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Noyonika Mukherjee
THE ROLE OF RECEPTOR INTERACTING PROTEIN KINASES IN

DIABETOGENIC BETA-CELL LOSS AND HYPERGLYCEMIA

Diabetes is characterized by pancreatic -cell loss, insulin insufficiency, and
hyperglycemia. Although major efforts have been made to manage diabetes using
pharmacological agents that lower blood glucose levels, less effort has been focused on
therapies to prevent the two major forms of diabetes, type 1 (T1D) and type 2 diabetes
(T2D). Hence, there is a critical need to understand the mechanisms that underlie 3-cell
demise in these diseases, and to develop therapies targeting such mechanisms. Recent
studies in non-islet cell types identified receptor interacting protein kinase 1 and 3
(RIPK1 and RIPK3) as mediators of inflammation and programmed cell death. RIPKs are
being considered as potential therapeutic target in human diseases including renal,
hepatic and neurodegenerative diseases. However, the role of RIPKs in B-cell loss in
diabetes remains unknown. My thesis work evaluated the roles of RIPK1 and RIPK3 in
mediating B-cell cytotoxicity and islet inflammation in diabetes pathogenesis. Through
the studies, | examined the role of RIPK1 and RIPK3 in B-cell loss in response to known
inducers of diabetogenic p-cell stress, including proinflammatory cytokines, endoplasmic
reticulum (ER) stress and islet amyloid deposition. My work revealed roles of RIPK1 and
RIPK3 in mediating both caspase-dependent and caspase-independent cell death, kinase
activation and transcriptional responses in vitro. Furthermore, | found that RIPK1 and

RIPKS3 play important roles in regulating glucose homeostasis in mouse models in vivo.
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The studies revealed a novel role of RIPKSs in the pathogenesis of diabetes and suggests

that RIPKs might be a potential target to treat or prevent the disease.
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Chapter 1 — Introduction

Diabetes mellitus: a disease of B-cell dysfunction and loss

Diabetes mellitus is a global epidemic affecting over 530 million people, about 10.5% of
the global population *. This figure is projected to exceed 700 million by 2045 . The
worldwide direct health expenditure of the disease in 2019 was approximately $760
billion 2. Diabetes increases the risk of other conditions, including cardiovascular disease,
chronic kidney disease, stroke, blindness, and amputation. In 2021, diabetes accounted
for 6.7 million deaths. With around 44% of adults with diabetes undiagnosed, academics
and healthcare providers must collaborate in diagnosing individuals and developing better
treatment regimens to prevent and treat diabetes.

Diabetes is clinically defined by the presence of hyperglycemia, which is caused
largely by insufficient insulin release from pancreatic  cells. Despite some uncertainties
concerning the classification of diabetes, all forms have B-cell dysfunction, and most
likely B-cell death, as a common pathophysiological component. Although B-cell
dysfunction may be a prerequisite to this disease, the progressive nature of this
dysfunction determines the progression of diabetes.

Some text and figures from the following portions are a part of published manuscripts
that | have been an author on, used with permission from the journal. The publications
have been mentioned in the references®*.

Observations of B-cell loss in human diabetes

Although the loss of insulin production was understood to be a factor in the
development of diabetes by the early 1920s, it was at first not clearly established that a

loss of functional f cells led to insufficient insulin release. Arriving at this conclusion



required a greater understanding of the divergent diabetic phenotypes observed clinically.
It was known centuries ago that diabetes generally occurs in two distinct populations: 1)
children and young adults with normal or low body weight, and 2) inactive, overweight
adults. It was also recognized that diabetic phenotypes in these groups were similarly
dichotomous, with hyperglycemia normally appearing as an acute and fatal affliction in
children, but as a manageable chronic condition in adults. We now understand these
divergent phenotypes to be separate diseases: type 1 diabetes (T1D, also known as insulin
dependent diabetes and formerly as juvenile diabetes), which is associated with islet
autoimmunity and near complete loss of insulin production, and type 2 diabetes (T2D,
also known as insulin independent diabetes), which occurs in the setting of obesity,
insulin resistance and relative insulin insufficiency.

To better understand the factors that contribute to loss of insulin production in
diabetes, pathologists began studying pancreas sections from diabetic and non-diabetic
individuals collected at autopsy well over one hundred years ago. Studies began to
describe diabetes-associated -cell loss in greater detail. Among these are the seminal
studies conducted by Maclean and Ogilvie in the 1950’s. Histological examination of
pancreas sections, along with measurement of tissue mass, from young and old
individuals (but primarily subjects over 40 years of age) revealed a significant reduction
in B-cell mass in individuals with diabetes °. Among diabetic subjects, B-cell mass was
observed to be lower in individuals diagnosed at less than 25 years of age and higher in
individuals diagnosed later in life. When Maclean and Ogilvie analyzed pancreas tissue
sections specifically from young subjects, they found diabetic individuals exhibit reduced

islet number and mass, but no difference in islet size compared to non-diabetic



individuals ©. They also observed that among young diabetic subjects, those with long-
standing (chronic) disease has less islet mass than those with short-standing (acute)
disease. When pancreas sections from young subjects with “juvenile diabetes” were
analyzed by Doniach and Morgan in 1973, they were found to have an 85% reduction in
the number of islets present /. Stefan and colleagues compared pancreas sections from 13
non-diabetic subjects and 2 insulin dependent diabetic subjects (T1D) and observed that
the primary difference between these groups was the reduced number of insulin
producing B cells 8. When Kloppel et al. compared pancreas samples from recently
diagnosed T1D individuals with age-matched controls in 1984, a 70-85% reduction B-cell
abundance was again revealed °. These observations of reduced B-cell and islet
abundance were among the first to demonstrate f-cell loss in what we now refer to as
T1D.

In addition to observations of B-cell loss in T1D, evidence for -cell loss in T2D
has also existed for decades. In 1901, Eugene Opie observed the relationship between
diabetes mellitus, islet cell loss and the presence of islet “hyaline deposits”, the last of
which are now recognized as islet amyloid deposits (11,28). Notably, Maclean and
Ogilvie excluded from their 1955 analyses pancreas samples that exhibited hyalinization
of islets, which were observed in tissues specimens of individuals 40 years of age and
older °. In contrast to their observations of extensive p-cell loss in T1D, Maclean and
Ogilvie observed a less severe reduction in -cell mass in individuals with T2D °. A more
recent study estimates that a ~35% reduction in B-cell mass is present in T2D 12,

Histological observation found increased islet size in a hyperglycemic individual

13 Separately, Ogilvie found that islet size was increased in 19 obese individuals versus



controls, although none of these subjects had diabetes 1*. These observations likely reflect
the presence of insulin resistance in obesity, leading to a compensatory increase in islet
size. In 1985, Kloppel et al. noted that while T1D results from selective loss of B cells,
these insulin producing cells are always present in T2D *°, and Guiot et al. also
questioned whether the reduced B-cell mass was responsible for insulin insufficiency in
T2D *®. A more recent study compared p-cell volume in explanted human pancreas tissue
slices and found no significant reduction in 3-cell volume in T2D versus control donors
17_

On the other hand, several studies have observed significant reductions in -cell
abundance in adult diabetic compared to nondiabetic subjects. One differential
volumetric analysis of pancreatic islets revealed a -cell deficit in adults with diabetes
that was associated with increased maximal blood glucose, suggesting that p-cell loss
leads to reduced insulin production in T2D 8 Examination of human pancreas from
normoglycemic and T2D subjects following autopsy revealed a decrease in 3 cells in
individuals with hyperglycemia °. In a cross-sectional analysis of pancreas sections,
Sakuraba et al. observed a 30% reduction in B-cell mass in T2D subjects from Japan,
along with increased amyloid deposition and oxidative stress compared to
normoglycemic controls *°. Butler and colleagues also sought to determine whether
decreased B-cell mass underlies the hyperglycemia observed in T2D, when in 2003 they
analyzed 124 pancreas tissue sections collected at autopsy. They found that individuals
with impaired fasting glucose (IFG) or T2D exhibited 40% and 63% reductions in B-cell
volume compared to non-diabetic individuals 2. Jurgens et al. analyzed 68 pancreas

tissue samples and again observed decreased -cell area in tissue from individuals with



T2D 2, Given the available data from individuals with T2D, it is now accepted that a
relative deficit of B-cells exists in this disease. The recently appreciated heterogeneity of
T2D phenotypes and human b-cell mass (39-42) may help explain the ongoing debate as
to the role of b-cell loss in T2D pathogenesis.

Loss of B-cell function in diabetes

As well as evidence for B-cell loss derived from histological measurements of pancreas
tissue samples, the presence of B-cell loss in diabetes is supported by findings of reduced
B-cell function in both major forms of diabetes. In general, these studies have defined
impaired B-cell function as 1) impaired insulin synthesis leading to reduced insulin
content in islets, 2) reduced plasma insulin (or C-peptide) in the fed or fasted state, or 3)
reduced acute insulin release in response to a glucose bolus or mixed meal challenge
(4,43) . Using such measurements, numerous studies have identified loss of appropriate
B-cell function as a primary factor underlying the hyperglycemia that characterizes T1D
and T2D.

Given the use of insulin as a treatment for T1D, loss of insulin production in
diabetes was widely recognized in the 1920’s. In 1952, Wrenshall and colleagues showed
that less extractable insulin was present in pancreases from individuals with diabetes
compared to those without diabetes, and that among those with diabetes individuals
diagnosed at less than 20 years of age possessed significantly less insulin than individuals
diagnosed at 20 years of age or older 28, Later, Cerasi and Luft used 1V glucose infusion
tests and computer modeling to identify an insufficient insulin response to glucose as a
characteristic of diabetic individuals, concluding that this loss of insulin secretion was

likely a “pre- requisite” for diabetes 2°. More recently, a large clinical study analyzed



fasting C-peptide data collected from 3668 subjects at the time of T1D diagnosis .
Those diagnosed with T1D at a younger age exhibited lower fasting C-peptide and a
greater decline in fasting C-peptide over time *.

Despite the clear loss of B-cell abundance and function in T1D, however, some
functional B cells persist in individuals with the disease. The Medalist Study analyzed
1019 individuals with duration of T1D over 50 years 3. Among these individuals, 32.4%
had detectable C-peptide levels and 5.8% were able to double C-peptide in response to a
mixed meal tolerance test 3!, despite their severe insulin insufficiency and hyperglycemia.
A potential explanation for this residual insulin secretory function was uncovered when
B-cell lineage tracing experiments identified dedifferentiation as an important driver of -
cell loss in B-cell specific FoxO1 knockout mice 32. Later, a population of 8 cells that
survive autoimmune attack was identified in mouse and human islets, with these cells
expressing reduced B-cell identity genes and arising in response to insulitis and
inflammation . These studies suggest that a subpopulation of B cells exist that, while not
fully functional, are protected from cell death in the context of T1D.

Insufficient insulin secretion in T2D, and its relationship to obesity, insulin resistance
and aging, are also well documented. In 1963, Karam and colleagues observed increased
insulin responses in obese versus normal weight subjects following a glucose injection .
In 1967, Perley and Kipnis observed that in response to either oral or IV glucose, plasma
insulin was higher in obese versus normal weight individuals without diabetes *°. Later,
Bonadonna and colleagues again found that insulin secretion was increased in obese
versus control subjects and noted that obese individuals displayed decreased glucose

uptake in response to specified insulin concentrations; that is, they were insulin



resistant®®. Such observations established insulin resistance and hyperinsulinemia as
characteristics of obese, non-diabetic individuals.

In contrast, Perley and Kipnis observed that obese diabetic subjects failed to increase
insulin secretion to levels similar to their obese non-diabetic counterparts, displaying a
“marked impairment in insulin secretion” *°. More recently, Mitrakou et al. found that
glucose intolerant individuals displayed reduced insulin secretion following glucose
ingestion compared to age and weight matched controls subjects . Of note, the reduced
insulin secretion observed in T2D is not confined to obese individuals. Similar
observations of insulin resistance and B-cell dysfunction have been made in aged
individuals with normal body weight and glucose intolerance . More recent
observations have clearly defined the relationship between insulin resistance, [3-cell
function and T2D %. These studies demonstrate that obese, non-diabetic individuals
increase insulin release to maintain normal blood glucose in the face of insulin resistance,
and that this compensatory insulin response is lost in hyperglycemic diabetic individuals.

Together, these data provide evidence that loss of B-cell abundance and function are
primary elements contributing to the insulin insufficiency and hyperglycemia that
characterize both major forms of diabetes. Understanding the specific factors that
underlie B-cell loss in these diseases may lead to new approaches to maintain insulin

secretion and thereby treat or cure diabetes.

The discovery of insulin

In 1889, Joseph von Mering and Oskar Minkowski discovered that removing the

pancreas from dogs led to glycosuria *°. Implanting a small piece of the pancreas under



the skin of these dogs prevented hyperglycemia until the implant was removed or
degraded, demonstrating the importance of pancreatic secretion in glucose regulation. In
1920, physiologist Ernest Starling noted the unknown mechanism by which the pancreas
influenced glucose production and utilization, hypothesizing a hormonal secretion into
the bloodstream 1. In 1921, Banting and Best injected pancreatic extracts into diabetic
dogs, significantly reducing their blood glucose levels. James Collip later refined the
extraction process, and the resulting substance was named insulin by MacLeod.

A landmark moment occurred on January 11, 1922, when insulin was first
administered to Leonard Thompson, a 14-year-old boy with diabetes, dramatically
improving his blood glucose levels. He lived another 13 years on insulin treatment.
Similarly, Elisabeth Hughes Gossett, diagnosed with diabetes at age 11, received insulin
in August 1922, leading to a long and relatively stable life until her death at 73.

The work of Banting and Best, in collaboration with Lilly Pharmaceutical Company
in 1923, led to the development of the first commercially available insulin, Isletin. Insulin
derived from cattle and pigs was used for many years but had issues like allergic
reactions. In 1978, the first genetically engineered synthetic human insulin was produced
using Escherichia coli bacteria, and Eli Lilly later marketed this biosynthetic human
insulin as Humulin 4,

Diabetes researchers have made it possible to develop insulin in many forms,
allowing millions of individuals to choose from a variety of formulas and methods of
using insulin that best suits their requirements and lifestyle. This ability comes from
decades of research to appreciate the production of insulin and normal 3-cell physiology

in rodent and human models, as briefly described below.



Overview of B cell biology

The islets are a specialized mini-organ that produces multiple hormones to maintain
glucose homeostasis. These pancreatic islets occupy approximately 1% of the entire
pancreatic mass and obtain 10% of the pancreas blood flow to sense and appropriately
respond to changes in blood glucose levels. The primary islet hormones include insulin
and amylin (B cells; 60-85%), glucagon (a cells; 15-20%), ghrelin (e cells, <1%),
somatostatin (& cells; 3-10%) and pancreatic polypetide (PP cells; 3-5%).

Insulin is a highly conserved 51 amino acid peptide hormone that permits glucose to be
absorbed by cells throughout the body and be utilized for energy. Insulin also suppresses
glucose output by the liver to maintain steady state blood glucose levels in the body.
Insulin is synthesized by 3 cells as a preprohormone, subsequently proteolytically
processed in the endoplasmic reticulum (ER), Golgi and secretory granules to the mature
peptide, consisting of two polypeptide chains 2. Insufficient insulin secretion or failure of
insulin action is an underlying feature of both type 1 and type 2 diabetes “3. Hence,
approaches to preserve 3-cell mass and function may lead to the development of new
therapies for prevention or cure of diabetes.

Insulin proprotein synthesis and granule maturation

Humans have one insulin gene while rodents and at least 3 fish species have two insulin
(INS) genes *4. The insulin gene contains 3 exons and 2 introns, and only <400 bp are
needed for B-cell insulin synthesis and secretion. The final spliced insulin mMRNA
encodes preproinsulin. Glucose stimulation drives transcription of the insulin gene.
However, this response takes approximately 1 h for pre-mRNA levels to increase and up

to 48 h for mature transcripts to increase significantly *°. On the contrary, studies in



rodent islets have shown that proinsulin translation, along with prol APP and processing
enzymes prohormone convertase 1/3 (PC 1/3) and PC2 rapidly increase in response to
glucose . B cells can achieve rapid glucose-induced pro-insulin synthesis by storing
insulin mRNA in preassembled polysomes that are transported to the ER membrane and
initiate translation in response to glucose within minutes #’. The nascent preproinsulin
MRNA associates with a signal recognition particle (SRP) in the cytosol. The SRP binds
to its receptor, which facilitates translocation of preproinsulin into the RER lumen. Signal
peptide cleavage allows conversion of preproinsulin to proinsulin. Formation of 3
intramolecular disulphide bonds by protein disulphide isomerases are critical for proper
folding of proinsulin in the ER. Proinsulin is subjected to folding as it transits the Golgi,
and after exit from the trans-Golgi network, it is sorted to the regulated secretory
pathways “. As the secretory granules mature, the pH decreases and granule Ca®* and
Zn?* concentrations increase through actions of vesicular H+-ATPase *° and Zinc
transporter SLC30A8 0. This increases prohormone convertase activity that initiates
conversion of proinsulin to insulin and hexameric aggregation. Proteolytic processing to
insulin in immature granules leaves C-peptide and requires acidification (pH 5) >*. Not all
proinsulin within a 3 cell will be ultimately secreted. 3-cell proteostasis is maintained by
(pro)insulin degradation by macroautophagy and selective autophage 2. Aged insulin
granules are also degraded to make sure newer ones are preferentially released .
Disruption of proper insulin folding can lead to diabetes and misfolded proinsulin can be
degraded via ER-coupled autophagy and ER-associated degradation pathways *°. Altered

autophagy of B cells have been observed in pancreas samples obtained from individuals

with type 1 and type 2 diabetes %', Islet amyloid polypeptide (IAPP) is another B-cell
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specific peptide which is normally produced and secreted in parallel with insulin %8, The
processing of proinsulin and pro-1APP occurs simultaneously as described above.

Mechanism of glucose-stimulated insulin secretion (GSIS)

Insulin secretion by B cells is a tightly regulated mechanism that requires glucose
stimulation. Under fed state, the digestive tract breaks down carbohydrates into glucose
which is then released into the blood stream. Uptake of the glucose molecules into the 3
cell is facilitated by glucose transporter type 1/2 (GLUT1/2). GLUT1/2 is constitutively
present at the B cell plasma membrane to facilitate glucose uptake *°. Intracellular glucose
is phosphorylated to glucose-6-phosphate by glucokinase. Glucokinase in 3 cells has a
high Km allowing controlled sensing of glucose levels in blood and acts as a rate limiting
enzyme that regulates insulin secretion 8. Metabolism upstream of mitochondrial
metabolism releases ATP, but the additional ATP gained from mitochondrial metabolism
leads to the net closure of ATP-sensitive potassium (Kate) channels ® (Figure 1). This
phenomenon results in membrane depolarization and opening of voltage-operated
calcium channels and Ca?* influx. The subsequent increase in cytosolic Ca?* causes
insulin-containing vesicles to fuse to the B-cell plasma membrane 2. Therefore, the B cell
controls exocytosis of insulin in amounts appropriate to allow transport of glucose from
blood into the cells of the body, particularly muscle and adipose tissue, and suppresses
hepatic glucose output.

Insulin secretion by B cells is biphasic in nature. There are 3 granule pools that allow
for biphasic insulin secretion, namely the immediately releasable pool (IRP), the readily
releasable pool (RRP) and the reserve pool (RP) °L. The IRP and RRP pools are primed

by being physically located adjacent to the 3-cell membrane and/or have been chemically
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modified to allow for immediate release in the first phase of glucose stimulated insulin
secretion. Most of these granules are in the immediate vicinity (~10 nm) of the L-type
Ca?* channels . The RP granules are available for secretion with insulin already folded
and readily available in the granules. However, these granules require trafficking to the
plasma membrane along the microtubule network and primed before they can be
released. Initial phase of GSIS is reflective of Ca?* induced exocytosis of primed insulin
granules. Extracellular messengers that modulate insulin secretion via the CAMP/PKA or
PLC/DAG/PKC systems affect the priming phase 4. Other extracellular modulators such
as incretins (for example, GLP-1) mediate nutrient ingestion-induced priming phase.
Docking to priming step requires ATP and sub-pM Ca?*, while priming to fusion step
requires uM Ca2* %1, A secondary pathway involving Kate-channel independent
secretion, known as the amplifying pathway, increases efficacy of Ca?* on exocytosis of

insulin granules, and is impaired in B cells of animal models of type 2 diabetes .

Classification of the different forms of diabetes

Type 1 diabetes (T1D)

The pathological feature of T1D is inflammatory lesion (insulitis) of the pancreatic islet
associated with B-cell loss, and a key role for autoreactive T cells, as observed in
examinations of diabetic pancreata obtained at autopsy . These studies of human
pancreata observed that the degree of insulitis is heterogenous, affects only 10-30% of
islets and diffuse within an islet %¢-%8, Studies also demonstrate that insulin-positive B
cells may persist for many years after diagnosis, which suggests that alongside a
reduction in B-cell mass, B-cell dysfunction must persist in individuals with T1D %, In

T1D, autoreactive CD4+ and CD8+ T cells infiltrate the islet, leading to B-cell
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Figure 1: Mechanism of glucose stimulated insulin secretion

(From left to right) The canonical pathway of glucose stimulated insulin secretion (GSIS)
requires glucose import into the 3 cell via GLUT1/2 transporter. Glucose is converted to
pyruvate. Mitochondrial metabolism increases ATP/ADP ratio, that results in closure of
ATP-dependent K™ channel. The resulting membrane depolarization leads to opening of
voltage-gated Ca?* channel, which allows calcium influx into the cell. Moreover, release
of calcium from intracellular stores amplifies the increase in cytosolic calcium
concentration. The rise in cytosolic calcium levels ultimately triggers the release and

exocytosis of insulin and IAPP granules.
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loss by cell-cell interactions and cytokine production by infiltrating immune cells. While
this effect is likely aggravated by impaired function of regulatory T cells that should
ideally provide immunological tolerance, the fact that B cells are a mere bystander of a
rouge immune system is being challenged in recent studies °. B cells being professional
secretory cells are predisposed to biosynthetic stress and have limited measures for self-
defense. Immune interventions are capable of delaying onset of T1D, again suggesting a
key role of B-cell stress can invoke an immune attack .

Additionally, B cell dysfunction has been observed years before diagnosis of disease '2.
Hence, approaches to revitalize 3 cells alongside immunotherapy could provide a more
effective treatment regimen for individuals with T1D °.

Genetic risk of developing T1D is largely derived from human leukocyte antigen
(HLA) class 11 haplotypes and this is present in up to 80-90% of patients 3. Additionally,
more than 50 loci have been identified that confer risk for T1D. These include candidate
genes associated with immune function and/or survival and function of the B cell "™,
Apart from genetic predisposition, an environment trigger is observed to be necessary for
development of T1D. The role of the environment is emphasized in a study that observed
discordant incidence rate in monozygotic twins 6. Furthermore, there seems to be
differences in disease rates that is not simply explained by genetic differences .
Environmental factors affecting development of autoimmunity in T1D include viral
infection 78, a role of gut microbiota "° and dietary factors that trigger the immune system

80

Type 2 diabetes (T2D)
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T2D is characterized by hyperglycemia, insulin resistance and a reduction in -cell
number along with dysfunction of remaining B cells. Classically, T2D takes decades to
develop and as the disease progresses, increasing doses of glucose lowering drugs is
required to manage glucose homeostasis. Insulin administration might be necessary when
B cells reach a condition of total “failure”.

