1) [4] or treatment with an
anti-TNFa antibody [11] protects NOD mice from hyperglycemia. In
humans, etanercept, a TNFa neutralizing antibody was shown to
promote glucose homeostasis and b-cell function in a pilot study of 18
individuals with newly diagnosed T1D [12], and more recently, goli-
mumab, an anti-TNFamonoclonal antibody, was shown to preserve b-
cell function in a cohort of 84 children and young adults with new-
onset T1D [5], revealing the importance of this pathway in human
disease. Although these studies established that TNFa promotes hy-
perglycemia in T1D, the role of TNFa-mediated b-cell loss in this
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process remains poorly understood. As such, studies to characterize
the mechanisms of b-cell TNF receptor signaling may lead to novel
approaches to protect b cells and diminish hyperglycemia in T1D.
Although studies of TNFa-induced b-cell death have focused on
apoptosis [2,13], in other cell types TNFa can elicit a distinct mech-
anism of caspase-independent programmed cell death termed nec-
roptosis [14,15]. In contrast to apoptosis, necroptosis is an
inflammatory and immunogenic form of lytic cell death that occurs
when caspases are inactivated [16,17], leading to release of damage-
associated molecular patterns and immune responses [17,18].
Following stimulation of TNFR1, activation of receptor interacting
protein kinase 1 (RIPK1) and caspase 8 promote apoptosis in diverse
cell types [19e21]. However, when caspase 8 activity is inhibited
genetically or pharmacologically [22e24], RIPK1 signals via receptor
interacting protein kinase 3 (RIPK3) and mixed linage kinase domain
like pseudokinase (MLKL) to execute necroptosis [15,16,25]. Thus,
RIPK1 and caspase 8 function as critical regulators of TNFR1 signaling
that can direct either caspase-dependent apoptosis or RIPK3-mediated
necroptosis depending on caspase activation state (Figure 1A) [26].
Interestingly, b-cell specific caspase 8 knockout mice display hyper-
glycemia and loss of islet area with age [27], and caspase 8 mutations
have been linked to hyperglycemia in humans [28]. However, the roles
of RIPK1 and RIPK3 in TNFa-induced b-cell loss have not been clearly
described.
We hypothesized that b cells are susceptible to TNFa-induced cell
death and that RIPK1 and RIPK3 regulate this process in concert with
caspase activity. To test this hypothesis, we quantified TNFa-induced
cell death and caspase activity in immortalized NIT-1 and INS-1 b-cell
Figure 1: NIT-1 and INS-1 b cells express components of TNFa pathway signaling.
Tnfrsf1a, Ripk1, Casp8, Ripk3 and Mlkl RNA expression were quantified in NIT-1 (circles
expressed as DCT of the gene of interest (n ¼ 3). C) NIT-1 and INS-1 b cells express T
analysis of 20 mg of protein from total cell lysates.
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lines and primary mouse islet cells in vitro. We utilized real-time, high-
content measurements of cell death, Ripk1 and Ripk3 deficient b cells,
a synthetic pan-caspase inhibitor (zVAD-fmk), a small molecule RIPK3
inhibitor (GSK’872), RIPK3 overexpressing b cells, and Ripk3�/� islets
to characterize the roles of RIPK1 and RIPK3 in TNFa-induced b-cell
loss. We also evaluated the susceptibility of Ripk3�/� mice to hy-
perglycemia following exposure to the b-cell toxin streptozotocin (STZ).
To our knowledge, this study is the first to systematically evaluate the
roles of RIPK1, RIPK3, and caspase activity in TNFa-induced b-cell
death, and to determine the susceptibility of b cells to caspase-
independent programmed cell death.

2. MATERIALS AND METHODS

2.1. Animals and islet isolations
Mice used in this study were obtained from Jackson Laboratories (Bar
Harbor, ME) and maintained with ad libitum access to food and water
under protocols approved by the Indiana University Institutional Animal
Care and Use Committee or the VA Puget Sound Health Care System
Institutional Animal Care and Use Committee. Whole body Ripk3
mutant mice (Ripk3�/�) were maintained as heterozygotes on a
C57BL/6J;DBA/2J background with wild type littermates used as
controls. Islets were isolated from 8 to 12-week-old male and female
mice by the Indiana University Center for Diabetes and Metabolic
Diseases Islet and Physiology Core (IU CDMD), hand-picked, and
allowed to recover overnight in RPMI 1640 media with 11.1 mM
glucose, 10% fetal bovine serum (FBS), 1% sodium pyruvate and 1%
penicillin-streptomycin prior to experimentation.
A) Schematic of TNFa death signaling pathways as described in non-islet cell types. B)
), INS-1 (squares), and NIH-3T3 (triangles) cells, normalized to 18S rRNA levels, and
NFR1, RIPK1, CASP8, RIPK3 and MLKL protein, as visualized by duplicate immunoblot
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2.2. Cell lines and culture
INS-1 832/13 cells were obtained from the IU CDMD and the University
of Washington Diabetes Research Center Metabolic and Cellular
Phenotyping Core (UW DRC). NIT-1 cells were obtained from Dr. Erica
Cai (Indiana Biosciences Research Institute). NIH-3T3 cells were ob-
tained from Dr. Michael Kalwat (Indiana Biosciences Research Insti-
tute). INS-1 and islet cells were cultured in 11.1 mM glucose RPMI
1640 media while NIT-1 and NIH-3T3 cells were cultured in 25 mM
DMEM plus 10% FBS, 1% sodium pyruvate and 1% penicillin-
streptomycin in a 37 �C incubator with 5% CO2. RIPK3 over-
expressing INS-1 cell lines were generated via transfection with empty
pcDNA3 or pcDNA3 expressing mouse Ripk3 (pcDNA3-mRIPK3), fol-
lowed by selection with G418 (10131027, ThermoFisher). Ripk1-
deficient NIT-1 cells (NIT-1 RIPK1D) were generated as previously
described [29] using guide RNAs (gRNAs) targeting exons 2e3 of the
Ripk1 gene (5’-GAGAAGACAGACCTAGACAG-3’ and 5’- CCAAATGG-
TCTGATAGATAT-3’, Supplemental Figs. 1A and B). Ripk3-deficient
NIT-1 cells (NIT-1 RIPK3D) were generated using gRNAs targeting
exon 6 of the Ripk3 gene (5’-ATGTTATCCCCCAACTCCAG-3’ and 5’-
GGAGTCTCAGGGCTACCTGG-3’, Supplemental Figs. 1C and D). Non-
targeting control gRNA (50-TAAAAACGCTGGCGGCCTAG-30) was used
to generate NIT-1 control cells (NIT-1 CTL). Briefly, lenti-multi-CRISPR
plasmid (85402, Addgene, Watertown, MA) was used to express gRNA
cassettes, followed by cloning into lentiCRISPR v2 vector (52961,
Addgene). Lentivirus containing non-targeting, Ripk1 or Ripk3 gRNA
was used to establish NIT-1 CTL, RIPK1D and RIPK3D cell lines,
respectively. Editing of Ripk1 or Ripk3 was verified by PCR of genomic
DNA (Supplemental Fig. 1). Mouse islet cells were dispersed in
trypsineEDTA (0.25%, ThermoFisher, Waltham, MA) for 30 min at
37 �C, collected by centrifugation, resuspended in culture media,
plated, and allowed to recover prior to analysis. The following reagents
were used during cell culture treatment: zVAD-fmk (50 mM, G7232,
Promega, Madison, WI), TNFa (40 ng/ml, mouse: CYT-252, Prospec,
Rehovot, Israel), BV6 (5 mM, HY-16701, MedChemExpress, Monmouth
Junction, NJ), GSK’872 (5 mM, HY-101872, MedChemExpress).

