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Inhibition of RIPK1 kinase does not affect
diabetes development: [3-Cells survive RIPK1
activation
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ABSTRACT

Objectives: Type 1 diabetes (T1D) is caused by progressive immune-mediated loss of insulin-producing B-cells. Inflammation is detrimental to
B-cell function and survival, moreover, both apoptosis and necrosis have been implicated as mechanisms of FO62-cell loss in T1D. The receptor
interacting serine/threonine protein kinase 1 (RIPK1) promotes inflammation by serving as a scaffold for NF-FO6BB and MAPK activation, or by
acting as a kinase that triggers apoptosis or necroptosis. It is unclear whether RIPK1 kinase activity is involved in T1D pathology. In the present
study, we investigated if absence of RIPK1 activation would affect the susceptibility to immune-mediated diabetes or diet induced obesity (DIO).
Methods: The RIPK1 knockin mouse line carrying a mutation mimicking serine 25 phosphorylation (Ripk75250/5250), which abrogates RIPK1
kinase activity, was utilized to assess the in vivo role of RIPK1 in immune-mediated diabetes or diet induced obesity (DIO). /n vitro, B-cell death
and RIPK1 kinase activity was analysed in conditions known to induce RIPK1-dependent apoptosis/necroptosis.

Results: We demonstrate that Ripk752°%/525D mice presented normal glucose metabolism and B-cell function. Furthermore, immune-mediated
diabetes and DIO were not different between Ripk752°%52%0 and Ripk1*/* mice. Despite strong activation of RIPK1 kinase and other necroptosis
effectors (RIPK3 and MLKL) by TNF+-BV6--zVAD, no cell death was observed in mouse islets nor human F062-cells.

Conclusion: Our results contrast recent literature showing that most cell types undergo necroptosis following RIPK1 kinase activation. This

peculiarity may reflect an adaptation to the inability of F062-cells to proliferate and self-renewal.
© 2023 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION deubiquitination of RIPK1 by use of clAP inhibitors (e.g. BV6, a SMAC

mimetic), will lead to complex Il formation, and activation of RIPK1

Type 1 diabetes (T1D) is characterized by immune-mediated
destruction of pancreatic B-cells. The exact mechanisms implicated
in failure of immune regulation and B-cell demise in T1D are unclear.
Receptor interacting protein kinase 1 (RIPK1) is activated downstream
of immune receptors such as CD95, TNFR1 and TLR-4, all shown to
be involved in B-cell death in T1D [1]. RIPK1 is an important modulator
of inflammation and cell survival, having opposing roles depending on
the cellular context [2]. Tumor necrosis factor (TNF) binding to TNFR1
will lead to complex | assembly, where RIPK1 is ubiquitinated by
clAP1/2, functioning as a scaffold protein to stabilize TRAF and clAP1/
2, regulating the NF-kB pathway and promoting cell survival; whereas

kinase enzymatic function which can promote apoptosis and/or
necroptosis [3,4]. Both apoptosis and necrosis are detected in
pancreas from T1D and T2D patients and induced in islets treated
with cytokines and death receptor ligands [5,6]. Interestingly, recent
studies showed that hyperglycaemic conditions prime cells for RIPK1
kinase-dependent necroptosis [7,8]. Moreover, use of RIPK1 kinase
inhibitor necrostatin-1 (Nec-1) in obese mice improved glucose
tolerance, insulin resistance and enhanced insulin signaling [9]. Many
studies have shown that B-cells are resistant to TNF-induced cell
death, however a recent study showed that NIT-1 (a mouse [B-cell
line) were sensitive to TNF + BV6 cell death and protected by total
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RIPK1 deletion [10,11]. This data suggest that metabolic stress can
regulate components of the RIPK1 pathway, however it is unclear if
RIPK1 kinase activity and necroptosis play a role in diabetes. In this
study, we investigated whether B-cell viability, glucose metabolism
and diabetes presentation would be affected in mice lacking RIPK1
kinase-dependent cell death.