Obesity, particularly visceral adiposity, is a key component driving pathogenesis of
insulin resistance 8. This results in insulin being less effective in stimulating glucose
uptake by skeletal muscle, reduced inhibition of hepatic glucose production and adipose
tissue lipolysis 8. The development of insulin resistance stimulates p-cell compensation
in the form of hypertrophy and proliferation to some extent to increase insulin
production. This leads to development of hyperinsulinemia to maintain normal blood
glucose (NGT). When B-cell compensation becomes inadequate, impaired glucose
tolerance and impaired fasting glucose (IFG) is observed, ultimately leading to T2D
development &,

While environmental factors, such as a sedentary lifestyle and excessive food intake
leading to obesity play a key role in development of T2D, hereditability is also a major
determinant. Recent studies have identified more than 400 gene variants associated with
T2D. These genetic variants are known to have effects on B-cell function,
obesity/adiposity, insulin action and lipid metabolism 8. Epigenetic changes such as
DNA methylation, histone modification, miRNA and long non-coding RNA can possibly
begin in utero and are additional factors that can influence T2D pathogenesis 8.

Approximately 90% of individuals with T2D have islet amyloid deposits, and the

degree of islet amyloid deposition is positively correlated with -cell death in humans
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87.88 |slet amyloid deposits are insoluble fibrillar structures that arise following
aggregation of islet amyloid polypeptide (IAPP), a B-cell secretory product that is co-
secreted with insulin *8. While early studies found that prefibrillar oligomeric assemblies
of human IAPP (hIAPP) directly disrupt cell membranes and elicit cytotoxicity 8%, more
recent studies have shown that IAPP species can also bind receptors and induce receptor-
mediated toxicity °1°2, Separate from amyloid-induced B-cell death, recent research has
identified islet amyloidosis as a major driver of islet inflammation. In vivo studies have
observed that amyloid deposition is associated with increased cytokine (111b, Tnf, 116) and
chemokine (Ccl2, Cxcl1) expression, alongside increased immune cell infiltration 3%, It
is well established that IAPP stimulates cytokine production from islet immune cells and
leads to B-cell dysfunction and death 2.

Maturity-onset diabetes of the young (MODY)

MODY was first described in 1974 when Tattersall et al. observed that in three families
there was direct parent to child inheritance and although they diagnosis of diabetes
occurred at teen or early 20s, the manifestation of diabetes was mild and does not
progress to insulin dependence even over a period of 40 years . MODY is a cluster of
11 different autosomal dominant forms of diabetes, mostly affecting transcriptional
factors, resulting in impaired insulin production and release *. The 4 most common
forms of MODY affect a) glucokinase (MODY 2), b) HFN-1a (MODY 3) and less
common HFN-4a (MODY 1) and ¢) HNF-1p (MODY 5). In addition to these, several
other gene are associated with MODY -like phenotypes, including KLF1 (a regulator of
Pdx1 B-cell transcription factor), PAX4, and preproinsulin.

Neonatal diabetes
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Neonatal diabetes is a form of monogenic diabetes that becomes apparent early in life and
consists of homozygous mutations in certain MODY genes. This results in permanent
neonatal diabetes and pancreas agenesis. Although it is characterized by defects in B-cell
function, often neonatal diabetes is associated with defects in other organ systems .
About half of these cases are caused by mutations in gene encoding potassium channel
(KCNJ11 and ABCCS8), resulting in impairment in GSIS that can be restored using
sulfonylurea treatment 7,

Cystic fibrosis-related diabetes (CFRD)

Mutation in the cystic fibrosis transmembrane conductance regulator gene (CFTR) results
in cystic fibrosis, a common, lethal, autosomal recessive disorder °. CFRD has
characteristic mild insulin resistance, reduced B-cell mass along with impaired (3-cell
function and glucagon release . The B-cell dysfunction is associated with a marked
inflammatory response, dysregulated chloride conductance in 3-cell membrane and
increased oxidative stress %191 Surprisingly, islet amyloid has also been observed in
patients with cystic fibrosis 1. Unfortunately, some studies that have utilized CFTR
modulators have failed to improve insulin secretion and glucose tolerance %2,

Gestational diabetes mellitus (GDM)

Changes in metabolic demand during pregnancy can induce a state of insulin resistance in
the body that requires B-cell compensation to restore euglycemic condition, similar to
scenario observed during T2D 1%, However, in 10% of pregnancies, the B cells are
unable to compensate appropriately, leading to insufficient release of insulin, glucose
intolerance and eventually gestational diabetes 1%, Gestational diabetes during pregnancy

poses the risk of development of diabetes during subsequent pregnancies due to added -
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cell stress and may contribute to development of T2D in the later stages of life 1%, Recent
studies have observed autoimmune and genetic factors, such as presence of anti-insulin
antibodies during pathogenesis of GDM, which leading to risk of latent T1D
development 1, Studies focusing on single nucleotide polymorphisms (SNPs) in genes
that affect impaired first phase of insulin secretion, such as cyclin-dependent kinase 5
(CDKD5) regulatory subunit associated proteinl-likel gene (CKDAL1) in T2D and GDM
may hold hope for new treatment strategies 1%’

In summary, B-cell stress, dysfunction and death is observed in all forms of diabetes,
even though difference in pathophysiology of the disease exist. My studies majorly focus
on understanding the underlying mechanisms of 3-cell dysfunction and loss in

pathogenesis of diabetes.

Contributors of B-cell cytotoxicity in diabetes

Autoimmune-associated B-cell death in T1D

Upon examination of pancreas section from 42 individuals with T1D and 14 non-diabetic
controls, Meier and colleagues observed that -cell death was twice as frequent in
individuals with T1D (49). They also observed that this increased cell death was
accompanied by increased infiltration of macrophages and T lymphocytes in islets,
suggestive of autoimmune-mediated destruction of  cells in T1D (49). Coppieters et al.
identified islet-autoreactive CD8+ T cells in insulitic lesions that were specific to T1D
patients and were not observed in cases of T2D or gestational diabetes (71). Research
conducted at the level of individual islets suggests B-cell killing is mediated by direct
CD8+ T cell contact with B cells, and that M1 polarization of islet resident macrophages

by CD4+ T cells contribute to this process (71,72). Such findings have added to previous
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observations of autoimmune-associated destruction of B cells in T1D (20,44,73) and led
to studies of the mechanisms that promote this process.

T1D is thought to result primarily from destruction of healthy B cells by self-reactive
T cells that occurs by mistake, a view adopted following identification of islet-reactive
CD4+ and CD8+ T cells in individuals with T1D (71,74-76). In line with this
understanding, numerous immunotherapy trials have been conducted in individuals with
recent-onset T1D in hopes of preserving B-cell mass and function. Teplizumab and
otelixizumab, anti-CD3 monoclonal antibodies that target T cells, have been shown to
improve C-peptide responses and reduce exogenous insulin requirements in individuals
with recent-onset T1D (77-79). In addition, teplizumab has been shown to delay onset of
T1D in relatives at risk for T1D (80). Abatacept, a molecule used to modulate T cell co-
stimulation, has also been shown to transiently preserve 3-cell function in T1D patients
(81). Studies in animal models of diabetes further support the role of T cells in T1D. In
1985, Miyazaki et al. reported on the prominence of CD4+ and CD8+ T cells in the
insulitic lesion observed in the NOD mouse model of T1D (82). In 1993, Christianson
and colleagues observed that while NOD background mice lacking T and B cells
(NOD/SCID) did not develop diabetes, diabetes could be induced in these mice by
adoptively transferring T cells from diabetic NOD mice (83). Also around this time,
Posselt and associates observed that autoimmune diabetes in spontaneously diabetic
BioBreeding rats could be prevented by intrathymic islet transplantation, possibly due to
modulation of the T cell repertoire upon exposure to the transplanted islets (84). In sum,

these studies provide strong evidence for T cell-associated 3 cell-death in T1D.
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In 1974, autoantibodies against islet cell proteins were first detected in the sera of
T1D patients (73). Autoantibodies observed in individuals with T1D include those
against islet cell cytoplasmic protein (ICA), insulin (IAAs), glutamic acid decarboxylase
(GADB65), insulinoma antigen 2 protein (1A-2), and zinc transporter 8 (ZnT8) (85).
Presence of at least one of these autoantibodies is present in >95% of individuals
diagnosed with T1D (85). The most well-known B-cell-specific-antigens are insulin and
pro-insulin, with insulin autoantibodies (IAAs) detected in >59% patients with late pre-
clinical or early-onset T1D (86). Despite the strong association between islet
autoantibodies and T1D, it is debated whether autoantibodies drive B-cell death or
whether they arise because of islet destruction. However, it’s largely accepted that
presence of islet autoantibodies is associated with increased risk of developing T1D (87).
Rituximab, an anti-CD20 monoclonal antibody that depletes B lymphocytes was
observed to delay, but not prevent, loss of -cell function in subjects with recently
diagnosed T1D (88). Marifio et al. observed that B lymphocytes depletion delays diabetes
onset and reduced diabetes incidence in NOD mice, again indicating a role for B cells in
T1D pathogenesis (89).

Given that islet autoimmunity is a key feature of T1D, it is important to identify the
factors that initiate this immune-associated p-cell destruction. Counter to the traditional
hypothesis that the immune system errantly identifies 3 cells for removal, another
hypothesis has more recently been put forward: that the B cell itself prompts the
autoimmune assault observed in T1D. In their recent review, Roep and colleagues
suggest that  cells are an “active participant” in interactions with the immune system in

T1D rather than a “non-provoking victim of an autoimmune attack” (90).
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Several observations support the concept that B cells contribute to the
pathophysiology of T1D. Studies performed in NOD mice have shown that B cell-death
precedes the appearance of insulitis (58) and promotes [3-cell autoantigen presentation
(91). NOD mouse islets exhibit increased endoplasmic reticulum (ER) stress markers and
alterations in ER structure prior to insulitis and hyperglycemia, suggesting that B-cell
stress contributes to development of T1D in this model (92). Indeed, treatment of
prediabetic NOD mice with an ER stress mitigating agent (TUDCA) was shown to
reduce diabetes incidence (93). B cell-stress may lead to the production of antigenic
products such as “hybrid insulin peptides” which are composed of proinsulin and other
secretory peptides and have been identified as targets of CD4+ T cells found in NOD
mice and individuals with T1D (94). Also supporting a role of the § cell in T1D
pathogenesis, the immunosuppression therapies targeting T and B cells (discussed above)
exhibit a lack of durable effects, with these interventions delaying, but not preventing,
development of T1D (77,78,81,88).

These observations suggest that unfounded islet immune responses may not be the
inciting event in B-cell death in T1D. Together, they have led the field to question
whether B cells, the target tissue of immune attack, may participate in their own demise
and carry more blame in T1D pathogenesis than originally thought. Additional studies are
needed to better understand how B-cell stress or death may initiate the islet immune
responses that have long characterized T1D.

Islet amyloid-induced B-cell death in T2D

In 1901, Eugene Opie first reported a form of islet “hyaline degeneration” that occurs in

association with diabetes mellitus and that we now recognized as islet amyloid deposition
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(10). More recent studies have confirmed the relationship between islet amyloid
deposition and hyperglycemia in T2D, with these works demonstrating that islet amyloid
deposition is associated with reduced B-cell abundance and increased B-cell death in
humans (35,52). Islet amyloid formation is accepted to be a contributor to the
pathogenesis of T2D, but studies have suggested that it may also contribute to B-cell loss
in T1D (95-97) and following islet transplantation (98,99). Islet amyloid deposits are
insoluble fibrillar structures composed primarily of islet amyloid polypeptide (IAPP, also
known as amylin), a B-cell secretory product (100,101). Although monomeric IAPP has
physiological functions on satiety and gastric emptying (102,103), human IAPP (hlAPP)
is amyloidogenic and can aggregate into larger structures including oligomers,
protofibrils and eventually full amyloid fibrils (104). Significant effort has been expended
to identify the mechanisms that underlie amyloid-associated B-cell death in diabetes.
Early observations of the mechanisms of hlIAPP-induced B-cell death focused on direct
actions of hlAPP to induce cytotoxicity (105,106). Studies of hIAPP have found that
oligomeric peptide species can directly elicit -cell cytotoxicity in cell lines and primary
islet cells (107-109). This cytotoxic effect has been linked to both receptor-mediated
signaling events (110-113) and cytotoxic interaction with cell membranes (114-116). In
addition to the direct action of hIAPP on J cells, it has been demonstrated that h|APP
also directly induces cytokine production from macrophages and dendritic cells via
activation of the NLRP3 inflammasome (117). Work to define the structure of these
cytotoxic hlAPP species is ongoing (118-120). A better understanding of the
mechanisms of direct hlAPP-induced cytotoxicity may provide strategies to reduce p-cell

death elicited by h1APP.
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In contrast to hIAPP, rodent IAPP is not amyloidogenic or cytotoxic due to several
amino acid substitutions in the amyloidogenic region of the peptide in rodent compared
to human IAPP (104). Thus, rodent models that express hIAPP in the 3 cell have been
created (121-124). These animal models develop in situ islet amyloid deposits, B-cell
loss and B-cell death similar to that observed in humans with T2D, thereby facilitating
study of the process of islet amyloid-induced and B-cell destruction (119-121). Given
that IAPP is a B-cell secretory peptide, insulin resistance and high secretory demand were
postulated to promote to islet amyloid formation in T2D. Indeed, genetic loss of 3-cell
secretory function reduces islet amyloid formation (125), while elevated glucose
concentrations increase amyloid deposition (126). More recent studies of these animal
models have led to a series of observations that identified amyloid formation as a driver
of islet inflammation (127-130). In vivo studies using these models showed that islet
amyloid deposition is associated with increased cytokine (1114, Tnf, 116) chemokine
(Ccl2, Cxcl1) and immune cell marker (Emr1, Itgax) expression (128,129), with several
studies identifying IL-1p as an important mediator of amyloid-induced B-cell death
(127,128,130-132). Studies in other models of islet amyloidosis have identified ER stress
as an important contributor to amyloid-induced B-cell death (133,134).

Several strategies to ameliorate hlAPP-induced B-cell death have been evaluated.
Various small molecule chemical inhibitors have been shown to effectively block hIAPP
aggregation and its associated cytotoxicity (135-137), with the same being true of certain
endogenous proteins (138,139). Interestingly, the structure of amyloid aggregates is
similar between divergent amyloidogenic peptides such as hIAPP and amyloid B (140),

suggesting that a single amyloid-inhibiting molecule may be used to prevent amyloidosis
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in multiple tissues such as the islet and brain (120). In addition to these approaches,
vaccination against hIAPP has been shown to effectively prevent amyloid-associated p-
cell loss in some (109,141), but not all (142), studies. Other work has focused on
preventing islet amyloid associated inflammation, with blockade of IL-1p and toll-like
receptor signaling both shown to be effective in preventing B-cell loss (131,132).

Mechanisms of proinflammatory cytokine-induced B-cell death

As discussed previously, proinflammatory cytokines from islet resident or infiltrating
immune cells contribute to B-cell loss in both T1D and T2D. A series of investigations
have focused on understanding the role of proinflammatory cytokines on B-cell
dysfunction and death. These studies have used single cytokines or combinations of
cytokines meant to approximate the inflammatory environment that f3 cells are exposed to
in the pathogenesis of diabetes. 3 cells express cytokine receptors that, when activated,
initiate complex signaling cascades that can impact insulin secretion (143,144), ER stress
(92,145), oxidative stress (146-148), and eventually cell death (149-152). Treatment
with a combination of IL-13, TNFa and IFNy are commonly used to study mechanisms
of cytokine-induced B-cell cytotoxicity. These studies have characterized cytokine-
stimulated signaling pathways in 3 cells and evaluated the impact of these on p-cell
cytotoxicity in the pathogenesis of diabetes.

Treatment of primary [ cells with interleukin 1 (IL1p) for 24 to 48 hours was found
to elicit cell death, and these effects could be prevented by inhibition of nitric oxide
synthase, suggesting that IL1p mediates its cytotoxic effect through NO production
(146,148,153). IL1p has also been shown to induce ER Ca2+ release and activate ER

stress pathways. Cotreatment of immortalized and primary rat B cells with a combination
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of IL1pB and IFNy has been shown to downregulate SERCA2b, a Ca2+ pump important
for ER homeostasis, activate ER stress and induce -cell death, with these effects again
being dependent on NO production (145). IL1p has also been shown to cause -cell death
via activation of INK pathway signaling in rat and mouse [ cell lines resulting in cell
death (154,155). Anakinra, a clinically approved IL-1 receptor antagonist (IL-1RA), has
been shown to prevent cytokine-mediated NO production, mitochondrial dysfunction and
cell death in cultured rat islets (156). Overexpression of dominant negative MyD88, an
IL-1R interacting protein, was found to decrease nuclear NF-kB localization, NO
production and cell death in an IL-1p treated mouse B-cell line (157).

Tumor necrosis factor a (TNFo) has been recognized as a cell death stimulus since
the 1970s (158,159). In 1999, Ishizuka and colleagues showed that TNF receptor 1
(TNFR1) and its signaling components TRADD, FADD and FLICE are expressed in the
MIN6 mouse B-cell line, and that TNFa elicits death in a time- and dose-dependent
manner in these cells (160). To test the role of TNFa in autoimmune diabetes, Green et
al. developed an NOD mouse with transgenic expression of TNFa in 3 cells and observed
accelerated diabetes onset, with B-cell death preceding hyperglycemia and immune cell
infiltration in this model (161). TNFR1 deficient NOD mice develop insulitis similar to
control NOD mice, yet they failed to develop diabetes (162). When TNFR1 deficient
mice were subjected to adoptive transfer of spleen cells from diabetic control NOD donor
mice, diabetes was significantly delayed, indicating a role for f-cell TNFR1 signaling in
autoimmune-mediated B-cell death (162). TNFa is considered an important 3-cell death
effector. However, while TNFa alone is capable of eliciting cell death in immortalized -

cell lines, it has been observed that primary -cell death requires treatment with a
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combination TNFa and IFNy (163). Recently, a human monoclonal antibody targeting
TNFa, golimumab, was shown to improve endogenous insulin production and reduce
exogenous insulin requirement in individuals with recent onset T1D (164). This landmark
study was the first to directly target TNFa for preservation of B-cell function in human
T1D.

Studies in non-islet cell types have found that TNFa can induce both apoptotic and
non-apoptotic cell death signaling pathways, thereby influencing inflammatory
microenvironment in diseases conditions. | investigate TNFa signaling in greater details
in the following portions of this thesis.

In 1985, Campbell and associates cultured mouse islets in the presence of interferon y
(IFNy) and observed a 10-fold increase in major histocompatibility complex (MHC) class
I antigen expression on [ cells (165). They also observed that IFNy directly inhibits -cell
growth and insulin synthesis in RIN-mS5F f cells (166). This marked increase in MHC
expression suggested that IFNy may contribute to 3 cell-directed autoimmunity in T1D.
However, Thomas et al. found that while loss of functional IFNy receptors prevented
upregulation of B-cell MHC class | expression, it did not prevent diabetes in NOD mice
(167). Gysemans and colleagues found that loss of signal transducer and activator of
transcript-1 (STAT-1), a transcription factor activated by IFNy and IFNa., prevents -cell
death in response to IFNy and IL-1 in vitro, and were protected from STZ-induced
hyperglycemia in vivo (168).

Individuals at genetic risk for developing T1D exhibit a type 1 interferon signature in
peripheral blood mononuclear cells that precedes development of islet autoantibodies

(169). IFNa, a type 1 interferon, induces HLA class | expression, ER stress markers and
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inflammation in human B cells, and acts in coordination with IL-1p to elicit B-cell death
(170). Polymorphisms in TYK2, a type | interferon receptor signaling molecule, confer
risk for development of diabetes (171). Mice carrying a mutant Tyk2 fail to respond to
type I interferon appropriately, leading to a failed B-cell antiviral response and
sensitization to virus-induced diabetes (172). Loss of TYK2 in human f cells has been
shown to reduce IFNa-induced MHC class | upregulation and diminish cell death (173).
Thus, IFNa-TYK?2 mediated inflammation and cell death may be required for effective -
cell defense against viral infection.

Cytokine exposure can also contribute to 3-cell reactive oxygen species (ROS)
generation. 3 cells are particularly vulnerable to oxidative stress because they have low
levels of antioxidant defenses, making strategies that inhibit ROS formation, like
targeting 12-lipoxygenase, crucial for protection. IL1[ alone or in combination with
TNFa has been shown to elicit NO production from primary islet cells and B cell lines,
resulting in DNA cleavage, nuclear shrinkage, chromatin condensation and formation of
apoptotic bodies, indicative of apoptosis (197). Thioredoxin-interacting protein (TXNIP)
is a redox regulatory protein that is upregulated in B cells in response to glucose and IFNy
(198-200) and has been shown to promote -cell death (198,201,202).

Endoplasmic reticulum stress-induced B-cell death

In the setting of insulin resistance and hyperglycemia, high insulin secretory demand is
placed on the 3 cell. This elevated insulin demand has been described as the 3 cell’s
Achilles’ heel; it’s innate physiological function of glucose stimulated insulin secretion
makes it vulnerable to chronic ER stress (174). Although f cells initially activate the

unfolded protein response (UPR) to balance the demand for insulin synthesis with the
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capacity of the ER to process insulin properly (93,175,176), changes in insulin molecule
sequence (177), ER Ca2+ homeostasis (178,179) or insulin demand (180,181), can favor
insulin misfolding that leads to chronic ER stress, and eventually, B-cell death
(67,152,155,182). It has been proposed that ER-stress mediated protein misfolding may
lead to B-cell autoantigen production and adaptive immune responses in T1D (90,183)
and contribute to hIAPP aggregation and islet amyloid deposition in T2D (133,134). The
basic molecular mechanisms that govern the UPR and ER stress signaling have been
reviewed elsewhere (182,184,185).

Several studies have observed that markers of ER stress are elevated in 3 cells of
humans with T2D and animal models thereof. BiP and CHOP, two ER stress markers,
were found to be increased in B cells from pancreas sections collected from patients with
T2D compared to non-diabetic subjects (186). When Marchetti and colleagues evaluated
pancreas sections from subjects with T2D they observed increased B-cell ER volume and
B-cell death compared to non-diabetic subjects (187). They also observed increased
expression of ER stress markers BiP and XBP1 when islets from donors with T2D were
cultured in high glucose, although this increase was not observed in islets isolated from
non-diabetic donors (187). Huang and associates reported increased CHOP expression in
B cells of obese individuals, and increased nuclear localization of CHOP was observed in
B cells of obese diabetic compared to obese non-diabetic subjects (133). In the early
2000s, it was observed that chemical chaperones (which aid protein folding) could reduce
ER stress, decrease blood glucose concentrations and restore insulin sensitivity in an
animal model of T2D (180,188). The importance of B-cell ER stress in this process was

highlighted by studies of CHOP, an ER stress-induced transcription factor and key
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effector of cell death (189,190). In 2002, CHOP deficiency was found to delay the onset
of diabetes in Akita mice that exhibit insulin misfolding and B-cell ER stress (191). In
response to genetic and diet-induced insulin resistance, loss of CHOP resulted in
improved blood glucose homeostasis, increased B-cell mass and decreased B-cell death
compared to control mice (192). The improved metabolic profiles observed in this model
of CHOP deficiency were associated with increased expression of islet UPR and
oxidative stress response genes (192).

Although ER stress-induced B-cell death was initially thought to pertain mostly to
T2D, ER stress has since become considered a likely contributor to B-cell destruction in
T1D as well. As noted previously, cytokines were found to alter ER Ca2+ homeostasis
and induce ER stress in vitro (143). This observation led to in vivo studies on the role of
ER stress in T1D. In 2012, Tersey and colleagues observed increased expression of ER
stress markers in islets of prediabetic NOD mice compared to non-diabetic control mice,
noting that this stress signature preceded insulitis (92). Using a mouse f-cell line and
primary mouse islets, they also observed that proinflammatory cytokine treatment altered
ribosomal occupancy of RNA, consistent with translational repression and ER stress (90).
Around the same time, Engin et al., observed that ATF6 and XBP1 expression was
deficient in islets from humans with T1D and mouse models of autoimmune diabetes
(93). They also showed that treatment of prediabetic mice with a chemical inhibitor of
ER stress increased expression of UPR markers, decreased -cell death and reduced T1D
incidence (93). More recently, proinflammatory cytokines have been shown to induce ER

stress and cell death in induced pluripotent stem cell-derived p-like cells (152).
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Additional evidence for involvement of ER stress in insulin-dependent diabetes
comes from individuals with Wolcott-Rallison syndrome. Here, mutations in eukaryotic
translation initiation factor 2-alpha kinase 3 (also known as PERK), which plays a major
role in remediating ER stress, are linked to insulin-dependent diabetes that occurs
neonatally or in early infancy (193). These studies and others indicate a clear importance
of maintaining ER homeostasis in B-cell health and the ability for chronic ER stress to
induce B-cell death.