2.3. Quantitative real-time reverse transcription polymerase chain
reaction (qRT-PCR)
Total RNA was recovered from NIT-1 cells, INS-1 cells or islets using the
RNeasy Mini Kit (74104, Qiagen, Roche, Basel, Switzerland), reverse
transcribed with the QuantiTect Reverse Transcription Kit (205411,
Qiagen) and subjected to qRT-PCR. Data were normalized to 18S rRNA
levels and expressed as DCT of the gene of interest. All qRT-PCR data
points represent means of triplicate technical determinations. The
following Taqman probes (ThermoFisher Scientific, Waltham, MA) were
used to quantify mRNA expression: Tnfrsf1a (rat: Rn01492348_m1;
mouse: Mm Mm00441883_g1); Ripk1 (rat: Rn01757369_m1; mouse:
Mm00436354_m1); Casp8 (rat: For: 5’-CCTCTGACCTCCGGTGTTTTA-
3’, Rev: 5’-ATGTGGTCCAAGCACAGGAA-3’, SYBR green chemistry;
mouse: Mm00802247_m1); Ripk3 (Mm00444947_m1); Mlkl (rat:
Rn01432489_m1, mouse: Mm01244222_m1); and 18S rRNA
(HS99999901_s1).

2.4. Immunoblot analysis
NIT-1, INS-1 and islet cell lysates were prepared in lysis buffer con-
taining 0.1% NP-40, 0.05% deoxycholate, 0.1% SDS, 0.2% sarkosyl,
10% glycerol, 1 mM dithiothreitol, 1 mM EDTA, 10 mM NaF, 50 mM
Tris, and protease and phosphatase inhibitors (04693116001 and
0490683700; Millipore Sigma, Burlington, MA). Cell lysates were
centrifuged at 10,000�g for 10 min, supernatants collected, and
protein concentrations determined by Bradford assay (5000201,
MOLECULAR METABOLISM 65 (2022) 101582 Published by Elsevier GmbH. This is an open access article
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BioRad, Hercules, CA). Equal amounts of protein were separated on
SDS-PAGE gels (4561093, BioRad) and transferred to PVDF mem-
branes (IPVH00010, Millipore Sigma). Proteins were visualized using
the following primary antibodies: TNFR1 (1:1000, ab19139, Abcam,
Cambridge, UK); RIPK1 (1:2000, 610458, BD Biosciences, Franklin
Lakes, NJ); CASP8 (1:2000, NBP2-80097, Novus Biologicals, Littleton,
CO); RIPK3 (1:1000, ab62344, Abcam); MLKL (1:2000. ab243142,
Abcam); b-ACTIN (1:2000, ab8226, Abcam). Primary antibodies were
detected with goat anti-mouse 800 (1:5000, 926e32210), goat anti-
rat 800 (1:5000, 926e32219), or donkey anti-rabbit 680 (1:5000,
926e68071) IRDye secondary antibodies (LI-COR, Lincoln, NE), and
visualized with a LI-COR CLx imaging system (LI-COR). Representative
immunoblot images are shown.

2.5. Cell death assays
Cell death assays were conducted using Sartorius IncuCyte S3 live-cell
imaging and analysis instruments (Sartorius, Göttingen, Germany).
Briefly, NIT-1, INS-1, or dispersed islet cells were plated as described
and cell culture media containing the treatments of interest and Sytox
green (100 nM, S7020, ThermoFisher Scientific, Waltham, MA), a
membrane impermeable DNA-binding dye known to label late
apoptotic and necroptotic cells [30e32], was added to cells imme-
diately prior to each experiment. Four images from each well were
collected with a 10X objective each hour, and cell death was quantified
as the average number of Sytox positive fluorescent objects (excitation:
488 nm; emission: 523 nm) at each time point. For comparison within
a cell line, changes to cell death were expressed relative to cell death
at time t ¼ 0 within each condition and replicate. For experiments
comparing distinct cell lines, changes to cell death were expressed as
Sytox positive objects per mm2 phase positive cell area. Percent cell
death was quantified using the Sartorius IncuCyte S3 advanced label-
free classification analysis software module. Following training on NIT-
1 and INS-1 cell populations, label-free analysis of cell morphology
was performed using artificial intelligence and multivariate data ana-
lytics to identify, classify and quantify live and dead cells [33].

2.6. Caspase activity and DNA laddering assays
Caspase activity assays were conducted on NIT-1 cells, INS-1 cells, or
dispersed mouse islet cells. Cells were cultured in 96-well plates and
treated for the indicated times, then a luminogenic caspase substrate
specific for caspase 3 and caspase 7 (G8090, Promega, Madison, WI)
was added for 1 h and luminescence was quantified using a microplate
reader (BioTek Synergy H1, Agilent, Santa Clara, CA). DNA laddering
assays were conducted on NIT-1 CTL cells following culture in 6-well
plates and treatment for the indicated times as previously described
[34]. Briefly, cells were lysed and proteins were removed using phenol-
chloroform-isoamyl alcohol, then genomic DNA was precipitated from
solution with isopropanol, spun at 14k g for 10 min, then resuspended
in water. 4 mg of DNA per condition was loaded on 1.5% agarose gels
and visualized using ethidium bromide.

2.7. RNAseq analysis
RNAseq was performed at the Indiana University School of Medicine
Center for Medical Genomics as described previously [35]. Briefly, RNA
was isolated from INS-1 cells with the RNeasy Mini Kit (74104, Qia-
gen), then used to prepare cDNA libraries with the KAPA mRNA
HyperPrep kit (08098093702, Roche, Indianapolis, IN). Libraries were
sequenced with a 100 bp paired-end configuration using a NovaSeq
6000 Sequencing System (Illumina, San Diego, CA). Sequence reads
were mapped to the reference genome using the STAR (Spliced
Transcripts Alignment to a Reference) RNAseq aligner [36]. Differential
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gene expression analysis was performed with edgeR [37]. Statistical
information is described below.