2. MATERIALS AND METHODS

2.1. Mice treatments and procedures

Ripk1529P/525D \nock-in mice were generated by CRISPR/Cas9 and
maintained in the C57BL/6 genetic background, as previously
described [12]. The non-fasted-glycaemia and body weight were fol-
lowed in male Ripk15%°P52%0 mice and wild-type (Ripk1**) litter-
mates. Hyperglycaemia was defined as non-fasting blood glucose
levels >200 mg/dL in two sequential measurements. The multiple
low-dose-streptozotocin (MLDSTZ) model was performed in 7—8-
week-old male mice by injections of 42.5 mg/kg streptozotocin
(STZ) (Sigma-Aldrich, Belgium) as previously described [13]. For the
diet induced obesity (DIO) model, male mice aged 8 weeks were fed ad
libitum high fat diet (D09100310i) or control diet (D09100304i) from
Research Diets (New Brunswick, NJ, USA). Lean and fat mass were
analyzed using EchoMRI™ 3-in-1 (NMR) body composition analyser
(EchoMedical Systems, Houston, TX, USA). Intra-peritoneal glucose
tolerance test (ipGTT), insulin tolerances tests (ITTs), pancreatic insulin
content analysis were performed as previously described [13]. Mice
were housed and handled according to the Belgian Regulations for
Animal Care and animal protocols were approved by the ULB ethical
committee (627N).

2.2. Cell treatments and analysis

EndoC-BH1 cells were purchased from UNIVERCELL-BIOSOLUTIONS
(MTA BH1-201601171, Toulouse, France) and islets were isolated
as previously described [13]. The EndoC-BH1 and isolated murine
islets were cultured as previously described [13,14]. These cells were
treated with a combination of cytokines (TNF, IL1-B, IFN-v) or RIPK1
kinase activators (TNF, BV6, zVAD). WB of EndoC-BH1 and murine
islets was performed as previously described [13]. Viability and
glucose-stimulated insulin secretion assay (GSIS) of islets were per-
formed as previously described [13]. Endoc-BH1 cell viability was
measured by integration of viability dye (SYTOX™ Green, Invitrogen)
[12]. For details of treatments, chemicals and antibodies see
Supplementary data.

2.3. Statistical analysis

Data were presented as means + S.E.M. Comparisons between two
groups were performed by two-tailed unpaired Student’s t-test. Mul-
tiple comparisons among three or more groups were performed by
one-way ANOVA followed by Tukey post-test or two-way ANOVA fol-
lowed by Sidak post-test. Repeated measurements analysis was
performed by mix-model ANOVA post hoc Tukey test. A p-value of
p < 0.05 was considered statistically significant.

3. RESULTS

3.1. RIPK1 enzymatic activity does not affect glycemic control nor
immune-mediated diabetes susceptibility

Ripk1525/5250 mice that carry a mutation mimicking serine 25
phosphorylation of RIPK1, which prevents RIPK1 kinase-dependent cell
death whilst not affecting its scaffold function, were used [12]. Follow-
up of homozygous Ripk152°P/25D mice showed no abnormalities in

weight, glycemia and body mass composition compared to wild-type
littermates (Ripk1™/") until mature adult age (16 weeks) or old age
(18 months) (Figure 1A—B). Furthermore, RIPK1 kinase inhibition did
not affect glucose tolerance response in vivo (Figure 1C).

To investigate the role of RIPK1 in immune-mediated diabetes, mice
received MLDSTZ injections. Diabetes presentation was similar be-
tween Ripk152°7/5250 and Ripk1*/* mice; hyperglycaemia (>200 mg/
dL) initiated around day 7 and progressed until 45 days post last STZ
injection (Figure 1D). Glucose tolerance was also indistinguishable
between Ripk152°7525D and Ripk1t/* mice, at peak of insulitis and
after inflammation was resolved (respectively, 14 and 45 days post-
MLDSTZ exposure [15]) (Figure 1E—F). Loss of pancreatic insulin
content in diabetic-MLDSTZ mice was unaffected by absence of RIPK1
kinase function (Figure 1G). Thus, immune-mediated diabetes was not
influenced by RIPK1 kinase.

3.2. RIPK1 kinase activity does not affect glucose tolerance nor
insulin resistance in diet induced obesity (DIO)

Next, we assessed if RIPK1 enzymatic activity had a role in obesity or
impaired glucose metabolism associated with obesity. Both Ripk752°%
5250 and Ripk1+/* littermates fed high fat (40 kcal%), fructose (20 kcal
%), cholesterol (2% wt:wt) diet for 16 weeks presented normal blood
glucose levels (Figure 2A). DIO mice showed a significant increase in
bodyweight during the 16-weeks, while Ripk752°%52%0 mice tended to
gain more weight than ﬁ'ipk1+/+ mice, the difference was not sig-
nificant (Figure 2B). DIO led to significant percentual increase in fat
mass, however no differences in body composition were found be-
tween Ripk152°%/5250 and Ripk1+/* (Figure 2C). Moreover, absence of
RIPK1 kinase activation did not improve glucose tolerance nor insulin
resistance in DIO (Figure 2D—E). Ripk152°”52%0 mice presented
similar insulin levels in plasma and pancreatic insulin content as
Hipkﬁ/+ littermates (Figure 2F—G). As expected, islets from DIO mice
exhibited a suppression of insulin secretion relative to islets of control
mice on high glucose challenge, however no difference was observed
between genotypes (Figure 2H). These results demonstrate that inhi-
bition of RIPK1 enzymatic activity had no effect on DIO-induced glucose
metabolic dysfunction.