Other stress-inducers of B-cell death

Oxidative stress

Studies have shown that f cells are significantly more sensitive to oxidative damage than
other cell types, such as liver or kidney cells. The deficiency in antioxidant enzymes like
superoxide dismutase (SOD), glutathione peroxidase, and catalase, which are present at
about 30% of the levels found in the liver, contributes to this heightened sensitivity 1%,

Various factors contribute to the exposure of f cells to reactive oxygen species
(ROS), such as glucose-stimulated insulin secretion (GSIS) and cytokine exposure 109110,
The production of ROS is a by-product of mitochondrial respiration, essential for ATP
synthesis in B cells 1. High insulin demand can lead to elevated ROS levels, which can
cause cell damage and death. Additionally, cytokines like IL1B can induce nitric oxide
(NO) production in 3 cells by upregulating inducible nitric oxide synthase (iNOS),
leading to DNA damage and apoptosis 2.

To mitigate oxidative damage, strategies have been developed to inhibit free radical
formation. One such approach involves the inhibition of 12-lipoxygenase (12-LO), an

enzyme involved in the oxidation of arachidonic acid to proinflammatory intermediates
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113 Research has shown that the loss or chemical inhibition of 12-LO can increase the
expression of antioxidant enzymes Sod1 and Gpx1, reduce ROS production, and protect
114

B cells from oxidative stress ~*.

Glucotoxicity and lipotoxicity

The toxic effects of glucose and lipids on B cells, known as glucotoxicity and lipotoxicity
respectively, have been researched for decades. When these effects occur simultaneously,
the phenomenon is termed glucolipotoxicity. In 1996, Prentki and Corkey suggested that
molecules regulating fatty acid synthesis act as fuel sensors in diabetes-relevant tissues
115 They noted that when excess glucose and lipids are present, a metabolic abnormality
called glucolipoxia becomes evident **°. Despite the importance of this research, the
relevance of in vitro lipotoxicity studies to in vivo B-cell dysfunction in diabetes is
debated '8, High glucose levels decrease insulin gene transcription, a condition
reversible by culturing in low glucose media. Glucose-associated oxidative stress was
found to reduce the expression of transcription factors Pdx1 and MafA, contributing to
diminished insulin synthesis. Reducing -cell insulin demand has been shown to restore
insulin content and GSIS V7.

Early 1990s studies showed that prolonged exposure of rat islets to FFAs reduces
insulin synthesis and GSIS while increasing basal insulin release ‘8. FFAs also induce -
cell apoptosis through caspase and ceramide-dependent pathways *°. LDL-induced p-cell
death follows cellular uptake and oxidation. Studies found that FFA-induced B-cell death
is exacerbated by high glucose levels, implicating oxidative stress *?°. FFA-mediated cell
death in rat  cells was shown to involve an NF-kB and NO-independent form of ER

stress, while palmitate exposure in a mouse B-cell line indicated ER stress-induced cell
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death via changes in Ca2+ dynamics and increased CHOP expression 1%, Despite clear
evidence of FFA-induced B-cell death in vitro, its applicability to in vivo diabetes

remains debated.

Evidence for established and emerging mechanisms of B-cell demise

Apoptosis

Apoptosis is the most well-known and well-characterized form of PCD. It is tightly
regulated by cell-intrinsic and -extrinsic signaling mechanisms 122, and it is required for
several physiological processes including development, tumor suppression, and removal
of damaged or unwanted cells during normal cellular turnover 12312°_ Apoptotic programs
are critically dependent on caspases, a family of cysteine-aspartic proteases that are
activated in response to specific stimuli %6, With respect to apoptosis signaling, caspases
can be categorized as initiator caspases (caspase 2, 8, 9, and 10) or executioner caspases
(caspase 3, 6 and 7). Upon appropriate stimulation, initiator caspases are activated by
autoproteolysis, these initiator caspases activate executioner caspases via proteolysis, and
executioner caspases then initiate apoptotic programs via proteolysis of key structural,
cell cycle, and signal transduction proteins 27, Cells undergoing apoptosis exhibit
cytoplasmic shrinkage, chromatin condensation, DNA fragmentation, and plasma
membrane blebbing 122, These membrane blebs encompass cellular contents to form
apoptotic bodies that are then taken up by phagocytes through efferocytosis; this feature
of apoptosis is critical in that it allows apoptotic cells to be removed in a non-
inflammatory manner 12,

There is a great deal of evidence that B-cells undergo apoptosis in response to

diabetes-relevant cell death stimuli 12131, Studies performed by Yamada et al. in 1999
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found that Fas signaling in B-cells results in cell death that is characterized by chromatin
condensation, nucleolar disintegration, DNA fragmentation, and annexin V positivity,
hallmarks of apoptosis 32, In 2005, Liadis and colleagues found that caspase 3 deficient
mice were protected from hyperglycemia following multiple low dose streptozotocin
(STZ) treatment, and this was related to reduced p-cell loss **3. Similarly, a study
utilizing caspase 3 deficient islets or a small molecule caspase 3 inhibitor found that
caspase 3 activity mediates amyloid-induced B-cell death 34, Studies of proinflammatory
cytokine-induced B-cell death have also identified apoptosis as a key mediator of B-cell
cytotoxicity, with studies finding that a cytokine cocktail (IL1f + IFNy + TNFa) elicits
B-cell death in association with caspase 3 activation **°, and that suppressor of cytokine
signaling-1 (SOCS-1) mediates IL1p + IFNy + TNFa-induced B-cell death in a caspase 3
dependent fashion 1%, In a study of p-cell specific loss of caspase 8, islets were protected
from Fas ligand and ceramide-induced cell death in vitro, and mice were protected from
STZ-induced hyperglycemia in vivo *¥7. Notably, this study also showed that loss of
caspase 8 in B-cells results in elevated rates of islet cell death and glucose intolerance in
aged chow-fed mice in vivo, indicating distinct roles for 3-cell caspase 8 under these
conditions 7.

Apoptosis has also been identified as a key contributor to 3-cell demise in the context
of islet transplantation *8-1%°, For example, treatment of isolated mouse islets with a
small molecule pan-caspase inhibitor (zZVAD) prior to transplantation combined with 5
days of zZVAD treatment after transplant resulted in significantly improved rates of
euglycemia following islet transplantation, and the glycemic benefit of zZVAD-FMK

treatment remained 1 year after islet transplantation . Similarly, Pepper and colleagues
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cultured human islets with a pan-caspase inhibitor (F573) for 24 hours prior to
transplantation, then administered F573 for 5 days post-transplantation in
immunodeficient mice. This approach resulted in improved blood glucose during an
intraperitoneal glucose tolerance test (IPGTT) for up to 100 days post-transplant and was
accompanied by preservation of B-cell mass and viability 14°. Other studies using small
molecule caspase inhibitors to protect transplanted islets have observed similar results
141,142 Tn addition, several studies found that blockade of IL1p and TNFa, classical
apoptotic stimuli, significantly improves islet transplant outcomes 4314,

These and other studies demonstrate that $-cells undergo apoptosis in response to
diabetes-relevant cell death stimuli.
Necrosis
B-cells are also susceptible to non-apoptotic forms of cell death such as necrosis 14614,
Necrosis was first described by Rudolf Virchow in 1858 and is considered distinct from
mechanisms of regulated cell death or PCD 8, Necrosis is typically understood as a form
of unprogrammed or accidental cell death that results from cellular damage, infection, or
trauma 4%, In contrast to apoptosis, necrosis is characterized by Iytic loss of membrane
integrity that leads to unregulated release of cell contents 143149, Given that these cell
contents are not packaged in apoptotic bodies or membrane blebs, this release of cell
contents is inflammatory in nature %51, Thus, necrosis can be characterized by the
release of cellular factors such as high mobility group box 1 (HMGB1), a nuclear-
localized protein that is normally associated with chromatin 2. In addition,
morphological hallmarks of necrotic cell death such as karyolysis, karyorrhexis and

pyknosis, all of which relate to altered morphology of nuclear DNA within the dying cell
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body, can be used to identify necrotic cells 3. Such changes are not observed in
apoptosis, where proteases and nucleases break down nuclear contents into apoptotic
bodies 3,

Several studies have found that necrosis contributes to 3-cell loss in diabetes.
Notably, studies from Fehsel et al. examined STZ-treated mouse islets in vitro and
prediabetic diabetes-prone BB rat pancreas sections ex vivo using electron microscopy,
quantification of DNA damage, and annexin V staining 14¢. These studies identified only
a small number of cells expressing markers of apoptosis, but B cells with characteristics
of necrosis were significantly more abundant 6. When evaluating mechanisms of IL1pB-
mediated cell death in rat B cells, Steer and colleagues found evidence of necrosis
including loss of viability, a lack of caspase 3 activity, annexin V positivity, and robust
HMGBL release, whereas the apoptosis inducer camptothecin strongly induced caspase 3
activity and annexin V positivity, but not HMGBL1 release ''°. In addition, two studies
using a rat B-cell line and rat islets found that IL1pB + IFNy-induced B-cell cytotoxicity
was not associated with increased caspase 3 activity or annexin V positivity 15415,
Similarly, TNFa + IFNy treatment was observed to induce mouse islet cell death in a
caspase 3-independent manner *°¢, and IFNy + synthetic double stranded RNA (poly 1:C)
induces NO-dependent necrosis of rat islet cells . Necrosis has also been identified as a
mediator of B-cell cytotoxicity in islet transplantation, with studies observing
characteristics of islet cell necrosis such as pyknotic nuclei and HMGBL1 release
following islet graft failure 18160,

Together, these studies provide evidence that  cells undergo necrosis in response to

diabetogenic cell death stimuli.
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Necroptosis

Although necrosis has traditionally been viewed as an unregulated, accidental form of
cell death, many of the studies described above identified programmed B-cell death that is
morphologically consistent with necrosis. How might this occur when all mechanisms of
PCD have customarily been considered apoptosis 1221612 An explanation has surfaced
from studies that identified and characterized mechanisms of regulated necrosis which
occur downstream of programmed signaling events, are distinct from apoptosis, and
constitute novel forms of PCD 62715 These discoveries have been aided by improved
definitions of distinct cell death signaling pathways % and have led to renewed interest
in understanding molecular mechanisms of PCD and their roles in human disease,
including diabetes "1, We propose that novel mechanisms of PCD such as
necroptosis, ferroptosis, and pyroptosis may contribute to T1D pathogenesis, not only as
end-stage mechanisms of B-cell loss, but potentially as early-stage mechanisms of islet
inflammation and B-cell autoimmunity.

Necroptosis is a regulated form of necrotic cell death that is mediated by receptor
interacting protein kinase 1 (RIPK1), receptor interacting protein kinase 3 (RIPK3), and
mixed lineage kinase domain like pseudokinase (MLKL) % (Figure 2). Necroptosis was
first identified as a form of cell death that occurs downstream of tumor necrosis factor
receptor 1 (TNFR1) signaling when caspase activity is inhibited 1’172 and the pathway is
most well-defined in this context. In canonical necroptosis signaling, TNFa binds to
TNFR1 and molecules including TNFR-associated death domain (TRADD), TNFR-
associated factor 2 (TRAF2), cellular inhibitors of apoptosis proteins (CIAP1/2), linear

ubiquitin chain assembly complex (LUBAC) and RIPK1 are recruited to form complex |
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173 RIPK1 undergoes extensive ubiquitination and deubiquitination in complex I, and this
process regulates its pro-survival and pro-death functions 6317417 In its pro-survival
role, linear ubiquitination of RIPK1 in complex I is crucial for NF-xB activation, leading
to the upregulation of pro-survival gene expression 1°21¢, Deubiquitination of RIPK1
facilitates the formation of complex Il with caspase-8 and Fas-associated death domain
(FADD)!"®. When caspases are active, caspase 8 in complex Ila or IIb inactivates RIPK1
17 and RIPK3 178, eliciting caspase 3/7 activation and apoptosis 7. When caspases are
inactive, however, complex llc, (the necrosome) forms via phosphorylation and
interaction of RIPK1 and RIPKS3, leading to the recruitment and phosphorylation of
MLKL, the terminal effector of necroptosis 1'®%°, This RIPK1-RIPK3-MLKL
phosphorylation cascade leads to a conformational change in MLKL that exposes its four
helix bundle domain and leads to its oligomerization, membrane translocation, and loss of
cell membrane integrity 18, Although the precise mechanisms of necroptosis execution
downstream of MLKL oligomerization are not fully established, membrane-localized
MLKL pore formation results in cell swelling and lysis . This lysis releases cell
contents including danger-associated molecular patterns (DAMPSs) and pathogen-
associated molecular patterns (PAMPSs) that promote inflammation and immune
responses 182183 In addition to TNFR1, several other receptors including interferon
gamma receptor (IFNGR), toll-like receptors (TLRs), Fas receptor, and TNF-related
apoptosis-inducing ligand receptor (TRAILR) have been implicated in necroptosis
signaling and are thought to converge at the level of necrosome formation 162:164.184-186
Stimuli known to induce necroptosis have previously been observed to elicit caspase-

independent p-cell death. For example, TNFa + IFNy %6, IL1B + IFNy 5415 and IFNy +
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Figure 2: Basic mechanism of necroptosis signaling.

Binding of TNFa to TNFRI initiates recruitment of TRAF2, TRADD, RIPK1, cIAP1/2,
and LUBAC to form complex | at the receptor. Under appropriate stimulation, RIPK1
associates with pro-caspase 8, FADD and RIPK3 to form complex Ilb. When pro-caspase
8 is inactive, RIPK1 activates RIPK3 via phosphorylation, and activated RIPK3 recruits
and phosphorylates MLKL in complex llc (the necrosome). Phosphorylation of MLKL
leads to its conformational change, oligomer formation, membrane translocation and
disruption of membrane integrity, resulting in cell lysis. Other receptors including IFNR,
TRAILR, FAS and TLRs have also been found to contribute to necrosome formation and

necroptosis.
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double-stranded RNA **" have been found to induce p-cell death with necrotic
morphology in the absence of caspase activation, consistent with regulated necrosis.
Although these studies did not examine whether such mechanisms of B-cell death are
biochemically consistent with necroptosis, they provide early evidence that diabetes-
relevant stimuli can trigger programmed B-cell death distinct from caspase-mediated
apoptosis.

RIPK1 is a key upstream regulator of necroptosis. It is a multifunctional protein with
an N-terminal kinase domain, a C-terminal death domain, and a receptor interacting
protein (RIP) homotypic interaction motif (RHIM) that mediates interactions with RIPK3
and other RHIM-containing molecules ¥, Human Pancreas Analysis Program (HPAP)
data indicates that Ripk1 gene expression is increased 2.7 fold in B cells from individuals
with T1D compared to those without diabetes 18, and several studies have investigated
the role of RIPK 1 kinase function in B-cell cytotoxicity using small molecule RIPK1
kinase inhibitors. One study evaluated the effects of necrostatin-1 (Nec-1) on human
islets cultured in low-nutrient and low-oxygen conditions, finding that Nec-1 treatment
reduced dsDNA and uric acid release from human islets, indicative of decreased lytic cell
death 18, Another study in rodent B-cell lines and mouse islets found that inhibition of
RIPK1 kinase function with Nec-1 protects from NO donor-induced B-cell cytotoxicity in
vitro %, In a study of young porcine islets, Nec-1 was found to improve islet viability in
response to NO or hypoxia in a dose dependent manner in vitro 1°* and another recent
study found that Nec-1 treatment prevented B-cell loss in a zebrafish model of
overnutrition and insulin resistance 1. In the contrary, mice harboring a Ripk1525P/52°D

mutation that mimics inhibitory phosphorylation of RIPK1 were not protected mice from
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hyperglycemia following STZ or HFD %, Considering that RIPK1 has several inhibitory
and activating phosphorylation sites as well as actions in multiple tissues *¥’, studies
evaluating Ripk1 kinase dead (Ripk1P38ND138Ny or Ripk1 tissue specific knockout
(Ripk1Mo/foxXy mice may shed additional light on the role of RIPK1 kinase activity in
diabetogenic B-cell decline in vivo.

RIPK3 is a major downstream phosphorylation target of RIPK1 that is known to
promote inflammation and cell death signaling in non-islet cell types %1%, In
comparison to RIPK1, RIPK3 retains an N-terminal kinase domain and a RIP homotypic
interaction motif (RHIM) but does not contain a death domain %. HPAP data indicates
that Ripk3 gene expression is increased 2.2 fold in B-cells from individuals with T1D
compared to those without %, and recent studies have begun to decipher the roles of
RIPK3 in B-cell inflammation and cell death signaling.

RIPK3 also promotes inflammation in a cell death-independent manner in non-islet
cell types 1%, and a recent study found that RIPK3 contributes to inflammation in
zebrafish, mouse and human B cells 1. This work found that endoplasmic reticulum
(ER) stress activates RIPK3 to elicit NF-kB-mediated proinflammatory gene expression
in cultured B cells, and that RIPK3 kinase inhibition protects mouse islets from palmitate-
induced B-cell dysfunction in vitro X, Islet inflammation, B-cell dysfunction, and B-cell
loss were found to occur in a RIPK3-dependent manner in a zebrafish model of B-cell
cytotoxicity, and human islets grafted in hyperglycemic mice underwent a marked
increase in RIPK3 and NF-kB activation that was accompanied by increased islet

macrophage infiltration 1. Although further investigation is needed to clarify the
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specific roles of RIPK3 in islet inflammation and B-cell death, therapies targeting RIPK3
could protect B cells from diabetes-relevant cytotoxic stimuli.

Necroptosis has also been identified as a mediator of graft failure following
transplantation, including in the setting of heart, kidney, and lung transplant 7%, In a
study of islet transplantation, porcine islets treated with the RIPK1 kinase inhibitor Nec-1
were found to exhibit increased insulin content and insulin secretion following glucose
stimulation in vitro, and treatment of islets with Nec-1 prior to transplantation in diabetic
athymic mice resulted in shorter times to normoglycemia and higher plasma insulin levels
in vivo 2%, In contrast, a study evaluating transplantation of RIPK3 deficient mouse islets
found them to be normally susceptible to CD4+ T cell-mediated destruction in vivo 2%,
Additional studies are warranted to understand the role of necroptosis in islet graft
failure.

My studies in the following sections of this thesis investigate the roles of RIPK1 and
RIPK3 in regulating B-cell fate.

Other emerging mechanisms of 3-cell demise

While my research primarily explores the role of necroptosis signaling molecules in 3-
cell cytotoxicity, recent studies suggest that other forms of PCD, such as ferroptosis and
pyroptosis, may also contribute to B-cell loss. Below, I provide an overview of these PCD
forms and their relevance to B cells.

Ferroptosis

Ferroptosis is a non-apoptotic form of PCD characterized by iron-dependent lipid
peroxidation, leading to cell death with intact nucleus, reduced mitochondrial volume,

increased lipid bilayer membrane density and membrane rupture 2%2, Identified in 2012,
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ferroptosis results from the inhibition of cystine import, leading to decreased glutathione
(GSH) levels and reduced activity of glutathione peroxidase 4 (GPX4), which normally
scavenges lipid peroxides 293294, This process generates reactive oxygen species (ROS)
that damages cell membranes *7°.

Recent studies suggest ferroptosis plays a role in -cell death, relevant to diabetes.
cells naturally have a low antioxidant defense, making them susceptible to oxidative
stress 295206, Experiments show that human islets treated with ferroptosis inducers like
erastin exhibit impaired insulin secretion and cell viability °, whereas treatment with
ferroptosis inhibitors like ferrostatin-1 (Fer-1) can mitigate these effects. Investigations
into ferroptosis inducers, such as high glucose and proinflammatory cytokines, reveal
increased ROS, lipid peroxidation and iron levels, alongside decreased GPX4 expression
in B cells. Notably, Fer-1 can rescue 3 cells from certain stress-induced deaths but not
those caused by cytokines 2%, Iron homeostasis is crucial in ferroptosis, with transferrin
transporting iron, which, if unregulated, leads to harmful reactions producing hydroxyl
radicals 2°2. Studies in mice show that excess iron correlates with B-cell damage and
reduced insulin expression 2%, Iron chelation with agents like desferrioxamine (DFO) has
shown potential in protecting B-cell function and enhancing islet transplantation
outcomes 2%°. Although the susceptibility of B cells to ferroptosis is clear, its role in
diabetes pathogenesis requires further research.

Pyroptosis
Pyroptosis is an inflammatory form of PCD that occurs in response to infections,
triggering immune responses 2%°. The process is primarily driven by gasdermin D

(GSDMD), a protein with a pore-forming N-terminal domain 21, Upon activation by
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inflammatory caspases GSDMD is cleaved, releasing the N-terminal fragment that forms
pores in the cell membrane 212214, The pyroptosis pathway begins with the recognition of
pathogen-associated molecular patterns (PAMPs) and damage-associated molecular
patterns (DAMPS) by pattern-recognition receptors such as TLRs. This activation leads to
the upregulation of components like NLRP3 inflammosome, which plays a critical role in
the maturation and release of pro-inflammatory cytokines 2'°. Caspase 1, also known as
IL1B converting enzyme, is essential for this process, as it facilitates the cleavage of
GSDMD 216, Research has shown that pyroptosis is distinct from apoptosis, although both
involve DNA damage and chromatin condensation 2%, Pyroptosis uniquely features cell
lysis, membrane rupture and an inflammatory response 217218,

Recent studies have explored the role of pyroptosis in 3-cell death. HPAP data
suggest that GSDMD expression is 2.2 fold increased in § cells from individuals with
T1D 88, Additionally, inflammatory cytokines have been found to upregulate GSDMD in
B cells, leading to increased cell death 2°. Certain molecules have shown potential in
modulating pyroptosis-related pathways in 3 cells. For example, the microRNA miR-17-
5p has been observed to improve glucose homeostasis and reduce markers of pyroptosis
in C57B/L6 mice subjected to HFD and STZ in vivo 22, Similarly, irisin, a hormone
linked to exercise benefits, has been found to decrease pyroptosis markers, providing
protective effects against cell death 221, Moreover, natural compounds such as salidroside
and emodin 22?2 as well as sodium/glucose cotransporter 2 inhibitor (SGLT2i)
empagliflozin, have demonstrated the ability to lower GSDMD and inflammosome
expression, suggesting potential therapeutic avenues for protecting (3 cells from

pyroptosis-induced damage 22*. Overall, understanding the mechanisms of pyroptosis in
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cells is crucial for developing new therapeutic strategies for diabetes. Continued research
in physiologically relevant models will help clarify the role of pyroptosis in B-cell loss

and diabetes progression.

Summary

Interest in understanding and targeting the mechanisms of -cell death to combat diabetes
comes from extensive research linking B-cell cytotoxicity to insulin insufficiency and
hyperglycemia. Although reduced insulin-producing 3 cells were noted as early as the
1950s, it wasn’t until decades later that this was connected to increased [-cell death.
Techniques developed in the 1990s, such as TUNEL, annexin V staining, and propidium
iodide staining allowed for detection and quantification of dead cells in pancreatic tissues
2088 \While these studies highlight the link between increased B-cell death, -cell loss and
insulin insufficiency, they also raised questions about the role of B-cell death in the
disease pathogenesis. Evaluating -cell death requires considering that pancreas samples
are often donated long after diagnosis of disease, which leads to possible underestimation
of the rate of cell death during active p-cell demise. The loss of B cells likely starts years
before clinical symptoms appear. At diagnosis, p-cell loss may obscure ongoing cell
death, and remaining B cells might be more resistant to cytotoxic damage. Therefore,
understanding the role of B-cell death requires capturing the active period of cell demise
and how this death affects B-cell mass over time.