2.8. Immunoprecipitation
INS-1 cells overexpressing RIPK3 were grown in T75 flasks, treated
with TNFaþzVAD for 24 h, and lysed in buffer containing 20 mM Tris
HCl, 137 mM NaCl, 1% Nonidet P-40 (NP-40) and 2 mM EDTA. Protein
concentrations from each sample were determined by Bradford assay
(5000201, BioRad) and 2.5% of the protein lysate was saved as input.
Protein A/G coupled Sepharose beads (ab193262, Abcam) were
washed with lysis buffer, then equal amounts of protein were incu-
bated with protein A/G beads and either anti-IgG (ab124055, Abcam),
anti-RIPK3 (ab62344, Abcam) or anti-MLKL (ab243142, Abcam) pri-
mary antibodies overnight at 4 �C with shaking. Protein complexes
were collected by centrifugation at 8000�g for 3 min at 4 �C, washed,
and subjected to immunoblot analysis.

2.9. Intraperitoneal glucose tolerance tests, streptozotocin
administration and blood glucose measurements
Mice were fasted overnight prior to intraperitoneal glucose tolerance
test (IPGTT), then intraperitoneal glucose was administered at a dose of
2 g/kg body weight. Blood glucose was measured using a handheld
glucometer (Contour Next, Bayer, Leverkusen, Germany) via tail vein at
0 (before injection of glucose), 10, 20, 30, 60, 90 and 120 min after
glucose injection. Mice were subjected to intraperitoneal administra-
tion of low dose streptozotocin (STZ, 50 mg/kg body weight) on 5
consecutive days and non-fasting blood glucose was measured via tail
vein on days 0, 3, 7, 9, and 14 after starting STZ using a handheld
glucometer (Contour Next, Bayer).

2.10. Statistical analyses
Two-tailed Student’s t-tests were used to analyze data sets with two
groups, and one-way analysis of variance (ANOVA) was used to
analyze data sets with more than two groups. Significant ANOVA re-
sults were followed with Sidák post-test to analyze differences be-
tween groups of interest and correct for multiple comparisons.
Statistical tests were performed with GraphPad Prism 9 software
(GraphPad, San Diego, CA). Data are presented as mean � standard
error. A value of p < 0.05 was considered significant. Statistical
analysis was performed on RNAseq datasets to detect differentially
expressed genes (DEGs) using edgeR [37] and negative binomial
generalized linear models with likelihood ratio tests. DEGs were
identified at p < 0.05 and classified as upregulated or downregulated
based on log fold change. The p values were corrected for false dis-
covery rate using the Benjamini-Hochberg method, with corrected
p < 0.05 considered significant.

3. RESULTS

3.1. NIT-1 and INS-1 b cells express components of TNFa
pathway signaling and are susceptible to RIPK1- and cIAP-mediated
TNFa-induced cell death
TNFa is known to elicit apoptosis and necroptosis via RIPK1 and RIPK3
in non-islet cell types [21,38e41], but these signaling pathways have
not been well characterized in b cells (Figure 1A). Like necroptosis-
prone NIH-3T3 cells [42], mouse NIT-1 and rat INS-1 b-cell lines
express TNF pathway signaling components including TNFR1, RIPK1,
CASP8, RIPK3 and MLKL at the mRNA and protein levels (Figure 1B,C).
We first generated NIT-1 control (NIT-1 CTL) and NIT-1 RIPK1 deficient
cells (NIT-1 RIPK1D) containing a 1262 base pair deletion extending
from exon 2 to exon 3 of the Ripk1 gene (Supplemental Figs. 1A and B).
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Using a high-content live-cell imaging and analysis system, we
quantified NIT-1 and INS-1 cell death in response to TNFa in real-time
each hour. We found that TNFa (shown in blue) significantly increased
death in NIT-1 control cells (NIT-1 CTL, shown in circles,
Figure 2A,B,C) after 24 h, and that RIPK1 deficient NIT-1 cells (NIT-1
RIPK1D, shown in triangles) were protected from TNFa-induced death
(Figure 2A,B). Similarly, TNFa treatment increased caspase 3/7 activity
in NIT-1 CTL cells, and this was abrogated in NIT-1 RIPK1D cells
(Figure 2D). Cellular inhibitor of apoptosis proteins (cIAPs) are
endogenous inhibitors of cell death that interact with TNF receptor
signaling molecules [43]. Treatment with BV6, a small molecule cIAP
inhibitor and second mitochondria-derived activator of caspases
(SMAC) mimetic [44,45], significantly increased TNFa-induced NIT-1
cell death after 4 h (Figure 2E,F,G), and this effect was diminished
in NIT-1 RIPK1D cells (Figure 2E,F). The reduced cell death observed in
NIT-1 RIPK1D versus CTL cells following TNFa- or TNFaþBV6-
treatment was associated with reduced caspase 3/7 activity
(Figure 2H). Following treatment of NIT-1 CTL cells with TNFaþBV6 for
4 h, we also identified genomic DNA laddering (Figure 2I) characteristic
of apoptosis [34]. INS-1 cells were also observed to be susceptible to
TNFa-induced cell death which was amplified by BV6 cotreatment
(Figure 2J,K,L). Representative cell death images are shown in
Figure 2M. These data show that NIT-1 and INS-1 b cells are sus-
ceptible to TNFa-induced cell death which is regulated by cIAPs and
RIPK1, and that this process occurs in association with increased
caspase 3/7 activity.