3.3. RIPK1 enzymatic activation does not lead to death of murine
islets nor human B-cells

To potentially elucidate the absence of phenotype in these diabetes
models, we investigated if RIPK1 could be activated in B-cells and if
RIPK1 kinase activity influenced B-cell survival. Our data shows that
exposure to STZ significantly increased murine islet cell death, how-
ever inhibition of RIPK1 kinase activity had no effect on the severity of
mortality (Figure 3A). To verify whether activation of RIPK1 kinase,
monitored by autophosphorylation of RIPK1 on serine 166 [12], was
induced in B-cells under inflammatory conditions in vivo, we isolated
the islets from MLDSTZ- or buffer-treated mice at 14 days after the last
STZ injection [16]. Our results show that RIPK1 enzymatic function is
not activated during insulitis (Figure 3B). Next, we evaluated whether
conditions known to induce RIPK1 kinase activity and associated
cytotoxicity in other cell types would lead to death in murine islets.
RIPK1 enzymatic activation was obtained by stimulating the cells with a
combination of TNF+BV6 and the pan caspase inhibitor zZVAD.fmk, a
potent trigger of RIPK1 kinase-dependent necroptosis in many cell
types [12,17,18]. Our data showed that, as expected,
TNF-+BV6+2zVAD led to the induction of pRIPK1 in ,‘3.'ipk1+/+ islets,
which was absent in Ripk752°752°0 or when Nec-1 was added
(Figure 3B—C). Surprisingly, neither TNF4-BV6+2zVAD nor TNF+BV6
(for RIPK1 kinase-dependent apoptosis induction) translated to a
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Figure 1: RIPK15%7/5250 mice in homeostatic conditions (A—C) or in MLDSTZ-induced diabetes (D—G). (A) Male Ripk1525%/52%0 (Ripk1) and Ripk1*+/* (WT) were followed for
fed blood glucose and body weight from weaning until 16 weeks of age. (B) Fat, lean mass and body weight were measured in male Ripk1 and WT mice at 18 months of age. (C)
IpGTT was performed on male Ripk1 and WT mice at 18 months of age. (D) 7—8-week-old male Ripk1 and WT were injected with streptozotocin (STZ) or vehicle (citrate buffer) and
non-fasted glucose levels were measured prior to STZ injections (—3 day), during STZ treatment (1,2,3,4,5 days) and twice per week until 45 days after the last injection. (E—F)
IpGTT was performed at (E) 14 days and (F) 45 days after last STZ injection. (G) Pancreatic insulin content was determined at the end of experiment; n = 3—10. (C—F) Left panels
show raw data and right panels show quantitative analysis of the area under the curves (AUC). Data is presented as mean £ SEM. *p < 0.05; **p < 0.01; ***p < 0.001,
*¥¥kp < 0.0001, Ripk1-STZ (red) vs Ripk1-buffer (pink). ##p < 0.01; ###p < 0.001, ####p < 0.0001, WT-STZ (dark blue) vs WT-buffer (light blue). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

significant increase in cell death in Ripk7*/* islets (Figure 3D), indi-
cating that despite RIPK1 enzymatic activation, apoptosis and nec-
roptosis were not triggered in murine islets.

We then analyzed if human B-cells were also resistant to RIPK1 kinase-
dependent cell death. Interestingly, TNF+-BV6 led to significant apoptotic
cell death in the EndoC-BH1 cells (a human B-cell line [14]) (Figure 3E).

TNF+BV6 induced caspase 3 and 8 cleavage and zVAD treatment
significantly prevented caspase activation and cell death, whereas Nec-
1 had no effect in cell survival (Figure 3E—F). These results indicate that
TNF+BV6 induced RIPK1 kinase-independent apoptosis in these cells
and that addition of zZVAD did not switch the response to RIPK1 kinase-
dependent necroptosis, in contrast to many other cell types.
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Nevertheless, TNF+-BV6 induced pRIPK1 and the addition of zVAD
greatly enhanced its activation (Figure 3F—H). We showed that phos-
phorylation of RIPK3 (pRIPK3) and MLKL (pMLKL), downstream and
hallmark events of RIPK1 kinase-dependent necroptosis, were also
induced in human B-cells by TNF+BV6+-2zVAD (Figure 3H). These re-
sults demonstrate that in murine islets and human B-cells, cell death
was not triggered even with the RIPK1 enzymatic pathway highly acti-
vated. Overall, our data suggests that [-cells, contrary to other cell
types, are resistant to RIPK1 kinase-dependent cell death.