Furthermore, while one may assume that a cell death stimulus elicits a single mode of
cell death, evidence indicate that cell death responses are heterogeneous within a cell

population. In various studies, glutamate induced early necrosis in neurons followed by

44



apoptosis, while acetaminophen overdose in mouse hepatocytes showed features of both
necrosis and apoptosis 22°. Tanshinone 11A, a natural product of Salvia miltiorrhiza, was
found to simultaneously elicit apoptosis and necroptosis in HepG2 cells, and this
apoptosis could be converted to necroptosis via treatment with a small molecule pan
caspase inhibitor 225, Preedy and colleagues recently observed heterogeneity in
TNFo/TNFR1 signaling within a population of mouse fibroblasts, leading them to
advocate for the use of novel live-cell imaging techniques to understand cell fate at the
level of single cells 227, Such heterogeneity in cell death responses may be influenced by
different transcriptional or mitochondrial states of single cells at the time of exposure to a
cell death stimulus.

Heterogeneity of cell death responses has also been observed in B cells. For example,
B-cells isolated from Wistar rats were found to undergo both necrosis and apoptosis
following oleate and palmitate treatment, as determined by neutral red and PI staining 222,
Saldeen and colleagues showed that treatment with IL1p3, IFNy, and TNFa increased both
necrosis (17% of cells) and apoptosis (5% of cells) in isolated rat islets via a Bcl-2-
inhibitable pathway 2%°. Moreover, IFNy and double stranded RNA (Poly I:C) treatment
was found to stimulate a five-fold increase in necrosis and a seven-fold increase in
apoptosis after 48 hours in Sprague-Dawley rat islets, as determined by acridine orange
and ethidium bromide staining *’. Although transcriptional and functional heterogeneity
within B-cell populations is well recognized, these findings indicate that heterogeneity in
the context of B-cell death deserves further consideration.

The primary goal of the studies in this thesis is to better understand the mechanisms

of B-cell demise. We believe that understanding -cell death pathways is crucial for both
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our basic understanding of B-cell biology and for identifying novel targets to prevent or
cure diabetes. Receptor interacting protein kinases (RIPKSs) are being considered crucial
mediators of cell death and inflammation, with potential as therapeutic targets for several
human diseases, including osteoarthritis, chronic kidney disease (CKD), and Alzheimer’s
disease. However, the role of RIPKs in diabetogenic -cell loss and islet inflammation
has not yet been extensively investigated. Therefore, | aimed to explore the role of RIPKs
(RIPK1 and RIPK3), which recent research has shown to mediate cell death in concert
with caspase activation and to be involved in kinase signaling and gene regulatory effects
in non-islet cell types. | focus on RIPK1- and RIPK3-mediated f-cell cytotoxicity and
islet inflammation, downstream of known inducers of B-cell stress, including
proinflammatory cytokines, endoplasmic reticulum (ER) stress, and islet amyloid
deposition. I hypothesize that RIPK1 and RIPK3 are key components of -cell stress
responses and islet inflammation, thus playing crucial roles in mediating diabetes
pathogenesis.

For the first time, | employ techniques like live cell imaging and analysis to monitor
cell death, caspase 3/7 activation, and amyloid deposition in real-time. | combine this
novel technigque with the use of small molecule inhibitors, uniqgue mouse models, and
CRISPR gene-edited B-cell lines to investigate the role of RIPK1 and RIPK3 in B-cell
demise in vitro. Additionally, I examine transcriptional and post-translational changes
related to B-cell cytotoxicity influenced by the modulation of RIPK1 and RIPKS3.
Furthermore, | characterize glucose homeostasis in these mouse models to monitor the

diabetic phenotype in vivo.
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Chapter 2 — Experimental Procedures

Materials and Methods

A. Animals and islet isolations

Mice used for the studies were maintained with ad libitum access to food and water under
protocols approved by the Indiana University Institutional Animal Care and Use
Committee. Whole body Ripk3 mutant mice ((Ripk3™, 025738, Jax, Bar Harbor, ME)
were maintained as heterozygotes on a C57BL/6J;DBA/2J background with wild type
littermates used as controls. The Ripk3” mice used in these studies have an ENU-
induced mutation in the donor splice site of intron 2 of the Ripk3 gene that results in
retention of intron 2 and introduction of an in-frame stop codon in the Ripk3 RNA
message. Heterozygous RIPK1 kinase dead mice (Ripk1P¥N*) on a C57BL/6J
background were previously obtained from Dr. Michelle Kelliher at the University of
Massachusetts. Ripk1P3N*mice are bred to obtain littermate Ripk1** and
Ripk1P138ND18N mjce needed for studies. Akita mice on C57BL/6J background
(C57BL/6-Ins2”%/J, 003548, Jax, Bar Harbour, ME) were obtained from The Jackson
Laboratory and bred with Ripk1P**V* mice to obtain Akita mice with RIPK1 kinase
dead mutation and littermate controls. Mice carrying the hIAPP transgene were
previously generated at the University of Washington 23°. Hemizygous hIAPP mice
(h1APP*/) that express hIAPP under control of the rat insulin Il promoter and were
maintained on a C57BL/6 x DBA/2J background. Whole body Ripk3 null mice and
DBA/2J mice (000671, Jax) were obtained from Jackson Laboratories and backcrossed to
obtain Ripk3” mice on a C57BL/6 x DBA/2J background. Ripk3” mice on a C57BL/6 x

DBA/2J background were bred with hIAPP mice to obtain hIAPP;Ripk3*" mice on a
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C57BL/6 x DBA/2J background. hIAPP;Ripk3*" mice were then crossed with Ripk3*"
mice to generate hIAPP;Ripk3™ mice and littermate controls for use in studies. For high
fat diet (HFD) studies, 8-10 weeks male mice were fed a 45% kcal from fat HFD
(D12451, Research Diets, New Brunswick, NJ) for the 12-month HFD study period.

Islets were isolated from 8-12-week-old male and female mice by the Indiana
University Center for Diabetes and Metabolic Diseases Islet and Physiology Core (I1U
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.

B. Cell line and islet 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 obtained from Dr. Michael Kalwat (Indiana Biosciences Research
Institute). NIT-1 2055 (CRL-2055, ATCC) cells were obtained from ATCC. INS-1 and
islet cells were cultured in 11.1 mM glucose RPMI 1640 media while all NIT-1 and NIH-
3T3 cells were cultured in 25mM DMEM plus 10% FBS, 1% sodium pyruvate and 1%
penicillin-streptomycin in a 37°C incubator with 5% CO,. RIPK3 overexpressing INS-1
cell lines were generated via transfection with empty pcDNA3 or pcDNAS3 expressing
mouse Ripk3 (pcDNA3-mRIPK3), followed by selection with G418 (10131027,
ThermoFisher). Ripk1-deficient NIT-1 cells (NIT-1 RIPK1A) were generated as
previously described 2% using guide RNAs (QRNAS) targeting exons 2-3 of the Ripk1l

gene (5’-GAGAAGACAGACCTAGACAG-3’ and 5’-CCAAATGGTCTGATAGATAT-

48



3”). Ripk3-deficient NIT-1 cells (NIT-1 RIPK3A) were generated using gRNAS targeting
exon 6 of the Ripk3 gene (5’-ATGTTATCCCCCAACTCCAG-3’ and 5’-
GGAGTCTCAGGGCTACCTGG-3’). Non-targeting control gRNA (5'-
TAAAAACGCTGGCGGCCTAG-3") 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, RIPK1A and RIPK3A cell lines, respectively. Editing of Ripkl or
Ripk3 was verified by PCR of genomic DNA. Mouse islet cells were dispersed in trypsin-
EDTA (0.25%, ThermoFisher, Waltham, MA) for 30 minutes 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: zZVAD-fmk (50
uM, G7232, Promega, Madison, WI), TNFa. (40 ng/ml, mouse: CYT-252, Prospec,
Rehovot, Israel), IFNy (100ng/ml, mouse CYT358, Prospec, Rehovot, Israel), BV6 (5
uM, HY-16701, MedChemExpress, Monmouth Junction, NJ), GSK’872 (5 uM, HY-
101872, MedChemEXxpress).

Bone marrow derived macrophages cells were cultured in MEM media (10-010,
Corning), 10% FBS, 1% penicillin-streptomycin, 10 ng/ml M-CSF1 (416-ML, R&D
Systems, Minneapolis, MN). Briefly, femur and tibia were isolated, washed in 70%
ethanol, then placed in HBSS + 2% FBS (isolation buffer). Bone marrow was flushed
into a petri dish containing isolation buffer, the cell suspension was filtered through a 40
mm cell strainer, and cells were counted. Media was changed on day 3 after plating and

every 2 days thereafter. Cells obtained on day 7 were used as BMDMSs, with BMDMs
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obtained from one mouse considered a single replicate. Cells and islets were maintained
in a 37°C incubator with 5% CO>. The following reagents were applied to BMDM
cultures: synthetic hIAPP (20 mM, AS-60254-1, Anaspec, Fremont, CA), synthetic
rlIAPP (20 mM, AS-60253-1, Anaspec). For islet macrophage depletion, islets were
isolated from 8- to 12-week-old male and female mice, cultured in 11.1 mM glucose
RPMI, then treated with either 1 mg/ml clodronate-containing liposomes (C-0010,
Liposoma, Amsterdam, Netherlands) or 1 mg/ml PBS-containing liposomes (P-010,
Liposoma) for 48 h.

C. 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 hour 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 232, Briefly, cells were lysed and proteins were
removed using phenol-chloroform-isoamy! alcohol, then genomic DNA was precipitated
from solution with isopropanol, spun at 14k g for 10 min, then resuspended in water. 4 ug
of DNA per condition was loaded on 1.5% agarose gels and visualized using ethidium
bromide.

D. Real-time islet amyloid formation, cell death and caspase 3/7 activity assays

Islet amyloid formation and cell death were quantified in real time using a Sartorius

Incucyte S3 live-cell imaging and analysis instrument (Sartorius, Gottingen, Germany).
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To quantify amyloid formation, single intact islets were added to each well of a 96-well
round-bottom plate (7007, Corning, Corning, NY) containing 16.7 mM glucose and
Thioflavin S (5 nM, T1892, MilliporeSigma, Burlington, MA). Amyloid deposition was
quantified every 2 hours for 96 h and reported as Thio S positive area normalized to islet
brightfield area for each condition and replicate. To quantify cell death, single intact
islets were added to each well of a 96-well round-bottom plate (7007, Corning)
containing 16.7 mM glucose and Sytox green (100 nM, S7020, ThermoFisher Scientific,
Waltham, MA). Cell death was quantified every 2 h for 96 h and reported as Sytox green
positive area normalized to islet brightfield area for each condition and replicate. To
quantify islet caspase 3/7 activity in real time, single intact islets were added to each well
of a 96-well round-bottom plate (7007, Corning) containing 16.7 mM glucose and
Incucyte Caspase 3/7 dye (5 mM, 4440, Sartorius). Caspase 3/7 activity was quantified
every 2 hours for 96 h and reported as caspase 3/7 positive area normalized to islet
brightfield area for each condition and replicate. Alternatively, caspase 3/7 activity was
quantified using a luminogenic caspase 3/7 substrate (G8090, Promega, Madison, W1).
Briefly, following culture islets were lysed, caspase 3/7 substrate was added for 1 h, then
luminescence was quantified using a microplate reader (BioTek Synergy H1, Agilent,
Santa Clara, CA) and data were reported relative to control islets for each replicate.

E. Quantitative real-time reverse transcription polymerase chain reaction (qQRT-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 gRT-PCR. Data were

normalized to 18S rRNA levels and expressed as ACT of the gene of interest. All qRT-
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PCR data points represent means of triplicate technical determinations. The following
Tagman probes (ThermoFisher Scientific, Waltham, MA) were used to quantify mRNA
expression: Tnfrsfla (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); MIkI
(rat: Rn01432489 _m1, mouse: Mm01244222 m1); and 18S rRNA (HS99999901 s1),
Emrl (Mm00802529 m1), Tnf (Mm00443258_m1), 111b (Mm00434228_m1), Nos2
(MmO00440502_m1), Ppib (Mm00478295_m1) ); and 18S rRNA (HS99999901 s1).

F. Immunoblot analysis

Islet cell lysates were prepared in lysis buffer containing 1% SDS, 0.1% NP-40, 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;
MilliporeSigma). BMDM cell lysates were prepared in lysis buffer containing 0.2%
Triton X-100, 10 mM EDTA, 2 mM EGTA, 10 mM NaF, 50 mM Tris, and protease and
phosphatase inhibitors (04693116001 and 0490683700; MilliporeSigma). Cell lysates
were centrifuged at 10,000 x g for 10 minutes, supernatants collected, and protein
concentrations determined by BCA assay (23227, ThermoFisher Scientific). Equal
amounts of protein were separated on SDS-PAGE gels (4561093, BioRad, Hercules, CA)
and transferred to PVDF membranes (IPVH00010, MilliporeSigma). Proteins were
visualized using the following primary antibodies: RIPK3 (1:1000, ab62344, Abcam,
Cambridge, UK), phospho-MLKL (1:500, ab196436, Abcam), B-ACTIN (1:2000,

ab8226, Abcam). Primary antibodies were detected with goat anti-mouse 800 (1:5000,
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926-32210, LI-COR) or donkey anti-rabbit 680 (1:5000, 926-68071, LI-COR) IRDye
secondary antibodies (LI-COR, Lincoln, NE), and visualized with a LI-COR CLx
imaging system. Representative immunoblot images are shown.

G. RNAseq analysis

RNAseq was performed at the Indiana University School of Medicine Center for Medical
Genomics as described previously 2%, Briefly, RNA was isolated from INS-1 cells with
the RNeasy Mini Kit (74104, Qiagen), 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 (lllumina, San Diego, CA). Sequence reads were mapped to the reference
genome using the STAR (Spliced Transcripts Alignment to a Reference) RNAseq aligner
23 Differential gene expression analysis was performed with edgeR 2*°. Statistical
information is described below.

H. Immunoprecipitation

INS-1 cells overexpressing RIPK3 were grown in T75 flasks, treated with TNFa+zVAD
for 24 hours, and lysed in buffer containing 20mM Tris HCI, 137mM NacCl, 1% Nonidet
P-40 (NP-40) and 2mM 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 incubated with protein A/G beads
and either anti-1gG (ab124055, Abcam), anti-RIPK3 (ab62344, Abcam) or anti-MLKL

(ab243142, Abcam) primary antibodies overnight at 4°C with shaking. Protein complexes
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were collected by centrifugation at 8000 x g for 3 minutes at 4°C, washed, and subjected
to immunoblot analysis.

I. Kinome profiling

Active kinases were identified with kinome profiling experiments performed by Dr. Steve
Angus at Indiana University School of Medicine. Briefly, cells were treated as mentioned
and collected in protein lysis buffer (see above for composition). Activated kinases in
solution are identified using multiplexed kinase inhibitor-conjugated bead affinity
chromatography and mass spectrometry (MIB-MS), as described previously?®.

J. Blood glucose, streptozotocin administration, intraperitoneal glucose tolerance and

insulin tolerance tests

Prior to HFD feeding and every 4 weeks thereafter, non-fasting blood glucose was
measured using a handheld glucometer (Contour Next, Bayer, Leverkusen, Germany).
Mice were subjected to intraperitoneal administration of low dose streptozotocin (STZ,
50 mg/kg body weight) on 5 consecutive days. Fasting blood glucose measurements were
collected after overnight fast using a handheld glucometer. Intraperitoneal glucose
tolerance tests (IPGTTs) were performed following an overnight fast. Briefly, glucose
was administered intraperitoneally at a dose of 2 g/kg body weight, then blood glucose
was measured via tail vein at 0 (before glucose injection), 10, 20, 30, 60, 90 and 120
minutes after glucose injection using a handheld glucometer (Contour Next, Bayer).
Intraperitoneal insulin tolerance tests (IPITTs) were performed following a 2 h fast.
Briefly, insulin was administered intraperitoneally at a dose of 0.75 U/kg body weight,
then blood glucose was measured at 0 (before insulin injection), 15, 30, 45, and 60

minutes after insulin injection using the handheld glucometer.
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K. Insulin secretion assays

For in vitro GSIS, islets were isolated from 8- to 12-week-old male and female mice and
cultured overnight in 11.1 mM glucose RPMI media. Briefly, 20 islets per condition were
washed with Krebs-Ringer Bicarbonate HEPES buffer (KRBH: 134 mM NaCl, 4.8 mM
KCI, 1 mM CaClz, 1.2 mM MgSOg, 1.2 mM KH2PO4, 5 mM NaHCO3z, 10 mM HEPES,
0.1% BSA), preincubated in 2.8 mM glucose KRBH, then cultured in KRBH containing
either 2.8 mM or 16.7 mM glucose for 1 h. For secreted insulin, supernatants were
collected, centrifuged, transferred to fresh tubes and stored at -80°C. For insulin content,
islets were lysed, sonicated and stored at -80°C. Secreted insulin was assayed with an
insulin ultra-sensitive homogeneous time resolved fluorescence (HTRF) kit (62IN2PEG,
Cisbio, Codolet, France) and insulin content was assayed with an insulin high range
HTRF kit (62IN1PEG, Cisbio). For in vivo GSIS, mice were fasted overnight then
intraperitoneal glucose was administered at a dose of 2 mg/kg body weight. Blood
samples were collected from the tail vein 0 (before glucose injection), 2 and 10 mins after
glucose injection, and serum was obtained. Serum insulin measurements were performed
by the IU CDMD Translational Core using insulin ELISA assays (10-1247-01, Mercodia,
Uppsala, Sweden).

L. Immunohistochemistry and quantitative microscopy

Pancreases were extracted and fixed in 10% neutral buffered formalin (SF100-4,
ThermoFisher Scientific). Fixed pancreas samples were embedded in paraffin, processed,
4 mm sections were cut, then sections were stained as previously described 27, Briefly, B
cells were stained using mouse monoclonal anti-insulin antibody (12018;

MilliporeSigma) followed by goat anti-mouse Cy3 (115-165-146; Jackson
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ImmunoResearch, West Grove, PA). Amyloid fibrils were stained in Thioflavin S (5
mM) for 2 minutes followed by 10 dips in 70% ethanol and a 5 min wash in water at

RT. Sections were then mounted with polyvinyl alcohol with 0.2% Hoechst and images
were captured on a Zeiss LSM710 confocal microscope (Zeiss, Oberkochen, Germany).
Islet area, B-cell area, and amyloid severity were quantified using a computer-based
quantitative method described previously 8232 Briefly, areas of insulin and nuclei
positivity consistent with islet morphology were identified and islet regions of interest
were defined using Zen Blue 2.1 image analysis software (Zeiss). This software was then
used to quantify islet areas as well as insulin-positive and amyloid-positive areas within
islet regions of interest. Average islet area was quantified as (Zislet area)/number of islets
quantified per mouse, B-cell area was quantified as (Zinsulin positive area)/(Zislet area) x
100% for each mouse and amyloid severity was quantified as (Xamyloid positive
area)/(Zislet area) x 100% for each mouse. An average of 24 + 4 islets were analyzed per
mouse by an observer blinded to pancreas sample genotype 24°. Representative islet
images are shown.

M. In vivo transplantation model of autoimmune-mediated B-cell killing

NIT-1 CTL or Ripk1A cells expressing firefly luciferase (Luc2) was transplanted on
opposite flanks of 8-week-old female non-diabetic NSG mice lacking T-, B- and NK
immune cells. Following B-cell transplantation, quantified in vivo graft luminescence by
IVIS imaging (Perkin Elmer) after administration of splenocytes isolated from diabetic
NOD mice.

N. Statistical analyses
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Two-tailed Student’s t-tests were used to analyze data sets with two groups, and one-way
analysis of variance (ANOVA) tests were used to analyze data sets with more than two
groups. Significant ANOVA results were followed with Holm-Sidak post-tests to analyze
differences between groups of interest. For islet amyloid deposition, non-parametric
Mann-Whitney tests were used to analyze data sets with two groups, and non-parametric
Kruskal-Wallis tests were used to analyze data sets with more than two groups.
Significant Kruskal-Wallis tests were followed by Dunn’s post-tests to analyze
differences between groups of interest. Correlation analysis was performed by simple
linear regression. Statistical tests were performed with GraphPad Prism 10 software
(GraphPad, San Diego, CA). Data are presented as mean + SEM. A value of p < 0.05 was

considered significant.
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Chapter 3 — RIPK1 and RIPK3 regulate TNFa-induced B-cell death in concert
with caspase activity

Introduction

These studies aim to characterize the mechanisms of 3-cell TNF receptor signaling. It is
well established that in non-islet cell types, following TNFR1 stimulation, RIPK1 and
RIPK3 play crucial roles in defining cell fate. | aim to first evaluate the roles of RIPK1,
RIPK3, and caspase activation in TNFa-induced B-cell cytotoxicity, and whether B cells
are susceptible to caspase-independent cell death. CRISPR gene-edited [3-cell lines used
in this study were generated by Dr. Erica P. Cai’s lab at Indiana Biosciences Research
Institute.

TNFa is a proinflammatory cytokine associated with p-cell loss, insulin insufficiency
and hyperglycemia in the pathogenesis of type 1 diabetes (T1D) 24245, Previous studies
found that TNFa elicits -cell death in NIT-1 and MING B-cell lines in vitro, with Fas-
associated death domain (FADD) promoting this process 24 and NF«B signaling
inhibiting it 247, Other studies failed to observe TNFa-induced B-cell death 248 or
observed it only in the presence of cycloheximide 2*. Although primary islet B cells are
less prone to TNFa-induced cell death in vitro, TNFa and IFNy cotreatment strongly
elicits primary p-cell death, which Irawaty and colleagues found to be caspase-
independent 246250 In vivo, overexpression of TNFa in B cells accelerates the onset of
hyperglycemia in the non-obese diabetic (NOD) mouse model of T1D 243, while either
loss of TNF receptor 1 (TNFR1) 2* or treatment with an anti-TNFa. antibody 2°* protects

NOD mice from hyperglycemia. In humans, etanercept, a TNFa neutralizing antibody
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was shown to promote glucose homeostasis and B-cell function in a pilot study of 18
individuals with newly diagnosed T1D 2°2, and more recently, golimumab, an anti-TNFo.
monoclonal antibody, was shown to preserve p-cell function in a cohort of 84 children
and young adults with new-onset T1D 2%, revealing the importance of this pathway in
human disease. Although these studies established that TNFa promotes hyperglycemia in
T1D, the role of TNFa-mediated -cell loss in this process remains poorly understood.
As such, studies to characterize the mechanisms of 3-cell TNF receptor signaling may
lead to novel approaches to protect 3 cells and diminish hyperglycemia in T1D.
Although studies of TNFa-induced B-cell death have focused on apoptosis 2422%3, in
other cell types TNFa can elicit a distinct mechanism of caspase-independent
programmed cell death termed necroptosis 2°#2°, In contrast to apoptosis, necroptosis is
an inflammatory and immunogenic form of lytic cell death that occurs when caspases are
inactivated 2°%2% |eading to release of damage-associated molecular patterns and
immune responses 1832°’, Following stimulation of TNFR1, activation of receptor
interacting protein kinase 1 (RIPK1) and caspase 8 promote apoptosis in diverse cell
types 258-2%0_ However, when caspase 8 activity is inhibited genetically or
pharmacologically 21-263 RIPK1 signals via receptor interacting protein kinase 3
(RIPK3) and mixed linage kinase domain like pseudokinase (MLKL) to execute
necroptosis 2°>2%6264 Thys, 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) 2% Interestingly, p-cell
specific caspase 8 knockout mice display hyperglycemia and loss of islet area with age

137 "and caspase 8 mutations have been linked to hyperglycemia in humans 2. However,
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the roles of RIPK1 and RIPK3 in TNFa-induced B-cell loss have not been clearly
described.

We hypothesized that 3 cells are susceptible to TNFa-induced cell death and that
RIPK1 and RIPKS 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 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 (zZVAD-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 hyperglycemia following exposure to the -cell toxin streptozotocin (STZ). To our
knowledge, this study is the first to systematically evaluate the roles of RIPK1, RIPKS,
and caspase activity in TNFa-induced p-cell death, and to determine the susceptibility of
B cells to caspase-independent programmed cell death.