3.2. NIT-1 and INS-1 b cells are susceptible to TNFa-induced cell
death when caspases are inhibited
We next utilized the synthetic pan-caspase inhibitor zVAD-fmk (zVAD)
to determine whether increased caspase activity is required for TNFa-
induced b-cell death. TNFa treatment strongly induced NIT-1 cell
death after 48 h, and cell death was unaltered by zVAD alone
(Figure 3A,B,C). TNFaþzVAD treatment (shown in green) significantly
increased NIT-1 cell death after 48 h, although to a lesser extent than
TNFa alone (shown in blue) (Figure 3A,B,C). As expected, TNFa-
induced cell death was associated with increased caspase 3/7 activity,
while zVAD or TNFaþzVAD treatment significantly reduced caspase 3/
7 activity (Figure 3D). In INS-1 cells, we again found that either TNFa
alone or TNFaþzVAD treatment increased cell death, although the
magnitude was less than that observed in NIT-1 cells (Figure 3E,F,G).
TNFa-induced INS-1 cell death occurred with increased caspase 3/7
activity, and TNFaþzVAD-induced cell death occurred with decreased
caspase 3/7 activity (Figure 3H). Representative cell death images are
shown in Figure 3I. These data indicate that caspase activation is not
required for TNFa-induced cell death in NIT-1 or INS-1 b-cells.
We next determined whether distinct gene expression profiles
accompany cell death induced by TNFa versus TNFaþzVAD. Using
RNA sequencing of INS-1 cell lysates, we identified genes with high
differential expression in response to TNFa or TNFaþzVAD versus
vehicle treatment (Figure 3J), with focus on genes expressed differ-
entially between TNFa and TNFaþzVAD conditions. 2932 genes were
down-regulated commonly by TNFa or TNFaþzVAD treatment, with
1558 genes down-regulated specifically by TNFa, and 2188 down-
regulated specifically by TNFaþzVAD treatment (Figure 3J,K). 301
genes were up-regulated commonly by TNFa and TNFaþzVAD
treatment, including Nfkb2 (nuclear factor kappa B subunit 2) and its
transcriptional target Birc3 (baculoviral IAP Repeat containing 3, also
known as cIAP2) (Figure 3J,K). 435 genes were up-regulated specif-
ically by TNFa, while 225 were up-regulated specifically by
TNFaþzVAD treatment (Figure 3J,K). Among the genes up-regulated
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Figure 2: NIT-1 and INS-1 b cells are susceptible to RIPK1- and cIAP-mediated TNFa-induced cell death. A Sartorius IncuCyte S3 live cell imaging and analysis instrument
was used to monitor cell death via quantification of Sytox green positive cells. Cell culture treatment conditions are indicated by color (black: vehicle, blue: 40 ng/mL TNFa, red:
5 mM BV6, purple: TNFaþBV6) and b-cell lines are indicated by shapes (NIT-1 CTL: circles, NIT-1 RIPK1D: triangles, INS-1: squares). A) Cell death was monitored for 24 h in NIT-
1 CTL and NIT-1 RIPK1D cells following TNFa treatment, and B) cell death was quantified 24 h post treatment (n ¼ 6). C) Percent NIT-1 CTL cell death was quantified 24 h after
treatment with vehicle or TNFa using the Sartorius IncuCyte S3 advanced label-free classification analysis software module, as described (n ¼ 6). D) NIT-1 CTL and NIT-1 RIPK1D
cell caspase 3/7 activity was quantified 24 h after treatment and expressed relative to vehicle treated NIT-1 CTL cells (n ¼ 6). E) NIT-1 CTL and NIT-1 RIPK1D cells were treated
with BV6, TNFa or a combination thereof, then F) cell death was quantified 4 h post treatment (n ¼ 5e6). For comparisons between cell lines, cell death was reported as Sytox
green positive cell objects normalized to phase positive cell area for each time point. G) Percent NIT-1 CTL cell death was quantified 4 h after treatment with BV6, TNFa or a
combination thereof using the Sartorius IncuCyte S3 advanced label-free classification analysis software module (n ¼ 4e5). H) NIT-1 CTL and NIT-1 RIPK1D cell caspase 3/7
activity was quantified 4 h after treatment and expressed relative to vehicle treated NIT-1 CTL cells (n ¼ 4e6). I) Genomic DNA was isolated from NIT-1 CTL cells following
treatment with vehicle or TNFaþBV6 for 4 h, then visualized on an agarose gel. J) For INS-1 cells, cell death was monitored for 24 h following treatment with BV6, TNFa or a
combination thereof, then K) cell death was quantified 24 h post treatment (n ¼ 5). For comparisons within a cell line, cell death was reported as Sytox green positive cell objects
relative to time t ¼ 0. L) Percent INS-1 cell death was quantified 24 h after treatment using the Sartorius IncuCyte S3 advanced label-free classification analysis software module,
as described (n ¼ 4). M) Representative IncuCyte images illustrate Sytox green positive INS-1 cells 24 h post treatment. Data are presented as mean � SEM and were analyzed by
one-way ANOVA followed by Sidák post-test and multiple comparisons correction. *p < 0.05; **p < 0.01; ***p < 0.001 as indicated. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)
specifically by TNFaþzVAD are lymphocyte expansion molecule
(Lexm) and lymphocyte activation gene 3 (Lag3). These data show that
distinct transcriptional profiles characterize TNFa-versus TNFaþz-
VAD-induced cell death in INS-1 cells.

3.3. RIPK1 and cIAPs regulate TNFa-induced NIT-1 and INS-1 b-
cell death when caspases are inhibited
To examine whether caspase-independent TNFa-induced b-cell death
is regulated downstream of TNF receptor signaling, we next treated
NIT-1 CTL and RIPK1D cells with TNFaþzVAD (shown in green) or
TNFaþBV6þzVAD (shown in white). TNFaþzVAD treatment signifi-
cantly increased NIT-1 cell death over 48 h (Figure 4A,B,C), and this
caspase-independent cell death was reduced in RIPK1D cells
(Figure 4A,B). Cell death in response to TNFaþzVAD was strongly
amplified by addition of BV6 (Figure 4A,B,C), and this effect was again
MOLECULAR METABOLISM 65 (2022) 101582 Published by Elsevier GmbH. This is an open access article
www.molecularmetabolism.com
abrogated in NIT-1 RIPK1D cells (Figure 4A,B). The increased cell
death observed with TNFaþzVAD or TNFaþBV6þzVAD treatment
occurred when caspase 3/7 activity was significantly reduced
compared to vehicle-treated control cells (Figure 4D), and in the
absence of genomic DNA laddering (Figure 4E). As in NIT-1 cells, we
found that INS-1 cells are susceptible to TNFaþzVAD-induced cell
death that is amplified by BV6 co-treatment (Figure 4F,G,H). Repre-
sentative cell death images are shown in Figure 4I. These data indicate
that caspase-independent TNFa-induced NIT-1 and INS-1 cell death is
regulated by RIPK1 and cIAPs.