4. DISCUSSION

For many years, apoptosis was accepted as the main form of T cell-
mediated B-cell death in T1D, even though necrosis was also

this article.)

detected in human and rodent diabetic pancreas [19]. However, a
recent study demonstrated necrosis to be the main mechanism of -
cell death in a murine model of diabetes using diabetogenic T-cells
[20]. Interestingly, this study could not determine what led to necrosis
in B-cells as neither loss of components of apoptotic signaling path-
ways (FAS, FAD, BCL-2) nor necroptotic executioner proteins (RIPK3
and MLKL) in B-cells prevented death by diabetogenic BDC2.5 T cells.
Other studies demonstrated that high glucose concentrations (50 mM)
together with TNF or FASL induced cell death that was inhibited by
Nec-1 but not zZVAD, accompanied by expression of pRIPK1, pRIPK3
and migration of MLKL to the cell membrane in different human cell
lines or primary human T cells [7,8]. Despite the central role of RIPK1
in death and inflammation, its contribution to T1D pathology was never
directly elucidated. To clarify the role of RIPK1 in autoimmune diabetes,
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Figure 3: RIPK1 enzymatic activation does not lead to death of murine and human B-cells. (A) Viability of islets isolated from Ripk152°%/5%%® (Ripk1) and Ripk1*/+ (WT) mice treated with STZ
(1.1 mM) or vehicle (citrate buffer) was assessed; n = 6—9. (B—C) Expression of phosphoRIPK1 (ser166) (pRIPK1), RIPK1 and a:-tubulin (loading control) on murine islets isolated from WT mice 2
weeks after last MLDSTZ or buffer injections or treated with TNF+BV6, zZVAD, Nec-1 and/or DMSO for 18 h, as indicated, was assessed by WB. (D) Viability of murine islets treated with TNF-+BV6,
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image of WB is shown, n = 3—7. Data is presented as mean & SEM. ****p < 0.0001; vs Ripk15252% or treatments. #p < 0.05, ####p < 0.0001, vs WT or non-treated controls.
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our group utilized MLDSTZ in Ripk152°P/525D \yhich provokes immune-
mediated diabetes in mice [16]. Our study showed no alteration in
disease presentation in MLDSTZ-Ripk15257/5250  compared to
MLDSTZ-Ripk1*"+ and RIPK1 enzymatic activation was not detected in
islets of hyperglycemic mice subjected to MLDSTZ, demonstrating that
RIPK1 kinase had no relevance in the dynamics of immune-mediated
diabetes development. This lack of phenotype may reflect other studies
which showed that dysfunctional immune responses were related to
aberrant RIPK1 (prosurvival) scaffold function, independent of kinase
activity [21,22].

RIPK1 and downstream necroptotic signaling proteins such as MLKL
have been associated with obesity and related comorbidities [9,23,24].
Overnutrition in zebrafish, in a model of muscle insulin resistance
(zMIR), led to B-cell loss that was prevented by Nec-1 and GSK'872
(RIPK3 kinase inhibitor) but not zZVAD, suggesting there could be a role
for RIPK1 and RIPK3 in B-cell dysfunction and death [24]. They showed
that at time of B-cell loss, punctuated RIPK3 expression (a sign of
activated RIPK3 formation of amyloid fibers), but not RIPK1, was
observed in B-cells and correlated with induction of IL1- and NF-kB
activation. In mice, inhibition of total RIPK1 with synthesized specific
inhibitory antisense oligonucleotide (ASO) improved weight gain and
insulin resistance in DIO [23]. Furthermore, knockdown of RIPK1 with
ASO decreased liver and adipose tissue inflammation linked to
recruitment of immune cells such as macrophages [23]. In this latter
study, mice with a mutation of the RIPK1 catalytic lysine K45
(Ripk1 fed HFD, did not present any differences compared to WT-
littermates [23]. The lack of improvement in glucose metabolism of
obese Ripk1**** resembles our results in the Ripk152°7/525D mice.
Both mouse models indicate that RIPK1 kinase is not involved in
obesity contradicting the study which showed that RIPK1 kinase in-
hibition with Nec-1 improved insulin resistance in obese ob/ob mice
[9]. However, Nec-1 also blocks indoleamine 2,3-dioxygnase (IDO), an
immunoregulator that supresses effector immune responses, thus
improvement of metabolic dysfunction in Nec-1-treated obese ob/ob
mice may not be specific to inhibition of RIPK1 activity [25].