Results

A. NIT-1 and INS-1 B cells express components of TNFa pathway signaling and are

susceptible to RIPK1- and clAP-mediated TNFa-induced cell death.

TNFa is known to elicit apoptosis and necroptosis via RIPK1 and RIPK3 in non-islet cell
types 260267270 "t these signaling pathways have not been well characterized in B cells
(Figure 1A). Like necroptosis-prone NIH-3T3 cells 2’1, mouse NIT-1 and rat INS-1 B-cell
lines express TNF pathway signaling components including TNFR1, RIPK1, CASPS,

RIPK3 and MLKL at the mRNA and protein levels (Figure 3B,C). We first generated
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NIT-1 control (NIT-1 CTL) and NIT-1 RIPK1 deficient cells (NIT-1 RIPK1A) containing
a 1262 base pair deletion extending from exon 2 to exon 3 of the Ripk1 gene. 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 RIPK1A, shown in
triangles) were protected from TNFa-induced death (Figure 4A,B). Similarly, TNFa
treatment increased caspase 3/7 activity in NIT-1 CTL cells, and this was abrogated in
NIT-1 RIPK1A cells (Figure 4D). Cellular inhibitor of apoptosis proteins (ClAPs) are
endogenous inhibitors of cell death that interact with TNF receptor signaling molecules
212 Treatment with BV6, a small molecule clAP inhibitor and second mitochondria-
derived activator of caspases (SMAC) mimetic 272" significantly increased TNFo.-
induced NIT-1 cell death after 4 h (Figure 4E,F,G), and this effect was diminished in
NIT-1 RIPK1A cells (Figure 4E,F). The reduced cell death observed in NIT-1 RIPK1A
versus CTL cells following TNFa- or TNFa+BV6-treatment was associated with
reduced caspase 3/7 activity (Figure 4H). Following treatment of NIT-1 CTL cells with
TNFa+BV6 for 4 h, we also identified genomic DNA laddering (Figure 41) characteristic
of apoptosis 232, INS-1 cells were also observed to be susceptible to TNFa-induced cell
death which was amplified by BV6 cotreatment (Figure 4J,K,L). Representative cell
death images are shown in Figure 4M. These data show that NIT-1 and INS-1 3 cells are
susceptible to TNFa-induced cell death, which is regulated by clAPs and RIPK1, and

that this process occurs in association with increased caspase 3/7 activity.
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B. 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 zZVAD-fmk (zZVAD) to determine
whether increased caspase activity is required for TNFa-induced p-cell death. TNFa
treatment strongly induced NIT-1 cell death after 48 hours, and cell death was unaltered
by zZVAD alone (Figure 5A,B,C). TNFa+zVAD treatment (shown in green) significantly
increased NIT-1 cell death after 48 hours, although to a lesser extent than TNFo alone
(shown in blue) (Figure 5A,B,C). As expected, TNFa-induced cell death was associated
with increased caspase 3/7 activity, while zZVAD or TNFa+zVAD treatment significantly
reduced caspase 3/7 activity (Figure 5D). In INS-1 cells, we again found that either
TNFa alone or TNFa+zVVAD treatment increased cell death, although the magnitude was
less than that observed in NIT-1 cells (Figure 5E,F,G). TNFa-induced INS-1 cell death
occurred with increased caspase 3/7 activity, and TNFa+zVVAD-induced cell death
occurred with decreased caspase 3/7 activity (Figure 5H). Representative cell death
images are shown in Figure 51. These data indicate that caspase activation is not required
for TNFa-induced cell death in NIT-1 or INS-1 -cells.

We next determined whether distinct gene expression profiles accompany cell death
induced by TNFa versus TNFa+zVAD. Using RNA sequencing of INS-1 cell lysates,
we identified genes with high differential expression in response to TNFa or
TNFa+zVAD versus vehicle treatment (Figure 5J), with focus on genes expressed
differentially between TNFo and TNFa+zVAD conditions. 2932 genes were down-

regulated commonly by TNFa or TNFa+zVVAD treatment, with 1558 genes down-
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Figure 3: NIT-1 and INS-1 B cells express components of TNFa pathway signaling.
A) Schematic of TNFa death signaling pathways as described in non-islet cell types. B)
Tnfrsfla, Ripkl, Casp8, Ripk3 and MIkI RNA expression were quantified in NIT-1
(circles), INS-1 (squares), and NIH-3T3 (triangles) cells, normalized to 18S rRNA levels,
and expressed as ACT of the gene of interest (n=3). C) NIT-1 and INS-1 (3 cells express
TNFR1, RIPK1, CASP8, RIPK3 and MLKL protein, as visualized by duplicate

immunoblot analysis of 20 mg of protein from total cell lysates.
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Figure 4: NIT-1 and INS-1 B cells are susceptible to RIPK1- and clAP-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: TNFa+BV6) and B-cell lines are indicated by shapes (NIT-1 CTL: circles, NIT-1
RIPK1A: triangles, INS-1: squares). A) Cell death was monitored for 24 h in NIT-1 CTL
and NIT-1 RIPK1A cells following TNFa treatment, and B) cell death was quantified 24
h post treatment (n=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=6). D) NIT-1 CTL and NIT-1
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RIPK1A cell caspase 3/7 activity was quantified 24 h after treatment and expressed
relative to vehicle treated NIT-1 CTL cells (n=6). E) NIT-1 CTL and NIT-1 RIPK1A
cells were treated with BV6, TNFa or a combination thereof, then F) cell death was
quantified 4 h post treatment (n=5-6). 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=4-5). H) NIT-1 CTL and NIT-1 RIPK1A
cell caspase 3/7 activity was quantified 4 h after treatment and expressed relative to
vehicle treated NIT-1 CTL cells (n=4-6). 1) Genomic DNA was isolated from NIT-1 CTL
cells following treatment with vehicle or TNFa+BV6 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=5). For comparisons within a cell line, cell death was reported as Sytox
green positive cell objects relative to time t=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=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 Sidak post-test and

multiple comparisons correction. *p < 0.05; **p < 0.01; ***p < 0.001 as indicated.
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regulated specifically by TNFa and 2188 down-regulated specifically by TNFa+zVAD
treatment (Figure 5J,K).301 genes were up-regulated commonly by TNFa and
TNFa+zVAD treatment, including Nfkb2 (nuclear factor kappa B subunit 2) and its
transcriptional target Birc3 (baculoviral IAP Repeat containing 3, also known as clAP2)
(Figure 5J,K). 435 genes were up-regulated specifically by TNFa while 225 were up-
regulated specifically by TNFa+zVAD treatment (Figure 5J,K). Among the genes up-
regulated specifically by TNFa+zVVAD are lymphocyte expansion molecule (Lexm) and
lymphocyte activation gene 3 (Lag3). These data show that distinct transcriptional
profiles characterize TNFa- versus TNFoa+zVVAD-induced cell death in INS-1 cells.

C. RIPK1 and clAPs requlate 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 RIPK1A cells
with TNFa+zVAD (shown in green) or TNFa+BV6+zVAD (shown in white).
TNFa+zVAD treatment significantly increased NIT-1 cell death over 48 hours (Figure
6A,B,C), and this caspase-independent cell death was reduced in RIPK1A cells (Figure
6A,B). Cell death in response to TNFa+zVVAD was strongly amplified by addition of
BV6 (Figure 6A,B,C), and this effect was again abrogated in NIT-1 RIPK1A cells (Figure
6A,B). The increased cell death observed with TNFa+zVAD or TNFa+BV6+zVAD
treatment occurred when caspase 3/7 activity was significantly reduced compared to

vehicle-treated control cells (Figure 6D), and in the absence of genomic DNA laddering

(Figure 6E). As in NIT-1 cells, we found that INS-1 cells are susceptible to
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Figure 5: 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=3). Cell culture treatment conditions are indicated by color (black:

vehicle, yellow: 50 uM zVAD, blue: 40 ng/mL TNFa, green: TNFa+zVVAD) and -cell
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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 zZVAD, TNFa or a combination
thereof using the Sartorius IncuCyte S3 advanced label-free classification analysis
software module (n=6). D) NIT-1 CTL cell caspase 3/7 activity was quantified 48 h post
treatment and expressed relative to vehicle treated cells (n=3). E) INS-1 cell death was
monitored over 24 h, and F) quantified at 24 h post treatment (n=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=3). H) INS-1 cell
caspase 3/7 activity was quantified 24 h post treatment and expressed relative to vehicle
treated cells (n=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=3). K) Venn diagrams displaying (left) the number of genes up-regulated
commonly by TNFa and TNFa+zVAD (301), up-regulated specifically by TNFa (435),
or up-regulated specifically by TNFoa+zVVAD (225), and (right) the number of genes
down-regulated commonly by TNFa and TNFa+zVAD (2932), down-regulated
specifically by TNFa (1558), or down-regulated specifically by TNFa+zVAD (2188). A-
H) Data are presented as mean + SEM and were analyzed by one-way ANOVA followed
by Sidéak 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.
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TNFa+zVAD-induced cell death that is amplified by BV6 co-treatment (Figure
6F,G,H). Representative cell death images are shown in Figure 61. These data indicate
that caspase-independent TNFa-induced NIT-1 and INS-1 cell death is regulated by
RIPK1 and clAPs.

D. RIPK3 promotes TNFo-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 25264275 To determine whether RIPK3 plays a role in
caspase-independent TNFa-induced B-cell death, we generated NIT-1 RIPK3 deficient
cells (NIT-1 RIPK3A, shown in diamonds) containing an 80 base pair insertion in exon 6
of the Ripk3 gene. As before, we found that TNFa treatment significantly increased NIT-
1 CTL cell death and caspase 3/7 activity (Figure 7A,B). NIT-1 RIPK3A cells were also
susceptible to TNFa-induced cell death after 48 hours, although this cell death and
caspase 3/7 activity were reduced compared to NIT-1 CTL cells (Figure 7A,B). NIT-1
RIPK3A cells were completely protected from TNFa-induced cell death when caspases
were inhibited with zZVAD (Figure 7A,B), conditions under which NIT-1 CTL cell death
was significantly increased. Next, INS-1 cells were treated with TNFa, zZVAD or
GSK’872 (a small molecule RIPK3 . kinase inhibitor) individually or in combination and
evaluated over 24 hours. Treatment with GSK’872 at 5 mM did not alter INS-1 cell death
(Figure 7C) or caspase 3/7 activity (Figure 7D) compared to vehicle treated control cells
after 24 hours. As before, TNFa increased cell death and caspase 3/7 activity (Figure
7C,D), and co-treatment with TNFa+GSK’872 resulted in similar degrees of cell death

and caspase 3/7 activity as TNFa alone (Figure 7C,D).
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Figure 6: RIPK1 and clAPs regulate TNFa-induced NIT-1 and INS-1 B-cell death
when caspases are inhibited.
A) NIT-1 CTL and NIT-1 RIPK1A cell death was monitored over 48 h, and B) quantified

at 48 h post treatment (n=5-6). Cell culture treatment conditions are indicated by color
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(black: vehicle, green: 40 ng/ml TNFo + 50 uM zVAD, white: TNFa+zVAD + 5 uM
BV6) and B-cell lines are indicated by shapes (NIT-1 CTL.: circles, NIT-1 RIPK1A:
triangles, INS-1: squares). C) Percent NIT-1 CTL cell death was quantified 48 h after
treatment with vehicle, TNFa +zZVAD or TNFa+BV6+zVAD using the Sartorius
IncuCyte S3 advanced label-free classification analysis software module, as described
(n=6). D) NIT-1 CTL and RIPK1A cell caspase 3/7 activity was quantified 24 h post
treatment and expressed relative to vehicle treated NIT-1 CTL cells (n=4-5). E) Genomic
DNA was isolated from NIT-1 CTL cells following treatment with vehicle or
TNFa+BV6+zVAD 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=5-6). 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=4). 1) 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 Sidak post-test and

multiple comparisons correction. *p < 0.05; **p < 0.01; ***p < 0.001 as indicated.
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In contrast, TNFa+zVAD treatment elicited INS-1 cell death when caspases were
inhibited (Figure 7C,D), and addition of GSK’872 (5 mM) under these conditions
(TNFa+zVAD+GSK’872) resulted in significantly less cell death than TNFa+zVAD
treatment with no difference in caspase 3/7 activity (Figure 7C,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 gRT-PCR
and immunoblot analysis (Figure 7E,F). Neither basal nor TNFa-induced (Figure 7G)
cell death was altered in pcDNA-3-Empty versus pcDNA3-mRipk3 INS-1 cells.
However, TNFa+zVAD treatment caused significantly more cell death in RIPK3
overexpressing pcDNA3-mRipk3 cells compared to control pcDNA-3-Empty cells
(Figure 7G). Following treatment with TNFa+zVAD, RIPK3 co-immunoprecipitated
with MLKL and caspase 8 from RIPK3 overexpressing INS-1 cell lysates (Figure 7H).
Likewise, MLKL co-immunoprecipitated with RIPK3 and caspase 8 under these
conditions (Figure 71). These data indicate that TNFa treatment induces 3-cell apoptosis
that occurs with caspase 3/7 activation. In contrast, TNFa+zVAD 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.

E. Mouse islets cells are susceptible to TNFa-induced cell death when clAPs or caspases

are inhibited.

Previous studies have found that TNFo promotes cell death in immortalized B-cell lines
246,247 hut that primary islet cells are resistant to TNFa-induced death 275, We first
confirmed that molecular components of TNF receptor signaling including TNFR1,

RIPK1, CASP8, RIPK3 and MLKL are expressed in mouse islets at the mRNA and
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protein levels (Figure 8A,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 hours (Figure 8C). However, in line with our
NIT-1 and INS-1 cell findings, inhibition of clAPs with BV6 significantly increased
TNFa-induced mouse islet cell death (Figure 8C, shown in purple). Interestingly, TNFa
also increased mouse islet cell death when caspase 3/7 activity was inhibited with zZVAD
(Figure 8C,D, shown in green). Representative mouse islet cell death images are shown
in Figure 8E. These data suggest that primary mouse islet cells are susceptible to TNFa.-
induced cell death under certain conditions such as when clAPs or caspases are inhibited.

F. 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 hours, while TNFa+zVAD treatment significantly increased
islet cell death (Figure 8F, left panel). Addition of the RIPK3 inhibitor GSK’872
significantly reduced mouse islet cell death in response to TNFa+zVVAD, but not TNFa
alone (Figure 8F, right panel), and caspase 3/7 activity was not significantly altered by
GSK’872 treatment (Figure 8G). We next evaluated Ripk3™ islets, in which we
confirmed loss of RIPK3 expression (Figure 8H). Rates of basal cell death were not
different between untreated Ripk3** and Ripk3™ islets cells (Figure 81). In contrast to
our findings with Ripk3** islet cells, TNFa+zVAD treatment failed to increase cell death

in Ripk3™ islets compared to vehicle-treated cells (Figure 8J,K). These data indicate that
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Figure 7: RIPK3 promotes TNFa-induced INS-1 cell death when caspases are
inhibited.

A) NIT-1 CTL and NIT-1 RIPK3A cell death was quantified 48 h post treatment (n=3).
Cell culture treatment conditions are indicated by color (black: vehicle, blue: 40 ng/ml
TNFa, green: 40 ng/ml TNFa + 50 uM zVAD) and B-cell lines are indicated by shapes
(NIT-1 CTL.: circles, NIT-1 RIPK3A: diamonds, INS-1: squares, INS-1 Empty: triangles,

INS-1 mRIPK3: hexagons). B) NIT-1 CTL and RIPK3A cell caspase 3/7 activity was
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quantified 24 h post treatment and expressed relative to vehicle treated NIT-1 CTL cells
(n=4). C) INS-1 cell death was quantified 24 h post treatment relative to t=0 (n=4-9). Cell
culture treatment conditions are indicated by color (black: vehicle, white: 5 uM
GSK’872, blue: 40 ng/ml TNFa, light blue: TNFa+GSK’872, green: TNFa + 50 uM
zZVAD, light green: TNFa+zVAD+GSK’872). D) INS-1 cell caspase 3/7 activity was
quantified 24 h post treatment and expressed relative to vehicle treated cells (n=3). E)
Ripk3 RNA expression (n=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 TNFa+zVVAD treatment (n=4). H) Immunoblot analysis of proteins
immunoprecipitated with anti-RIPK3 following 24 h TNFa+zVAD treatment (n=3). 1)
Immunoblot analysis of proteins immunoprecipitated with anti-MLKL following 24 h
TNFa+zVAD treatment (n=3). Data are presented as mean + SEM and were analyzed by
one-way ANOVA followed by Sidak post-test and multiple comparisons correction. *p

< 0.05; **p < 0.01; ***p < 0.001; ns, p > 0.05 as indicated.
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TNFa treatment elicits primary mouse islet cell death when caspases are inhibited, and
that this form of cell death is mediated by RIPK3.

G. Ripk3’ mice are protected from STZ-induced hyperglycemia in vivo.

We next characterized glucose homeostasis in Ripk3** and Ripk3” mice before and after
administration of the B-cell toxin streptozotocin (STZ) to evaluate their susceptibility to
hyperglycemia in vivo (Figure 9A). Prior to multiple low dose STZ treatment, Ripk3**
and Ripk3” mice exhibited similar glucose tolerance, with no difference in blood glucose
before or 10, 20, 30, 60, 90 or 120 minutes after intraperitoneal glucose administration
(Figure 8B). In contrast, following 5 days of low dose STZ and a 5-day recovery, Ripk3”"
mice displayed significantly lower blood glucose than Ripk3** mice 60, 90 and 120
minutes after glucose injection (Figure 9C). Non-fasting blood glucose concentrations
were also significantly reduced in Ripk3” compared to Ripk3** mice 7, 9 and 14 days
after initiating STZ treatment (data displayed in Figures 9D,E). These data indicate that
Ripk3™ mice are protected from STZ-induced hyperglycemia and glucose intolerance in
Vivo.

Discussion

Acquiring a better understanding of the mechanisms that underly -cell death may lead to
new treatments for diabetes, a disease in which B-cell loss results in insufficient insulin
release and hyperglycemia 3242, TNFa has been recognized as a mediator of B-cell
dysfunction and death in T1D for more than two decades 243:244246.247.250 ' and recent
clinical studies found that treatment with TNFa neutralizing antibodies improves p3-cell
function in individuals with recently diagnosed T1D 24252, Although TNFa has been

recognized as a cytotoxin for nearly 50 years 2’7, the mechanisms by which TNF receptor
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Figure 8: Mouse islets cells are susceptible to TNFa-induced cell death when clAPs
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=0 (n=8). Cell culture treatment conditions are indicated by color (black: vehicle, blue:
40 ng/ml TNFa, purple: TNFa + 5 uM BV6, green: TNFa + 50 uM zVAD, white:
TNFa+BV6+zVAD. D) Mouse islet cell caspase 3/7 activity was quantified 24 h post
treatment and expressed relative to vehicle treated cells (n=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
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TNFa+zVAD in the absence (left) or in the presence (right) of the RIPK3 inhibitor
GSK’872 (5 mM, n=3-5). G) Mouse islet cell caspase 3/7 activity was quantified 24 h
after treatment with vehicle, TNFa or TNFa+zVVAD in the absence (left) or in the
presence (right) of the RIPK3 inhibitor GSK’872 (n=4). H) Mouse genotyping and islet
immunoblot analysis confirmed loss of RIPK3 expression in Ripk3” compared to
Ripk3** mice. |) Basal cell death rate was quantified in Ripk3*"* and Ripk3” mouse islet
cells (n=5-6). J) Ripk3’ mouse islet cell death was monitored for 24 h and quantified 24
h post treatment relative to t=0 (n=4). K) Mouse islet cell caspase 3/7 activity was
quantified 24 h post treatment and expressed relative to vehicle treated cells (n=4). Data
are presented as mean + SEM and were analyzed by Student’s t-test or one-way ANOVA
followed by Sidak post-test and multiple comparisons correction, as described. *p < 0.05;

**p < 0.01; ns, p > 0.05 as indicated.
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Figure 9: Ripk3” 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 Ripk3** and Ripk3” mice (n=6/group). C) 10 days

after starting STZ treatment, glucose tolerance was evaluated by IPGTT in Ripk3** and

Ripk3” mice (n=6/group). D,E) Non-fasting blood glucose was quantified in Ripk3*/*

and Ripk3” mice 0, 3, 7, 9 and 14 days after STZ treatment (n=6/group), and data are

displayed over time (D) and at individual time points (E). Data are presented as mean +
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SEM and were analyzed by Student’s t-test. *p < 0.05; **p < 0.01; ***p < 0.001; ns, p >

0.05; as indicated.
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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 isolated mouse islet cells and applying small molecule inhibitors of clAPs,
caspases and RIPK3, Ripkl and Ripk3 gene editing, and RIPK3 overexpression and
knockout models, we identified roles for RIPK1 and RIPK3 in regulation of TNFa.-
induced B-cell death and characterized factors that modify p-cell susceptibility to TNFa.-
induced cytotoxicity such as clAPs, SMAC and caspase activation.

Previous studies have investigated TNFa-induced NFxB activation and FADD
signaling in B cells 246247 put few have evaluated RIPK1, RIPK3 or MLKL 1%1:278
components of TNF receptor signaling known to promote cell death in other cell types
194.258.264 Notably, a recent study found that inhibition of RIPK1 promotes porcine islet
viability and B-cell abundance °1. In the present study, we found that NIT-1 RIPK1A
cells are strongly protected from TNFa-induced cell death (Figure 4A,B,C), that this is
associated with reduced caspase 3/7 activation (Figure 4D), and that cl APs repress
TNFa-induced cell death in a RIPK1-dependent manner (Figure 4E,F), a mechanism that
has been described in other cell types 27°28,

Since protection of NIT-1 RIPK1A cells from TNFa- and BV6-induced cell death
was associated with decreased caspase 3/7 activity (Figure 4E-I), we interrogated the role
of caspase activation in TNFa-induced B-cell death using zZVAD, a small molecule pan-
caspase inhibitor. Interestingly, TNFa+zVAD cotreatment significantly increased cell

death in NIT-1 (Figure 5B,C) and INS-1 cells (Figure 5F,G), and this cell death occurred
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in association with reduced caspase 3/7 activity (Figure 5D,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 TNFoa+zVAD-
compared to TNFa-treated INS-1 cells (Figure 5J,K), consistent with the idea that
discrete mechanisms of TNFa-induced (-cell death occur when caspases are active
versus inhibited. Interestingly, our RNA sequencing results identified lymphocyte
expansion molecule (Lexm) and lymphocyte activation gene 3 (Lag3) as genes
upregulated specifically by TNFa+zVVAD treatment, suggesting that the form of cell
death that occurs under these conditions is immune-relevant (Figure 5J). We further
characterized this mechanism of caspase-independent 3-cell death, observing that it is
regulated downstream of TNF receptor signaling by clAPs and RIPK1. We also observed
that Birc3, the transcript for clAP2, is significantly upregulated in response to either
TNFa or TNFa+zVVAD treatment (Figure 5J), indicating a role for clAP2 in counter
regulation of TNFa-induced p-cell death independent of caspase activity. Indeed,
inhibition of clAPs with BV6 also increased TNFa+zVAD induced cell death in a
RIPK1-dependent manner (Figure 6A,B,C), revealing that NIT-1 and INS-1 § cells are
susceptible to a caspase-independent mechanism of TNFa-induced cell death that is
regulated by clAPs and RIPK1. Although either TNFo or TNFa+zVAD 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 (Figure
4,5). These differences in susceptibility to TNFa- and TNFoa+zVAD-induced cell death

may be related to variations in expression of TNF receptor signaling components such as
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caspase 8 and MLKL, which we found to be higher in NIT-1 versus INS-1 cells (Figure
3B).