3.4. RIPK3 promotes TNFa-induced INS-1 cell death when
caspases are inhibited
RIPK3 has been shown to promote TNFa-induced cell death when
caspase activity is inhibited in several cell types [15,25,46]. To
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 3: NIT-1 and INS-1 b cells are susceptible to TNFa-induced cell death when caspases are inhibited. A) NIT-1 CTL cell death was monitored over 48 h as described,
and B) quantified at 48 h post treatment (n ¼ 3). Cell culture treatment conditions are indicated by color (black: vehicle, yellow: 50 mM zVAD, blue: 40 ng/mL TNFa, green:
TNFaþzVAD) and b-cell lines are indicated by shapes (NIT-1 CTL: circles, INS-1: squares). C) Percent NIT-1 CTL cell death was quantified 48 h after treatment with zVAD, TNFa or
a combination thereof using the Sartorius IncuCyte S3 advanced label-free classification analysis software module (n ¼ 6). D) NIT-1 CTL cell caspase 3/7 activity was quantified
48 h post treatment and expressed relative to vehicle treated cells (n ¼ 3). E) INS-1 cell death was monitored over 24 h, and F) quantified at 24 h post treatment (n ¼ 7). G)
Percent INS-1 cell death was quantified 24 h after treatment using the Sartorius IncuCyte S3 advanced label-free classification analysis software module, as described (n ¼ 3). H)
INS-1 cell caspase 3/7 activity was quantified 24 h post treatment and expressed relative to vehicle treated cells (n ¼ 9). I) Representative IncuCyte images illustrate Sytox green
positive INS-1 cells 24 h post treatment. J) Heatmap displaying genes with significantly different expression among groups. High expression is shown in dark red and low
expression in light yellow (n ¼ 3). K) Venn diagrams displaying (left) the number of genes up-regulated commonly by TNFa and TNFaþzVAD (301), up-regulated specifically by
TNFa (435), or up-regulated specifically by TNFaþzVAD (225), and (right) the number of genes down-regulated commonly by TNFa and TNFaþzVAD (2932), down-regulated
specifically by TNFa (1558), or down-regulated specifically by TNFaþzVAD (2188). A-H) Data are presented as mean � SEM and were analyzed by one-way ANOVA fol-
lowed by Sidák post-test and multiple comparisons correction. *p < 0.05; **p < 0.01; ***p < 0.001 as indicated. J,K) Differentially expressed genes were identified at
p < 0.05, p-values were corrected for false discovery rate using the Benjamini-Hochberg method, and corrected p < 0.05 was used to identify significantly different gene
expression. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Figure 4: RIPK1 and cIAPs regulate TNFa-induced NIT-1 and INS-1 b-cell death when caspases are inhibited. A) NIT-1 CTL and NIT-1 RIPK1D cell death was monitored
over 48 h, and B) quantified at 48 h post treatment (n ¼ 5e6). Cell culture treatment conditions are indicated by color (black: vehicle, green: 40 ng/ml TNFa þ 50 mM zVAD, white:
TNFaþzVAD þ 5 mM BV6) and b-cell lines are indicated by shapes (NIT-1 CTL: circles, NIT-1 RIPK1D: triangles, INS-1: squares). C) Percent NIT-1 CTL cell death was quantified
48 h after treatment with vehicle, TNFa þzVAD or TNFaþBV6þzVAD using the Sartorius IncuCyte S3 advanced label-free classification analysis software module, as described
(n ¼ 6). D) NIT-1 CTL and RIPK1D cell caspase 3/7 activity was quantified 24 h post treatment and expressed relative to vehicle treated NIT-1 CTL cells (n ¼ 4e5). E) Genomic
DNA was isolated from NIT-1 CTL cells following treatment with vehicle or TNFaþBV6þzVAD for 8 h, then visualized on an agarose gel. F) INS-1 cell death was monitored over
24 h, and G) quantified at 24 h post treatment (n ¼ 5e6). H) Percent INS-1 cell death was quantified 24 h after treatment using the Sartorius IncuCyte S3 advanced label-free
classification analysis software module (n ¼ 4). I) Representative IncuCyte images illustrate Sytox green positive INS-1 cells 24 h post treatment. Data are presented as
mean � SEM and were analyzed by one-way ANOVA followed by Sidák post-test and multiple comparisons correction. *p < 0.05; **p < 0.01; ***p < 0.001 as indicated. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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determine whether RIPK3 plays a role in caspase-independent TNFa-
induced b-cell death, we generated NIT-1 RIPK3 deficient cells (NIT-1
RIPK3D, shown in diamonds) containing an 80 base pair insertion in
exon 6 of the Ripk3 gene (Supplemental Figs. 1C and D). As before, we
found that TNFa treatment significantly increased NIT-1 CTL cell death
and caspase 3/7 activity (Figure 5A,B). NIT-1 RIPK3D cells were also
susceptible to TNFa-induced cell death after 48 h, although this cell
death and caspase 3/7 activity were reduced compared to NIT-1 CTL
cells (Figure 5A,B). In contrast, NIT-1 RIPK3D cells were completely
protected from TNFa-induced cell death when caspases were inhibited
with zVAD (Figure 5A,B), conditions under which NIT-1 CTL cell death
was significantly increased. Next, INS-1 cells were treated with TNFa,
zVAD or GSK’872 (a small molecule RIPK3 kinase inhibitor) individually
or in combination and evaluated over 24 h. We first treated INS-1 cells
with increasing doses of GSK’872 and determined that it did not in-
crease cell death at concentrations up to 20 mM (Supplemental
Fig. 2A). Treatment with GSK’872 at 5 mM did not alter INS-1 cell
death (Figure 5C) or caspase 3/7 activity (Figure 5D) compared to
vehicle treated control cells after 24 h. As before, TNFa increased cell
death and caspase 3/7 activity (Figure 5C,D), and co-treatment with
TNFaþGSK’872 resulted in similar degrees of cell death and caspase
3/7 activity as TNFa alone (Figure 5C,D). In contrast, TNFaþzVAD
treatment elicited INS-1 cell death when caspases were inhibited
(Figure 5C,D), and addition of GSK’872 (5 mM) under these conditions
(TNFaþzVAD þ GSK’872) resulted in significantly less cell death than
TNFaþzVAD treatment with no difference in caspase 3/7 activity
(Figure 5C,D).
We next evaluated INS-1 cells overexpressing RIPK3. Overexpression
of RIPK3 in pcDNA3-mRipk3 INS-1 cells was verified at the RNA and
protein levels by qRT-PCR and immunoblot analysis (Figure 5E,F).
Neither basal (Supplemental Fig. 2B) nor TNFa-induced (Figure 5G) cell
death was altered in pcDNA-3-Empty versus pcDNA3-mRipk3 INS-1
cells. However, TNFaþzVAD treatment caused significantly more
cell death in RIPK3 overexpressing pcDNA3-mRipk3 cells compared to
control pcDNA-3-Empty cells (Figure 5G). Following treatment with
TNFaþzVAD, RIPK3 co-immunoprecipitated with MLKL and caspase 8
from RIPK3 overexpressing INS-1 cell lysates (Figure 5H). Likewise,
MLKL co-immunoprecipitated with RIPK3 and caspase 8 under these
conditions (Figure 5I). These data indicate that TNFa treatment induces
b-cell apoptosis that occurs with caspase 3/7 activation. In contrast,
TNFaþzVAD treatment induces a form of b-cell death that occurs
when caspase activity is inhibited, is mediated by RIPK3 and is
associated with formation of RIPK3-MLKL protein complexes.

3.5. Mouse islets cells are susceptible to TNFa-induced cell death
when cIAPs or caspases are inhibited
Previous studies have found that TNFa promotes cell death in
immortalized b-cell lines [6,7], but that primary islet cells are resistant
to TNFa-induced death [47]. We first confirmed that molecular com-
ponents of TNF receptor signaling including TNFR1, RIPK1, CASP8,
RIPK3 and MLKL are expressed in mouse islets at the mRNA and
protein levels (Figure 6A,B). Using our real time cell imaging and
analysis platform, we confirmed that treatment with TNFa alone
(shown in blue) did not significantly increase dispersed mouse islet cell
death after 24 h (Figure 6C). However, in line with our NIT-1 and INS-1
cell findings, inhibition of cIAPs with BV6 significantly increased TNFa-
induced mouse islet cell death (Figure 6C, shown in purple). Inter-
estingly, TNFa also increased mouse islet cell death when caspase 3/7
activity was inhibited with zVAD (Figure 6C,D, shown in green).
Representative mouse islet cell death images are shown in Figure 6E.
These data suggest that primary mouse islet cells are susceptible to
8 MOLECULAR METABOLISM 65 (2022) 101582 Published by Elsevier GmbH. This is
TNFa-induced cell death under certain conditions such as when cIAPs
or caspases are inhibited.