We report, for the first time, that both murine islets and the EndoC-H1
human B-cell line are resistant to RIPK1-mediated cell death. The lack
of cell death was in contrast with the activation of the main compo-
nents of the necroptotic signaling pathway, namely phosphorylation of
RIPK1, RIPK3 and MLKL. Of note, our results showed that the EndoC-
BH1 human f-cell line was susceptible to TNF+BV6 mediated
apoptosis, in contrast to murine islets, indicating there is a species-
specific or cell-specific difference in the TNF signaling pathway
[26,27]. Nevertheless, the TNF+4-BV6-induced cell death in EndoC-BH1
was prevented by zZVAD but not Nec-1, indicating that it was inde-
pendent of RIPK1 kinase-activity and therefore likely resulting from
defective TNF-mediated NF-kB-dependent induction of prosurvival
molecules such as clAP1/2 [2—4].

A recent study by Contreras et al., reported that TNF+BV6 stimulation
significantly activated caspases and elicited cell death in INS-1E, NIT-1
and in dispersed mouse islets, which was not prevented by zVAD [10].
Their data diverges from our current findings. In the study of Contreras
et al., the islets cells were dispersed before treatment, thus it might be
possible that the stress of dispersion may sensitize murine B-cells to
TNF+BV6-induced cell death. It is known that B-cell function and
viability in culture is better preserved within the islets of Langerhans
when compared to dispersed cells [28,29]. To better understand the
different results obtained between the cell lines, we reproduced some
of the experiments of Contreras et al. in INS-1E cells (Supplementary
Figure 1). Similar to what was observed, INS-1E cells were susceptible
to TNF+-BV6-+2zVAD-induced cell death. The divergence in caspase

dependency of TNF+BV6-mediated cell death between INS-1E, NIT-1
cells and EndoC-BH1 cell death may be due to cell-line or species-
specific differences [30]. Of note, NIT-1 cells express higher levels
of TNFR1 compared to primary -cells, making them more sensitive to
TNF-induced death than primary B-cells [10,27]. In the case of the
human B-cell line, EndoC-BH1 cells, previous studies have shown that
they resemble human B cells in the expression of specific genetic and
epigenetic markers [31]. Moreover, different studies showed that
EndoC-BH1 also present similar responses to human islets after
cytokine treatment [32,33]. Although, EndoC-BH1 are a well-
established human B-cell line, further studies in primary human is-
lets should be conducted to confirm our findings.

Regarding RIPK1, in the Contreras et al. study, total RIPK1 deletion was
performed in NIT-1 cells and therefore, the specific role of RIPK1
enzymatic activity, could not be pinpointed as the causal effect in -
cell death [11,27]. Importantly, the lack of total RIPK1 protein prevents
the activation of the downstream NF-kB and JNK signaling pathways,
both pathways shown to contribute to B-cell death [34—37]. Overall,
our in vitro and in vivo results indicates that RIPK1 activation (pRIPK1)
is not involved in B-cell demise in diabetes.

It would be interesting to investigate why B-cells resist RIPK1 cyto-
toxicity even when strong RIPK1 activation is present. Necroptosis is an
important mechanism for viral and bacterial clearance, thus cells with
rapid turnover (e.g. macrophages, lymphocytes, epithelial cells and
fibroblasts) can be killed by TNF exposure alone, which activates the
necrosome complex [8,12,17,18]. Interestingly, necroptosis has also
been linked to neuroinflammatory disorders and long-living neuronal
cells are sensitive to necroptosis [38]. In contrast to neurons, virus and
bacteria can directly encounter and infect B-cells, as gut microbiota
translocate to pancreatic draining lymph nodes [39]. Thus, evading
RIPK1 kinase-dependent cell death may be important to maintain -
cell mass over time, as -cell renewal is a rare event.

Our study shows that RIPK1 enzymatic activity is not involved in the
glucose-metabolic abnormalities caused by obesity nor affects disease
outcome in immune-mediated diabetes. Interestingly, we found that 8-
cells are resistant to RIPK1-mediated cell death even when the nec-
roptotic signaling pathway is activated.
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