Previous studies in non-islet cell types have shown that TNFR1 stimulation signals
RIPK1 to activate RIPK3 under conditions of caspase inhibition, with RIPK3 then going
on to promote necroptosis via MLKL 264281 Although apoptosis is widely viewed as the
principal mechanism of B-cell death in diabetes 282283 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 27-2%°, 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 224286, Given our
finding that B cells are susceptible to caspase-independent cell death, we evaluated the
role of RIPK3 in this process. Consistent with the literature, we found that RIPK3 gene
editing (Figure 7A,B) or small molecule inhibition of RIPK3 kinase activity (Figure
7C,D) abrogated TNFa-induced B-cell death when caspases were inhibited with zZVAD.
Moreover, we observed that RIPK3 co-immunoprecipitated with MLKL in RIPK3
overexpressing INS-1 cells following TNFa+zVAD treatment (Figure 7H,1). Notably, we
also found that NIT-1 RIPK3A cells exhibited reduced caspase 3/7 activation in response
to TNFa treatment (Figure 7B), an outcome that did not arise with RIPK3 kinase
inhibition in INS-1 cells (Figure 7D). These findings are in line with previous
observations linking RIPK3 function with caspase 8 activation and apoptosis 2>>?7 and
suggest that RIPK3 plays an important role in balancing -cell fate decisions. Together,
these data show that RIPK3 promotes TNFa-induced -cell death when caspases are

inhibited, indicative of 3 cell necroptosis.
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In contrast to immortalized B cells 24624728 mouse islet cells are known to be
resistant to TNFo-induced cell death 246289 and our studies in mouse islet cells are
consistent with these previous findings (Figure 8C,F). However, our studies revealed that
small molecule inhibition of either clAPs (with BV6) or caspases (with zZVAD) sensitizes
mouse islet cells to TNFa-induced cell death (Figure 6C). Notably, mouse islet cell death
induced by TNFa+zVAD treatment was blocked by RIPK3 inhibition with GSK’872
(Figure 8F), and TNFa+zVAD treatment failed to increase cell death and in Ripk3™ islet
cells (Figure 8J). These data show that primary mouse islet cells are also susceptible to
TNFa-induced, RIPK3-mediated cell death when caspases are inactivated. Together, our
in vitro data indicate that therapeutic strategies targeting TNF receptor signaling
molecules such as RIPK1 and RIPK3 could promote -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 81) 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 3 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 j cells.
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To evaluate the role of this signaling pathway in -cell death in vivo, we subjected
Ripk3** and Ripk3” mice to multiple low dose STZ, a B-cell toxin used to model the -
cell loss that occurs in T1D. Although glucose tolerance was not different between
Ripk3** and Ripk3” mice prior to STZ treatment (Figure 9B), Ripk3” mice displayed
significantly lower blood glucose than Ripk3** mice during IPGTTs 10 days after
starting STZ (Figure 9C). In addition, Ripk3™ mice exhibited reduced non-fasting blood
glucose 7-, 9-, and 14-days after initiating STZ treatment (Figure 9D,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  cells improves glucose
homeostasis in this model. Likewise, additional studies are needed to understand the roles
of B-cell RIPK1 and RIPK3 in diabetogenic p-cell loss in vivo. For example, Zhao and
colleagues found that loss of RIPK3 failed to protect transplanted islets from T cell-
mediated destruction 21, and ER stress was shown to promote RIPK3-dependent IL13
production and NFkB-mediated inflammation in mouse and human islets 2’8, 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 processes, and use of other models such as NOD mice and kinase dead
Ripk1 D138N mice 2% are also needed to establish the relevance of TNFo-mediated -
cell loss in the pathogenesis of diabetes in vivo.

It has been hypothesized that -cell necroptosis could promote islet autoimmunity,

inflammation and B-cell loss in T1D %7, but at this time it is not known how caspase
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inactivation, which promotes RIPK3-mediated cell death in vitro, might occur in vivo.
However, certain viruses inhibit caspase activity 2°+?% and there is significant evidence
linking viral infection with T1D onset 2°32%, Other factors associated with viral infection
such as double stranded viral RNA 2% and IFNy 2°® 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 [3-cell death are warranted. In the current
study, we used a synthetic caspase inhibitor (zZVAD) to prevent caspase activation. We
attribute the ability of zZVAD 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 inhibitor, however, it is possible that inhibition of caspases other than caspase 8
contributed to our findings. Although we confirmed that zZVAD inhibits caspase 8 and
caspase 3/7 activation, it is also possible that zZVAD has unknown off-target effects.
Studies using B-cell specific caspase 8 knockout mice are of interest to further
characterize caspase-independent 3-cell death.
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Chapter 4 — Investigating the role of RIPK1 in TNFa and IFNy-induced B-cell
cytotoxicity

Introduction

In this chapter, | aim to investigate the role of RIPK1 in -cell cytotoxicity induced by
proinflammatory cytokines, TNFa and IFNy. The focus is on understanding B-cell kinase
signaling, gene expression profile and death triggered by these cytokines, and whether
targeting RIPK1 alters these processes. Additionally, | examine the role of RIPK1 in
mediating B-cell autoimmunity in T1D. In vivo transplantation experiments were
conducted by Dr. Erica P. Cai’s lab at Indiana Biosciences Research Institute and kinome
profiling was performed in collaboration with Dr. Steve Angus at Indiana University
School of Medicine.

In addition to genetic susceptibility, environmental factors like viral infections have
been implicated in T1D pathogenesis. Interferons (IFNs) are cytokines that possess
powerful immunomodulatory and antiviral properties that play a central role in
pathological immune responses in autoimmune diseases. In the context of T1D, IFNs
mediate inflammatory B-cell stress responses in part by increasing inflammatory gene
expression, kinase signaling, and autoantigen presentation (*28 27:2%) |FNs mediate their
effect via the JAK-STAT signaling pathway, resulting in upregulation of interferon-
stimulated genes (ISG). We and others have observed that IFNy, in combination with
TNFa induces B-cell death in vitro 2°. Interestingly, previously published literature
shows that TNFa + IFNy treatment induces mouse islet cell death in a caspase 3-
independent fashion °°. Multiple studies have explored the role of IFNy treatment on

islets that can lead to non-apoptotic forms of cell death. Two studies of IL-13 + IFNy-
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mediated cell death in rat insulinoma cells and rat islets revealed that the loss of -cell
viability induced by these cytokines was not associated with increased caspase 3 activity
or annexin V positivity 41, Similarly, another study found that IFNy and synthetic
double-stranded RNA induced NO-dependent necrosis of rat islet cells 7.

Both TNFa and IFNy are proinflammatory cytokines known to be key mediators of
B-cell cytotoxicity in T1D. Clinical studies aiming to reduce TNFa and IFNy signaling in
individuals with early T1D have shown beneficial effects in increasing endogenous
insulin production. Etanercept and golimumab, both targeted to inhibit TNFa signaling,
have significantly improved C-peptide levels in new-onset T1D 24>2°2, Additionally, a
study has shown beneficial effect of JAK inhibitor, baricitinib, on recent onset T1D.
Individuals who received baricitinib showed improved 3-cell function, compared to
placebo 3. Inhibitors of JAK1 and JAK?2 affect both IFNy production from T cells and
JAK-STAT signaling in B cells 3°%. These studies emphasize the importance of TNFa and
IFNy signaling in early T1D pathogenesis.

IFNs also mediate expression of major histocompatibility (MHC) class | proteins on
the surface of B cells 3%, another histopathological hallmark of T1D. This is associated
with increased STAT1 phosphorylation and leads to production of chemoattractants that
can increase the ability of cytotoxic CD8+ T cells to target B cells 3. Studies from
Helen E. Thomas’s group has shown that not only does IFNy lead to upregulation of
MHC | expression of B cells, it is important for homing and proliferation of autoreactive
T cells 301,

RIPK1 is a known mediator of both TNFa and IFNy signaling in non-islet cell types.

A study found that IFNy-induced necrosis proceeds via RIPK1-RIPK3 necrosome
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formation, suggesting necroptotic cell death in mouse embryonic fibroblasts (MEFs) €°,
In the previous chapter, we have shown that RIPK1 and RIPK3 can regulate TNFo.-
induced B-cell loss, in concert with caspase activation. In these studies, | aimed to explore
whether RIPK1 regulates inflammatory gene expression, kinase signaling and cell death
in B cells.

Results

A. RIPK1 is a T1D-relevant mediator of TNFa+ IFNy signaling in B cells

The cytotoxic functions of RIPK1 are regulated in part via its kinase activity 834, We
show that TNFa+IFNy treatment increases RIPK1 phosphorylation at Ser 166 in mouse
islets and BiPSCs (Fig. 10A,B), suggesting initiation of necroptosis signaling in these
cells. We explored to publicly available HPAP data and found that Ripk1 expression is
increased in T1D donors compared to non-diabetic control (Fig. 10C).
Immunofluorescence staining of human pancreas sections also revealed that RIPK1 is
highly expressed in human f cells (Fig. 10D). These data indicate that RIPK1 is a crucial
molecular component of TNFa+ IFNy-mediated signaling in (3 cells.

B. RIPK1 mediates TNFa- and IFNy-relevant kinase signaling in a mouse B cells

To characterize the role of RIPK1 in -cell kinase signaling, we performed kinome
profiling to evaluate kinase signaling in control and Ripk1 gene edited NIT-1 p-cell line
(Fig. 11A,B). First, kinome profiling revealed that RIPK1 kinase activity is reduced in
RIPK1 gene edited (Ripk1A) mouse NIT-1 f cells. We found activity of TNFa- (IKBKB,
ASK1/3, INK1/2/3, MLKL) and IFNy-(PKR, MTOR) related kinases to be differentially
regulated in RIPK1 deficient cells. Several of these kinases have been linked to 3-cell

loss. For example, INK was found to mediate TNFa+ IFNy-induced MING6NS cell death,
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associated with production of ROS and loss of mitochondrial membrane potential 3%,
Cytokine exposure increases PKR activity in INS1 B-cells and rat islets 3%. These data

indicate that RIPK1 contributes to T1D-relevant signaling in 3 cells.

C. RIPK1 mediates TNFa- and IFNy-relevant gene expression in a mouse 3 cells

Recent studies have uncovered roles for RIPK1 in regulating inflammatory gene
expression 8737 The effects of RIPK1 on transcription has been attributed to IkB kinase
(IKK) and NFkb, with this transcriptional regulation thought to modulate the pro-death
actions of RIPK1 3%-31% To understand the role of RIPK1 in transcriptional regulation in
B cells, we performed RNA sequencing (RNA seq) of control and RIPK1 gene edited
(Ripk1A) mouse NIT-1 B cells (Fig. 12A). These studies found striking effects of RIPK1
on B-cell gene expression that are relevant to B-cell cytotoxicity in T1D. Expression of
TNFa- (Nfkb1/2, Ask1/3, Jnk1/2, Casp3/7, Ripk3 and MIkl) and IFNy- (Jakl, Stingl,
cGas, H2-K1, H2-Q2, H2-Q6, H2-Dma) related transcripts were highly differentially
regulated in RIPK1 deficient cells. We also found that loss of RIPK1 kinase activity in
Ripk1P138N/DI8N jslets abrogated upregulation of several genes and caspase 3/7 activity
increased by TNFa+IFNy treatment in wild type (WT) islets (Fig. 12B,C). These studies
show that RIPK1 promotes TNFa- and IFNy- mediated p-cell cytotoxicity in part via
roles on inflammatory gene expression.

D. RIPK1 promotes TNFa+IFNy-induced cell death in mouse B-cell lines

As mentioned previously, RIPK1 promotes both caspase-dependent apoptosis and
caspase-independent necroptosis in non-islet cell types 311312, We have previously shown

that RIPK1 mediates TNFa-induced [ cells (see Chapter 3), and TNFa+IFNy induces

activation of RIPK1 via phosphorylation in mouse f cells and human BiPSCs (Figure
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Figure 10: RIPK1 is a T1D-relevant mediator of TNFa+ IFNy signaling in  cells.
Phosphorylated RIPK1 and total RIPK1 expression observed in A) isolated mouse islet
and B) human B-like iPSCs treated overnight with TNFa+ IFNy (40ng/ml and 100ng/ml
respectively). C) HPAP data showing Ripkl1 expression in 3 cells of non-diabetic (black

bar) and T1D (blue bar) individuals. D) RIPK1 protein is abundant in human B-cells in

situ.
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10A,B). To investigate whether RIPK1 kinase activation mediates TNFo+IFNy- induced
B-cell death, we analyzed RIPK1 kinase inhibitor (SZM’679) treated native NIT-1 2055,
NIT-1 CTL and MING6-K8 B cells (Fig. 13) in vitro. We observed that TNFo+IFNy
induced significant cell death in all the cell types relative to vehicle (Fig. 13 A,B;D-G).
Interestingly, the addition of SZM’679 reduced TNFoa+IFNy- induced NIT-1 2055 and
NIT-CTL cell death and caspase 3/7 activity (Fig. 13A-E), but not in MIN6-K8 (Fig.
13F,G) B-cell death. This data suggests that TNFa.+IFNy- induced RIPK1 kinase
activation if an important feature in NIT-1 B cells, derived from a T1D mouse model.
These findings indicate that RIPK1 kinase activity mediates TNFa+IFNy- induced NIT-1
[-cell death in vitro.

E. RIPK]1 kinase inhibition alters NIT 1 B-cell MHC | expression in vitro

We have shown that RIPK1 mediated TNFa- and IFNy- relevant inflammatory gene
expression and TNFa+IFNy- induced B-cell death. IFNy increases the expression of Class
I major histocompatibility complex (MHC 1), which is induced on B cells during
destructive insulitis. B-cell MHC I upregulation has been observed in human 313315 and
NOD mice 36317 and is temporally associated with initiation of insulitis !¢, RIPK1
promotes inflammation via transcriptional regulation, kinase signaling and immunogenic
cell death, but the role of RIPK1 in [ cell-to-immune cell crosstalk has not been well
characterized. We aimed to investigate the role of RIPK1 kinase activity in modulating
IFNy-induced B-cell MHC | expression in native NIT-1 2055 f cells in vitro. Overnight
IFNy treatment induced increase in NIT-1 2055 MHC | expression (Fig. 14) and addition

of small molecule RIPK1 kinase inhibitor, SZM’ 679, significantly reduced this increase

(Fig. 14 A,B). SZM’679 treatment alone does not alter NIT-1 2055 MHC | expression
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Figure 13: RIPK1 promotes TNFa+IFNy-induced cell death in mouse B-cell lines.
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TNFa+ 100ng/ml IFNy, light green: TNFo+IFN+SZM’679).

95



(data not shown). This data suggests that B-cell MHC | expression in NIT-1 2055 cells is
dependent on RIPK1 kinase activity.

F. Loss of RIPK1 tend to protect transplanted 3 cells from autoimmune-associated B-cell

loss

We next determined whether loss of RIPK1 in gene edited NIT-1 Ripk1A 3 cells protect
from autoimmune-mediated -cell killing after transplantation in vivo. NIT-1 CTL or
Ripk1A cells expressing firefly luciferase (Luc2) was transplanted on opposite flanks of
8-week-old female non-diabetic NSG mice lacking T-, B- and NK immune cells.
Following B-cell transplantation, we quantified in vivo graft luminescence by IVIS
imaging after administration of splenocytes isolated from diabetic NOD mice. NIT-1
Ripk1A B cells were found to be protected from autoimmune-mediated killing compared
to NIT-1 CTL cells (Fig. 15B-D). This indicates that functions of B-cell RIPK1 related to
inflammatory gene expression, kinase signaling and/or cell death signaling participate in
diabetic splenocyte-mediated B-cell death in vivo.

Discussion

[-cell demise in T1D occur via 1) cytokine signaling that elicits immunogenic -cell
stress and 2) loss of immune tolerance leading to autoimmune f-cell destruction. TNFo
and IFNy are major pro-inflammatory cytokines implicated to synergistically lead to -
cell death in T1D. While studies of cytokine induced B-cell death have primarily focused
on caspase-dependent apoptosis, we and others have shown that cytokine signaling can
induce caspase-independent forms of B-cell loss. Our previous studies have found that
RIPKSs play a crucial role in mediating caspase-independent necroptotic cell death in 3

cells. We found that Ripk1 expression is upregulated in B cells from T1D versus non-
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(PerkinElmer) after administration of splenocytes isolated from anti-PD-L1 treated
female NOD mice. B) Representative images of in vivo graft luminescence. C) Graft
luminescence was monitored over 19 days and D) quantified at day 19 post diabetic

splenocyte administration. (n=3)
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diabetic organ donors &

and human B-cells exhibit abundant RIPK1 protein expression
in situ (Fig. 10C). RIPK1 has both kinase and scaffolding functions, and these mediate its
action on inflammatory gene expression, caspase-dependent apoptosis and caspase-
independent necroptosis. Although recent studies indicate RIPK1 has cytotoxic effects in
B cells, the role of RIPK1 in autoimmune-associated B-cell loss in T1D is not well
understood.

RIPK1 is a key shared mediator of TNFa and IFNy signaling in non-islet cell types
259.319-322 |n this chapter, we applied knowledge from other cell types to investigate how
loss of B-cell RIPK1 expression or RIPK1 kinase function alters TNFo- and IFNy-
induced gene expression, islet cell and B-cell death. We found that overnight treatment of
TNFa+IFNy induces increased RIPK1 phosphorylation in mouse islets and p-like hiPSCs
(Fig. 10 A,B), suggesting that TNFo+IFNy-induced B-cell cytotoxicity is mediated by
RIPK1 kinase activity. We investigated whether RIPK 1 deficiency alters activation of -
cell kinases. We found that RIPK1 deficiency alters several kinases known to have roles
in TNFa and IFNy signaling, again emphasizing the role of RIPK1 in TNFa + IFNy
signaling in B cells. Furthermore, we identified roles for RIPK1 in TNFa- and IFNy-
related gene expression in NIT-1 f cells and successfully observed similar gene
expression patterns in islets obtained from kinase dead Ripk1P38N/D138N mice,

TNFo + IFNy can induce  cell death in vitro. We next aimed to understand whether
small molecule RIPK1 kinase inhibition alters TNFo + IFNy-induced B-cell death. We
found that RIPK1 kinase inhibition using SZM’679 successfully blocked TNFa + IFNy-
induced cell death in NIT-1 B cell lines (NIT-1 CTL and NIT-1 2055 cells), but not in

MINGKS cells. This observation suggests that RIPK1 kinase activation may play a more
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crucial role in T1D B cells compared to non-diabetic control B cells and could be a
potential target to inhibit B-cell demise in early T1D. Future studies utilizing RIPK1
small molecule inhibitors to observe TNFa + IFNy-induced cell death of human B-like
IPSCs derived from non-diabetic and T1D individuals would provide additional
information on the relative importance of RIPK1 in diabetic versus non-diabetic f3 cell.

IFNs can induce f-cell MHC I expression, thereby promoting [3-cell-to-immune cell
crosstalk and B-cell autoimmune attack. We treated NIT-1 2055 cells with IFNy to
observe increased MHC | expression. We next treated these cells with RIPK1 kinase
inhibitor, SZM’679, and observed that SZM’679 treatment tends to reduce B-cell MHC |
expression. To our knowledge, this is one of the first studies to show that RIPK1 kinase
modulation is capable of altering B-cell MHC I surface expression, thereby influencing [3-
cell-to-immune cell interaction. Furthermore, RIPK1 deficient NIT-1 cells were found to
be protected against autoimmune killing by splenocytes obtained diabetic NOD mice.
This preliminary study characterized the role of RIPK1 in B-cell replacement therapy.

These studies have uncovered a novel role of RIPK1 in cytokine-induced B-cell
cytotoxicity in T1D. Future studies will investigate whether -cell specific RIPK1
deficiency protects NOD mice from spontaneous diabetes development. Further treatment
of NOD mice with SZM’679 will allow us to investigations whether RIPK 1 kinase

inhibition can be a potential target to prevent or treat T1D.
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Chapter 5 — Investigating the role of caspase 3/7 activation and RIPK1 kinase
activity in endoplasmic reticulum stress-induced B-cell death

Introduction

Endoplasmic reticulum (ER) stress is a major contributor of B-cell dysfunction and death,
and studies in non-islet cell types have linked RIPKSs to ER stress-induced caspase-
independent cell death. In these studies, | first explore whether ER stress can induce
caspase-independent -cell death using -cell lines and isolated mouse islets.
Additionally, I investigate if targeting RIPK1 alters ER stress-induced B-cell loss in vitro
and hyperglycemia in vivo. Kinome profiling experiments was performed by Dr. Steve
Angus at Indiana University School of Medicine.

One of the major contributors of B-cell dysfunction and death in both T1D and T2D
has been attributed to ER stress. Monitoring protein flux through the ER is crucial to
maintain ER homeostasis and avoid stress. Increased demand for insulin can often exceed
the ER capacity, leading to accumulation of unfolded protein and ER stress. Moreover,
established B-cell stressors such as free fatty acids and proinflammatory cytokines have
been demonstrated to cause ER stress (see chapter 1). Under unresolved ER stress, the
unfolded protein response (UPR) is activated which plays a significant role in
determining cell survival and death. During periods of ER stress, the folding chaperone
BiP is recruited away from PERK, ATF6 and IRE1, resulting in activation of these
signaling intermediates. ATF4, CHAOP, ATF6 and XBP1 proteins are generated, driving
transcriptional responses intended to inhibit global translation and expansion of ER
protein folding capacity to remediate ER stress. When the UPR fails to restore ER

homeostasis, cell death efforts are activated. The primary mechanism of ER stress-
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mediated cell death upon unresolved stress is apoptosis 322, Apoptosis is majorly
triggered by permeabilization of the outer mitochondrial membrane, governed by B-cell
lymphoma 2 (BCL-2) associated protein family, leading to release of cytochrome c into
the cytoplasm. This allows for formation of apoptosome and subsequent activation of
procaspase-9 %24, Other mechanisms of mitochondrial membrane permeabilization,
downstream of UPR activation, have also been recognized 322,

While studies of ER-stress induced B-cell death has been majorly focused on caspase-
driven apoptosis, Hagenlocher et al. has recently observed that inhibition of caspases
using a pan-caspase inhibitor (QVD) failed to protect INS-1 and MING6 B cells from
thapsigargin-induced cell death 32, Studies in non-islet cell types have noted a role of
RIPKSs in mediating ER stress-induced cell death. Saveljeva et al. showed that several ER
stress-inducing agents triggered TNFR1-mediated necroptosis in a mouse fibroblast cell
line, independent of autocrine production of TNFa, and this cell death could be inhibited
by RIPK1 inhibitor, necrostatin-1 (Nec-1) *2°. On the other hand, a novel CHOP activator
was found to induce RIPK-driven necroptosis in A549 human lung cancer cells ¥, We
have shown in the previous chapters that RIPK1 is an important mediator of TNFa.- and
IFNy-induced B-cell cytotoxicity. However, the role of RIPK1 in ER stress-induced B-cell
death is not well understood.

In this chapter, I aim to investigate the role of caspase activation in ER stress-induced
B-cell loss. Using a small molecule pan-caspase inhibitor (zZVAD-FMK) and ER stress-
inducing agents such as thapsigargin and tunicamycin, | investigate the role of caspase
3/7 activation in ER stress-induced islet cell and B-cell death. We found that while ER

stress-induced B-cell loss occurs in concert with caspase 3/7 activation, inhibition of
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caspases with zZVAD-FMK fails to protect against thapsigargin- and tunicamycin-induced
B-cell death. We hypothesized that this caspase-independent form of cell death is
mediated by RIPK1. To investigate the role of RIPK1 in this caspase-independent form
of B-cell death, utilizing small molecule RIPK 1 kinase inhibitor (SZM’679), we
investigate ER stress-induced B-cell death in vitro. To study the role of RIPK1 in ER-
stress induced hyperglycemia in vivo, we opted to use control and RIPK1 kinase dead
(Ripk1P138N/D138NY mjce with spontaneous mutation in the insulin 2 gene (Akita mice),
that leads to incorrect folding of the insulin protein producing ER stress and toxicity in
pancreatic 3 cells.