3.6. RIPK3 promotes TNFa-induced mouse islet cell death when
caspases are inhibited
We next tested whether RIPK3 contributes to TNFa-induced mouse
islet cell death when caspases are inhibited. Like previous experiments
in mouse islet cells, TNFa failed to increase cell death after 24 h, while
TNFaþzVAD treatment significantly increased islet cell death
(Figure 6F, left panel). Addition of the RIPK3 inhibitor GSK’872
significantly reduced mouse islet cell death in response to TNFaþz-
VAD, but not TNFa alone (Figure 6F, right panel), and caspase 3/7
activity was not significantly altered by GSK’872 treatment (Figure 6G).
We next evaluated Ripk3�/� islets, in which we confirmed loss of
RIPK3 expression (Figure 6H). Rates of basal cell death were not
different between untreated Ripk3þ/þ and Ripk3�/� islets cells
(Figure 6I). In contrast to our findings with Ripk3þ/þ islet cells,
TNFaþzVAD treatment failed to increase cell death in Ripk3�/� islets
compared to vehicle-treated cells (Figure 6J,K). These data indicate
that TNFa treatment elicits primary mouse islet cell death when
caspases are inhibited, and that this form of cell death is mediated by
RIPK3.

3.7. Ripk3�/� mice are protected from STZ-induced
hyperglycemia in vivo
We next characterized glucose homeostasis in Ripk3þ/þ and Ripk3�/�

mice before and after administration of the b-cell toxin streptozotocin
(STZ) to evaluate their susceptibility to hyperglycemia in vivo
(Figure 7A). Prior to multiple low dose STZ treatment, Ripk3þ/þ and
Ripk3�/� mice exhibited similar glucose tolerance, with no difference
in blood glucose before or 10, 20, 30, 60, 90 or 120 min after intra-
peritoneal glucose administration (Figure 7B). In contrast, following 5
days of low dose STZ and a 5-day recovery, Ripk3�/� mice displayed
significantly lower blood glucose than Ripk3þ/þ mice 60, 90 and
120 min after glucose injection (Figure 7C). Non-fasting blood glucose
concentrations were also significantly reduced in Ripk3�/� compared
to Ripk3þ/þ mice 7, 9 and 14 days after initiating STZ treatment (data
displayed in Figure 7D,E). These data indicate that Ripk3�/� mice are
protected from STZ-induced hyperglycemia and glucose intolerance
in vivo.