Results

A. Inhibition of caspase activity fails prevent ER stress-induced B-cell death

We initially aimed to confirm previous findings that caspase inhibition does not prevent
thapsigargin-induced p-cell death 32°, utilizing our validated synthetic pan-caspase
inhibitor (zZVAD-FMK). Thapsigargin treatment strongly induced NIT-1 cell death after
48 h, and cell death was unaltered by addition of zZVAD (Fig. 16). As expected,
thapsigargin-induced cell death was associated with increased caspase 3/7 activity, while
thapsigargin+zVAD treatment significantly reduced caspase 3/7 activity (Fig. 16A-C). In
INS-1 B cells, we again found that either thapsigargin alone or thapsigargin+zVAD
treatment increased cell death significantly (Fig. 16D,E). We validated our findings in
isolated mouse islets. We found that thapsigargin treatment increased islet cell death and
addition of zZVAD failed to prevent this increase in cell death (Fig. 16F,G). We next
determined whether this phenomenon was specific to thapsigargin-induced B-cell death.
We utilized another well-characterized ER stress-inducing agent, tunicamycin, to observe

whether tunicamycin-induced B-cell death is dependent on caspase activation.
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Interestingly, tunicamycin treatment had similar effects to thapsigargin treatment, and
addition of zZVAD again failed to protect from tunicamycin-induced cell death (Fig. 17A-
E). These data indicate that although ER stress induces cell death in association with
caspase activation, inhibition of caspase activation fails to protect against ER stress-
induced B-cell death. This suggests that ER stress may elicit non-apoptotic forms of -
cell death in diabetes.

B. Ripkl CRISPR-gene edited NIT-1 B cells are resistant to ER stress-induced death

independent of caspase activity

We next studied RIPK1 deficient NIT-1 Ripk1A B cells to determine whether RIPK 1
plays a role in ER stress-induced NIT-1 cell death. We found that in comparison to
control cells, NIT-1 Ripk1A cells were strongly protected from thapsigargin- or
tunicamycin-induced cell death both when caspases were active and when they were
inhibited (Fig. 18A,B and D,E). Caspase 3/7 activation was significantly reduced in
RIPK1-deficient NIT-1 Ripk1A B cells (Fig. 18C), which is consistent with the
requirement of RIPK1 for caspase activation.

C. RIPK1 kinase inhibition fails to protect against thapsigargin-induced NIT-1 B-cell

death

RIPK1 kinase domain phosphorylates its downstream target, RIPK3, to induce
necroptotic cell death. RIPK1 mediated necroptosis signaling downstream of TNFa is
well studied, and we have previously shown that small molecule RIPK1 kinase inhibition,
using SZM’679, significantly reduced TNFo+IFNy-induced NIT-1 cell death. To
investigate the role of RIPK1 kinase activity in thapsigargin-induced B-cell death, we

next treated NIT-1 CTL cells with thapsigargin, in the presence or absence of SZM’679.
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Figure 16: Inhibition of caspase activity does not prevent thapsigargin-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, red: 50 nM Thapsigargin, orange:
Thapsigargin+zVVAD, 50 uM zVAD). A) NIT-1 CTL, D) INS-1 and F) mouse islet cell
death was monitored for 48 h following treatment. B,E,G) cell death was quantified at 48

h. C) NIT-1 caspase 3/7 activity was measured at 24 h post-treatment. Data are presented

105



as mean £ SEM and were analzed by Ordinary one-way ANOVA. *p < 0.05; **p < 0.01;

***p < 0.001; ns, p > 0.05; as indicated.
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Figure 17: Inhibition of caspase activity does not prevent tunicamycin-induced -
cell death.

Cell culture treatment conditions are indicated by color (black: vehicle, purple: 1 uM
Tunicamycin, violet: Tunicamycin+zVAD, 50 uM zVAD). A) NIT-1 CTL, D) mouse
islet cell death was monitored for 48 h following treatment. B,E) cell death was
quantified at 48 h. C) NIT-1 caspase 3/7 activity was measured at 24 h post-treatment.
Data are presented as mean £ SEM and were analyzed by Ordinary one-way ANOVA. *p

< 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, p > 0.05; as indicated.
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Figure 18: Ripkl CRISPR-gene edited NIT-1 B cells are resistant to ER stress-
induced death independent of caspase activity.

Cell culture treatment conditions are indicated by color (black: vehicle, red: 50 nM
Thapsigargin, orange: Thapsigargin+zVVAD, purple: 1 uM Tunicamycin, violet:
Tunicamycin+zVVAD). B-cell lines are indicated by shapes (NIT-1 CTL: circles, NIT-1
RIPK1A: triangles). A) Cell death was monitored over 24 h and B) quantified at 24 h. C)
NIT-1 caspase 3/7 activity was measured at 24 h. Data are presented as mean £ SEM and
were analyzed by 2-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001; ****p

< 0.0001; ns, p > 0.05; as indicated.
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Interestingly, SMZ’679 failed to protect against thapsigargin-induced NIT-1 cell death
over 24 h (Fig. 19A-C). Furthermore, in contrast to the role of SZM’679 in reducing
TNFo+IFNy caspase 3/7 activation in NIT-1 B cells (refer to Fig. 13C of chapter 4),
thapsigargin-induced caspase 3/7 activation was unaltered with addition of SZM’679
(Fig. 19C). These data indicate a unique kinase independent role of RIPK1 in mediating
ER-stress induced B-cell loss.

D. RIPK1 kinase dead mice are not protected from ER stress-induced hyperglycemia in

vivo

We generated RIPK1 kinase dead mice with Akita mutation to study the role of RIPK1
kinase activation in ER stress-induced hyperglycemia. The Akita strain is a well-
characterized monogenic model with spontaneous mutation in the insulin 2 gene, leading
to misfolding of insulin protein. This is known to result in B-cell toxicity, reduced p-cell
mass and reduced insulin secretion. Akita mice used for this study were on a C57BL/6J
background and develop hyperglycemia, hypoinsulinemia, polydipsia and polyuria by 3-4
weeks of age. Although diabetic phenotype is known to be more severe and progressive
in male mice versus females, we chose to monitor both male and female mice to account
for sexual difference in phenotype.

We monitored blood glucose levels in male and female wild type (Ripk1** and
Akita.Ripk1**) and RIPK1 kinase dead (Ripk1P138V/D138N and Akita.Ripk1DP138NDLEN)
mice from 5 to 10 weeks of age. We observed that both male and female Ripk1** and
Ripk1P138ND18N mjce had similar blood glucose levels over the 5 weeks (Fig. 20). In
contrast, the Akita.Ripk1** and Akita.Ripk1Pt8\VP138N mjce had significant

hyperglycemia, starting at 5 weeks of age. However, the loss of RIPK1 kinase
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Figure 19: RIPK1 kinase inhibition fails to protect against thapsigargin-induced
NIT-1 B-cell death.

Cell culture treatment conditions are indicated by color (black: vehicle, red: 50 nM
Thapsigargin, blue: 1 uM SZM’679, peach: Thapsigargin+SZM’679). NIT-1 cell death
was A) monitored over 24 h, and B) quantified at 24 h. NIT-1 caspase 3/7 activity was
measured at 24 h post treatment. Data are presented as mean £ SEM and were analyzed
by one-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, p >

0.05; as indicated.
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Figure 20: RIPK1 kinase dead mice are not protected against ER stress-induced

hyperglycemia in vivo.

Blood glucose was monitored in A) male and C) female Ripk1*'* (black, circles),

Ripk1P138NDIN (req circles), Akita. Ripk1** (black, squares) and Akita.

Ripk1P138ND18N (red  squares) from 5- to 10-weeks of age. B,D) Blood glucose

quantified at 5 (circles) and 10 (square) weeks of age.
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activation failed to protect against hyperglycemia in Ripk1P38N/DIBNAKIR mjce (Fig. 20).
These data indicate that RIPK1 kinase activation does not mediate development of
diabetic phenotype in mice bearing Ins2K® mutation.

Discussion

In B cells, the ER plays a crucial role as the site for assembly and processing of insulin,
which accounts for almost half of the total protein production in the cell. Unresolved ER
stress can activate cell death signaling. Apoptosis is however not the only way for a cell
to die. In the previous chapters, we have investigated the susceptibility of § cells to pro-
inflammatory cytokine induced necroptosis, an inflammatory form of PCD. Since ER
stress plays a crucial causative role in B-cell loss and onset of both T1D and T2D, there is
a critical need for a better understanding of the molecular mechanisms that can regulate
ER stress-mediated death, with the hope to identify new therapeutic targets to prevent or
cure diabetes.

In this chapter, I aim to understand whether caspase activation is crucial for ER
stress-induced B-cell death. In line with previously published data 3%, we observed that
commonly used ER stress-inducing agents such as thapsigargin and tunicamycin led to -
cell caspase 3/7 activation and cell death, indicating apoptotic cell death as primary mode
of ER stress-induced B-cell loss. However, inhibition of caspase activation using a pan-
caspase inhibitor (zVAD-FMK) failed to prevent B-cell death. It is possible that although
apoptosis is the primary route a 3 cell may choose to die, inhibiting this pathway may
induce a switch to necrotic forms of cell death. Our RIPk1 small molecule kinase

inhibition (SZM’679) data is also similar to Hagenlocher et al.’s data where use of a
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different RIPK1 small molecule kinase inhibitor (Nec-1) had failed to protect INS-1 and
MING6 B cells from thapsigargin-induced cell death.

It is important to understand the different modalities of B-cell death downstream of
different B-cell stressors. Several recent studies in non-islet cell types have identified
alternative cell death induction by ER stress including autophagic cell death, necroptosis,
pyroptosis, as well as ferroptosis 8. Extending on my study of RIPKs in B cell
cytotoxicity, | questioned whether ER stress induced-cell death was dependent on RIPK1.
While RIPK1 deficiency in NIT-1 Ripk1A cells strongly protected against thapsigargin
and tunicamycin-induced B-cell death, inhibition of RIPK1 kinase activation using either
a small molecule inhibitor or a genetic model of kinase dead mutation failed to protect
against ER stress-induced B-cell in vitro or hyperglycemia in vivo. These data suggest
that although RIPK1 might play a role in ER stress-mediated -cell death, it is unlikely
that this requires RIPK1 kinase activation. Although RIPK1 kinase dead mice were not
protected from hyperglycemia in Akita mice, it is possible that the Ins22®® mutation is
too robust to see differences in glucose homeostasis in vivo, that cannot be restored by
Ripk1P138NOIN mytation. Future studies may focus on investigating a dose dependent
effect of thapsigargin- or tunicamycin- induced cell death in isolated islets obtained from
WT (Ripk1+/+) and Ripk1P138N/DIBN jn yitro,

As discussed previously, RIPK1 is a multifunctional protein with distinct kinase and
scaffolding functions. Although, ER stress-inducing necroptosis has been discovered,
there is still significant discrepancy in literature that has led to lack of precise molecular
mechanism. Our results indicate that in 3 cells, RIPK1 kinase function might not be

crucial in eliciting ER stress-mediated cell cytotoxicity. Since Ripk1” mice are
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embryonically lethal, future studies utilizing RIPK1 specific PROTAC (protein targeting

829 or a small molecule

chimera) that temporally and efficiently degrades the protein
inhibitor targeted towards the scaffolding domain of RIPK1 can expand our knowledge

on its role in ER stress-induced B-cell loss.
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Chapter 6 — RIPK3 promotes islet amyloid-induced B-cell loss and glucose
intolerance in a humanized mouse model of T2D

Introduction

RIPK3 has been recently implicated in cell death and inflammation in amyloid-associated
neurodegenerative diseases. However, the role of RIPK3 in islet amyloid-associated 3-
cell cytotoxicity is unknown. In this chapter, | investigate the role of RIPK3 in islet
amyloid-induced B-cell cytotoxicity and islet inflammation. I develop techniques to
visualize islet amyloid deposition, cell death and caspase 3/7 activation in amyloid-prone
mouse islets in real-time. Furthermore, | generate and utilize an amyloid-prone whole-
body RIPK3 knockout mice to investigate if loss of RIPK3 protects against amyloid-
associated glucose intolerance and B-cell loss in vivo. In vitro islet function data were
generated by Dr. Michael Kalwat at Indiana Biosciences Research Institute. In vivo GSIS
data were generated in collaboration with the Islet Physiology Core and Translational
Core at Indiana University School of Medicine. Macrophage depleted islets were
generated by Dr. Steven Kahn’s laboratory at University of Washington, Seattle.

Type 2 diabetes (T2D) is a global epidemic characterized by insulin resistance, loss of
functional B-cell mass and hyperglycemia 331332 Islet amyloid deposits are present in the
majority of individuals with T2D, where they are associated with islet inflammation,
decreased B-cell mass and increased B-cell death 208789 |slet amyloidosis occurs via
aggregation of human islet amyloid polypeptide (hIAPP), a 3-cell secretory product that
is co-secreted with insulin %333, In contrast to hIAPP, rodent IAPP (rlAPP) does not
aggregate to form amyloid 3338 so mouse models with B-cell expression of hIAPP have

been developed to model islet amyloidosis in T2D 3343%, Several studies have found that
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oligomeric forms of hIAPP directly elicit B-cell cytotoxicity, either by disrupting cell
membranes 899033337 or by inducing receptor-mediated cell death signaling 3%, In
addition, islet amyloid formation is thought to mediate -cell loss by eliciting cytokine
(1118, Tnf, 116) and chemokine (Ccl2, Cxcll1) production from islet macrophages
9394231339 Although prior research has established that amyloid formation is an important
mediator of islet inflammation and B-cell cytotoxicity in T2D, the molecular mechanisms
that underlie this process remain incompletely understood.
Recent studies of amyloid-induced cytotoxicity in Alzheimer’s disease (AD) identified
receptor interacting protein kinase 3 (RIPK3) as a mediator of neuronal cell loss in this
disease 267:340341 RIPK3 is a multifunctional protein that regulates inflammation and cell
death signaling in diverse cell types including neurons 67, hepatocytes 342, immune cells
343 and B cells 198278 RIPK3 promotes inflammation in part by mediating IL-1p, IL-6,
CXCL1 and CCL2 synthesis 3334 and it also participates in apoptotic and necroptotic
cell death signaling via effects on caspase activation 2°°*% and mixed lineage kinase
domain like pseudokinase (MLKL) phosphorylation, respectively 3234’ Yang and
colleagues previously showed that RIPK3 promotes islet inflammation following ER
stress 2’8, and we recently reported that RIPK3 contributes to TNFa-induced B-cell death
188 However, the role of RIPK3 in islet amyloid-induced B-cell cytotoxicity and
hyperglycemia has not been evaluated previously.

We hypothesized that RIPK3 mediates amyloid-induced p-cell loss and
hyperglycemia in T2D. To test this hypothesis, we used a well characterized humanized
mouse model of T2D with p-cell specific expression of hIAPP that develops endogenous

islet amyloid deposits both in vitro and in vivo 334238348350 \we performed in vitro
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studies to quantify islet amyloid deposition, islet cell death and caspase 3/7 activity in
real-time using islets isolated from WT, Ripk3”, hIAPP and hIAPP;Ripk3” mice. We
evaluated hIAPP-stimulated inflammatory gene expression in WT and Ripk3™ bone
marrow derived macrophages (BMDM) in vitro, and we characterized the role of RIPK3
in glucose stimulated insulin secretion (GSIS) in vitro and in vivo. Finally, we performed
in vivo studies to examine body weight, glucose homeostasis, islet amyloid deposition
and p-cell area in WT, Ripk3™, hIAPP and hIAPP;Ripk3” mice in response to HFD
feeding. To our knowledge, this study is the first to evaluate the role of RIPK3 in HFD-
and islet amyloid-induced b-cell cytotoxicity and hyperglycemia in a mouse model of
T2D.

Results

A. Real time quantification of islet amyloid deposition, islet cell death and caspase 3/7

activity in vitro

We first quantified endogenous islet amyloid formation, islet cell death and caspase 3/7
activity in wild type mouse islets that express non-amyloidogenic rIAPP (WT) and
hIAPP islets that express amyloidogenic hIAPP (hlAPP) following culture in 16.7mM
glucose media for 96 h. These experiments utilized a high-content live cell imaging and
analysis platform that enables quantification of parameters of interest in real time in

intact islets. Using Thioflavin S to visualize amyloid fibrils %1, we found that amyloid
deposits were present in hIAPP islets starting 24 h after culture in 16.7 mM glucose
media (Figure 21A). Significant islet amyloid deposition was present in hlAPP islets after
48 h and 96 h of culture (Figure 21B-D), while as expected amyloid deposits were not

observed in WT islets at any time during the 96 h culture period (Figure 21A-D). We
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next quantified islet cell death in real time using Sytox green, a membrane impermeable
DNA binding dye 352, We found that 16.7 mM glucose treatment increased cell death in
both WT and h1APP islets over the first 24 h (Figure 21E). However, islet cell death was
significantly higher in amyloid-prone hlAPP islets compared to amyloid-free WT islets
48 h (Figure 21F) and 96 h (Figure 21G) post 16.7 mM glucose treatment, times at which
amyloid formation was occurring in hIAPP but not WT islets (Figure 21E-H). Treatment
with 16.7 mM glucose significantly increased caspase 3/7 activity in both WT and hl1APP
islets over time (Figure 211,J), with glucose-induced caspase 3/7 activation being higher
in amyloid-forming h1APP islets compared to WT islets after 48 h and 96 h of culture
(Figure 21J). Notably, we observed that RIPK3 protein expression and MLKL
phosphorylation were upregulated in amyloid-laden hIAPP islets compared to amyloid-
free WT islets in vitro, indicating a role for RIPK3 in amyloid-induced islet cell death
(Figure 21K-M). These data suggest that amyloid deposition leads to increased islet cell
death that occurs in association with elevated caspase 3/7 and RIPK3 activity.

B. Loss of RIPK3 protects from amyloid-induced islet cell death in vitro.

To investigate the role of RIPK3 in amyloid-induced islet cell death, we next evaluated
islets isolated from WT, Ripk3™, hIAPP and hIAPP;Ripk3” mice. Following 48 h and 96
h of culture in 16.7 mM glucose, both hIAPP and hIAPP;Ripk3™ islets exhibited
significant amyloid deposition, the quantity of which was not different between
genotypes (Figure 22A-C). In contrast, we found that hIAPP;Ripk3™ islets were
protected from amyloid-induced cell death compared to h1APP islets with intact RIPK3

expression after both 48 h and 96 h of culture (Figure 22D-F).
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Figure 21: Real-time quantification of endogenous islet amyloid formation and islet
cell death in vitro.

Islet amyloid deposition, islet cell death and caspase 3/7 activity were quantified in intact
islets isolated from WT (black, circles) and hIAPP (purple, squares) mice. A) Islet
amyloid severity (Thio S+ area/brightfield+ area) was monitored every 2 h for 96 h and
quantified at B) 48 h and C) 96 h post culture in 16.7mM glucose (n=34-35 islets from 4
mice per genotype). D) Representative images of islet amyloid deposition are shown. E)
Islet cell death (Sytox+ area/brightfield+ area) was monitored every 2 h for 96 h and
quantified at F) 48 h and G) 96 h post culture in 16.7mM glucose (n=20-23 islets from 3
mice per genotype). H) Representative images of islet cell death are shown. I) Islet
caspase 3/7 activity (caspase 3/7+ area/brightfield+ area) was monitored every 2 h for 96
h and quantified at J) 0, 48 and 96 h post culture in 16.7mM glucose (n=23-24 islets from
3 mice per genotype). K) RIPK3 and L) phospho-MLKL protein expression were

quantified in WT and hl1APP islets following culture in 16.7mM glucose (n=5-6 per
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genotype). M) Representative images of RIPK3, phospho-MLKL and ACTIN protein

expression are shown. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Following culture in 16.7 mM glucose for 48 h, caspase 3/7 activity was increased both
in amyloid-forming h1APP islets and in hIAPP;Ripk3™ islets compared to amyloid-free
WT islets (Figure 22G). Similar to our previous experiments (Figure 21 K,M), amyloid
formation in h1APP islets was associated with increased Ripk3 mRNA expression, and
we found that the amyloid-induced increase in Ripk3 expression was abrogated in
hIAPP;Ripk3™ islets (Figure 22H). Figure 221 illustrates loss of RIPK3 protein
expression in Ripk3™ islets. These results indicate that RIPK3 promotes amyloid-induced
islet cell death downstream of amyloid deposition per se.

C. RIPK3 promotes hlAPP-induced inflammatory gene expression in macrophages in

vitro.

We next examined the role of RIPK3 in hlAPP-induced inflammatory gene expression in
vitro. We first compared Ripk3 expression in isolated islets, BMDMSs and INS-1 (3 cells,
and consistent with previous reports we found that Ripk3 is expressed in each of these
cell types (Figure 23A). We also observed that isolated islets express the macrophage
marker Emrl (Figure 23B), suggesting that a portion of islet Ripk3 expression may come
from macrophages. To characterize the contribution of islet Ripk3 expression from 3 cells
versus macrophages more directly, we treated isolated islets with clodronate liposomes to
deplete macrophages (Figures 23C-E). We found that clodronate-liposome treatment
reduced islet Emrl expression by ~75% compared to islets treated with PBS liposomes
(Figure 23D), indicating efficient clodronate-mediated macrophage depletion in this
model. Islet Ripk3 expression was also significantly reduced following clodronate-
liposome treatment (Figure 23C), and the degree of Ripk3 expression was correlated with

the degree of Emr1l expression in both PBS-liposome and clodronate-liposome treated
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Figure 22: Loss of RIPK3 protects from amyloid-induced islet cell death in vitro.

Islet amyloid deposition, islet cell death and caspase 3/7 activity were quantified in intact

islets isolated from WT (black, circles), Ripk3™ (grey, circles), hIAPP (purple, squares)

and hIAPP;Ripk3™ (pink, squares) mice. Islet amyloid severity (Thio S+

area/brightfield+ area) was quantified at A) 48 h and B) 96 h post culture in 16.7mM

glucose (n=24-48 islets from 3-6 mice per genotype). C) Representative images of islet

amyloid deposition are shown. Islet cell death (Sytox+ area/brightfield+ area) was

quantified at D) 48 h and E) 96 h post culture in 16.7mM glucose (n=36-72 islets from 4-

8 mice per genotype). F) Representative images of islet cell death are shown. G) Caspase

3/7 activity was quantified in WT, Ripk3™, hIAPP and hIAPP;Ripk3™ islets 48 h post
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culture in 16.7mM glucose and expressed relative to WT islets (n=4 per genotype). H)
Ripk3 RNA expression was quantified in WT, Ripk3”, hIAPP and hIAPP;Ripk3™ islets
following culture in 16.7mM glucose for 48 h (n=5 per genotype). I) RIPK3 protein
expression was quantified in WT and Ripk3™ mouse islets. Representative images of
RIPK3 and ACTIN protein expression from non-consecutive lanes on the same

membrane are shown. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

123



islets (Figure 23E). These data indicate that in addition to 3 cells, macrophages are an
important source of Ripk3 expression in isolated islets. We next exposed WT and Ripk3™
BMDMs to non-amyloidogenic synthetic rlAPP or amyloidogenic synthetic hIAPP for 16
h. Synthetic hIAPP, but not rIAPP, significantly increased Ripk3 expression in WT
BMDMs, and this effect was blocked in Ripk3” BMDMs (Figure 23F). In addition, we
found that synthetic hIAPP increased Tnf (Figure 23G), Il11b (Figure 23H) and Nos2
(Figure 231) expression in WT BMDMs, and these effects were ameliorated in Ripk3™"
BMDMs (Figure 3J). Together, these data indicate that loss of RIPK3 in macrophages
mitigates islet amyloid-induced inflammation.

D. Characterization of metabolic phenotypes in chow-fed WT, Ripk3”", hlAPP and

hIAPP:Ripk3” mice.