4. DISCUSSION

Acquiring a better understanding of the mechanisms that underly b-
cell death may lead to new treatments for diabetes, a disease in which
b-cell loss results in insufficient insulin release and hyperglycemia
[2,48]. TNFa has been recognized as a mediator of b-cell dysfunction
and death in T1D for more than two decades [3,4,6,7,10], and recent
clinical studies found that treatment with TNFa neutralizing antibodies
improves b-cell function in individuals with recently diagnosed T1D
[5,12]. Although TNFa has been recognized as a cytotoxin for nearly 50
years [49], the mechanisms by which TNF receptor signaling elicit b-
cell death have not been well characterized. In the present study, we
applied knowledge from other cell types and utilized state-of-the-art,
high-content live cell imaging and analysis techniques to test the
hypothesis that RIPK1 and RIPK3 regulate TNFa-induced b-cell death
in concert with caspase activity in vitro. Using NIT-1, INS-1 and iso-
lated mouse islet cells and applying small molecule inhibitors of cIAPs,
caspases and RIPK3, Ripk1 and Ripk3 gene editing, and RIPK3 over-
expression and knockout models, we identified roles for RIPK1 and
RIPK3 in regulation of TNFa-induced b-cell death and characterized
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 5: RIPK3 promotes TNFa-induced INS-1 cell death when caspases are inhibited. A) NIT-1 CTL and NIT-1 RIPK3D cell death was quantified 48 h post treatment
(n ¼ 3). Cell culture treatment conditions are indicated by color (black: vehicle, blue: 40 ng/ml TNFa, green: 40 ng/ml TNFa þ 50 mM zVAD) and b-cell lines are indicated by
shapes (NIT-1 CTL: circles, NIT-1 RIPK3D: diamonds, INS-1: squares, INS-1 Empty: triangles, INS-1 mRIPK3: hexagons). B) NIT-1 CTL and RIPK3D cell caspase 3/7 activity was
quantified 24 h post treatment and expressed relative to vehicle treated NIT-1 CTL cells (n ¼ 4). C) INS-1 cell death was quantified 24 h post treatment relative to t ¼ 0 (n ¼ 4e9).
Cell culture treatment conditions are indicated by color (black: vehicle, white: 5 mM GSK’872, blue: 40 ng/ml TNFa, light blue: TNFaþGSK’872, green: TNFa þ 50 mM zVAD, light
green: TNFaþzVAD þ GSK’872). D) INS-1 cell caspase 3/7 activity was quantified 24 h post treatment and expressed relative to vehicle treated cells (n ¼ 3). E) Ripk3 RNA
expression (n ¼ 4) and F) RIPK3 protein expression were quantified in control (pcDNA3-Empty: triangles) and Ripk3 overexpressing (pcDNA3-mRipk3: hexagons) INS-1 cells. G)
INS-1 pcDNA3-Empty and pcDNA3-mRipk3 cell death was quantified 24 h post TNFa or TNFaþzVAD treatment (n ¼ 4). H) Immunoblot analysis of proteins immunoprecipitated
with anti-RIPK3 following 24 h TNFaþzVAD treatment (n ¼ 3). I) Immunoblot analysis of proteins immunoprecipitated with anti-MLKL following 24 h TNFaþzVAD treatment
(n ¼ 3). Data are presented as mean � SEM and were analyzed by one-way ANOVA followed by Sidák post-test and multiple comparisons correction. *p < 0.05; **p < 0.01;
***p < 0.001; ns, p > 0.05 as indicated. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Figure 6: Mouse islets cells are susceptible to TNFa-induced cell death when cIAPs or caspases are inhibited. A) Mouse islet cells express components of the TNFa
signaling pathway at the RNA and B) protein levels. C) Mouse islet cell death was quantified 24 h post treatment relative to t ¼ 0 (n ¼ 8). Cell culture treatment conditions are
indicated by color (black: vehicle, blue: 40 ng/ml TNFa, purple: TNFa þ 5 mM BV6, green: TNFa þ 50 mM zVAD, white: TNFaþBV6þzVAD. D) Mouse islet cell caspase 3/7 activity
was quantified 24 h post treatment and expressed relative to vehicle treated cells (n ¼ 4). E) Representative IncuCyte images illustrate Sytox green positive mouse islet cells 24 h
post treatment. F) Mouse islet cell death was quantified 24 h after treatment with vehicle, TNFa or TNFaþzVAD in the absence (left) or in the presence (right) of the RIPK3 inhibitor
GSK’872 (5 mM, n ¼ 3e5). G) Mouse islet cell caspase 3/7 activity was quantified 24 h after treatment with vehicle, TNFa or TNFaþzVAD in the absence (left) or in the presence
(right) of the RIPK3 inhibitor GSK’872 (n ¼ 4). H) Mouse genotyping and islet immunoblot analysis confirmed loss of RIPK3 expression in Ripk3�/� compared to Ripk3þ/þ mice. I)
Basal cell death rate was quantified in Ripk3þ/þ and Ripk3�/� mouse islet cells (n ¼ 5e6). J) Ripk3�/� mouse islet cell death was monitored for 24 h and quantified 24 h post
treatment relative to t ¼ 0 (n ¼ 4). K) Mouse islet cell caspase 3/7 activity was quantified 24 h post treatment and expressed relative to vehicle treated cells (n ¼ 4). Data are
presented as mean � SEM and were analyzed by Student’s t-test or one-way ANOVA followed by Sidák post-test and multiple comparisons correction, as described. *p < 0.05;
**p < 0.01; ns, p > 0.05 as indicated. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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factors that modify b-cell susceptibility to TNFa-induced cytotoxicity
such as cIAPs, SMAC and caspase activation.
Previous studies have investigated TNFa-induced NFkB activation and
FADD signaling in b cells [6,7], but few have evaluated RIPK1, RIPK3 or
MLKL [50,51], components of TNF receptor signaling known to pro-
mote cell death in other cell types [19,25,52]. Notably, a recent study
found that inhibition of RIPK1 promotes porcine islet viability and b-cell
abundance [50]. In the present study, we found that NIT-1 RIPK1D
cells are strongly protected from TNFa-induced cell death
(Figure 2A,B,C), that this is associated with reduced caspase 3/7
activation (Figure 2D), and that cIAPs repress TNFa-induced cell death
in a RIPK1-dependent manner (Figure 2E,F), a mechanism that has
been described in other cell types [53,54].
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Since protection of NIT-1 RIPK1D cells from TNFa- and BV6-induced
cell death was associated with decreased caspase 3/7 activity
(Figure 2EeI), we interrogated the role of caspase activation in TNFa-
induced b-cell death using zVAD, a small molecule pan-caspase in-
hibitor. Interestingly, TNFaþzVAD cotreatment significantly increased
cell death in NIT-1 (Figure 3B,C) and INS-1 cells (Figure 3F,G), and this
cell death occurred in association with reduced caspase 3/7 activity
(Figure 3D,H), suggesting a non-apoptotic form of caspase-independent
cell death under these conditions. RNA sequencing revealed that a
distinct transcriptional profile is present in TNFaþzVAD-compared to
TNFa-treated INS-1 cells (Figure 3J,K), consistent with the idea that
discrete mechanisms of TNFa-induced b-cell death occur when cas-
pases are active versus inhibited. Interestingly, our RNA sequencing
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Figure 7: Ripk3L/L mice are protected from STZ-induced hyperglycemia in vivo. A) Schematic of multiple low dose-streptozotocin (STZ) treatment and blood glucose
monitoring. B) Prior to STZ treatment, glucose tolerance was evaluated by intraperitoneal glucose tolerance test (IPGTT) in Ripk3þ/þ and Ripk3�/� mice (n ¼ 6/group). C) 10 days
after starting STZ treatment, glucose tolerance was evaluated by IPGTT in Ripk3þ/þ and Ripk3�/� mice (n ¼ 6/group). D,E) Non-fasting blood glucose was quantified in Ripk3þ/þ

and Ripk3�/� mice 0, 3, 7, 9 and 14 days after STZ treatment (n ¼ 6/group), and data are displayed over time (D) and at individual time points (E). Data are presented as
mean � SEM and were analyzed by Student’s t-test. *p < 0.05; **p < 0.01; ***p < 0.001; ns, p > 0.05; as indicated.
results identified lymphocyte expansion molecule (Lexm) and lympho-
cyte activation gene 3 (Lag3) as genes upregulated specifically by
TNFaþzVAD treatment, suggesting that the form of cell death that
occurs under these conditions is immune-relevant (Figure 3J). We
further characterized this mechanism of caspase-independent b-cell
death, observing that it is regulated downstream of TNF receptor
signaling by cIAPs and RIPK1. We also observed that Birc3, the tran-
script for cIAP2, is significantly upregulated in response to either TNFa
or TNFaþzVAD treatment (Figure 3J), indicating a role for cIAP2 in
counter regulation of TNFa-induced b-cell death independent of cas-
pase activity. Indeed, inhibition of cIAPs with BV6 also increased
MOLECULAR METABOLISM 65 (2022) 101582 Published by Elsevier GmbH. This is an open access article
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TNFaþzVAD induced cell death in a RIPK1-dependent manner
(Figure 4A,B,C), revealing that NIT-1 and INS-1 b cells are susceptible
to a caspase-independent mechanism of TNFa-induced cell death that
is regulated by cIAPs and RIPK1. Although either TNFa or TNFaþzVAD
treatment significantly increased cell death in both NIT-1 and INS-1
cells, we found that the timing and magnitude of this cell death
response varied between NIT-1 and INS-1 cells (Figures 2,3). These
differences in susceptibility to TNFa- and TNFaþzVAD-induced cell
death may be related to variations in expression of TNF receptor
signaling components such as caspase 8 and MLKL, which we found to
be higher in NIT-1 versus INS-1 cells (Figure 1B).
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Previous studies in non-islet cell types have shown that TNFR1 stim-
ulation signals RIPK1 to activate RIPK3 under conditions of caspase
inhibition, with RIPK3 then going on to promote necroptosis via MLKL
[25,55]. Although apoptosis is widely viewed as the principal mech-
anism of b-cell death in diabetes [56,57], necroptosis has recently
been recognized as a form of programmed cell death that contributes
to disease pathogenesis in disorders such as Alzheimer’s disease and
osteoarthritis [38e40]. Despite potential relevance to the islet
inflammation and b-cell autoimmunity observed in T1D, however, non-
apoptotic mechanisms of b-cell death have not been well studied [58e
60]. Given our finding that b cells are susceptible to caspase-
independent cell death, we evaluated the role of RIPK3 in this pro-
cess. Consistent with the literature, we found that RIPK3 gene editing
(Figure 5A,B) or small molecule inhibition of RIPK3 kinase activity
(Figure 5C,D) abrogated TNFa-induced b-cell death when caspases
were inhibited with zVAD. Moreover, we observed that RIPK3 co-
immunoprecipitated with MLKL in RIPK3 overexpressing INS-1 cells
following TNFaþzVAD treatment (Figure 5H,I). Notably, we also found
that NIT-1 RIPK3D cells exhibited reduced caspase 3/7 activation in
response to TNFa treatment (Figure 5B), an outcome that did not arise
with RIPK3 kinase inhibition in INS-1 cells (Figure 5D). These findings
are in line with previous observations linking RIPK3 function with
caspase 8 activation and apoptosis [15,61] and suggest that RIPK3
plays an important role in balancing b-cell fate decisions. Together,
these data show that RIPK3 promotes TNFa-induced b-cell death
when caspases are inhibited, indicative of b cell necroptosis.
In contrast to immortalized b cells [6,7,62], mouse islet cells are
known to be resistant to TNFa-induced cell death [6,63], and our
studies in mouse islet cells are consistent with these previous findings
(Figure 6C,F). However, our studies revealed that small molecule in-
hibition of either cIAPs (with BV6) or caspases (with zVAD) sensitizes
mouse islet cells to TNFa-induced cell death (Figure 6C). Notably,
mouse islet cell death induced by TNFaþzVAD treatment was blocked
by RIPK3 inhibition with GSK’872 (Figure 6F), and TNFaþzVAD
treatment failed to increase cell death and in Ripk3�/� islet cells
(Figure 6J). These data show that primary mouse islet cells are also
susceptible to TNFa-induced, RIPK3-mediated cell death when cas-
pases are inactivated. Together, our in vitro data indicate that thera-
peutic strategies targeting TNF receptor signaling molecules such as
RIPK1 and RIPK3 could promote b-cell survival and improve glucose
homeostasis in individuals with T1D.
In these studies, we examined dispersed islet cells to enable use of our
high-content live cell imaging and analysis system. We found that
these dispersed islet cells exhibited higher rates of basal cell death
(Figure 6I) than did NIT-1 or INS-1 cells, and this may have limited the
magnitude of primary islet cell death observed in our studies. Still, we
identified clear changes in TNFa-induced mouse islet cell death under
the conditions tested, and methodological advances may reveal even
greater responses in future studies. Some other drawbacks to our islet
studies exist. The primary islet cell death measurements reported
reflect all islet cell types and are not specific to b cells. Likewise,
inhibition of RIPK3 with GSK’872 is expected to impact all islet cell
types, and islets from Ripk3�/� mice exhibit knockout in all cell types.
Thus, additional studies are needed to characterize the signaling
pathways of interest specifically in primary b cells.
To evaluate the role of this signaling pathway in b-cell death in vivo,
we subjected Ripk3þ/þ and Ripk3�/�mice to multiple low dose STZ, a
b-cell toxin used to model the b-cell loss that occurs in T1D. Although
glucose tolerance was not different between Ripk3þ/þ and Ripk3�/�

mice prior to STZ treatment (Figure 7B), Ripk3�/� mice displayed
significantly lower blood glucose than Ripk3þ/þmice during IPGTTs 10
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days after starting STZ (Figure 7C). In addition, Ripk3�/� mice
exhibited reduced non-fasting blood glucose 7-, 9-, and 14-days after
initiating STZ treatment (Figure 7D,E). Given that STZ selectively kills b
cells, we ascribe the reduced hyperglycemia observed in Ripk3�/�

mice to a protection from STZ-induced b-cell death. However, it is
possible that loss of RIPK3 in tissues outside the islet contributed to the
observed phenotype, and additional studies are required to determine
whether loss of RIPK3 specifically in b cells improves glucose ho-
meostasis in this model. Likewise, additional studies are needed to
understand the roles of b-cell RIPK1 and RIPK3 in diabetogenic b-cell
loss in vivo. For example, Zhao and colleagues found that loss of RIPK3
failed to protect transplanted islets from T cell-mediated destruction
[64], and ER stress was shown to promote RIPK3-dependent IL1b
production and NFkB-mediated inflammation in mouse and human
islets [51]. Thus, RIPK3 may have additional functions in the islet
outside of those studied here. Evaluation of b-cell specific Ripk3
knockout mice would help to clarify the role of RIPK3 in these pro-
cesses, and use of other models such as NOD mice and kinase dead
Ripk1 D138N mice [65] are also needed to establish the relevance of
TNFa-mediated b-cell loss in the pathogenesis of diabetes in vivo.
It has been hypothesized that b-cell necroptosis could promote islet
autoimmunity, inflammation and b-cell loss in T1D [66], but at this
time it is not known how caspase inactivation, which promotes RIPK3-
mediated cell death in vitro, might occur in vivo. However, certain
viruses inhibit caspase activity [67,68] and there is significant evidence
linking viral infection with T1D onset [69,70]. Other factors associated
with viral infection such as double stranded viral RNA [71] and IFNg
[72] have also been shown to promote cell death via RIPK1 and RIPK3.
Thus, studies to evaluate the relationship between caspase activity,
viral responses and mechanisms of b-cell death are warranted. In the
current study, we used a synthetic caspase inhibitor (zVAD) to prevent
caspase activation. We attribute the ability of zVAD to promote RIPK3-
mediated cell death to its inhibition of caspase 8, a molecule of central
importance in regulating cell fate. Since zVAD is a pan-caspase in-
hibitor, however, it is possible that inhibition of caspases other than
caspase 8 contributed to our findings. Although we confirmed that
zVAD inhibits caspase 8 and caspase 3/7 activation, it is also possible
that zVAD has unknown off-target effects. Studies using b-cell specific
caspase 8 knockout mice are of interest to further characterize
caspase-independent b-cell death.

5. CONCLUSIONS

In conclusion, we found that TNFa can elicit b-cell death in immor-
talized b-cell lines and dispersed primary mouse islet cells in vitro.
This process is regulated downstream of TNFR1 by cIAPs, RIPK1, and
RIPK3 in concert with caspase activity. Our data indicate that
apoptosis is the default mode of b-cell death that occurs downstream
of TNFR1 signaling, with this apoptotic cell death being mediated by
RIPK1 and increased caspase activity. When caspase activity is
inhibited, however, our data show that TNFa signals via RIPK1 and
RIPK3 to trigger b-cell necroptosis, an alternative form of caspase-
independent cell death. Although additional studies are needed to
determine whether necroptosis contributes to b-cell loss and hy-
perglycemia in the context of T1D, our finding that Ripk3�/� mice are
protected from STZ-induced hyperglycemia suggest this is a possi-
bility. Given recent clinical observations that blockade of TNFa
signaling promotes glucose homeostasis in individuals with new onset
T1D, our studies also position TNFa signaling molecules such as
RIPK1 and RIPK3 as potential therapeutic targets to protect b cells in
the setting of T1D.
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