To evaluate the role of RIPK3 in metabolic phenotypes in vivo, we first examined chow-
fed 8-12 week old WT, Ripk3™, hIAPP and hIAPP;Ripk3” mice. Mice from all groups
exhibited similar glucose tolerance (Figure 24A,B), fasting blood glucose (Figure 24C),
insulin tolerance (Figure 24D,E) and fasting serum insulin (Figure 24F) at this time.
Following in vivo intraperitoneal glucose challenge, WT, Ripk3”, hIAPP and
hIAPP;Ripk3” mice exhibited similar insulin release 2 min and 10 min post glucose
injection (Figure 24G). Moreover, in vitro GSIS (Figure 24H) and insulin content (Figure
241) were similar between islets isolated from WT and Ripk3~- mice. These data indicate
that glucose homeostasis and -cell secretory function are similar between young chow-
fed WT, Ripk3™, hIAPP and hIAPP;Ripk3” mice.

E. Loss of RIPK3 protects against and islet amyloid-induced glucose intolerance

following HFD in vivo.
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Figure 23: RIPK3 promotes synthetic hlAPP-induced inflammatory gene expression
in macrophages in vitro.

A) Ripk3 and B) Emrl RNA expression was quantified in mouse islets (purple), bone
marrow derived macrophage (BMDMs) (dark green) and INS-1 3 cells (grey) and
expressed as ACT to 18S rRNA (n=4-5 per cell type). Isolated mouse islets were cultured
with PBS- (purple) or clodronate-containing liposomes (red) for 48 h. Expression of C)
Ripk3 and D) Emrl RNA was quantified and expressed relative to Ppib RNA levels using
the 224t method (n=5-6 per condition). E) Simple regression analysis of ACT values of
Emrl (Emrl - Ppib RNA) and Ripk3 (Ripk3 - Ppib RNA) within PBS-liposome (purple)
and clodronate-liposome (red) treated islets was performed. BMDMs isolated from WT
mice (dark green) or Ripk3” mice (light green) were treated with synthetic rodent IAPP
(circles) or synthetic human IAPP (squares) for 16 h. Expression of F) Ripk3, G) Tnf, H)
I11b and 1) Nos2 RNA was quantified and normalized to 18S rRNA levels using the 244¢t

method (n=7 per condition). J) RIPK3 protein expression was evaluated in WT and
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Ripk3’-BMDMs and representative immunoblots are shown. *p<0.05; **p<0.01;

***p<0.001.
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Figure 24: Characterization of metabolic phenotypes in chow-fed WT, Ripk3,

hIAPP and h1APP;Ripk3” mice.

8-12-week-old WT (black, circles), Ripk3™ (grey, circles), hIAPP (purple, squares) and

hIAPP;Ripk3™ (pink, squares) mice fed a normal chow diet were examined. A) Glucose

tolerance was evaluated by intraperitoneal glucose tolerance test (IPGTT) and B)

quantified as incremental area under the curve (IAUC, mg/dl*min) after overnight fast

(n=4 mice per genotype). C) Fasting blood glucose was measured by handheld

glucometer after overnight fast (n=4 mice per genotype). D) Insulin tolerance was

evaluated by intraperitoneal insulin tolerance test (IPITT) and E) quantified as
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decremental area under the curve (AAUC, mg/dI*min) after 2 hr fast (n=3-4 mice per
genotype). F) Fasting serum insulin was measured after overnight fast (n=4 mice per
genotype). G) In vivo glucose stimulated insulin secretion (GSIS) was performed and
serum insulin levels quantified at 0-, 2- and 10-mins following glucose challenge (n=3-4
mice per genotype). In vitro GSIS was performed on islets isolated from 8-12-week-old
WT and Ripk3” mice, then H) insulin secretion (fold change) and 1) insulin content was

measured (n=3-4 mice per genotype). *p<0.05.
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We next evaluated the role of RIPK3 in HFD- and islet amyloid-induced glucose
homeostasis in vivo. We quantified body weight, non-fasting blood glucose, glucose
tolerance and insulin tolerance in WT, Ripk3”", hIAPP and hIAPP;Ripk3” mice during
and after 52 weeks of HFD feeding. All groups of mice gained body weight over the
HFD feeding period (Figure 25A), and after 52 weeks of HFD hl1APP;Ripk3™ mice
exhibited higher body weight than WT, Ripk3 or hIAPP mice (Figure 25B). Non-
fasting blood glucose concentrations were not different between groups over the course
of the 52-week HFD feeding period (Figure 25C), and at study end non-fasting blood
glucose (Figure 25D) and non-fasting serum insulin (Figure 25E) were not different
between groups. In contrast, we found that islet amyloid-prone hIAPP mice exhibited
significant glucose intolerance compared to WT mice after 52 weeks of HFD feeding,
whereas hIAPP;Ripk3’ mice were protected from amyloid-associated glucose
intolerance (Figure 25F,G). Despite the higher body weight in hIAPP;Ripk3~ mice at
study end, insulin tolerance was not different among groups after HFD (Figure 25H,1).
These data indicate that RIPK3 contributes to islet amyloid-induced glucose intolerance
in vivo.

F. RIPKS3 deficient mice are protected from islet amyloid-induced B-cell loss in vivo.

To determine whether RIPK3 contributes to islet amyloid-induced B-cell loss in vivo, we
next performed immunohistochemistry and quantitative microscopy on pancreas sections
isolated from WT, Ripk3™, hIAPP and hIAPP;Ripk3” mice following 52 weeks of HFD
feeding. We found that average islet area was not different between WT, Ripk3”, hIAPP
and hlIAPP;Ripk3’ mice (Figure 26A). As expected, islet amyloid deposition was absent

in pancreases from WT and Ripk3” mice that express rlAPP (Figure 26B). In contrast,
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Figure 25: Loss of RIPK3 protects against amyloid-induced glucose intolerance in
vivo.

8-10-week-old WT (black, circles), Ripk3™’ (grey, circles), hlAPP (purple, squares) and
hIAPP;Ripk3™ (pink, squares) mice were subjected to high-fat diet (HFD) feeding for 52
weeks. A) Body weight was monitored every 4 weeks for 52 weeks and B) quantified
after 0, 24 and 52 weeks of HFD (n=12-14 mice per genotype). C) Non-fasting blood
glucose was monitored every 4 weeks for 52 weeks and D) quantified after 52 weeks of
HFD (n=12-14 mice per genotype). E) Non-fasting serum insulin was measured after 52
weeks of HFD feeding. F) Glucose tolerance was evaluated by intraperitoneal glucose
tolerance test (IPGTT) and G) quantified as incremental area under the curve (iIAUC,
mg/dI*min) after overnight fast (n=12-14 mice per genotype). H) Insulin tolerance was
evaluated by intraperitoneal insulin tolerance test (IPITT) and 1) quantified as
decremental area under the curve (dAUC, mg/dlI*min) after 2 h fast (n=12-14 mice per

genotype). *p<0.05.
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significant islet amyloid deposition was observed in both hIAPP and hIAPP;Ripk3™"
pancreas sections, and the degree of islet amyloid deposition was not different between
these genotypes (Figure 26B). Additionally, we found that 3-cell area was significantly
reduced in amyloid-laden hlAPP versus amyloid-free WT pancreas sections (63.8 + 3.1%
versus 73.7 + 0.7% b-cell area), and that hIAPP;Ripk3” pancreases were partially
protected from this amyloid-induced B-cell loss (69.5% + 1.8% b-cell area) (Figure 26C).
Representative images of islets are shown in Figure 26D. These data suggest that loss of
RIPK3 protects from amyloid-induced B-cell loss in vivo via mechanisms downstream of
amyloid deposition per se.

Discussion

Islet amyloid deposition was first identified as a pathological feature of diabetes in 1901
10" and numerous studies since then have established islet amyloid as a hallmark of the
islet lesion in T2D 2088334335 Athough islet amyloid is known to contribute to reduced
B-cell mass, insufficient insulin secretion and hyperglycemia in T2D 8788238334350 the
mechanisms that underlie this process remain incompletely understood. Here, we
generated and evaluated islet amyloid-prone hIAPP mice with whole body loss of RIPKS3,
a recently recognized regulator of B-cell fate 328, Our in vitro studies quantified
amyloid deposition and cell death in intact isolated islets in real time, examined amyloid-
induced caspase activation, and evaluated hlAPP-stimulated inflammatory gene
expression. In addition, we performed in vivo studies on mice fed a HFD for 52 weeks to
characterize the role of RIPK3 in islet amyloid deposition, amyloid-induced -cell loss

and hyperglycemia in vivo. Using this approach, we found that RIPK3 contributes to islet
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Figure 26: Loss of RIPK3 ameliorates amyloid-induced B-cell loss in vivo. After 52
weeks of HFD feeding, immunohistochemistry was performed on WT (black, circles),
Ripk3™ (grey, circles), hIAPP (purple, squares) and hIAPP;Ripk3” (pink, squares)
mouse pancreas sections. A) Average islet area (mm?), B) amyloid severity (Thio S+
area/islet area, %) and C) B-cell area (insulin+ area/islet area, %) were quantified (n=11-
14 genotype). D) Representative images of pancreatic islets from WT, Ripk3”", hIAPP
and h1APP;Ripk3” mouse pancreas sections are shown. Scale bar=100 pm. *p<0.05;

*p<0.01; ***p<0.001.
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amyloid-induced inflammation, B-cell loss and glucose intolerance in a humanized mouse
model of T2D.

In the present study, we evaluated potential roles of RIPK3 in amyloid-induced p-cell
cytotoxicity. As described, our findings suggest that loss of RIPK3 protects from
amyloid-induced islet cell death downstream of amyloid formation per se, likely via
reduced amyloid-associated islet inflammation and -cell death signaling. Given that
RIPK3 can promote both caspase-mediated apoptosis 2°>24¢ and caspase-independent
necroptosis 42347 we examined the roles of caspase 3/7 activity and RIPK3 expression in
amyloid-induced B-cell loss in vitro. Similar to previous reports 134353 we found that
caspase activity was increased over time in association with islet amyloid deposition and
islet cell death. However, our studies also found that protection from amyloid-induced
cell death in hIAPP;Ripk3™ islets was not coincident with reduced caspase 3/7 activity,
and although hIAPP;Ripk3™ islets were protected from amyloid-induced cell death, it
was not blocked completely. Considering that we also observed increased RIPK3
expression and MLKL phosphorylation in amyloid-laden islets, our data indicate that
both caspase-dependent mechanisms such as apoptosis and caspase-independent
mechanisms such as necroptosis may contribute to amyloid-induced islet cell death in
vitro. In this context, our findings are in agreement with a previous study showing that
loss of caspase 8 in 3 cells reduces, but does not completely prevent, amyloid-induced j3-
cell death 53, We propose a model wherein amyloid formation activates RIPK3 in
coordination with caspase 8, and that RIPK3 promotes amyloid-induced islet cell death
via caspase 3/7 independent actions. This model is in line with studies in other cell types

that show caspase 8 and RIPK3 coordinately regulate caspase-dependent apoptosis and
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caspase-independent necroptosis signaling 3434335 Qur findings are also in agreement
with recent observations of RIPK3 in AD pathogenesis 267 and suggest potential
overlapping mechanisms of amyloid-associated cytotoxicity in AD and T2D.

In addition to its role in apoptotic and necroptotic cell death signaling, RIPK3 also
regulates cytokine and chemokine production in immune cells 3436357 Since islet
amyloid deposition elicits cytokine production from islet resident macrophages °3°* and
synthetic hlAPP treatment increases inflammatory gene expression in macrophages and
dendritic cells 3% we reasoned that the protection from amyloid-induced cell death
observed in hIAPP;Ripk3™ islets could be related to effects on RIPK3-mediated
inflammation 63579 Indeed, we found that clodronate liposome-mediated depletion of
islet macrophages reduced Ripk3 expression in vitro, confirming that macrophages are an
important source of islet Ripk3 expression. In line with previous findings %% we
observed that synthetic hlAPP treatment increased Tnf, 111b and Nos2 gene expression in
WT BMDMs, and this was associated with increased Ripk3 expression. In contrast, we
found that Ripk3”- BMDMs were protected from synthetic hIAPP-induced inflammatory
gene expression. Although RIPK3 has previously been shown to promote TNFa, IL13
and iNOS synthesis 343:344:3%.380 o1 findings reveal this is also the case with h1APP-
stimulated inflammatory gene expression. Given these findings, we propose that
macrophage RIPK3 promotes amyloid-induced islet inflammation separately from the
known roles of RIPK3 in B cells %8278 As such, additional studies are needed to

determine the relative importance of RIPK3 signaling in B cells versus macrophages in

islet amyloid-induced B-cell cytotoxicity.
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To explore the role of RIPK3 in T2D pathogenesis, we evaluated amyloid-free WT
and Ripk3” mice as well as islet amyloid-prone hIAPP and hIAPP;Ripk3” mice in vivo.
Prior to islet amyloid formation, we found that young, chow-fed WT, Ripk3~-, hIAPP and
hIAPP;Ripk3” mice had similar glucose tolerance, fasting blood glucose, insulin
tolerance and fasting serum insulin. These findings contrast with those of Roychowdhury
et al. 3%, and may be related to the different Ripk3 mutant mouse models used 32 and/or
varying insulin secretory function between the different genetic backgrounds utilized in
our studies 363, Using our established HFD-feeding paradigm, we found that HFD led to
islet amyloid deposition in both hIAPP and h1APP;Ripk3” mice. While hIAPP mice
exhibited glucose intolerance and reduced B-cell area following HFD, hIAPP;Ripk3™
mice were protected from these impairments. The protection from glucose intolerance
and p-cell loss observed in hIAPP;Ripk3”- mice was not associated with improved insulin
sensitivity or reduced islet amyloid deposition compared to hIAPP mice with intact
RIPK3 expression, suggesting that loss of RIPK3 led to improved B-cell function and/or
survival in the face of islet amyloid deposition. Moreover, since hlIAPP and
hIAPP;Ripk3” mice exhibited similar glucose tolerance and insulin sensitivity prior to
HFD feeding, the glucose tolerance phenotypes observed were likely related to the HFD-
induced islet amyloid deposition that occurred over the study period. Although B-cell
function was not the focus of the present study, we observed that WT and Ripk3™ islets
had similar GSIS and insulin content in vitro, that young chow-fed WT, Ripk3™, hIAPP
and hlIAPP;Ripk3’ mice had similar GSIS in vivo and that WT, Ripk3™, hIAPP and
h1APP;Ripk3” mice had similar non-fasting serum insulin following HFD feeding.

However, we cannot rule out the possibility that higher insulin secretion in hlAPP;Ripk3-

135



"~ compared to hIAPP mice contributed to their improved glucose tolerance after HFD, as
we did not quantify serum insulin in those particular studies. Given that RIPK3 is known
to interact with molecules involved in amplification of insulin secretion such as glutamate
dehydrogenase and isocitrate dehydrogenase 1 %4, studies of RIPK3 in the amplifying
pathway of insulin secretion would be informative. However, like our in vitro studies, our
in vivo data indicate that the protection observed in hIAPP;Ripk3” mice was not due to
reduced amyloid deposition per se, but rather decreased amyloid-associated B-cell
cytotoxicity.

Limitations to our studies exist. First, although we used a humanized mouse model of
hIAPP expression that approximates amyloid deposition phenotypes in human islets,
additional studies in bona fide human islets are needed to confirm the role of RIPK3 in
amyloid-induced islet cytotoxicity in T2D. Given that we examined a mouse model of
whole body RIPK3 deficiency, the phenotypes observed in hIAPP;Ripk3” islets and
mice could be due to effects of RIPK3 in 3 cells, macrophages or other cell types. Our
previous work revealed that RIPK3 regulates TNFa-induced cytotoxicity in B cells 168,
and our current study identified a role for RIPK3 in hlAPP-stimulated inflammation in
macrophages. Considering these findings, we believe RIPK3 could mediate amyloid-
induced islet inflammation and -cell death via actions in both cell types. However,
additional studies using B-cell- or macrophage-specific models of RIPK3 deficiency are
needed to determine whether loss of RIPK3 is beneficial due to reduced cell death
signaling in B cells, decreased amyloid-induced cytokine production in macrophages, or
both. Another caveat of our studies is that our quantification of cell death was performed

using Sytox green, a membrane impermeable DNA-binding dye that labels both apoptotic
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and necroptotic cells *°2. Thus, our technique was not able to identify whether dead cells
arising with amyloid deposition underwent apoptosis or necroptosis. Additionally,
amyloid-induced cell death was not quantified specifically in  cells but rather in all islet
cell types. Although B cells comprise approximately 75% of mouse islets 3%, it is possible
that other islet cell types such as a cells, & cells or macrophages were also captured in our
in vitro cell death quantification. Future studies will characterize the protective
phenotypes observed with RIPK3 deficiency in greater detail. Despite these limitations,
the studies presented here identify RIPK3 as a novel mediator of islet amyloid-associated
inflammation, -cell loss and glucose intolerance.

In conclusion, our studies uncovered a novel role for RIPK3 in amyloid-
associated p-cell loss and glucose intolerance in T2D pathogenesis. We found that loss of
RIPK3 protects from amyloid-induced -cell cytotoxicity and hlAPP-induced
inflammation in vitro as well as amyloid-associated p-cell loss and glucose intolerance in
vivo. This protection was not related to decreased amyloid deposition per se, indicating
that RIPK3 mediates B-cell cytotoxicity downstream of amyloid formation via effects on
amyloid-induced cytokine production and/or B-cell death signaling. Although RIPK3 has
been identified as a potential therapeutic target in several diseases including cancer 366367,
acute kidney injury 3683%9 and neurodegenerative diseases 267-341:355370 this work shows
that therapeutics targeting RIPK3 may also reduce -cell cytotoxicity and promote
glucose homeostasis during T2D pathogenesis.
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Chapter 7 — Conclusion

This work investigates unknown mechanisms of B-cell survival and death. The findings
outlined in this thesis are among the first to explore the role of receptor-interacting
protein kinases in pancreatic 3 cells. Being professional secretory cells, B cells are
responsible for insulin secretion to maintain glucose homeostasis. p-cell failure by loss of
insulin action and/or production is a major contributor to the development of
hyperglycemia. The studies performed in this dissertation aim to advance our
understanding of B-cell demise through insights from cell death signaling in non-islet cell
types, with the hope of uncovering new strategies to improve the health of individuals
with diabetes.

Apoptosis has long been recognized as the primary mode of B-cell death. Prior studies
have documented that -cell death occurs in association with caspase 3 activation,
chromatin condensation, nucleolar disintegration, DNA fragmentation, and annexin V
positivity, displaying hallmarks of apoptosis*2. Studies utilizing caspase-3 or caspase-8
deficient mouse models indeed show protection against STZ-induced
hyperglycemial®*3’ However, it was also observed that, with aging, loss of caspase 8 in
B cells resulted in elevated B-cell death and glucose intolerance in chow-fed mice'®’. This
observation indicates that B cells are capable of undergoing a form of cell death that does
not rely on caspase activation. In this work, we utilize a small-molecule caspase inhibitor
(zVAD-FMK) to ask whether -cell death is dependent on caspase activation. Several -
cell stressors such as pro-inflammatory cytokines and ER stress-inducing agents trigger
B-cell death, which is accompanied by increased caspase 3/7 activation. Interestingly,

while zZVAD-FMK reduces cytokine- or ER stress-induced caspase 3/7 activation, it fails
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to protect against cell death in B-cell lines and mouse islets. This data supports the notion
that B cells can undergo caspase-independent forms of cell death and we propose that
non-apoptotic B-cell death may occur in the context of diabetes.

Recent advances in the field of cell death research have shifted the understanding of
the mechanism of cell death from a binary “programmed and non-inflammatory”
(apoptosis) versus a “non-programmed and inflammatory” (necrosis) framework. Forms
of programmed cell death that can lead to cell lysis and inflammation have been
identified. In this context, receptor-interacting protein kinases (RIPKs) have emerged as
key regulators of cell death and inflammation. Although RIPKs have multiple functions,
they are well-studied for mediating necroptosis, a caspase-independent form of
programmed cell death. We sought to understand the role of RIPKs in B-cell cytotoxicity
in diabetes.

While initially studied in the context of TNFR-mediated cell death signaling, RIPK1
has now been identified to mediate cell death downstream of other receptors including
TLRs, TRAIL, and interferon receptors. Moreover, research in other cell types has
revealed the roles of RIPK1 in gene expression and kinase signaling. The findings from
this thesis reveal that beyond its involvement in p-cell death downstream of pro-
inflammatory cytokines and ER stress, RIPK1 appears to play essential roles in -cell
survival, gene expression, and communication with immune cells. This work also
exposes the distinct roles of B-cell RIPK1 in the context of the diabetogenic stimulus
utilized for the studies. Although cytokine-mediated effects of RIPK1 seem to depend on
its kinase activity, inhibiting RIPK1 kinase activation does not prevent -cell death in the

context of ER stress, suggesting a more complex role of RIPK1 in B cells. This
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underscores the idea that cellular context defines the roles of specific proteins. Even
though our understanding of RIPK1 in B cells is still evolving, RIPK1 may regulate not
only cell survival but also B-cell maturity, secretory capacity, and interaction with the
immune system. Future studies using B-cell-specific knockout models will be critical for
elucidating the precise roles of RIPK1 in -cell function and survival. Additionally, since
RIPK1 is expressed in immune cells, comparing results from our global RIPK1 kinase
dead model to an immune-cell-specific and p-cell-specific RIPK1 kinase dead model will
be critical to understanding the relative contribution of RIPK1 kinase activation to B-cell
cytotoxicity in diabetes. Understanding these mechanisms could lead to novel therapeutic
approaches to preserve B-cell function and prevent diabetes progression by targeting
RIPK1 kinase signaling pathways in B cells and/or immune cells. Furthermore, data from
this thesis show that the small molecule RIPK1 inhibitor, SZM’ 679, significantly
reduces cytokine-mediated B-cell death and MHC | expression. Future efforts will be
targeted toward investigating whether SZM’ 679 is capable of preventing or delaying
diabetes progression in mouse models of T1D in vivo.

RIPKSs are also relevant in the context of T2D, as evidenced by the results obtained
from studies on islet amyloid in this thesis (Chapter 6). Pancreatic islet amyloid
deposition is observed in the majority of individuals with T2D and is associated with -
cell dysfunction, death, and islet inflammation. Efforts toward enhancing the
disaggregation or disintegration of amyloid deposits to reduce amyloid-associated p-cell
cytotoxicity have not been significantly fruitful. Recent studies have also aimed to
develop antibodies targeting pathological IAPP oligomeric species that have shown some

B-cell protection and improved glucose homeostasis®’:. However, a different approach to
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combat amyloid-associated pB-cell toxicity has been anti-inflammatory strategies targeted
toward reducing amyloid-associated inflammation downstream of amyloid deposition.
Prior research and findings from this thesis show that reduced amyloid-induced pro-
inflammatory response from macrophages is a possible therapeutic strategy and this work
identified RIPK3 to be a potential target in this regard. Future studies aimed toward
studying glucose homeostasis in an amyloid-prone immune-cell-specific RIPK3 deficient
model would be critical to better understand the role of immune cell RIPK3 in islet
amyloid-associated pathology. Moreover, the development and use of a RIPK3 small
molecule kinase inhibitor would greatly improve our tool kit to study the effects of
RIPK3 kinase inhibition in vitro and in vivo.

Our findings highlight the complexity of cell death signaling pathways and raise
intriguing questions about the intrinsic properties of B cells that influence their
susceptibility to different forms of cell death. Understanding these differences will be
crucial to determine whether distinct populations of 3 cells within islets or from different
individuals exhibit varying susceptibility to stress and/or maybe more prone to one form
of cell death over another. This knowledge could pave the way for personalized medicine
approaches aimed at protecting 3 cells from death and preventing the development of
diabetes.

In conclusion, this thesis represents one of the pioneering efforts to investigate the
role of receptor-interacting protein kinases (RIPKs) in B-cell cytotoxicity and the
development of diabetes. Our research reveals new insights into how RIPKSs contribute to
B-cell death, kinase activation, and gene expression, highlighting their significant impact

on B-cell health and function. While many questions remain unanswered, this work
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establishes a foundation for a more comprehensive understanding of RIPKs in -cell

dynamics, encompassing both health and disease.
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